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Crosstalk between Resveratrol and Gut Barrier: A Review
Reprinted from: Int. J. Mol. Sci. 2022, 23, 15279, doi:10.3390/ijms232315279 . . . . . . . . . . . . 128

Hanglu Ying, Long Li, Yufen Zhao and Feng Ni

Ivermectin Attenuates CCl4-Induced Liver Fibrosis in Mice by Suppressing Hepatic Stellate Cell
Activation
Reprinted from: Int. J. Mol. Sci. 2022, 23, 16043, doi:10.3390/ijms232416043 . . . . . . . . . . . . 144

Paweł Konieczka, Dominika Szkopek, Misza Kinsner, Paweł Kowalczyk, Monika

Michalczuk, Damian Bień, et al.
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Biologically Active Diterpenoids in the Clerodendrum
Genus—A Review
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Department of Biology and Pharmaceutical Botany, Medical University of Lodz, Muszyńskiego 1,
90-151 Lodz, Poland
* Correspondence: lukasz.kuzma@umed.lodz.pl

Abstract: One of the key areas of interest in pharmacognosy is that of the diterpenoids; many studies
have been performed to identify new sources, their optimal isolation and biological properties. An
important source of abietane-, pimarane-, clerodane-type diterpenoids and their derivatives are the
members of the genus Clerodendrum, of the Lamiaceae. Due to their diverse chemical nature, and the
type of plant material, a range of extraction techniques are needed with various temperatures, solvent
types and extraction times, as well as the use of an ultrasound bath. The diterpenoids isolated from
Clerodendrum demonstrate a range of cytotoxic, anti-proliferative, antibacterial, anti-parasitic and
anti-inflammatory activities. This review describes the various biological activities of the diterpenoids
isolated so far from species of Clerodendrum with the indication of the most active ones, as well as
those from other plant sources, taking into account their structure in terms of their activity, and
summarises the methods for their extraction.

Keywords: antibacterial; anti-parasitic; Clerodendrum spp.; cytotoxic; diterpenoids; insecticidal

1. Introduction

The name Clerodendrum is derived from two Greek words: kleros (destiny or chance)
and dendron (tree) [1]. It probably has a dual meaning: in ancient times, some plants were
believed to have healing properties, while others were poisonous [1].

The genus Clerodendrum was first described by Linneus in 1753, and this was followed
by the species C. infortunatum [2]. This unusual genus was originally classified into the
Verbenaceae family by Liang [3] and Munir [4], among others, but is now included in the
Lamiaceae family [2]. It currently includes about 500 species [5] growing in warm temperate
and tropical regions of Africa, southern and eastern Asia, as well as America and northern
Australia [6]. The genus includes a range of deciduous or evergreen shrubs, small trees,
perennial herbs and woody vines [7]; in addition, some species are subshrubs or herbs.
Young branchlets are usually four-angled with simple leaves, which are opposite or, rarely,
whorled. Inflorescences are loosely cymose or capitate, arranged in terminal or, rarely,
axillary paniculate thyrses. The calyx is campanulate or cup shaped. The corolla has a
slender tube, five spreading lobes and four stamens. The style has two acute stigmatic lobes.
A fruiting calyx is partly inflated. The fruit is a type of drupe and has four one-seeded
pyrenes [3].

The members of the Clerodendrum genus are grown as ornamental plants [1], and some
demonstrate pesticidal or insecticidal properties [7]. Furthermore, many others have been
recommended for use in treating pyrexia, asthma, common cold, hypertension, furunculo-
sis, dysentery, rheumatism, mammitis, anorexia, leucoderma, leprosy, arthrophlogosis and
toothache [8–11]. Due to these numerous therapeutic properties, many Clerodendrum species
have been the subject of phytochemical investigations over the past 40 years, resulting in
the extraction, isolation, purification and identification of a range of phytocompounds,
including various mono- and sesquiterpene diterpenoids, triterpenoids, flavonoids and
their glycosylated forms; in addition, various phenylethanoid glycosides, steroids and their
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glycoside derivatives, cyclohexylethanoids, anthraquinones and cyanogenic glycosides
have been noted [12–21].

Diterpenes are natural plant-derived secondary metabolites with the general formula
C20H32. They constitute a chemically diverse group of secondary metabolites which are
biosynthesised in the flowering shoots, roots or rhizomes. Such plant diterpenoids most
commonly occur in a cyclic form [22]. The diterpenoids are classified into abietane, caurane,
caurene, clerodane and labdane types according to their main skeleton [23].

As a result of this structural variation, they also demonstrate a range of pharmaco-
logical and biological activities, including antitumor (paclitaxel) [24], positive inotropic
(forskolin) [25], vasodilatory, and hypotensive (manool) properties [26], as well as an-
tiplatelet potential (forskolin) [27]. Some diterpenoids also demonstrate antibacterial
properties. For example, salvipisone and aethiopinone, isolated from Salvia sclarea roots,
exhibit bactericidal activity against Gram-positive bacteria [28]. Taxodione and its unique
derivative 7-2′-oxohexyl-taxodione, both isolated from Salvia austriaca roots, exhibit strong
cytotoxic activities against various tumour cell lines [29]. Furthermore, taxodione inhibits
acethylcholine- and butyrylcholine-esterase (ACE and BCE) [30].

The diterpenes are believed to exert cytotoxic activities through a range of possible
mechanisms. Fronza et al. (2012) suggest that they exert their cytotoxic activity by targetting
the biological membrane, with its lipophilic character [31]. Other abietane diterpenes could
exert their cytotoxicity effects by their alkylating [31] and protonophoric properties [32].
In addition, sphaeropsidin A, a pimarane diterpene isolated from a fungal pathogen, was
found to significantly affect cellular homeostasis by modulating the ion-transporter activity
of the Na-K-2Cl electrochemical cotransporter or the Cl−/HCO3− anion exchanger, thus
increasing cellular volume [33].

Due to their diverse and often strong biological activities, diterpenoids make an
interesting class of natural compounds. There are also attempts to identify new plant
sources. A range of reports indicate that the roots and aerial parts of the Clerodendrum genus
are rich in abietane-, pimarane- and clerodane-type diterpenoids and their derivatives,
including their glycoside forms (Figure 1).

  

   

Figure 1. The structure of abietane (A), pimarane (B) and clerodane (C) diterpenoids.

Therefore, this review examines the members of the genus Clerodendrum and their
diterpenoid presence, highlighting their biological potential in the area of the most often
studied activities, such as cytotoxic, antibacterial, antifungal and others. The chemical
structures of the constituents are shown in Figure 2. The present review encompasses the
literature data describing the diterpenes present in Clerodendrum from 1981 to 2022. The
main sources of literature data were Google Scholar, Google, PUBS ACS, ScienceDirect,
Springer, Ebsco and others.
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Figure 2. The chemical structure of the compounds isolated from Clerodendrum genus.
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2. A Review of Diterpenoid Compounds Isolated from Clerodendrum Genus

Diterpenoids demonstrate various chemical properties, with a variety of polarities,
affinity for the organic phase and solubility. Therefore, the solvent and extraction method
must be chosen carefully to optimise the extraction process. The selection of solvent not
only depends on the plant species, but also on the organ (overground, underground), and
the amount of contaminants, including the presence of chlorophyll. The various solvents
and methods used for diterpenoid extraction from Clerodendrum are given in Tables 1–13,
together with the parts of the plants used for isolation.

2.1. Clerodendrum bungei

In Chinese folk medicine, C. bungei (eng. name: rose glory bower, Chinese name:
Chou mu dan) is a plant raw material whose roots and leaves are used to treat boils,
haemorrhoids, hypertension, lung cancer and eczema [34]. This species is known to be rich
in diterpenoids, some of which exhibit potential biological activities [34–36]. The parts of
the plant and the extraction methods used for the phytochemical analyses for this plant
species are shown in Table 1.

Table 1. The diterpenoid extraction methods and C. bungei plant material for diterpenoid isolation.

Species Material Solvent and Extraction Method Isolated Diterpenoids References

C. bungei Roots 70% aqueous acetone. Dried roots
extracted in room temperature.
Solvent removed in vacuo.

12-O-D-glucopyranosyl-3,11,16-trihydroxyabieta-
8,11,13-triene (3)
3,12-O-D-diglucopyranosyl-11,16-dihydroxyabieta-
8,11,13-triene (4)
19-O-D-carboxyglucopyranosyl-12-O-D-
glucopyranosyl-11,16-dihydroxyabieta-8,11,13-triene (5)
11,16-dihydroxy-12-O-D-glucopyranosyl-
17(15f16),18(4f3)-abeo-4-carboxy-3,8,11,13-
abietatetraen-7-one (6)
19-hydroxyteuvincenone F (7)
ajugaside A (8)
uncinatone (9)

[36]

C. bungei Stem EtOH. Dried and pulverised stems
were extracted three times with
hot solvent. The solvent was
removed in vacuo.

bungone A (1)
bungone B (2)
sugiol (18)
uncinatone (9)
teuvincenone F (10)

[35]

C. bungei Roots 95% EtOH. Air-dried powdered
root parts were extracted three
times at room temperature. The
solvent was removed in vacuo.
The crude EtOH extract was
suspended in hot water and then
partitioned with EtOAc four times.

3β-(β-D-glucopyranosyl)isopimara-7,15-diene-
11α,12a-diol (11)
16-O-β-D-glucopyranosyl-3β-20-epoxy-3-
hydroxyabieta-8,11,13-triene (12)

[34]

C. bungei Roots 70% aqueous acetone. Air-dried
roots were extracted at room
temperature. The extract was
filtered through a Buchner funnel
using Whatman No. 1 filter paper.
The solvent was removed in vacuo.

12-O-β-D-glucopyranosyl-3,11,16-trihydroxyabieta-
8,11,13-triene (3)
3,12-O-β-D-diglucopyranosyl-11,16-dihydroxyabieta-
8,11,13-triene (4)
ajugaside A (8)
uncinatone (9)
19-hydroxyteuvincenone F (7)

[37]
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Table 1. Cont.

Species Material Solvent and Extraction Method Isolated Diterpenoids References

C. bungei Roots EtOH. Dried roots were extracted
three times under conditions of
reflux (every 2 h). Organic extracts
were combined. The solvent was
removed under reduced pressure.
EtOH. Dried roots were extracted
three times at room
temperature for three times. The
residue was re-suspended in L
water and
partitioned successively with
EtOAc and n-BuOH.

bungnate A (13)
bungnate B (14)
15-dehydrocyrtophyllone A (15)
15-dehydro-17-hydroxycyrtophyllone A (16)
12,16-epoxy-11,14,17-trihydroxy-6-methoxy-
17(15→16)-abeo-abieta-5,8,11,13-tetraene-7-one (16)
cyrtophyllone A (17)
villosin C (85)
teuvincenone F (10)
19-hydroxyteuvincenone F (7)
mandarone E (70)
12-O-β-D-glucopyranosyl-3,11,16-trihydroxyabieta-
8,11,13-triene (3)
uncinatone (9)
crolerodendrum B (42)
crolerodendrum A (43)

[38]
[39]

This plant species was first investigated for diterpenoid content by Fan et al. in
1999 [35]. The authors isolated two new royleanone-type compounds from C. bungei roots:
9,10-dihydro-3,4,9-trimethyl phenanthro [3,2-b]pyran (7H)-7, 12(8H)-dione (bungone A
(1)) and 9,10-dihydro-8-hydroxymethyl-3,4,9-trimethylphenanthro [3,2-β]pyran(2H)-7,12-
dione (bungone B (2)). While these abietane diterpenoids are structurally similar to the
royleanones, with both possessing an 11,14-para benzoquinone group, the C-12 has an
oxygen enclosed by an additional aliphatic ring instead of a hydroxyl group, which is typical
for roylanones. Due to their cytotoxic activities, these compounds are very interesting
for further research; like other diterpenes, including horminone or acetyl-horminone,
royleanone is able to damage DNA and inhibit topoisomerase I and II [31,40,41].

Liu et al. (2008) [36] isolated other abietane-type diterpenoids from the roots of Cleroden-
drum bungei. Five were new structures: 12-O-β-D-glucopyranosyl-3,11,16-trihydroxyabieta-
8,11,13-triene (3), 3,12-O-β-D-diglucopyranosyl-11,16-dihydroxyabieta-8,11,13-triene (4), 19-O-β-
D-carboxyglucopyranosyl-12-O-β-D-glucopyranosyl-11,16-dihydroxyabieta-8,11,13-triene (5),
11,16-dihydroxy-12-O-β-D-glucopyranosyl-17(15→16),18(4→3)-abeo-4-carboxy-3,8,11,13-abietate
traen-7-one (6) and 19-hydroxyteuvincenone F (7). All are glycosides, apart from compound (7),
and all contain aglycone, either as an abietatriene or abietatetraene.

In addition, the diterpenoids ajugaside A (8), uncinatone (9) and teuvincenone F (10),
first isolated from other plant materials, were also isolated, purified and identified from
the aqueous acetone crude extract of C. bungei roots. The identified compounds were
tested for their potential cytotoxic activity against three cell lines: B16 murine melanoma,
HGC-27 human gastric, and HEK-293 human epithelial kidney. Of the tested compounds,
only uncinatone (9), a rearranged abietane derivative containing a 17(15→16), 18(4→3)-
diabeo-abietane framework, was found to demonstrate moderate cytotoxicity against tested
cell lines: the IC50 value ranged from 1.2 to 6.4 μM depending on the treated cell line,
as indicated by MTT, i.e., 3-(4,5-dimethylythiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide. This diterpenoid also inhibited cell proliferation and induced cell-cycle G2/M phase
arrest [36].

In addition, 12-O-β-D-glucopyranosyl-3,11,16-trihydroxyabieta-8,11,13-triene (3), 3,12-
O-β-D-diglucopyranosyl-11,16-dihydroxyabieta- 8,11,13-triene (4), ajugaside A (8), unci-
natone (9) and 19-hydroxyteuvincenone F (7) demonstrated significant anti-complement
activity on the classical pathway complement system, as expressed by total hemolytic
activity [37]. The inhibitory activity of these compounds against the complement system
recorded an IC50 range from 24 μM to 232 μM. The most active compound was found
to be 12-O-β-D-glucopyranosyl-3,11,16-trihydroxyabieta-8,11,13-triene (3) [37]. Kim et al.
(2010) postulate that the hydroxyl group in position 3 of this compound may play an
important role in its high anti-complement activity. Other diterpenes with glucose, methyl,
or hydrogen moieties at position 3 demonstrated significantly lower anti-complement activ-
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ities [37]. In addition, another two new diterpenoids were isolated from C. bungei: 3β-(β-D-
glucopyranosyl)isopimara-7,15-diene-11α,12α-diol (11) and 16-O-β-D- D-glucopyranosyl-3
β-20-epoxy-3-hydroxyabieta-8,11,13-triene (12) together with other known compounds,
such as 12-O-β-D-glucopyranosyl-3,11,16-trihydroxyabieta-8,11,13-triene (3) and 3,12-O-β-
D-diglucopyranosyl-11,16-dihydroxy-abieta-8,11,13-triene (4) [34]. All isolated, purified
and identified secondary metabolites were evaluated for cytotoxicity against the following
tumour cell lines: B16 murine melanoma, HGC-27 human gastric and BEL-7402 human
hepatocellular carcinoma. Sun et al. (2014) report that only 16-O-β-D-glucopyranosyl-
3β-20-epoxy-3-hydroxyabieta-8,11,13-triene (12) appeared to be active among all tested
compounds; it demonstrated moderate cytotoxicity against B16, HGC-27, and BEL-7402
cells, manifested with IC50 values of 8.8, 9.8, and 7.1 μM, respectively [34]. The authors
emphasise the structural similarities between this diterpenoid and bioactive compounds
isolated from the same plant material [34,35,37]. It is worth adding, that this metabolite has
a hydroxyl group at the third carbon, which is believed to be responsible for the biological
activities of compounds isolated from C. bungei roots [37].

Further studies on C. bundei resulted in the isolation and identification of the following
diterpenoids: bungnate A (13) (12,16-epoxy-6-methoxy-11,14-dihydroxy-17(15→16)-abeo-
5,8,11,13,15-abietapentaen-7-one-17-carboxylate), bungnate B (14) (19-O-β-D-carboxyglucop
yranosyl-11,12,16-trihydroxy-abieta-8,11,13-triene-7-one), 15-dehydrocyrtophyllone A (15)

(12,16-epoxy-6-methoxy-11,14-dihydroxy-17(15→16)-abeo-5,8,11,13,15-abietapentaen-7-one)
15-dehydro-17-hydroxycyrtophyllone A (16) (12,16-epoxy-6-methoxy-11,14,17-trihydroxy-
17(15→16)-abeo-5,8,11,13,15-abietapentaen-7-one), and cyrtophyllone A (17) [38]. Of these,
15-dehydrocyrtophyllone A (15) demonstrated ACE (Angiotensin Converting Enzyme)
inhibition activity, with an IC50 value of 42.7 μM. Among the tested diterpenoids, none
inhibited α-glucosidase [38].

2.2. Clerodendrum cyrtophyllum

This genus, known in Chinese medicine as “Da quing”, is recommended for treating
infectious diseases, common cold and malaria [42]. Many relevant compounds have been
extracted from the plant, including the diterpenoids teuvincenone F (10), uncinatone (9)

and sugiol (18), the triterpenoids friedelin (19) and clerodolone (20) and the phytosteroids
stigmasta-5,22,25-trien-3β-ol and clerosterol. In addition, two new abietane derivatives,
cyrtophyllone A (17) (16(S)-12,16-epoxy-11,13-dihydroxy-6-methoxy-17(15-16)-abeo-abieta-
5,8,11,13-tetraen-7-one) and cyrtophyllone B (21) ((+)-11,12,16-trihydroxy-abieta-8,11,13-
trien-7-one) have been isolated from ethanolic extract of the entire C. cyrtophyllum plant
following cleaning by water and chloroform mix [42]. The former has a 17(15-16)-abeo-
abietane framework.

The diterpenes sugiol (18), uncinatone (9) and cyrtophyllone B (21), also isolated from
C. cyrtophyllum, have also been identified in Aegiphila lhotzkyan roots. These phytocom-
pounds were tested for antiproliferative activity against leukaemia (CEM and HL-60),
breast (MCF-7), colon (HCT-8) and skin (B-16) cancer cell lines in three independent ex-
periments [43]. Of these, only cyrtophyllone B (21) is able to inhibit the proliferation of all
tested tumour cell lines; however, it did not demonstrate strong inhibition (IC50 values
above 1 μg mL−1) [43]. In addition, diterpenoids isolated from Caryopteris mongolica roots
were found to inhibit acethyl- and butyrylcholineesterase (AChE and BChE) [44]. The
extraction method used for the phytochemical analyses of this plant species is shown in
Table 2.

2.3. Clerodendrum eriophyllum

This unusual plant was previously used in malaria treatment in Kenya [45]. An alco-
holic C. eriophyllum root bark extract demonstrated significant chemosuppressive properties
against Plasmodium berghei in infected experimental mice [46]. The first phytochemical
study of Clerodendrum eriophyllum was recorded by Machumi et. al. in 2010 [47]. The
extraction methods used for the phytochemical analyses of this plant species are shown in
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Table 3. The dichloromethane-methanolic root extract was found to contain ten abietane
diterpenoids, with one being a new discovery: 12-hydroxy-8,12-abietadiene-3,11,14-trione
(22). The remaining nine diterpenes had previously been isolated from other plant materials:
royleanone (23), taxodione (24), 6-deoxy-taxodione (25) (11-hydroxy-7,9(11),13-abietatrien-
12-one), sugiol (18), ferruginol (26), 6-hydroxysalvinolone (27), 6,11,12,16-tetrahydroxy-
5,8,11,13-abietatetra-en-7-one (28), uncinatone (9) and 11-hydroxy-8,11,13-abietatriene-12-
O-β-xylopyranoside (29) [47].

Table 2. The diterpenoid extraction method and C. cyrtophyllum plant material for diterpenoid isolation.

Species Material Solvent and Extraction Method Isolated Diterpenoids References

C. cyrtophyllum Stem
EtOH. The whole plant was dried
and pulverised. It was extracted
three times with hot solvent. The
solvent was recovered in vacuo.

Cyrtophyllone A (17)
Cyrtophyllone B (21)
Teuvincenone F (10)
Uncinatone (9)

[42]

Sugiol (18)

One of the abietane diterpenoids, royleanone (23), was first isolated from Inula royleana
roots [48]. However, its presence has also been confirmed in other plant species, e.g.,
in transformed Salvia austriaca roots [49] and non-transformed Salvia officinalis roots [32].
Royleanone (23), the diterpenoid characterised by the presence of a p-quinone grouping
in the C ring, is also well known for its various biological activities. It has been found to
demonstrate cytotoxicity against the cancer cell lines HeLa and Hep-2, particularly against
Hep-2, with an IC50 value of 34 μg mL−1 [50]. It has also been found to demonstrate
some antibacterial activity, but with weaker activity against methycyllin- and vancomycin-
resistant S. aureus strains (MRSA and VRE) compared to other diterpenoids from outside
the Clerodendrum genus (MIC = 32 and above 64 μg mL−1, respectively) [51].

Table 3. The diterpenoid extraction method and C. eriophyllum plant material for diterpenoid isolation.

Species Material Solvent and Extraction Method Isolated Diterpenoids References

C. eriophyllum Roots 1:1 MeOH/CH2Cl2; MeOH. Roots were
dried and pulverised. They were extracted
by cold percolation at room temperature
using three portions of 1:1 MeOH/CH2Cl2
and then extracted with 100% MeOH once.

12-hydroxy-8,12-abietadiene-3,11,14-
trione (22)
Royleanone (23)
Taxodione (24)
6-deoxy-taxodione (25)
Sugiol (18)
Ferruginol (26)
6-hydroxysalvinolone (27)
6,11,12,16-tetrahydroxy-5,8,11,13-
abietatetra-en-7-one (28)
Uncinatone (9)
11-hydroxy-8,11,13-abietatriene-12-O-
β-xylopyranoside (29)

[47]

Taxodione (24) is a very well-known abietane-type diterpenoid with a metide-quinone
moiety, which was first isolated from entire Taxodium distichum plant [52]. This compound has
been found to demonstrate in vivo cytotoxic activity against Walker intramuscular carcinosar-
coma 256 in rats and in vitro activity against human nosopharynx carcinoma cells KB [52]. Its
high cytotoxicity was confirmed in further studies on Hep-2 and HeLa [50] and A549 [30]. This
compound also demonstrates weak AChE and BChE inhibition. Computer modelling found
the phytocompound to demonstrate low cardio- and genotoxicity and good permeability of
the blood–brain barrier [30]. It has also been found to demonstrate strong antibacterial activity,
particularly against MRSA and VRE strains (MIC = 4–10 μg mL−1) [51].

6-deoxy-taxodione (25), isolated from C. eriophyllum roots, is also detected in various
parts of other plant species, e.g., in winter cones of Taxodium distichum and fruits of Cu-
pressus sempervirens [52–54]. Like taxodione (24), both isolated from Cupressus sempervirens
cones, this compound demonstrates potent anti-leishmanial activity, with IC50 values of
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0.077 μg mL−1 for 6-deoxy-taxodione (25) and 0.025 μg mL−1 for taxodione (24). The
two diterpenoids demonstrated much stronger activity against Leishmania donovani and its
promastigotes than the anti-leishmanial drugs used as controls: pentamidine (IC50 1.62 μg
mL−1) and amphotericin B (IC50 0.11 μg mL−1) [53]. In addition, 6-deoxy-taxodione (25)

was found to demonstrate potent antibacterial activities against methicillin-resistant Staphy-
lococcus aureus (MRSA), with IC50 values being 0.80 μg mL−1 for (25) and 0.85 μg mL−1 for
(26) [53].

Another abietane-type diterpenoid is sugiol (18), isolated from Clerodendrum eriophyl-
lum roots. This compound has an oxygen atom connected to the B ring and an aromatic
C ring. This unusual aromatic diterpene demonstrates various antioxidant, antibacterial,
antiviral, anticancer, anti-tumour and anti-inflammatory activities [55]. Its antioxidant
activity is similar to those of α-tocopherol and ascorbic acid based on DPPH (2,2-diphenyl-
1-picrylhydrazyl) radical scavenging assay (84% and 82%, respectively) [56]. Sugiol (18)

also demonstrates a concentration-dependent inhibitory effect (72.4%) against NO (nitric
oxide), at a concentration of 100 μg mL−1; it also demonstrated similar superoxide radical
scavenging activity at a concentration of 250 μg mL−1, to ascorbic acid and α-tocopherol
activities (73% for sugiol compared to 73% and 74.5%, respectively) [56]. Sugiol (18) is
also active against various foodborne pathogenic bacteria but neutralises Gram-positive
bacteria more effectively than Gram-negative bacteria. When isolated from Metasequoia
glyptostroboides cones, the compound was also found to demonstrate stronger antibacterial
action against Gram-positive bacteria than the streptomycin used as a control [57]. Sugiol
(18) has also been found to exhibit antiviral activity against the H1N1 virus in infected
Madin-Darby canine kidney (MDCK) cells: no cytopathic changes were observed following
72 h of exposure following treatment with 500 μg mL−1 sugiol (18). Hence, sugiol (18)

could be a potential antiviral compound that can prevent H1N1-mediated cytopathy in
MDCK cells [58].

The diterpenoid sugiol (18) also demonstrated cytotoxic activity against tumour cell
lines, inhibiting the growth of three prostate tumour cell lines (LNCap, PC3 and DU145)
and a non-tumorigenic cell line (MCF10A) [55]. Similarly, sugiol (18) treatment was found
to reduce tumour weight and volume by as much as 75% in mice subcutaneously injected
with DU145 cells in comparison with the control group. However, sugiol (18) did not affect
the body weight of the mouse [55].

The abietane diterpenoid ferruginol (26) was first isolated in 1939 from the Podocarpus
ferruginea tree. Structurally, ferruginol is similar to sugiol (18), although it lacks an oxygen
in the B ring. The biologically active ferruginol has been recorded in many plants including
those of the Podocarpaceae, Cupressaceae, Lamiaceae and Verbenaceae [59]. This diter-
penoid exhibits antibacterial and antifungal activities [60]. It has been found to inhibit the
growth of Bacillus brevis, B. subtilis and Staphylococcus aureus, with inhibition zone diameters
of 18, 10 and 9 mm, respectively. Ferruginol (26) demonstrated fungicidal activity against
the pathogenic Paecilomyces variotii, with an inhibition zone of 10 mm [60], and Ferruginol
(26) isolated from Chamaecyparis lawsoniana cones also demonstrated antibacterial activ-
ity against S. aureus, with MIC values ranging from 4 to 16 μg mL−1 depending on the
strain [61]. It has demonstrated potent antimalarial activity [59], with EC50 values against
Plasmodium falciparum ranging from 2.47 to 19.57 μM, depending on the strain [59]. In
addition, ferruginol (26) has displayed moderate cytotoxic activity against NALM-6 human
leukaemia lymphoblastic cells (IC50 27.2 μg mL−1) and promyelocytic HL-60 cells (IC50
33.6 μg mL−1) [62].

The abietane diterpenoid 6-hydroxysalvinolone (27), containing oxygen and hydroxyl
groups in the B ring, demonstrates strong cytotoxicity against carcinoma cell lines. Following
isolation from Salvia chorassanica roots, the compound exhibited strong cytotoxic activity against
HL-60 and K562 cell lines with IC50 values of 36.3 and 33.3 μM, respectively. It appeared to
demonstrate a substantially less cytotoxic effect on non-cancerous human cell lines. When
administered at concentrations of 2.5 and 5.0 μM for 48 h, it also enhanced the expression of the
proapoptotic protein Bax, and cleaved caspase-3 and PARP [63]. It also was found to exhibit
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moderate cytotoxic activity against monkey kidney fibroblasts (VERO) with an IC50 level of
4.5 μg mL−1 [47]. Similarly to taxodione (24), 6-hydroxysalvinolone (27) also demonstrated
antifungal activity, especially against Candida neoformans with an IC50 value of 0.96 μg mL−1. In
the same assay, the IC50 of taxodione (24) was found to be 0.58 μg mL−1, which is comparable
with that of standard amphotericin B (IC50 = 0.44 μg mL−1) [47].

Another abietane-type diterpenoid is 6,11,12,16-tetrahydroxy-5,8,11,13-abietatetra-en-
7-one (28), isolated from Avicennia marina twigs; it differs from 6-hydroxysalvinolone (27)

by the presence of a hydroxyl group in the isopropyl moiety. It demonstrated moderate
antiproliferative properties against L-929 (mouse fibroblasts) and K562 (human chronic
myeloid leukaemia), and cytotoxic activities against the HeLa (human cervix carcinoma)
cell line [64]. In biological tests, 6,11,12,16-tetrahydroxy-5,8,11,13-abietatetra-en-7-one (28)

demonstrated GI50 (concentration causing 50% cell growth inhibition) values of 9.6 and
8.9 μg mL−1, against L-929 (DSM ACC 2, mouse fibroblasts) and K562 cell lines (DSM
ACC 10, human chronic myeloid leukaemia), and a CC50 (concentration that reduced the
cell viability by 50%) of 18 μg mL−1 against the HeLa cell line [64]. The compound also
demonstrated antibacterial activity against Gram-positive and Gram-negative bacteria and
antifungal potential. A study of its antibacterial activity against Bacillus subtilis ATTC 6 633
(IMET) NA, Bacillus subtilis ATTC 6 633 (IMET) AS, Escherichia coli SG 458, Pseudomonas
aeruginosa K 799/61, Mycobacterium vaccae IMET 10 670, Sporobolomyces salmonicolor SBUG
549, Candida albicans BMSY 212 and Penicillium notatum JP [64] found zone inhibition to
range from 12 mm (for C. albicans) to 25 mm (for B. subtilis ATTC 6 633 (IMET) AS) [64].

Uncinatone (9), a diterpenoid known for its biological activity, also exhibits potent
antileishmanial activity. The IC50 value for L. donovani is 0.2 μg mL−1 [47].

2.4. C. formicarum

The abeo-abietane diterpenoid formidiol (30) was first obtained by methanolic extrac-
tion of Clerodendrum formicarum leaves and chromatographic separation of its triterpenoid
constituents [65]. It was accompanied by the diterpenoid 12,16-epoxy-11,14-dihydroxy-
6-methoxy-17(15→16)-abeo-abieta-5,8,11,13,15-pentanene-3,7-dione (31), which had been
previously isolated from a hexane extract of Aegiphila lhotzkiana roots. It was found to
demonstrate antiproliferative activity against the leukaemia cell lines HL-60 (IC50 4.4 μM)
and CEM (IC50 8.4 μM) [43]. Due to its structural similarity to formidiol (30), compound (31)

should be included in future studies of anti-proliferative activity. The extraction method
used for the phytochemical analyses of this plant species is shown in Table 4.

Table 4. The diterpenoid extraction method and C. formicarum plant material for diterpenoid isolation.

Species Material Solvent and Extraction Method Isolated Diterpenoids References

C. formicarum Leaves EtOH. Leaves were dried under shade
for a week. Powdered material was
soaked in ethanol for six days. The
resulting extract was concentrated by
evaporation under
vacuum distillation.

formidiol (30)
12,16-epoxy-11,14-dihydroxy-
6-methoxy-17(15→16)-abeo-
abieta-5,8,11,13,15-pentanene-
3,7-dione
(31)

[65]

2.5. Clerodendrum inerme

Studies on the aerial parts of Clerodendrum inerme resulted in the isolation of cleroin-
ermin (32) a neo-clerodane diterpenoid [66] consisting of a bicyclic ring decalin moiety
and a six-carbon side chain including a furane skeleton. The compound, first isolated
from Heteroplexis micocephala, showed neuroprotective activity against MPP+ induced PC12-
syn cell damage, with a relative cell proliferation rate of 104.32% [67]. Elsewhere, the
neo-clerodane diterpenoids clerodendrin B (33), 3-epicaryoptin (34), clerodendrin C (35),
2-acetoxyclerodendrin B (36) and 15-hydroxyepicaryoptin (37) have since been isolated [68].
The extraction methods used for the phytochemical analyses of this plant species are given
in Table 5. These compounds have been found to be effective antifeedants against Earias
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vitella at 10 μg cm−3 of diet (30 μg g−1) and against Spodoptera litura at 10 μg cm−2 of leaf
mass [68].

Table 5. The diterpenoid extraction methods and C. inerme plant materials for diterpenoid isolation.

Species Material Solvent and Extraction Method Isolated Diterpenoids References

C. inerme Leaves Hexane–EtOAc. Dried and finely
powdered aerial parts of the plant
were extracted with hexane—EtOAc
(40:60)—fraction 1; and
hexane—EtOAc (25:75)—fraction 2.

Inermes A (39)
Inermes B (40)
14,15-dihydro-15β-methoxy-3-
epicaryoptin (41)

[69]

Aerial parts MeOH. Dried and powdered aerial
parts were extracted in a Soxhlet
apparatus for 15 h. The extract was
concentrated under red. pres., dil.
with H2O and the liberated solid was
exhaustively extracted with Et2O.

Cleroinermin (32) [66]

Leaves MeOH. Air-dried and powdered roots
were extracted three times by
sonication for 30 min., concentrated
under reduced pressure. They were
suspended in water and successively
partitioned with dichloromethane
three times.

Crolerodendrum B (42)
Crolerodendrum A (43)
Uncinatone (9)
Harwickiic acid (44)
14,15-dihydro-15β-methoxy-3-
epicaryoptin (41)

[70]

Aerial parts The shade-dried, crushed aerial parts
were percolated with n-hexane (three
times) for 24 h. The resulting extract
was then concentrated under vacuum
to obtain a residue

clerodendrin B (33)
3-epicaryoptin (34)
Clerodendrin C (35)
2-acetoxyclerodendrin B (36)
15-hydroxyepicaryoptin (37)

[68]

C. inerme has become an interesting subject of research for diterpenoid isolation.
The aerial parts are a source of the neo-clerodane-type diterpenoids: clerodermic acid
(38), inermes A (39) and B (40), as well as 14,15-dihydro-15β-methoxy-3-epicaryoptin
(41) [69,71]. Among these compounds, clerodermic acid (38) deserves special attention due
to its strong biological activity. The compound, isolated from the dichloromethane extract
of the aerial part of Salvia nemorosa, was found to reduce the viability of A549 cells in a
concentration-dependent manner, with an IC50 of 35 μg mL−1 at 48 h, based on the MTT
assay [72]. Furthermore, clerodermic acid treatment resulted in various morphological
changes, including diminished cell density, membrane blebbing and an increased number
of floating cells, all of them being a manifestation of cell death (38). DNA ladder, DAPI
staining, cell cycle analysis, and annexin V/PI testing indicated that clerodermic acid
demonstrates strong geno- and cytotoxicity and is able to induce apoptosis in A549 cells, as
evidenced also by DNA fragmentation and chromatin condensation [72].

C. inerme aerial parts have also been found to include a newly rearranged abietane
diterpenoid, crolerodendrum B (42), as well as other known diterpenoids, such as crolero-
dendrum A (43), uncinatone (9) and harwickiic acid (44) [70]. Harwickiic acid (44) was
first isolated from Sindora sumatrana MIQ fruits [73]. This clerodane-type diterpenoid,
obtained from the stem bark of Croton sylvaticus, was found to demonstrate significant
antileishmanial activity against L. donovani promastigotes with an IC50 of 31.57 μM, as
well as cytotoxic activity against RAW 264.7 (CC50 = 247.83 μM) [74]. Harwickiic acid (44),
isolated from C. inerme aerial parts, together with crolerodendrum B (42) and uncinatone
(9) also demonstrates strong antioxidant activity measured as DPPH radical-scavenging
activity; these compounds have been found to have respective ED50 values of 11.3 μM (44),
17.6 μM (42) and 10.1 μM (9) [70].
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2.6. Clerodendrum infortunatum

Crystallization and chromatographic separation of the leaf extract resulted in the
isolation and identification of the clerodane diterpenoids clerodin (45), 15-methoxy-14,15-
dihydroclerodin (46) and 15-hydroxy-14,15-dihyroclerodin (47) [75]. The extraction meth-
ods used for the phytochemical analyses of this plant species are shown in Table 6. The iso-
lated compounds were tested against Helicoverpa armigera. Studies on the growth inhibition
potential of these diterpenoids found topical application of clerodin (45), 15-methoxy-14,15-
dihydroclerodin (46) and 15-hydroxy-14,15-dihyroclerodin (47) to yield GI50 values of 13,
21 and 11 ppm, respectively; in contrast, azadirachtin was found to have a GI50 value of 15
ppm [75].

Table 6. The diterpenoid extraction methods and C. infortunatum plant materials for diterpenoid isolation.

Species Material Solvent and Extraction Method Isolated Diterpenoids References

C. infortunatum Aerial parts
Leaves

The shade was dried, the crushed
aerial parts were exhaustively
extracted with n-hexane (3×). The
extract was then

Clerodin (45)
(5R,10S,16R)-11,16,19-trihydroxy-
12-O-β-D-glucopyranosyl-
(1→2)-β-D-glucopyranosyl-
17(15→16),18(4→3)-diabeo-
3,8,11,13-abietatetraene-7-one
(5R,10S,16R)-11,16-dihydroxy-
12-O-β-D-glucopyranosyl-(1→2)-
β-D-glucopyranosyl-17(15→16),18(4→3)-
diabeo-4-carboxy-3,8,11,13-abietatetraene-
7-one

[68]
[76]

concentrated in vacuo to ∼250 mL
The leaves were extracted with
acetone. The extract was
concentrated in vacuo. The residue
was solvated in a solution of water:
methanol and partitioned with
ethyl acetate and
n-butanol, respectively.

Leaves n-hexane/MeOH. The leaves were
dried in the shade at room
temperature and then ground in
an electric grinder. The leaf
powder was soaked in n-hexane
for 72 h, shaken occasionally. The
extract was filtered, concentrated
in a rotary vacuum evaporator,
then partitioned into hexane and
methanol. After filtration, the leaf
powder residue was further
extracted with methanol and
concentrated. This extract was
further partitioned with hexane,
ethyl acetate, and butanol.

clerodin (45)
15-methoxy-14,5- dihydroclerodin (46)
15-hydroxy-14,15-dihyroclerodin (47)

[75]

The purified diterpenoids, together with their extracts and fractions, also demon-
strated insecticidal activity against the highly polyphagous cotton bollworm (Helicoverpa
armigera) [77]. The antifeedant activity of the isolated diterpenoids was tested using choice
and no-choice tests with 24- and 48-h observation intervals. In the no-choice test condi-
tions, clerodin (45) and 15-methoxy-14,15-dihydroclerodin (46) demonstrated significantly
higher antifeedant activity compared to high concentration azadirachtin, the key ingredient
in many commercial pesticides [77], with the second diterpenoid demonstrating similar
antifeedant activity to that of azadirachtin. In the choice test conditions, all isolated and
identified compounds, as well as azadirachtin, demonstrated 100% antifeedant activity at
the highest concentration. Furthermore, clerodin (45) has also been found to demonstrate
antifeedant activity against Earias vitella and Spodoptera litura [68]. The antifeedant index
(AI50) values for clerodin (45), 15-methoxy-14,15-dihydroclerodin (46) and 15-hydroxy-
14,15-dihyroclerodin (47) were found to be 6, 6, and 8 ppm in the choice tests, and 8, 9, and
11 ppm in the no-choice tests, respectively.

The antifeedant activity of clerodanes has been attributed to the presence of a perhy-
drofuranofuran moiety and the degree of its unsaturation; a significant role may also be
played by the presence of a trans-decalin ring system bearing an epoxide, together with ac-
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etate groups [78,79]. These results suggest that the diterpenoids isolated from Clerodendrum
infortunatum leaf extract offer promise as biopesticides and require further studies [77].

2.7. Clerodendrum kaichianum

Clerodendrum kaichianum P. S. Hsu is known to be the source of two new abietane-type
compounds, viz. 17-hydroxyteuvincenone G (51) and 17-hydroxyteuvincen-5(6)-enone
G (52), as well as four known diterpenoids: teuvincenone A (48), 11,14-dihydroxyabieta-
8,11,13-trien-7-one (49), dehydroabietan-7-one (50) and sugiol (18) [80]. These new sec-
ondary metabolites demonstrated relatively strong cytotoxic activities against HL-60 and
A-549 cell lines in vitro based on the MTT assay. This action was compared to cis-platin,
which was used as a control compound. In addition, 17-hydroxyteuvincenone G (51)

yielded IC50 scores of 5.95 and 9.37 μM for HL-60 and A-549 cells, respectively; this activity
was slightly higher than that of 17-hydroxyteuvincen-5(6)-enone G (52) (IC50 of 15.91 and
10.35 μM against the same cell lines) [80].

Further chromatographic separation from C. kaichianum stem extract resulted in the
isolation of a newly rearranged abietane diterpenoid with five known compounds: vil-
losin A (53), salvinolone (54), 14-deoxyloleon U (55), 5,6-dehydrosugiol (56), and coleon
U (57). This new diterpenoid was identified as (16R)-12,16-epoxy-11,14,17-trihydroxy-
17(15→16)-abeo-8,11,13-abietatrien-7-one (58) [81]. Villosin A (53), salvinolone (54) and
5,6-dehydrosugiol (56) were noted in the Clerodendrum genus for the first time. All extrac-
tion methods used for the phytochemical analyses of this plant species are shown in Table 7.
All isolated constituents were tested for their cytotoxic activities against the viable HL-60
tumour cell line based on the MTT assay. The highest cytotoxic activity was demonstrated
by (16R)-12,16-epoxy-11,14,17-trihydroxy-17(15→16)-abeo-8,11,13-abietatrien-7-one (58)

with an IC50 value of 18.5 μM, with villosin A (53) and coleon U (57) demonstrating IC50
values of 20.1 and 24.1 μM, respectively. Salvinolone (54), 14-deoxyloleon U (55) and
5,6-dehydrosugiol (56) demonstrated more than two-fold weaker cytotoxic activity, with
IC50 values over 40 μM [81].

Table 7. The diterpenoid extraction method and C. kaichianum plant material for diterpenoid isolation.

Species Material Solvent and Extraction Method Isolated Diterpenoids References

C. kaichianum Stem EtOH. The air-dried and powdered
stems was extracted with 75% aq.
EtOH three times each at 75 ◦C for 4 h.
The EtOH extracts were combined
and evaporated.

17-hydroxyteuvincenone G (51)
17-hydroxyteuvincen-5(6)-enone
G (52)
Teuvincenone A (48)
11,14-dihydroxyabieta-8,11,13-
trien-7-one (49)
Dehydroabietan-7-one (50)
Sugiol (18)

[80]

(16R)-12,16-epoxy-11,14,17-
trihydroxy-17(15→16)-abeo-
8,11,13-abietatrien-7-one (58)
Villosin A (53)
Salvinolone (54)
14-deoxycoleon U (55)
5,6-dehydrosugiol (56)
Coleon U (57)

[81]

2.8. Clerodendrum kiangsiense and C. mandarinorum

A phytochemical study on the aerial parts of C. kiangsiense resulted in the isolation
of eight diterpenoids, one of which was a novel abeo-abietane diterpenoid. Spectroscopic
analyses resulted in its identification as 12-methoxy-6,11,14,16-tetrahydroxy-17(15→16)-
abeo-5,8,11,13-abietatetraen-3,7-dione (59) [82]. The remaining secondary metabolites were
identified as mandarone A (60) ((5R,10S)-12-hydroxy-8,11,13-abietatriene-37-dione), taxus-
abietane A (61), 12-O-demethylcryptojaponol (62), cryptojaponol (63), 11,14-dihydroxy-
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8,11,13-abietatrien-7-one (64), fortunin E (65) and fortunin F (66) [82]. Mandarone A (60)

had previously been isolated from Clerodendrum mandarinorum stem [83] and Euonymus
lutchuensis roots [84].

Various other mandarones have also been isolated from C. mandarinorum stem, in-
cluding mandarone B (67) ((16 S)-12,16-epoxy-11,14-dihydroxy-17(15→16)-abeo-abieta-
5,8,11,13-tetraene-7-one), mandarone C (68) (12,16-epoxy-11,14-dihydroxy-17(15→16)-abeo-
abieta-2,5,8,11,13,15-hexaene-7-one) [84], mandarone D (69) (16S)-12,16-epoxy-l1-hydroxy-
17(15→16),18(4→3)-diabeo-abieta-3,5.8,11,13-pentaene-7-one, mandarone E (70) (12.l6-
epoxy-l1,14-dihydroxy-17(15→16),18(4→3)-diabeo-abieta-3,5,8,11,13,15-hexaene-7-one),
mandarone F (71) (12,16-epoxy-6,11,14-trihydroxy-17(15→16),18(4→3)-diabeo-abieta-3,5,8,
11,13,15-hexaene-7-one), mandarone G (72) (12,16-epoxp-11,14-dihydroxy-6-methoxy-17
(15→16),18(4→3)-diabeo-abieta-3,5,8,11,13,15-hexaene-2,7-dione) and mandarone H (73)

(12,16-epoxy-11,14-dihydroxy-17(15→16),18(4→3)-diabeo-abieta-3,5,8,11,13,15-hexaene-1,7-
dione) [85]. The extraction methods used for the phytochemical analyses of these plant
species are shown in Tables 8 and 9.

Table 8. The diterpenoid extraction method and C. kiangsiense plant material for diterpenoid isolation.

Species Material Solvent and Extraction Method Isolated Diterpenoids References

C. kiangsiense Stem EtOH. The air-dried and
powdered stems extracted by 90%
ethanol three times at 65 ◦C. The
solvents were combined and
evaporated to dryness
under vacuum.

12-methoxy-6,11,14,16-tetrahydroxy-
17(15→16)-abeo-5,8,11,13-
abietatetraen-3,7-dione (59)
Mandarone A (60)
Taxusabietane A (61)
12-O-demethyl-cryptojaponol (62)
Cryptojaponol (63)
11,14-dihydroxy-8,11,13-abietatrien-7-
one (64)
Fortunin E (65)
Fortunin F (66)

[82]

Table 9. The diterpenoid extraction method and C. mandarinorum plant material for diterpenoid isolation.

Species Material Solvent and Extraction Method Isolated Diterpenoids References

C. mandarinorum Stem EtOH. The naturally dried and
pulverised stems were extracted with
hot EtOH three times. The solvent was
removed in vacuo.

Mandarone D (69)
Mandarone E (70)
Mandarone F (71)
Mandarone G (72)
Mandarone H (73)

[85]

Mandarone A (60)
Mandarone B (67)
Mandarone C (68)

[83]

Taxusabietane A (61), isolated from bark extract of Taxus wallichiana Zucc. (in addition
to taxusabietane C and taxamairin F), was found to demonstrate considerable lipoxy-
genase (LOX) inhibitory activity at an IC50 of 57 μM compared to controls (baicalein
IC50 22.1 μM) based on in vitro lipooxygenase inhibition assay and in vivo carrageenan-
induced paw oedema model [86]. Cryptojaponol (63), isolated from extracted Taxodium
distichum bark, demonstrated moderate cytotoxic activity against human pancreatic carci-
noma (PANC-1) [87] with an EC50 of about 38 μM and selective index (SI) of 7.9 [87].

In addition, 11,14-dihydroxy-8,11,13-abietatrien-7-one (64), an abietane diterpenoid
found in Clerodendrum kiangsiense aerial parts, exhibits some interesting biological activities.
Costa-Lotufo et al. (2004) found it to demonstrate moderate cytotoxic activity against
tumour cell lines, together with as well as carnasol, isolated from Hyptis martiusii roots [88].
Zadali et al. (2020) also reported it to be present in the aerial parts and roots of Zhumeria
majdae and to show promising antiprotozoal activity; the IC50 value was found to be 8.65 μM,
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with a selectivity index (SI) of 4.6 [89]. Additionally, it has also been found to demonstrate
greater binding affinity at the active site of AChE in comparison to donepezil [90].

2.9. Clerodendrum splendens

Scientific research on this species allowed to isolate and identify four new clerodane
diterpenoids, namely 2α-acetoxy-3β-(2′,3′-diacetoxy-2′-methyl)-butanoyloxy-14-hydro-
15-hydroxyclerodin (74), 3β,15-dihydroxy-14-hydro-clerodin (75), 2α,15-dihydroxy-3β-(2′-
hydroxy-2′-methyl-3′-acetoxy)-butanoyloxy-6α,18-diacetoxy-4α,17-epoxy-clerodan-11,16-
lactone (76) and 3β,14S,15-trihydroxy-6α,18-diacetoxy-4α,17-epoxy-clerodan-11,16-lactone
(77) [91]. The extraction method used for the phytochemical analyses of this plant species
is shown in Table 10. Faiella et al. (2013) tested these compounds for their potential
antiproliferative activity against HeLa cells. Briefly, the HeLa cells were incubated for
24 h with the diterpenoids at a concentration of 50 μM, and the results were compared
with 15 μM phenethylisothiocyanate (PEITC) as a control. The results indicate that
2α-acetoxy-3β-(2′,3′-diacetoxy-2′-methyl)-butanoyloxy-14-hydro-15-hydroxyclerodin (74)

and 2α,15-dihydroxy-3β-(2′-hydroxy-2′-methyl-3′-acetoxy)-butanoyloxy-6α,18-diacetoxy-
4α,17-epoxy-clerodan-11,16-lactone (76) exhibit cell growth inhibition activity. In addition,
the IC50 values for the two compounds, viz., (76) and (74), were found to be 101 μM and
98 μM, respectively, after 72 h incubation [91].

Table 10. The diterpenoid extraction method and C. splendens plant material for diterpenoid isolation.

Species Material
Solvent and Extraction

Method
Isolated Diterpenoids References

C. splendens Aerial parts Dried powdered aerial parts of
C. splendens were successively
and separately extracted for 48
h with n-hexane, CHCl3,
CHCl3–MeOH (9:1), and
MeOH, by exhaustive
maceration

2α-acetoxy-3β-(2′,3′-diacetoxy-2′-
methyl)-butanoyloxy-14-hydro-15-
hydroxyclerodin (74)
3β,15-dihydroxy-14-hydro-clerodin (75)
2α,15-dihydroxy-3β-(2′-hydroxy-2′-
methyl-3′-acetoxy)-butanoyloxy-6α,18-
diacetoxy-4α,17-epoxy-clerodan-11,16-
lactone (76)
3β,14S,15-trihydroxy-6α,18-diacetoxy-
4α,17-epoxy-clerodan-11,16-lactone (77)

[91]

2.10. Clerodendrum trichotomum

Trichotomone (78) was first isolated from Clerodendrum trichotomum roots by careful
semi-preparative chromatographical analysis. This diterpenoid is a rare phenolic ketal of
a regular abietane derivative, cyrtophyllone B (21), and a rearranged abietane derivative
related to uncinatone (9) [89]. Trichotomone (78) demonstrates moderate cytotoxic activity
against some tumour cell lines (A549, Jurkat, BGC-823 and 293T WT) with IC50 values
ranging between 7.51 and 19.38 μM [92].

Wang et al. (2013) report the isolation of various other diterpenoid compounds from the
species, including 17(15→16)-abeo-abietane (6-methoxyvillosin C (79) (=(10R,16R)-12,16-epoxy-
11,14,17-trihydroxy-6-methoxy-17(15→16)-abeoabieta-5,8,11,13-tetraene-7-one), 18-hydroxy-6-
methoxyvillosin C (80) (=(10R,16R)-12,16-epoxy-6-methoxy-11,14,17,18-tetrahydroxy-17(15→16)-
abeo-abieta-5,8,11,13-tetraene-7-one) and (10R,16S)-12,16-epoxy-11,14-dihydroxy-6-methoxy-
17(15→16)-abeo-abieta-5,8,11,13-tetraene-3,7-dione (81) and 17(15→16),18(4→3)-diabeo-abietane
diterpenoids (trichotomone D (82) (=10R,16S)-12,16-epoxy-11,14-dihydroxy-18-oxo-17(15→16),
18(4→3)-diabeo-abieta-3,5,8,11,13-pentaene-7-one, (10R,16R)-12,16-epoxy-11,14,17-trihydroxy-
17(15→16),18(4→3)-diabeo-abieta-3,5,8,11,13-pentaene-2,7-dione (83) and trichotomone F (84)

=(3S,4R,10R,16S)-3,4:12,16-diepoxy-11,14-dihydroxy-17(15→16),18(4→3)-diabeo-abieta-5,8,11,13-
tetraene-7-one) [93]. In addition, the following known diterpenoids were also isolated: villosin C
(85), 12,16-epoxy-11,14-dihydroxy-6-methoxy-17(15→16)-abeo-abieta-5,8,11,13,15-pentanene-3,7-
dione (31), uncinatone (9), mandarone E (70), formidiol (30), teuvincenone E (86), teuvincenone
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F (10) and Trichotomone H (87) (=12,16-epoxy-17(15→16),18(4→3)-diabeo-abieta-3,5,8,12,15-
pentaene-7,11,14-trione) [93].

Of the 14 isolated compounds, (10R,16S)-12,16-epoxy-11,14-dihydroxy-6-methoxy-
17(15→16)-abeo-abieta-5,8,11,13-tetraene-3,7-dione (81) is a newly discovered naturally
occurring compound. All the extraction methods used for the phytochemical analyses
of this plant species are shown in Table 11. The cytotoxic activities of these diterpenoids
were studied against tumour cell lines BGC-823, Huh-7, KB, KE-97, and Jurkat based on
CellTiter Glo™ Luminescent cell viability assay. Of all the tested compounds, trichotomone
D (82), F (84) and H (87), teuvincenone E and H (88), uncinatone (9) and mandarone E (70)

showed cytotoxic activity. IC50 values ranged from 0.83 to 50.99 μM. The most active
diterpenoid was found to be Teuvincenone E (86), with IC50 values of 3.95, 5.37, 1.18, 1.27,
and 0.83 μM against the BGC-823, Huh-7, KB, KE-97, and Jurkat lines, respectively. The
authors attribute the high cytotoxic activity of this compound to its rearranged A ring and
intact 2-methyl-3-dihydro-furan fragment [93].

In further phytochemical studies, air-dried stems of Clerodendrum trichotomum were
extracted and chromatographically separated. Eleven compounds were identified, in-
cluding seven abietane diterpenes: sugiol (18), teuvincenone A (48), teuvincenone B (89),
teuvincenone F (10), teuvincenone H (88), uncinatone (9) and cyrtophyllone B (21) [94]. In
further studies on C. trichotomum stems, the same authors also identified the diterpenoids
villosin B (90) and villosin C (85); these demonstrate remarkable cytotoxic activities against
tumour cell lines A549, HepG-2, MCF-7 and 4T1 with IC50 values ranging from 14.93 to
29.74 μM [95].

Hu et al. (2018) isolated twelve new abietane diterpenoids from C. trichotomum roots:
15,16-dehydroteuvincenone G (91), 3-dihydroteuvincenone G (92), 17-hydroxymandarone
B (93), trichotomin A (94), 15,16-dihydroformidiol (95), 18-hydroxyteuvincenone E (96),
2α-hydrocaryopincaolide F (97), 15α-hydroxyuncinatone (98), 15α-hydroxyteuvincenone
E (99), trichotomin B (100), trichotomside A (101) and B (102) [96]. As earlier studies indi-
cate that C. trichotomum roots possess anti-inflammatory properties [17], all the secondary
metabolites isolated by Hu et al. (2018) were tested for their ability to inhibit NO production
in LPS-stimulated RAW 264.7 cells, a marker of inflammation [96]. Of the tested substances,
15,16-dehydroteuvincenone G, trichotomin A, 2α-hydrocaryopincaolide F, as well as other
isolated compounds, such as villosin C (85), 15-dehydro-17-hydroxycyrtophyllone A (16),
demethylcryptojaponol, 6β-hydroxydemethylcryptojaponol and trichotomone (78), exhib-
ited IC50 values ranging from 6.0 to 16.1 μM, with 15,16-dehydroteuvincenone G being
the most active diterpenoid (IC50 value 6.0 μM). It is worth adding that all these active
compounds acted at non-cytotoxic concentrations and demonstrated stronger activity than
aminoguanidine hydrochloride (IC50 26.2 μM) [96].

Table 11. The diterpenoid extraction methods and C. trichotomum plant materials for diterpenoid isolation.

Species Material Solvent and Extraction Method Isolated Diterpenoids References

C. trichotomum Roots The dried roots were first extracted with
petroleum ether/EtOAc (1:1) three times at room
temperature, assisted by ultrasonication. After
filtration, the filtrate was concentrated at
reduced pressure to give a dark brown residue

6-methoxyvillosin C (79)
18-hydroxy-6-methoxyvillosin C (80)
(10R,16S)-12,16-epoxy-11,14-dihydroxy-6-methoxy-
17(15→16)-abeo-abieta-5,8,11,13-tetraene-3,7-dione (81)
Trichotomone D (82)
(10R,16R)-12,16-epoxy-11,14,17-trihydroxy-
17(15→16),18(4→3)-diabeo-abieta-3,5,8,11,13-pentaene-
2,7-dione (83)
Trichotomone F (84)
12,16-epoxy-11,14-dihydroxy-6-methoxy-17(15→16)-abeo-
abieta-5,8,11,13,15-pentanene-3,7-dione (31)
Uncinatone (9)
Mandarone E (70)
Formidiol (30)
Teuvincenone E (86)
Teuvincenone F (10)
Trichotomone H (87)
Villosin C (85)

[93]
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Table 11. Cont.

Species Material Solvent and Extraction Method Isolated Diterpenoids References

C. trichotomum Roots Dried roots of C. trichotomum were exhaustively extracted with
petroleum ether/EtOAc (1:1) at room temperature, yielding a
semi-dry residua

Trichotomone (78) [92]

C. trichotomum Stems The air-dried stems were cut into small pieces and extracted
with 85% EtOH under reflux three times. The combined
extracts were filtered and the solvent was removed under
reduced pressure with a rotary evaporator at 60 ◦C to obtain a
brown crude extract.

Sugiol (18)
Teuvincenone F (10)
Teuvincenone A (48)
Teuvincenone H (88)
Uncinatone (9)
Teuvincenone B (89)
Cyrtophyllone B (21)

[88]

C. trichotomum Stems The air-dried stems were cut into small pieces and extracted
with 85% EtOH under reflux three times. The combined
extracts were filtered and the solvent was removed under
vacum to obtain a crude extract.

Villosin B (90)
Villosin C (85)
Cyrtophyllone B (21)
Uncinatone (9)
Teuvincenone B (89)
Sugiol (18)
Teuvincenone F (10)
Teuvincenone A (48)
Teuvincenone H (88)

[95]

C. trichotomum Roots Cut and air-dried roots were extracted under reflux with 95%
EtOH Extract was filtered and organic solvents evaporated to
receive the crude residue

15,16-dehydroteuvincenone G (91)
3-dihydroteuvincenone G (92)
17-hydroxymandarone B (93)
Trichotomin A (94)
15,16-dihydroformidiol (95)
18-hydroxyteuvincenone E (96)
2α-hydrocaryopincaolide F (97)
15α-hydroxyuncinatone (98)
15α-hydroxyteuvincenone E (99)
Trichotomin B (100)
Trichotomside A (101)
Trichotomside B (102)

[96]

3. The Latest Data

Woody branches and healthy stems of Clerodendrum bracteatum were the plant materi-
als used for the extraction, isolation and purification to identify two new abietane diter-
penes compounds, which are defined as: (10S,16S)-12,16-epoxy-17(15→16)-abeo-3,5,8,12-
abietatetraen-7,11,14-trione (103) and 11,14,16-trihydroxy-6,12-dimethoxy-17(15→16)-abeo-
5,8,11,13- abietatetraen-3,7-dione (104) [97]. The extraction method used for the phyto-
chemical analyses of this plant species is shown in Table 12. Both phytochemicals have
an abeo-abietane structure, the first of which has p-quinone and p-benzoquinone moieties.
In compound 104, four methyls, two ketones at C-3 and C-7, as well as the presence of a
methine group at C-16 were detected. According to Li et al. (2021), two newly isolated
structures (103 and 104) have the strongest antioxidant and cytotoxic activities against
HL-60 and A-549 tumour cell lines among seven isolated diterpenes [97].

Table 12. The diterpenoid extraction methods and Clerodendrum bracteatum plant materials for
diterpenoid isolation.

Species Material Solvent and Extraction Method Isolated Diterpenoids References

C. bracteatum Stems EtOH. Cut and air-dried stems were
extracted under reflux with 90%
Ethanol and evaporated to
to afford a gummy residue. The crude
extract was suspended in water and
fractionated with EtOAc and n-BuOH.

(10S,16S)-12,16-epoxy-17(15→16)-
abeo-3,5,8,12-abietatetraen-7,11,14-
trione (103)
11,14,16-trihydroxy-6,12-
dimethoxy-17(15→16)-abeo-
5,8,11,13- abietatetraen-
3,7-dione (104)

[97]

Interesting new data on diterpenes were published in the work of Qi et al. in 2021 [98].
The authors successfully undertook the extraction of Clerodendrum chinense roots, which
resulted in the isolation and identification of 6 new diterpenes: Clerodenoids A–F (105–110)
(Table 13). All of these compounds have an aromatised C ring. It is worth noting that
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structures 106–108 are the rearranged abietane diterpenoids sharing a 17(15→16)-abeo-
abietane skeleton, while compounds 109–110 are 17(15→16),18(4→3)-diabeo-abietane moi-
eties. Furthermore, compound 110 has a persubstituted Δ3 double bond and methylhy-
droxyl function in the A ring. All six newly isolated diterpenes were examined towards
antiproliferative activities against HL-60 and A-549 human tumour cell lines [98]. The most
active diterpene was compound 110 demonstrating IC50 values at 1.36 and 1.00 μM against
HL-60 and A-549 cell lines, respectively [98].

Table 13. The diterpenoid extraction methods and Clerodendrum chinense plant materials for diter-
penoid isolation.

Species Material Solvent and Extraction Method Isolated Diterpenoids References

C. chinense Roots EtOH. The dried roots were
soaked with 95% EtOH (20 L × 3) and the residue
was suspended in water followed by extraction
with EtOAc to
afford an EtOAc extract

Clerodenoid A
Clerodenoid B
Clerodenoid C
Clerodenoid D
Clerodenoid E
Clerodenoid F

[98]

Clerodendrum infortunatum aerial parts were used for extraction and isolation of ter-
penoid compounds [76]. Among various known compounds, two previously unknown
diterpenes were isolated and identified as (5R,10S,16R)-11,16,19-trihydroxy-

12-O-β-D-glucopyranosyl-(1→2)-β-D-glucopyranosyl-17(15→16),18(4→3)-diabeo-3,8,11,13-
abietatetraene-7-one (111) and (5R,10S,16R)-11,16-dihydroxy-12-O-β-D-glucopyranosyl-(1→2)-β-
D-glucopyranosyl-17(15→16),18(4→3)-diabeo-4-carboxy-3,8,11,13-abietatetraene-7-one (112) [76].
The extraction method used for the phytochemicals analyses of this plant species is shown in
Table 6. Inhibition of converting carbohydrates into monosaccharides is considered to be an ad-
junct to the treatment of type 2 diabetes. Therefore, it was justified by the authors to investigate this
activity among isolated compounds. The isolated secondary metabolites were tested for their abil-
ity to inhibit α-amylase and α-glucosidase. Compound 111 ((5R,10S,16R)-11,16,19-trihydroxy-12-
O-β-D-glucopyranosyl-(1→2)-β-D-glucopyranosyl-17(15→16),18(4→3)-diabeo-3,8,11,13-abietatetra
ene-7-one) inhibited these enzymes activity with an IC50 value of 18.5 and 24.6 μM, respectively.
(5R,10S,16R)-11,16-dihydroxy-12-O-β-D-glucopyranosyl-(1→2)-β-D-glucopyranosyl-17(15→16),
18(4→3)-diabeo-4-carboxy-3,8,11,13-abietatetraene-7-one demonstrated weaker activity (IC50 = 64.6
and 78.3 μM) [76]. Additionally, the studied compounds were tested for acethyl- and buthyryl-
cholinesterase (AChE and BChE) inhibition, showing weak activity against AChE with an IC50 of
191 and 139 μM, respectively [76].

The diterpenes present in C. inerme [69] were isolated from the dried roots of Cleroden-
drum bungei crolerodendrum A (43) and B (42) for the first time in this species [20,22].

Compound 42 is known for its antioxidant properties [70] and exhibits significant
inhibition against the α-glucosidase enzyme with an IC50 value of 17 μM [39].

The biological activities of the diterpenoids isolated from the Clerodendrum genus are
summarised in Table 14.

Table 14. The biological activities of diterpenoids isolated from Clerodendrum genus.

Compound Name Occurence in Clerodendrum Species Biological Activity
References of the

Active Compounds

uncinatone C. bungei (roots), C. eriophyllum (roots),
C. inerme (aerial parts)
C. trichotomum (roots)

Cytotoxic;
inhibition the cell proliferation and
induction cell-cycle G2/M phase
arrest; anti-complement activity on
the classical pathway complement
system, antileishmanial, antioxidant;

[36,41,70]
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Table 14. Cont.

Compound Name Occurence in Clerodendrum Species Biological Activity
References of the

Active Compounds

12-O-β-D-glucopyranosyl-3,11,16-
trihydroxyabieta-8,11,13-triene;
3,12-O-β-D-diglucopyranosyl-11,16-
dihydroxyabieta- 8,11,13-triene;
19-hydroxyteuvincenone F

C. bungei (roots) anti-complement activity on the
classical pathway complement
system;

[37]

16-O-β-D-D-glucopyranosyl-3β-20-epoxy-3-
hydroxyabieta-8,11,13-triene

C. bungei (roots) Cytotoxic [34]

15-Dehydrocyrtophyllone A C. bungei (roots) ACE (angiotensin-converting enzyme)
inhibition;

[38]

cyrtophyllone B C. cyrtophyllum (whole plant) cytotoxic;
acethyl- and butyrylcholineesterase
inhibition;

[43]

royleanone;
taxodione;
6-deoxy-taxodione;
sugiol;
ferruginol;
6-hydroxysalvinolone;
6,11,12,16-tetrahydroxy-5,8,11,13-abietatetra-en-
7-one;

C. eriophyllum (roots) Cytotoxic, weak antibacterial;
cytotoxic, antibacterial, acethyl- and
butyrylcholineesterase inhibition;
antibacterial and antileishmanial
antioxidant, antibacterial, antiviral,
anticancer, anti-tumor and
anti-inflammatory, antiviral, cytotoxic;
antibacterial, antifungal, antimalarial,
cytotoxic;
apoptose induction, antifungal,
cytotoxic;
antibacterial, antifungal, cytostatic,
cytotoxic;

[50,51]
[30,50–52]
[53]
[55–58]
[59–62]
[47,63]
[64]

12,16-epoxy-11,14-dihydroxy-6-methoxy-
17(15→16)-abeo-abieta-5,8,11,13,15-pentanene-
3,7-dione

C. formicarum
(leaves)

antiproliferative [43]

cleroinermin;
clerodendrin B; 3-epicaryoptin; clerodendrin C;
2-acetoxyclerodendrin B;
15-hydroxyepicaryoptin;
clerodermic acid
harwickiic acid
crolerodendrum B

Clerodendrum inerme
(aerial parts)
Clerodendrum inerme and
C. bungei
(aerial parts)

Neuroprotective,
insecticidal,
antiproliferative and apoptose
induction
antileishmanial, cytotoxic, antioxidant,
antioxidant,
α-glucosidase inhibition

[67]
[68]
[72]
[74]
[70]
[39]

clerodin;
15-methoxy-14,15-dihydroclerodin;
15-hydroxy-14,15-dihyroclerodin

C. infortunatum
(leaves)

insecticidal [68,75,77]

(5R,10S,16R)-11,16,19-trihydroxy-
12-O-β-D-glucopyranosyl-(1→2)-β-D-
glucopyranosyl-17(15→16),18(4→3)-diabeo-
3,8,11,13-abietatetraene-7-one
(5R,10S,16R)-11,16-dihydroxy-12-O-β-D-
glucopyranosyl-(1→2)-β-D-glucopyranosyl-
17(15→16),18(4→3)-diabeo-4-carboxy-3,8,11,13-
abietatetraene-7-one
17-hydroxyteuvincenone G;
17-hydroxyteuvincen-5(6)-enone G; villosin A;
salvinolone; 14-deoxyloleon U;
5,6-dehydrosugiol; coleon U;
(16R)-12,16-epoxy-11,14,17-trihydroxy-
17(15→16)-abeo-8,11,13-abietatrien-7-one

C. infortunatum
(leaves)
C. kaichianum (steams)

Acethyl- and buthyrylcholinesterase
(AChE and BChE) inhibition,
α-amylase and α-glucosidase
inhibition
cytotoxic

[76]
[80,81]

taxusabietane A;
cryptojaponol;
11,14-dihydroxy-8,11,13-abietatrien-7-one

C. kiangsiense
(aerial parts)

Anti-inflammatory
Cytotoxic
Cytotoxic, antiprotozoal

[86]
[87]
[88,89]

2α-acetoxy-3β-(2′ ,3′-diacetoxy-2′-methyl)-
butanoyloxy-14-hydro-15-hydroxyclerodin;
2α,15-dihydroxy-3β-(2′-hydroxy-2′-methyl-3′-
acetoxy)-butanoyloxy-6α,18-diacetoxy-4α,17-
epoxy-clerodan-11,16-lactone

C. splendens Antiproliferative [91]
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Table 14. Cont.

Compound Name Occurence in Clerodendrum Species Biological Activity
References of the

Active Compounds

trichotomone D, F and H; teuvincenone E and
H, uncinatone; mandarone E
villosin B and C
15,16-dehydroteuvincenone G; trichotomin A;
2α-hydrocaryopincaolide F; villosin C;
15-dehydro-17-hydroxycyrtophyllone A;
demethylcryptojaponol;
6β-hydroxydemethylcryptojaponol;
trichotomone
(10S,16S)-12,16-epoxy-17(15→16)-abeo-3,5,8,12-
abietatetraen-7,11,14-trione
11,14,16-trihydroxy-6,12-dimethoxy-17(15→16)-
abeo-5,8,11,13-abietatetraen-
3,7-dione
Clerodenoid A
Clerodenoid D
Clerodenoid E
Clerodenoid F

C. trichotomum
(roots)
(steams)
(roots)
Clerodendrum bracteatum (stems)
Clerodendrum chinense (roots)

Cytotoxic
Cytotoxic
Anti-inflammatory
Antioxidant, cytotoxic
Cytotoxic

[92,93]
[95]
[96]
[97]
[98]

4. Concluding Remarks

The members of the genus Clerodendrum, of the family Lamiaceae, are rich in diterpenoid
secondary metabolites, both in the aerial parts and the roots. Due to their moderate, and
in some cases strong, biological activities, these diterpenoids are interesting experimental
objects. This is particularly true for in vivo pharmacological evaluation. Some of the
diterpenes isolated from Clerodendrum spp. are structurally similar to the more highly
active phytocompounds; however, they have not been tested for their potential biological
activities. This is an important area for further study, as both infectious and civilization
diseases, such as cancer, require the search for new therapeutically active structures. The
new metabolites obtained from Clerodendrum spp. demonstrate high pharmacological
potential, and could be an interesting object of further studies, particularly plant in vitro
culture aimed at optimizing the cultivation conditions to increase biomass and secondary
metabolite production, especially diterpenes. These biotechnological investigations should
determine the effect of culture type (callus, shoot, modified root) and growth conditions
such as basal medium and light wavelength, regardless of climatic conditions, season and
environmental pollution.

Another interesting area of research concerning the diterpenes from Clerodendrum
could be the chemical modification of the isolated phytocompounds. These would in-
clude the production of semisynthetic analogues with enhanced biological activities, and
improved bioavailability or safety [99,100].

Another equally interesting area of research into these diterpenes is biotransforma-
tion [101]. Biotransformation is a very useful tool for the structural modification of nat-
ural products with complex chemical structures. Research into the biotransformation of
metabolic pathways is essential to understand the potential toxicity and efficacy of new
drug candidates and should be a mandatory part of preclinical studies [102].
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A.; Bulboacă, A.E.; Buzoianu, A.D.;
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Abstract: The present study evaluated the anti-inflammatory and analgesic effects of conventional
curcumin (cC) and curcumin nanoparticles (nC) associated with diclofenac sodium (D) in exper-
imental acute inflammation (AI) induced by carrageenan administration. Seven groups of eight
randomly selected Wistar-Bratislava white rats were evaluated. One group was the control (C),
and AI was induced in the other six groups. The AI group was treated with saline solution, the
AID group was treated with D, the AIcC200 and AInC200 groups were treated with cC and nC,
respectively, while AIcC200D and AInC200D were treated with cC and nC, respectively, both associ-
ated with D. Conventional curcumin, nC, and D were administered in a single dose of 200 mg/kg
b.w. for cC and nC and 5 mg/kg b.w. for D. Association of cC or nC to D resulted in significant
antinociceptive activity, and improved mechanical pressure stimulation and heat thresholds at 3,
5, 7 and 24 h (p < 0.03). The association of cC and nC with D (AIcC200D and AInC200D groups)
showed significantly lower plasma and tissue levels of tumor necrosis factor-α (TNF-α), interleukin-6
(IL-6), and interleukin-1β (IL-1β) up to 2.5 times, with the best results in the group who received
nC. Moreover, AInC200D presented the least severe histopathological changes with a reduced level
of inflammation in the dermis and hypodermis. The combination of nC to D showed efficiency in
reducing pain, inflammatory cytokines, and histological changes in acute inflammation.

Keywords: curcumin; nanoparticles; diclofenac sodium; carrageenan; inflammation; cytokines

1. Introduction

Inflammation is a broad and ancient medical term referring to a set of classic signs
and symptoms, including pain, edema, hyperemia, warmth, and loss of function [1]. It is
characterized by a group of complex changing responses to tissue injury primarily caused
by harmful stimuli, such as pathogens, physical agents, chemical compounds, or damaged
cells [2].

Carrageenan is a pro-inflammatory polysaccharide used to induce local inflammation
(paw edema) [2,3]. The release of bradykinin, serotonin, histamine, and prostaglandins
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under cyclooxygenase enzymes (COX) occurs in the early phase of inflammation. In the
late phase, prostaglandin generation is continued together with neutrophil infiltration
and release of pro-inflammatory cytokines such as tumor necrosis factor (TNF-α) and
interleukin-1 β (IL-1β) [4]. The overproduction of neutrophil-derived free radicals and
nitric oxide (NO) is also involved in the delayed phase of carrageenan-induced acute
inflammation [5]. It was suggested that drugs targeting the COX enzyme, pro-inflammatory
expression (e.g., inducible nitric oxide synthase; iNOS), and free radical formation might
better control the inflammation process [6].

Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) are one of the most commonly
prescribed medications for acute and chronic inflammation. Their major therapeutic ac-
tions are related to their ability to block certain prostaglandins (PGs) synthesis through
cyclooxygenase enzymes (COX-1 and COX-2) inhibition [7]. Cyclooxygenase enzyme 1
(COX-1) is expressed in normal cells and produces PGs and thromboxane A2, which control
renal homeostasis, platelet aggregation, and mucosal barrier in the gastrointestinal tract
and possess other physiological functions. Cyclooxygenase enzyme 2 (COX-2) is induced
in inflammatory cells and produces PGs related to inflammation, pain, and fever. The
inhibition of COX-2 most likely represents the desired effect of NSAIDs by providing anti-
inflammatory, analgesic, and antipyretic responses; inhibition of the COX-1 enzyme plays a
major role in the undesired side effects such as injury to the gastrointestinal mucosa [8].
Therefore, in some circumstances, NSAID administration may cause acute renal failure,
gastrointestinal ulcers, hypertension, or serious cardiovascular events (such as stroke or
acute myocardial infarction). These adverse effects may be prevented first by limiting
NSAID dosage and duration of administration and also by performing risk assessments for
each patient depending on the associated pathology [9].

Diclofenac (D) is a nonselective NSAID widely used as an anti-inflammatory, an-
tipyretic, and analgesic drug but it has a reduced bioavailability due to hepatic first-pass
metabolism and associates many adverse effects on gastrointestinal, hepatic, renal, and
cardiovascular systems [10,11].

Curcumin is a major bioactive phytochemical in the rhizome of turmeric (Curcuma
longa L.). It has advantageous pharmacological properties, including antioxidant, anti-
inflammatory, anticancer, and anti-infective properties but its utility in clinical practice is
limited due to its low aqueous solubility, poor absorption, and metabolic instability, which
lead to poor oral bioavailability [12].

We previously demonstrated that conventional curcumin (cC) and curcumin nanopar-
ticles (nC) potentiate the antiedematous effects and antioxidant activity of diclofenac in
carrageenan-induced paw edema, with better results for nC [13]. The present study aimed
to evaluate the anti-inflammatory and analgesic effects of conventional curcumin and cur-
cumin nanoparticles associated with diclofenac sodium in experimental acute inflammation
induced by carrageenan administration.

2. Results

2.1. Motility Test

Rats from the C group exhibited, without any exception, scores of 2 to all determi-
nations (Figure 1, Table S1). Rats from the AI group presented the lowest motility score
starting from the first hour after carrageenan administration up to 24 h (Figure 1). Con-
ventional curcumin and curcumin nanoparticles improved the motility score, with a better
motility score for nC, which was similar to D (Figure 1, Table S1). Better walking abilities of
the rats in the AIcC200D and AInC200D groups were observed than in the D group, with
the highest motility score in the AInC200D group (Figure 1).
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Figure 1. Effects of diclofenac sodium (D), conventional curcumin (cC), and curcumin nanoparticles
(nC) on motility score (MS). Interpretation: MS = 2 indicates no motility problems; MS = 1 indicates
some motility problems (walk with difficulty but with the toe of the inflamed paw touching the floor),
and MS = 0 indicates motility problems (walk with difficulties and avoided touching the right hind
paw to the floor). C—control (n = 8); AI—Acute inflammation (n = 8); D—Diclofenac sodium (n = 8);
cC—conventional curcumin solution (200 mg/kg b.w.; n = 8); nC—curcumin nanoparticles solution
(200 mg/kg b.w.; n = 8).

2.2. Paw Pressure Test

The AI group’s rat presented a statistically reduced threshold in the paw pressure
test compared to the control group at 3, 5, 7, and 24 h (p < 0.0001, Figure 2). The nocicep-
tive thresholds presented a progressive decrease, reaching the minimum values 5 h after
AI induction. Diclofenac administration improved nociceptive thresholds but no statis-
tical significance was found compared to the AI group, at any follow-up measurements
(p > 0.0753, Figure 2). Rats treated with cC and nC had a better but not statistically signifi-
cant (p > 0.8711, Figure 2) analgesic response compared to the AI group, which was less ef-
ficient than diclofenac alone (Figure 2). Moreover, rat responses from the above-mentioned
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groups were significantly reduced compared to the C group (p ≤ 0.0190, Figure 2), starting
with the first hour after AI induction. When cC and nC were associated with D, rats had a
significantly better nociceptive response at 3, 5, 7, and 24 h, with thresholds significantly
higher than in the AI group (p ≤ 0.0285, Figure 2). However, they were not significantly
different than the C group (p ≥ 0.6693, Figure 2), with the best results observed when D
was associated with nC (AInC200D group, Figure 2).

 

2

3

4

5

6

7

8

9

1h 3hrs 5hrs 7hrs 24hrs

Pa
w

 p
re

ss
ur

e 
te

st
 (s

ec
)

C AI AID AIcC200 AIcC200D AInC200 AInC200D

Figure 2. Effects of diclofenac sodium (D), conventional curcumin (cC) and curcumin nanoparticles
(nC) on nociceptive thresholds. Circles represent the mean value of each group; whiskers represent
the value of the SEM (standard error of the mean). C—control (n = 8); AI—Acute inflammation
(n = 8); D—Diclofenac sodium (n = 8) ; cC—conventional curcumin solution (200 mg/kg b.w.; n = 8);
nC—curcumin nanoparticles solution (200 mg/kg b.w.; n = 8).

The mean and standard deviations for each group on paw pressure test are presented
in Table S2, while the p-values for comparisons between groups are presented in Table S3.

2.3. Hot Plate Test

Carrageenan administration led to a reduction in reaction time to the heat, starting
from the first hour. In the AI group, this reduction was progressive and statically significant
compared to the C group (p ≤ 0.0002, Figure 3), with the minimum values at 5 h (Figure 3).
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Figure 3. Effects of diclofenac sodium (D), conventional curcumin (cC), and curcumin nanoparticles
(nC) on reactions time to the heat. Circles represent the mean value of each group; whiskers represent
the value of the SEM (standard error of the mean). C—control (n = 8); AI—Acute inflammation
(n = 8); D—Diclofenac sodium (n = 8) ; cC—conventional curcumin solution (200 mg/kg b.w.; n = 8);
nC—curcumin nanoparticles solution (200 mg/kg b.w.; n = 8).
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Diclofenac improved the time response in all measurements but the improvement was
not statistically significant compared to the AI group (p ≥ 0.0545, Figure 3). Conventional
curcumin and curcumin nanoparticles showed an elevation in pain threshold compared to
the AI group but without statistical significance (p ≥ 0.3832, Figure 3). Compared to the C
group, both cC and nC groups had significantly reduced thresholds (p ≤ 0.0052, Figure 3).
Association of cC or nC to D resulted in significant antinociceptive activity and improved
thresholds to the heat at 3, 5, and 7 h for both groups, and at 24 h for AInC200D, when
compared to the AI group (p < 0.0175, Figure 3). A similar reaction time to the heat was
observed in the AInC200D group and C group (p > 0.9999, Figure 3).

The mean and standard deviation for each group on the hot plate test responses are
presented in Table S4. The results of comparisons between groups are expressed as p-values
shown in Table S5.

2.4. Inflammatory Cytokines

Administration of carrageenan led to increased plasma and tissue levels of all eval-
uated pro-inflammatory cytokines, namely tumor necrosis factor (TNF-α), interleukin 6
(IL-6), and interleukin 1β (IL-1β). All these cytokines were significantly increased in the
AI group compared to the C group (p < 0.0001, Figures 4–6). Diclofenac sodium admin-
istration significantly reduced the plasma levels of TNF-α (p = 0.0170, Figure 4). Tissue
levels of TNF-α and both plasma and tissue levels of IL-6 and IL-1β were also reduced by
D administration compared to the AI group but statistical significances were not reached
(p ≥ 0.14, Figures 4B, 5 and 6).

  
(A) (B) 

Figure 4. Variation by groups of TNF-α (Tumor necrosis factor α): (A) in the plasma (B) in the
tissue. C—control; AI—Acute inflammation; D—Diclofenac; cC—conventional curcumin solution
(200 mg/kg b.w.); nC—curcumin nanoparticles solution (200 mg/kg b.w).

  
(A) (B) 

Figure 5. Variation by groups of IL-6 (Interleukin 6): (A) in the plasma (B) in the tissue. C—control;
AI—Acute inflammation; D—Diclofenac; cC—conventional curcumin solution (200 mg/kg b.w.);
nC—curcumin nanoparticles solution (200 mg/kg b.w.).
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(A) (B) 

Figure 6. Variation by groups of IL-1β (Interleukin 1β): (A) in the plasma (B) in the tissue. C—control;
AI—Acute inflammation; D—Diclofenac; cC—conventional curcumin solution (200 mg/kg b.w.);
nC—curcumin nanoparticles solution (200 mg/kg b.w.).

The cC alone group offered a slightly reduced anti-inflammatory effect, proved by the
reduction of the plasma and tissue levels of all three cytokines, insignificantly compared
to the AI group (p > 0.9999, Figures 4–6). Rats from the AIcC200 group had statisti-
cally higher levels of all evaluated cytokines compared to the control group (p ≤ 0.0044,
Figures 4–6). Similar results but with lower levels than the AIcC200 group of the evaluated
pro-inflammatory cytokines were observed when nC was administered alone (Figures 4–6).

Tissue levels of TNF-α and both plasma and tissue levels of IL-6 and IL-1β were
reduced when cC was added to D and then D alone (Figures 4B, 5 and 6) without reaching
statistical significance (p > 0.05). When the AIcC200D group was compared to the AI group,
statistical significance was reached for the above-mentioned parameters (p ≤ 0.0212). The
combination of nC and D improved plasma and tissue levels of all three cytokines compared
to the AI group (p ≤ 0.0002, Figures 4–6). Moreover, the cytokine levels in the AInC200D
group were similar to those of the control group (p ≥ 0.9999, Figures 4–6).

The summary statistics of pro-inflammatory cytokines by each group are presented in
Table S6, with the results of the comparison between groups presented in Table S7.

Excepting the plasma levels of IL-1β where the difference had only a tendency to
statistical significance (p < 0.10), nC enhances the therapeutic effect of diclofenac on all
evaluated markers, both in plasma and tissue significantly better than cC (Figure 7).
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Figure 7. The increase in the therapeutic effect of diclofenac D when combined with conventional
curcumin (cC) and curcumin nanoparticles (nC): (A) in the plasma (B) in the tissue. C—control;
AI—Acute inflammation; D—Diclofenac; cC—conventional curcumin solution (200 mg/kg b.w.);
nC—curcumin nanoparticles solution (200 mg/kg b.w.). The dots are the primary data and the line
indicates the median value.
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2.5. Quantification of Plasma Curcumin

Curcumin levels before hydrolyzation were 1.4-fold higher in rats treated with nC
than cC, while plasma levels of its metabolites were 1.3-fold higher after nC administration
compared to cC, with only a tendency to statistical significance for curcumin metabolites
(Figure 8).
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Figure 8. Variation of cC and nC: free curcumin before hydrolyzation and curcumin’s metabolites
after hydrolyzation. AI—Acute inflammation; cC—conventional curcumin solution (200 mg/kg b.w.);
nC—curcumin nanoparticles solution (200 mg/kg b.w.). The dots are the primary data and the line
indicates the median value.

2.6. Histopathological Examination

Histopathological examination of the hind paw of the control group showed normal
structure and architecture without signs of inflammation in the dermis and hypodermis
(Figure 9A). In the AI group, severe inflammation was observed after carrageenan admin-
istration, characterized by acute purulent inflammation in the dermis and hypodermis,
extending to the underlying muscular tissue (Figure 9B). In the D group, 24 h after the AI
induction, the histological examination revealed signs of acute purulent inflammation in
the dermis and hypodermis with microabscess formation and micro-thrombi in several
vascular lumens (Figure 9C). Conventional curcumin and nC administrated alone did not
influence the histopathological aspects of the hind paw, highlighted by the same histopatho-
logical changes observed in the AI group: acute purulent inflammation in the dermis and
hypodermis, with extension to the underlying muscular tissue (AIcC200 group in Figure 9D
and AInC200 in Figure 9F). Conventional curcumin associated with diclofenac (AIcC200D
group) led to inflammation focalized only in the hypodermis but associated with microab-
scess formation (Figure 9E). Less severe histopathological changes were observed in groups
treated with nC and D (AInC200D group) as rats presented reduced inflammation of the
dermis and hypodermis (Figure 9G).
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Figure 9. Histopathological examinations of the fragments from right-hind paw: (A) C-normal
architecture of dermis and hypodermis of the plantar surface of the foot; (B) AI-acute purulent
inflammation in the dermis, hypodermis (black arrow), with an extension on the underlying muscular
tissue (blue arrow); (C) AID-dermis and hypodermis with signs of acute purulent inflammation
(black arrow), micro-abscess formation (green arrow), and micro-thrombi (red arrow) in several
vascular lumens; (D) AIcC200-acute purulent inflammation in the dermis, hypodermis (black arrow),
with the extension on the underlying muscular tissue (blue arrow); (E) AIcC200D-inflammation
focalized in the hypodermis (black arrow) associated with microabscess formation (green arrow);
(F) AInC200-acute purulent inflammation in the dermis, hypodermis (black arrow), with an extension
on the underlying muscular tissue (blue arrow); (G) AInC200D-reduced level of inflammation on
dermis and hypodermis (black arrow).
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3. Discussion

The results of our study demonstrated that the association of conventional curcumin
and curcumin nanoparticles to diclofenac sodium could potentiate the analgesic and anti-
inflammatory effects of diclofenac sodium in reduced doses, with the best results obtained
for curcumin nanoparticles.

Curcumin (both cC and nC) potentiates the anti-edematogenic activity of diclofenac [13],
leading to the improvement of the motility score regardless of its form as cC or nC (Figure 1).

The paw pressure test helps to assess nociceptive thresholds to mechanical pressure
stimulation, as a measure of mechanical hyperalgesia [14]. Diclofenac has already proved
to have an analgesic effect and to increase the withdrawal threshold in the paw pressure
test [15]. Higher doses of diclofenac sodium (e.g., 20 mg/kg b.w.) provided higher tolerance
of mechanical hyperalgesia compared to the control group [16,17]. In our study, the dose
of diclofenac sodium (5 mg/kg b.w.) was observed to have a limited effect on response
thresholds to mechanical pressure stimulation (Figure 2), most probably explained by the
reduced dose of the active substance. Curcumin administration (cC and nC) also had an
analgesic effect (Figure 2). Its analgesic effect could be explained by the stimulation of
protein expression of β-endorphin and encephalin, which are endogenous opioid pep-
tides [18]. We observed that the association of cC and nC to D has better analgesic effects
(Figure 2), most probably because the combination acts on two mechanisms to reduce the
pain threshold.

The hot plate test assesses the central activity since the response reflex is mediated by
supraspinal centers. Even more, it was stated that any agent that causes a prolongation of
the hot plate latency using this test must act centrally [19]. Diclofenac, like other NSAIDs,
has an analgesic effect characterized by elevation of time to paw withdrawal to thermal
stimuli (Figure 3), which is attributed to inhibition of the COX-mediated biosynthesis of
PGs, with peripheral and central sites of action [20]. As regards curcumin administration,
it was previously reported as having a good analgesic effect on thermal injury pain, an
effect that could be mediated through suppression of inflammatory protein-induced pain
perception (peripheral action) [21], but since it prolonged the response to the hot plate test,
it may also have a central activity.

Tumor necrosis factorα (TNF-α) is an inflammatory cytokine produced by macrophages/
monocytes during acute inflammation [22]. It participates in leukocyte adhesion to the
epithelium by expressing adhesion molecules, vasodilatation, and edema formation [23]. In
carrageenan-induced mouse paw edema, TNF-α promoted collateral cytotoxicity by acting
as a stimulator of prostaglandin synthesis, an activator of the NF-κB signal transduction
pathway, as NO formation inducer, and a stimulator of neutrophil migration [24].

Interleukin-6 (IL-6) is a pro-inflammatory cytokine produced by many types of cells,
expressed during states of cellular stress, such as cancer, infection, wound sites, and
inflammation [25]. In the inflammation process, IL-6 is produced at the site of inflammation
in the initial stage and moves to the liver through the bloodstream. It leads to the rapid
synthesis of an extensive range of acute phase proteins such as C-reactive protein (CRP),
fibrinogen, haptoglobin, serum amyloid A, and α1-antichymotrypsin [26]. In carrageenan-
induced paw edema, increased levels of IL-6 at the site of inflammation facilitate leukocyte
recruitment and mediate edema formation and inflammatory pain hypersensitivity [27].

Interleukin-1 α and β are prototypic pro-inflammatory cytokines that play key roles
in acute and chronic inflammatory, autoimmune disorders, or other pathologies, as they
have pleiotropic effects on various cells [28,29]. Interleukin-1β is a potent mechanical
and thermal hyperalgesic agent when injected into peripheral tissues [30]. Intraplantar
injection of an inflammatory agent, such as carrageenan, produces mechanical or thermal
hyperalgesia associated with an upregulation of IL-1β and other inflammatory cytokines
in the inflamed tissue and the dorsal root ganglia [31]. It was also suggested that IL-1β
inhibition could represent a broad-acting and efficacious method for managing pain and
inflammation across various conditions such as gout, rheumatoid arthritis, or neuropathic
pain [28].
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Diclofenac, as an NSAID drug, may reduce the levels of pro-inflammatory cytokines
(Figures 4–6) through COX enzyme inhibition. Consequently, it may also reduce the
production of prostaglandins and thromboxanes, which participate in the inflammatory
response [32]. Moreover, it was observed that NSAIDs might interact with transcriptional
factors and affect the production of cytokines by inhibiting the levels of TNF-α and IL-6 [33].
The reduced dose of diclofenac sodium might explain the limited reduction of all three
studied pro-inflammatory cytokines (Figures 4–6).

Curcumin administration was observed to prevent the elevation of interleukin IL-
1β, IL-6, and TNF-α (Figures 4–6) since curcumin can reduce inflammatory responses by
interfering with NF-κB activation, a critical pathway in the regulation of transcription of
pro-inflammatory related genes [34]. The increased anti-inflammatory effect of nC can be
explained by its increased tissue distribution [35–37] compared to cC.

The beneficial effects of curcumin are limited due to its hydrophobic characteristics, as
curcumin is not soluble in water, is poorly absorbed in the small intestine, and it has an
extensive reductive and conjugative metabolism in the liver [38]. The use of biocompatible
water-based polymers offers enhanced solubility, stability, pharmacological activity, and
bioavailability, and avoids physical and chemical degradation of curcumin [39].

Following oral administration, curcumin is rapidly converted into glucuronide and
sulfate metabolites. On intravenous or intraperitoneal injection, curcumin is also reduced
to dihydrocurcumin (DHC), tetrahydrocurcumin (THC), and hexahydrocurcumin (HHC),
of which THC is the predominant species. Other metabolites of curcumin are curcumin
glucuronide-sulfate and glucuronide conjugates of THC and HHC [40]. Higher levels of
plasma-free curcumin and its metabolites (curcumin glucuronide and curcumin sulfate)
quantified after nC administration (Figure 8) are the results of higher bioavailability. This is
attributed to the increased absorption of curcumin nanoparticles through the gastrointesti-
nal tract offered by the encapsulation of the active compound in nano-carriers [41]. As a
result, the therapeutical effect of D is significantly increased when nC is added as compared
to the addition of cC (Figure 7).

In the present study, no significant differences were found between the AI group and
the groups pretreated with cC or nC regarding the histopathological changes, as all the
rats presented purulent inflammation in the dermis and hypodermis, with an extension
on the underlying muscular tissue (Figure 9B,D,F). Diclofenac sodium slightly reduced
the inflammatory process. Limited effects of diclofenac sodium on the histopathological
changes in the carrageenan-induced rat paw edema model were also reported by Abdel-
hameed et al. [42]. Even if they used a higher dose of diclofenac sodium (30 mg/kg b.w.),
Abdelhameed et al. reported that the oral or topical administration of diclofenac did not
have a curative effect [42]. The presence of the micro-thrombi in some vascular lumens
observed in the AID group might be due to the prothrombotic effects of diclofenac [43].
The association of cC with D reduced the inflammation level as it was focalized in the
hypodermis associated with microabscess formation (Figure 9E), most probably because
curcumin can enhance the anti-inflammatory effect of diclofenac sodium through inhibition
of prostaglandin synthesis via the cyclooxygenase pathway [44]. Curcumin nanoparticles
were already demonstrated to provide superior anti-inflammatory effects in an animal
model of acute and chronic inflammations when given orally [45]. It is suggested that by
reducing curcumin’s particle size to the nanoscale, the bioavailability is improved by en-
hancing the solubility [45]. Therefore, much of the active compound reaches the tissue and
potentiates the diclofenac’s anti-inflammatory effects. It could explain the best histological
results obtained when nC was associated with D, with reduced inflammation of the dermis
and hypodermis (Figure 9G).

In an experimental study performed by Nurullahoglu et al. [46], curcumin suspension
in a dose of 400 mg/kg b.w. prepared in 5% ethanol solution, proved more potent than
diclofenac alone in the early phase of pain on formalin test. Jain et al. [47] observed that
curcumin–diclofenac conjugate enhanced the bioavailability of curcumin more than five-
fold and alleviated the symptoms of arthritis as compared to both diclofenac and curcumin
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in a streptococcal cell wall-induced arthritis model. Moreover, one study performed by De
Paz-Campos revealed that the diclofenac–curcumin combination might have therapeutic
advantages for the clinical treatment of inflammatory pain [48]. Another experimental
study concluded that curcumin nanoparticles present better anti-inflammatory effects of
carrageenan-induced inflammation than conventional curcumin [45].

To our knowledge, no evaluation of the additional anti-inflammatory and analgesic
effects of cC or nC to diclofenac sodium in experimental acute inflammation induced by
carrageenan had been previously published. Moreover, in this study, we also reported an
HPLC-UV method for quantifying cC and nC before and after hydrolyzation of its major
metabolites, curcumin glucuronide and curcumin sulfate, in rat plasma.

4. Materials and Methods

4.1. Chemicals and Drugs

Conventional curcumin (cC) and carrageenan (a high-molecular-weight sulfated pro-
inflammatory polysaccharide) were purchased from Sigma-Aldrich (St. Louis, MO, USA),
and curcumin nanoparticles (nC) were bought from CVI Pharma (Hanoi, Vietnam), while
diclofenac sodium (D) and saline solution were purchased from a local pharmacy. For the
curcumin nanoparticles, the active compound is encapsulated in biocompatible water-based
polymers with a size between 30 and 100 nm. Standard curcumin, β-glucuronidase from
Helix Pomatia, sulfatase from Helix pomatia, HPLC grade acetonitrile and methanol, am-
monium acetate, dibasic potassium phosphate (K2HPO4), dimethylsulfoxide (DMSO) and
Phosphate buffered saline (PBS) tablets were purchased from Merk (Darmstadt, Germany).

4.2. Animals and Experimental Design

Fifty-six (56) ten-week-old white male Wistar-Bratislava rats (300 ± 10 g) were ran-
domly divided into eight groups of seven animals each, following the flowchart from
Figure 10, explained in detail in our previous research [13].

Figure 10. Flowchart demonstrating the study groups and interventions.
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4.3. Time Point Measurements

The motility test, the paw pressure test and the hot plate test were performed at 1, 3, 5,
7, and 24 h after carrageenan injection.

4.3.1. Motility Test

The motility pattern of the rats from all groups was noted for 5 min. Each rat was
scored with 2 if the rat walked easily; 1 if the rat walked with little difficulty but with the
toe of the inflamed paw touching the floor; and 0 if the rat had difficulties in walking and
avoided touching the right hind paw to the floor [49].

4.3.2. Paw Pressure Test

An analgesia meter (Ugo Basile, Milan, Italy) was used for the mechanical nociceptive
response measurement. For this test, plantar mechanical pressure was applied linearly
by increasing the mechanical force to the rat’s right-hind paw. The value of 500 g was set
as cut-off pressure and the retraction of the paw of the rat’s squeak was recorded as the
latency response [50].

4.3.3. Hot Plate Test

The hot plate test is a therm analgesic method that measures the threshold response to
pain. This thermal test was selected because it is sensitive to strong analgesics and limits
tissue damage because of a cut-off point that is usually applied to reduce the time the rats
spend on the hot plate [19]. The heat sensitivity of the paw was assessed using an Ugo
Basile hot plate (Milan, Italy) heated to 55 ◦C. During the whole test, the plate was kept at a
constant temperature of 55 ± 0.1 ◦C. Rats from all groups were placed on the hot plate, and
their reactions were observed. Time of latency was defined as the time between the zero
moment when the rat was placed on the hot plate surface and the moment when the rat
licked its hind paw or jumped off to avoid thermal pain. Thirty seconds was the cut-off
time chosen to minimize tissue damage [51].

4.4. Blood Samples

Under light anesthesia with ketamine (20 mg/kg b.w., i.p.) and xylazine (2 mg/kg
b.w., i.p.), the blood samples were collected in heparinized tubes (Startstedt AG and Co.,
Nümbrecht, Germany) from the retro-orbital plexuses of each rat, at 24 h after AI induction.
Plasma samples were obtained by centrifugation at 4 ◦C for 20 min at 1620 (×g). The
obtained plasma was further transferred in Eppendorf tubes and kept at−80 ◦C until further
analysis. All rats were sacrificed by an overdose of anesthetics at the end of the experiment.

4.5. Tissue Homogenate

Tissue samples were taken from the right-hind paw of rats from all groups immediately
after scarification. The tissue samples were weighed and homogenized using an automated
Witeg Homogenizer (HG-15D, Wertheim, Germany) in four volumes of phosphate-buffered
saline solution, centrifuged at 1500 (×g) for 15 min at ◦C and the resulting clear supernatant
was stored used for further biochemical analysis.

4.6. Biochemical Assays

The plasma and tissue levels of the inflammatory cytokines (TNF-α, IL-6, and IL-1β)
were measured using the enzyme-linked immunosorbent assay (ELISA) technique (Stat Fax
303 Plus Microstrip Reader, Minneapolis, MN, USA), with commercially available kits (rat
TNF-α, IL-6, and IL-1β ABTS ELISA Development kits, PeproTech EC, Ltd., London, UK).

4.7. Quantification of Plasma Curcumin
4.7.1. Preparation of Stock Solutions and Calibration Standards

Standard curcumin 5 mg was accurately weighed and transferred to a 5 mL amber-
colored volumetric flask. The volume was made with DMSO obtaining a concentration
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of 1 mg/mL. This solution was diluted with DMSO to obtain a final concentration range
between 0.05 and 5 μg/mL. The dilutions were also prepared in amber-colored HPLC vials
and stored at −20 ◦C not longer than one month after preparation. Standard solutions were
freshly prepared each day using the stock solution for intraday and interday analysis. Before
injecting into the HPLC system, the solutions were filtered using 0.45 μm nylon filters.

4.7.2. Sample Extraction Procedure

An aliquot of 125μL of each rat plasma sample (hydrolyzed or unhydrolyzed) was
loaded into a Strata™ XA 33 mm polymeric strong anion (30 mg/1 mL) tubes (Phenomenex)
and fixed on a complete LiChrolut extraction unit (Merck, Darmstadt, Germany). The
cartridge was prior conditioned with 3 mL of acetonitrile and equilibrated with 3 mL of
water. Afterward, samples were loaded and washed with 3 mL of methanol: water (30/70,
v/v). Before elution, a 10 min drying step under full vacuum conditions was applied to
improve the extraction efficiency. Curcumin was then eluted using 1 mL of formic acid:
acetonitrile solution (5:95, v/v). After elution, the solution was evaporated to dryness using
a Techne Sample Concentrator FSC (Scientific Laboratory Supplies, England and Wales)
under a stream of nitrogen gas at 45 ◦C. The dried samples were reconstituted in a 150μL
mobile phase, vortexed for 30 s, and 10μL was further injected into the chromatograph.

4.7.3. Sample Hydrolyzation

Samples were hydrolyzed to quantify major curcumin metabolites formed after curcumin
ingestion (curcumin glucuronide and curcumin sulfate). β-glucuronidase and sulfatase,
both from Helix pomatia, were used for curcumin metabolites conversion to their parent
curcuminoid. Enzymes were dissolved in 0.1 M phosphate buffer (pH 6.8) to obtain 1800
units of β-glucuronidase and 160 units of sulfatase in 100 μL as described in Mahale et al. [52].
The hydrolysis was performed at 37 ◦C for 3.5 h by mixing 100 μL β-glucuronidase/sulfatase
solution with 100 μL of rat plasma. Before incubation, samples were vortexed for 2 min. The
curcumin extraction procedure was performed as previously described.

4.7.4. Identification and Quantification of Curcumin by HPLC-UV

Curcumin from hydrolyzed and unhydrolyzed plasma samples was quantified using
the method described by Mahale et al. [52]. Accordingly, an HPLC-UV Waters Alliance
2695 system equipped with a quaternary gradient proportioning valve, autosampler, and
degasser, was used. The HPLC system was coupled with a 2489 Waters UV/Visible
detector. Separations were performed using a reverse phase-HPLC column (Atlantis®

dC18; 4.6 mm × 150 mm, 3 μm particle size, Waters, Hertfordshire, UK) at 25 ◦C. The
chromatographic separation was performed using a mixture of two mobile phases. Mobile
phase (A) was 10 mM ammonium acetate (pH 4.5), while mobile phase (B) was acetonitrile.
The elution program started from 90% A. The percent of A was further decreased as follows:
90–60% (0–15 min), 60–15% (15–25 min), and 15–0% (25–30 min). After 30 min, the initial
conditions were achieved by increasing the percentage of mobile phase A by 90% in 1 min,
followed by a 3 min equilibration. The absorbance was recorded at 426 nm. The flow rate
was set at 1 mL/min, the injection volume at 10 μL, and the autosampler temperature at
4 ◦C. Data acquisition and analysis were carried out using the Empower software. The
identification of curcumin was carried out using the UV–visible spectra, retention time,
co-chromatography with standard, and literature data. The quantity was expressed as
μg/mL curcumin equivalents.

4.8. Histopathological Examination

Fragments from right-hind paws were taken and fixed in 10% formalin after rats were
sacrificed by an overdose of anesthetics. After being embedded in paraffin, fragments were
sectioned, stained with hematoxylin and eosin, and examined under a light microscope by
a pathologist blinded to the study groups.
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4.9. Statistical Analysis

Statistica program (v. 13.5, TIBCO Software Inc, Palo Alto, CA, USA) was used for statis-
tical analysis. Multiple comparisons Kruskal–Wallis test was used to assess the differences
between groups, followed by posthoc analysis whenever p < 0.05. Student t-test for inde-
pendent sample was used to compare the free curcumin and curcumin metabolites between
AIcC200 and AInC200 as well as the additional therapeutical effect of cC and nC to D. In the
box and whisker plots, the upper line connected with a perpendicular line with the box is
the maximum value, the bottom line that is connected with the box represents the minimum
value, the upper box edge corresponds to the third quartile, the lower box edge corresponds
to the first quartile, line through the center is the median, and × indicates the mean.

5. Conclusions

In monotherapy at 200 mg/kg b.w., both conventional curcumin and curcumin
nanoparticles have limited analgesic and anti-inflammatory effects in carrageenan-induced
paw edema. Curcumin and curcumin nanoparticles associated with diclofenac potentiate
its therapeutical effects, with the best results obtained for curcumin nanoparticles. The
association of curcumin nanoparticles to a low dose of diclofenac could be an appropriate
combination to decrease NSAID doses used to reduce pain, inflammatory cytokines, and
histological changes in acute inflammation. Still, additional evaluations are needed to
achieve clinical evaluation.
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* Correspondence: israamshamkh@gmail.com (I.M.S.); tkarpin@ump.edu.pl (T.M.K.)

Abstract: In recent years, novel strategies to control insects have been based on protease inhibitors
(PIs). In this regard, molecular docking and molecular dynamics simulations have been extensively
used to investigate insect gut proteases and the interactions of PIs for the development of resistance
against insects. We, herein, report an in silico study of (disodium 5′-inosinate and petunidin 3-
glucoside), (calcium 5′-guanylate and chlorogenic acid), chlorogenic acid alone, (kaempferol-3,7-di-O-
glucoside with hyperoside and delphinidin 3-glucoside), and (myricetin 3′-glucoside and hyperoside)
as potential inhibitors of acetylcholinesterase receptors, actin, α-tubulin, arginine kinase, and histone
receptor III subtypes, respectively. The study demonstrated that the inhibitors are capable of forming
stable complexes with the corresponding proteins while also showing great potential for inhibitory
activity in the proposed protein-inhibitor combinations.

Keywords: protein inhibitors; Liriomyza trifolii; molecular docking; inhibitory activity; protein-ligand
interactions; yeast extraction; bean-leaf extraction

1. Introduction

A concerning problem that threatens food security around the world is the emergence
of insects capable of developing resistance to insecticides [1]. Excessive use of many
of these insecticides is associated with various health and environmental issues [2–4].
Liriomyza trifolii is a highly polyphagous pest in crop fields and greenhouses that has
detrimental economic impacts [5]. Both larvae and adults selectively eat only the layers
with the least amount of plant cellulose [6]. Stippling is one example of the damage in
crop plants caused by the sap-sucking female fly; internal mining caused by larvae is
another such example. These various types of damage allow pathogenic fungi to enter
the leaves through feeding holes. These types of damage also facilitate the mechanical
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transmission of some plant viruses [7,8]. Both leaf mining and leaf spotting can greatly
reduce the level of photosynthesis in a plant [9], resulting in lower crop quality and
yield. In this work, the study of the interactions between proteins and ligand inhibitors
is proposed as for potential defense for increased resistance in crop plants [10]. The
biological role of PIs is based on the inhibition of the proteins present in the guts of
insects, which in turn reduces the availability of amino acids necessary for their growth
and development [11]. The harmful effects of synthetic insecticides on the environment
and on human health have drawn the attention of researchers to develop safer alternatives.
In recent years, many studies investigated the chemical composition of plants and the
possibility of using their extracts as bioinsecticides. In particular, these studies focused
on probing the possibility of inhibiting the action of a number of enzymes that are found
in common pests. Our work is complementary to the experimental results obtained by
Mashamaite et al. [12], which showed that some chemicals extracted from natural materials
such as plants can be effective compounds as biopesticides. Their work also suggested
that compounds such as the (disodium 5′-inosinate and petunidin 3-glucoside), (calcium
5′-guanylate and chlorogenic acid), chlorogenic acid alone, (kaempferol-3,7-di-O-glucoside
with hyperoside and delphinidin 3-glucoside), and (myricetin 3′-glucoside and hyperoside),
can be used for the development of multitarget bioinsecticides. To confirm and reproduce
the results obtained by the work of Mostafa et al. [13], it is necessary to perform structural
modeling, binding site interaction prediction, molecular docking free energy calculations,
binding pose analysis, dynamic stability and conformational perturbation analyses, radius
of gyration analysis, hydrogen bond analysis, and molecular mechanics PBSA free energy
calculations. The goal is to confirm, computationally, that these compounds could exert
their bioactivities by altering the activities of acetylcholinesterase receptors, actin, α-tubulin,
arginine kinase, and histone receptor III subtypes. Reproducing these results would also
confirm the importance and versatility of the computational methods employed in this
work in studying protein-ligand interactions.

We herein report the results of our structural modeling, binding site interaction predic-
tion, molecular docking free energy calculations, binding pose analysis, dynamic stability
and conformational perturbation analyses, radius of gyration analysis, hydrogen bond
analysis, and molecular mechanics PBSA free energy calculations.

2. Results and Discussion

2.1. Database Search, Structural Modeling, and Model Validation

The homology modeling search of the query proteins sequences with the target Liri-
omyza trifolii proteins, namely acetylcholinesterase, α-tubulin, actin, arginine kinase, histone
subunit III, Hsp90, and elongation factor 1-alpha, was performed using Blast on the NCBI
server. The query coverage of proteins sequences showed (96%, 100%, 100%, 98%, 100%,
31% and 97%) with (54%, 61%, 60%, 58%, 59%, 56% and 55%) identity with the template
proteins (1dx4.1.A, 5kx5.1.C, 4cbu.1.A, 4bg4.1.A, 4zux.1.A, 4cwr.1.A., and 5o8w.1.A), re-
spectively. These were used as template proteins for the homology modeling of our target
proteins. The Swissmodel server (https://Swissmodel.expasy.org/, accessed on 10 August
2022) generated (25, 35, 56, 58, 30, and 31) predictive models for Liriomyza trifolii proteins
(acetylcholinesterase, α-tubulin, actin, arginine kinase, histone subunit III Hsp90, and elon-
gation factor 1-alpha) with identity and Qualitative Model Energy Analysis (QMEAN)
score values [14]. The models with low values of QMEAN scores were selected as the final
models for in silico characterization and docking studies.

2.2. Structural Modeling, In Silico Characterization, and Model Validation

The selected models were verified for their stereochemical quality assessment. Fur-
thermore, in each case of qualitative assessment, a comparative study was done with
experimentally solved crystal structures to check the quality, reliability, accuracy, stabil-
ity, and compatibility of the computationally predicted protein through a Ramachandran
plot, the ERRAT score which is a so-called “overall quality factor” for nonbonded atomic
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interactions, with higher scores indicating higher quality [15], and the QMEAN score. The
Ramachandran plot obtained through the PROCHECK module of the PDBSum server justi-
fied the stereochemical suitability of the predicted proteins. Acetylcholinesterase, α-tubulin,
actin, arginine kinase, histone subunit III Hsp90, and elongation factor 1-alpha had 92.3 %,
94.3%, 94.6%, 94.2%, 96.4%, 93.5%, and 94.0% residues, respectively, accommodating in the
most favored regions (A, B, and L). They also only had 7.7 %, 5.5%, 5.4%, 5.0%, 0.3%, 0.6%,
and 5.2% residues occupied in the additionally allowed regions (a, b, l, and p), respectively
(Table 1, Figure S1). Residues in generously allowed regions (a, b, l, and p) are (0.0%, 0.3%,
0.0%, 0.8%, 0.0%, 0.0%, and 0.4%) and residues in disallowed regions are (0.0%, 0.0%, 0.0%,
0.0%, 0.0%, 0.5% and 0.4%), respectively. The ERRAT scores for the modeled structure
were found to be (100%, 89.3519%, 95.9596%, 93.1298%, 100%, 96.4824%, 92.5373%, and
81.7204%), respectively. The QMEAN score values of the models were (−0.11, −1.00, 0.13,
0.43, 0.25, 0.28, and 0.66), respectively. The three parameters suggested that the predicted
model had satisfactory stereochemical quality and was close to the template structure.

Table 1. Ramachandran plot values obtained through PROCHECK. Structurally and energetically
favored regions are classified into allowed, generously allowed, and disallowed categories.

Protein
Ramachandran Plot Values

Core % Allowed % Generously % Disallowed %

Acetylcholinesterase 92.3 7.7 0.0 0.0
α-tubulin 94.3 5.5 0.3 0.0

Actin 94.6 5.4 0.0 0.0
Arginine kinase 94.2 5.0 0.8 0.0

Histone subunit 3 96.4 0.3 0.0 0.0
Hsp90 93.5 0.6 0.0 0.5

Elongation factor 94.0 5.2 0.4 0.4
Carbamoyl phosphate synthase 85.6 13.2 0.0 1.1

2.3. Binding Site Prediction and Protein-Ligand Interaction

The putative ligand binding sites (both major and minor) for the predicted proteins
were identified through Discovery studio software and were visualized (Figure 1). All
target proteins (acetylcholinesterase, α-tubulin, actin, arginine kinase, histone subunit III,
Hsp90, elongation factor 1-alpha, and carbomoylphosphate synthase) were docked with
the ligands, most of which were phytochemicals derived from the leaves of Phaseolus
vulgaris [16,17] and the yeast extract. We evaluated the protein-ligand interaction through
SAMSON software [18]. It was found that the tool has discrepancies in results for accurate
pose prediction among the various putative docking poses.

2.4. Molecular Docking and Binding Free Energy Calculation

The prepared protein structures of (acetylcholinesterase, α-tubulin, actin, arginine
kinase, histone subunit III, Hsp90, elongation factor 1-alpha, and carbamoyl phosphate
synthase) were docked using SAMSON software with phytochemical compounds and
yeast extracted compounds listed in the supplementary data. The results of the docking
studies were provided in Table 2, and it was revealed that the phytochemical compounds
were superior to the yeast extract compounds based on the docking score. All docking
results were monitored by scoring functions that predict how well the ligand binds in
a particular docked pose. This scoring function gives the ranking of the ligands. In the
present study, the docking score was taken into consideration for the selection of the best
ligands. This allowed us to explain the mechanisms of insect death. A mathematical
empirical scoring function was used to approximately predict the binding affinity between
two molecules after they have been docked by approximating the ligand’s binding free
energy [20]. It includes various force field interactions such as electrostatic and van der
Waals contributions, which influence ligand binding. Subsequently, the docked structures
were queried for binding free energy calculation. The results of binding free energy
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calculation were provided in Table 2. It was found that binding energy values supported
the docking result well. Hesperidin, Naringin, and Rosmarinic acid have higher binding
energies than other compounds. All of the other values contribute to the ΔG values which
reflect the binding energy of the protein-ligand complex.

Figure 1. (A) acetylcholinesterase, (B) α-tubulin, (C) actin, (D) arginine kinase, (E) histone subunit
III (F) Hsp90, (G) elongation factor 1-alpha, and (H) carbamoyl phosphate synthase of the Liriomyza
trifolii modeled proteins through homology modeling using the Swissmodel server and visualized
through the Discovery Studio 3.0 visualization tool [19]. The large red sphere represents the cavities
surrounding the active sites and was visualized using the visualization module of Discovery Studio
3.0 visualization.

Table 2. Protein Genbank sequences and modeling parameters for building with template ID,
sequences identities, the coverage of the protein, and quality mean estimation for validation of the
protein in quality.

Protein Genbank: Template Seq Identity Coverage QMEAN

Acetylcholinesterase CAI30732.1 1dx4.1.A 54% 96% −0.11
α-tubulin ARQ84036.1 5kx5.1.C 61% 100% −1.00

Actin ARQ84030.1 4cbu.1.A 60% 100% 0.13
Argenin Kinase ARQ84038.1 4bg4.1.A 58% 98% 0.43

Histone Subunit3 ARQ84034.1 4zux.1.A 59% 100% 0.25
Hsp90 AGI19327.1 4cwr.1.A 56% 31% 0.28

Elongation Factor ARQ84032.1 5o8w.1.A 55% 97% 0.66

2.5. Binding Pose Analysis

The binding mode of the compounds with proteins (acetylcholinesterase, α-tubulin,
actin, arginine kinase, histone subunit III, Hsp90, elongation factor 1-alpha, and carbamoyl
phosphate synthase) showed the different interactions between the proteins and ligands
showed in Table 3. The interactions between the inhibitors and their target proteins, as well
as their binding modes and orientations, are shown in Figures 2–9.
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Table 3. Docking scores and molecular properties of bioactive phytochemical components from the
HPLC of Phaseolus vulgaris leaves (ref) and the yeast extract compounds. The molecular docking table
shows the protein target, the interactive ligands with the highest binding energy, the type of bound
of the highest score ligands, and the X, Y and Z geometry values of the protein.

Target Ligands
Binding Energy

of Direct
Kcal/mole

Binding Energy
of Indirect
Kcal/mole

Binging Site Type of Bond X, Y and Z Value

Acetylcolenestras

Disodium
5′-inosinate −6.5 0

SER36, CYS33,
SER29, ASN22,
ASN19, CYS18

center_x = 15.4462
center_y = 85.5487
center_z = −1.2087

Petunidin
3-glucoside 0 −6.9

ASN17, CYS18
ASN19, ASN22
SER29, VAL30
GLN32, CYS33,
SER36VAL37,

ASP38

Alkyl
Conventional

H-bond
carbon H-bond

Amide -pi stacked
pi-Alkyl

Van der waals
pi-Alkyl
pi-Anion

Halogen (Fluorine)
Pi-Sulfur

α-tubulin Chlorogenic acid
ID 0 −10.3

GLN11, ALA12
ASP69, ALA100
GLY144, ILE171

TYR224, ASN228

Conventional
H-bond
pi-Alkyl

Amide-pi stacked
Pi-Pi Stacked

Pi-Sigma
Unfavourable Donor–Donor

Unfavourable
Acceptor–Acceptor

center_x = 12.8911
center_y = 28.1478
center_z = −3.7346

Actin

Calcium
5′-guanylate D −7.6 0

THR30, ALA32
LEU34, ASN39,

GLN61, ARG101

Conventional
H-bond

cabon H-bond
Unfavourable Donor–Donor

Pi-Sigma
center_x = 16.2688
center_y = 30.1281
center_z = 30.8989

Chlorogenic acid
ID 0 −7.4

GLU31, LEU34
ASN35, TYR57
ALA59, ILE60

VAL63

Cabon H-bond
Pi-Sigma
pi-Alkyl

Conventional
H-bond

Unfavourable
Acceptor–Acceptor

Arginine kinase

Kaempferol-3,7-
di-O-glucoside

I
0 −9.9

PHE135, SER128
PRO126, ILE98

HIS95

cabon H-bond
Conventional

H-bond
Unfavourable Donor–Donor

Pi-Pi Stacked

center_x = 21.1887
center_y = −3.9607
center_z = 13.2428

Hyperoside D −9 0

ASN142, LEU136,
PHE135, SER128,
PHE127, VAL118,

ILE98

Van der waals
Conventional

H-bond
Unfavourable

Acceptor–Acceptor
pi-Alkyl

Pi-Pi Stacked
Pi-Pi T–shaped

Delphinidin
3-glucoside ID −9 −9

ASN142, PHE135,
PHE127, VAL118,

LEU96

Van der waals
Conventional

H-bond
Unfavourable

Acceptor–Acceptor
pi-Alkyl

Pi-Pi Stacked
Pi-Pi T–shaped

Hsp90 Cyanidin
3-glucoside ID –1 0 −10.9

ASN40 GLY86
LEU96 PHE127
TYR128 TRP151

THR173

cabon H-bond
Conventional

H-bond
Unfavourable Donor–Donor

Pi-Pi Stacked
Pi-Pi T–shaped

Pi-Sigma

center_x = 0.6349
center_y = 14.4620
center_z = 20.6177
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Table 3. Cont.

Target Ligands
Binding Energy

of Direct
Kcal/mole

Binding Energy
of Indirect
Kcal/mole

Binging Site Type of Bond X, Y and Z Value

Hsp90

Delphinidin
3-glucoside D/ID −10 12

ASN40, ASP82
GLY86, LEU96,

GLY126 PHE127,
TRP151 THR173

Cabon H-bond
Conventional

H-bond
Pi-Sigma

Pi-Pi T–shaped
Pi-Pi Stacked center_x = 0.6349

center_y = 14.4620
center_z = 20.6177

Hyperoside D −9 0

ASN40 ASP82
GLY86 LEU96

GLY126 PHE127
TRP151 THR173

Conventional
H-bond

Pi-Sigma
Pi-Pi T–shaped
Pi-Pi Stacked

Histone subunit3

Myricetin
3′-glucoside ID 0 −8.5

LEU66 GLN69
ARG70 ARG73

LEU83

Cabon H-bond
Conventional

H-bond
Unfavourable Donor–Donor

pi-Alkyl

center_x = 74.957
center_y = 39.323

center_z = −20.6626

Hyperoside D −6 TYR55 SER58
THR59 GLU60

Elongation factor

kaempferol3-O-
xylosylglucoside, 0 −9.8

HIS85, ALA58
GLN57, MET51
ALA41, ASP40,

THR37

Van der waals
Conventional

H-bond
pi-Alkyl

Pi-Pi T–shaped
Pi-Sigma
Pi-Sigma

center_x = 22.1139
center_y = 30.3465
center_z = 31.8549

Delphinidin
3-glucoside ID/D −9.5 −9.5

HIS85, VAL62
CYS60, ALA58
GLN57, MET51
ALA41, THR37

Cabon H-bond
Conventional

H-bond
Pi-Sigma

Pi-Pi T–shaped
pi-Alkyl
Pi-Sulfur

hyperoside D −9.9 0
HIS85, CYS60,

ALA58, MET51,
ALA41, THR37

Cabon H-bond
Conventional

H-bond
Pi-Sigma

Pi-Pi T–shaped
pi-Alkyl
Pi-Sulfur

Carbamoyl
phosphate
synthase

disodium
5′-guanylate −8.1 0

LYS196, MET195,
LYS194, GLN182,
CYS178, ASN152,
GLY151, GLY149,

PRO81, SER60

Cabon H-bond
Conventional

H-bond
pi-Alkyl
Pi-Cation

Petunidin
3-glucoside 0 −6.8

TRP34, LEU31,
GLU29, LYS28,
ARG26, LEU13,

ILE10, ILE8, PHE2

Cabon H-bond
Conventional

H-bond
Pi-Sigma
pi-Alkyl

Unfavourable Donor–Donor
Halogen (Fluorine)

center_x = 21.3610
center_y = 59.0995
center_z = 103.8306
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Figure 2. Predicted binding mode for acetylcholinesterase with petunidin 3-glucoside and disodium
5′-inosinate.

Figure 3. Predicted binding mode for α-tubulin with chlorogenic acid.
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Figure 4. Predicted binding mode for actin with calcium 5- guanylate and chlorogenic acid.

Figure 5. Predicted binding mode for arginine kinase with hyperoside and delphinidin 3-glucoside ID.
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Figure 6. Predicted binding mode for Hsp90 with cyanidin 3-glucoside ID–1 and delphinidin 3-
glucoside D/ID.

Figure 7. Predicted binding mode for histone subunit III with myricetin 3′-glucoside ID.
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Figure 8. Predicted binding mode for elongation factor with kaempferol3-O-xylosylglucoside and
hyperoside D.
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Figure 9. Predicted binding mode for carbamoyl phosphate synthase with disodium 5′-guanylate
and petunidin 3-glucoside.

2.5.1. Root Mean Square Deviation (RMSD) Analysis

Calculations of the RMSD for the ligand-enzymes complex were used to determine the
dynamic stability and conformational perturbation, which occur in each of the simulated
systems during the simulation time scale. The RMSD values were calculated for the
following protein-inhibitors combinations: acetylcholinesterase with disodium 5′-inosinate
and petunidin 3-glucoside; actin with calcium 5′-guanylate D and chlorogenic acid; α-
tubulin with chlorogenic acid alone; arginine kinase with kaempferol-3,7-di-O-glucoside I,
hyperoside D, delphinidin 3-glucoside ID, and histone subunit III complexes with myricetin
3′-glucoside ID and hyperoside D. All the trajectories reached equilibrium state after 20 ns,
as shown in Figure 10. The RMSD values for all complexes are observed to be stable during
the 50 ns simulation.

69



Int. J. Mol. Sci. 2022, 23, 12791

 
A                            B 

 
C                           D 

 
E 

Figure 10. RMSD analyses of protein-ligand complexes. (A) acetylcholine esterase, (B) actin,
(C) α-tubulin, (D) arginine kinase, and (E) histone subunit III with inhibitors (disodium 5′-inosinate
and petunidin 3-glucoside), (calcium 5′-guanylate D and chlorogenic acid), chlorogenic acid,
(kaempferol-3,7-di-O-glucoside I, hyperoside D, delphinidin 3-glucoside ID) and (myricetin 3′-
glucoside ID, hyperoside D), respectively.

2.5.2. Radius of Gyration (Rg) Analysis

The Rg factor is best described for the stability of receptor-ligand complexes during
the molecular dynamics simulations. The results demonstrate that the Rg values during
different time points for the acetylcholine esterase, actin, α-tubulin, arginine kinase, and hi-
stone subunit III complexes to their respective ligands are constant during 50 ns simulation,
which indicates the compactness of all of the proteins (Figure 11).
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Figure 11. Radii of gyration for (A) acetylcholine esterase, (B) actin, (C) α-tubulin, (D) arginine
kinase, and (E) histone subunit III with inhibitors (disodium 5′-inosinate and petunidin 3-glucoside),
(calcium 5′-guanylate D and chlorogenic acid), chlorogenic acid, (kaempferol-3,7-di-O-glucoside I,
hyperoside D, delphinidin 3-glucoside ID), and (myricetin 3′-glucoside ID, hyperoside D) complexes.

2.5.3. Hydrogen Bond Analysis

The number of hydrogen bonds for the ligand-enzymes complexes are plotted over a
50-ns MD simulation interval (Figure 12). Since hydrogen bonds constitute a transient con-
nection that provides stability to the receptor-ligand complex, they constitute an important
factor to consider when discussing receptor-ligand stability. These bonds determine the
specificity of the binding mode. In this study, we have calculated all of the hydrogen bonds
for all of the complexes. The numbers of hydrogen bonds at different time points have
been calculated, as shown in Figure 12. The average number of hydrogen bonds calculated
for inhibitors (disodium 5′-inosinate and petunidin 3-glucoside), (calcium 5′-guanylate D
and chlorogenic acid), chlorogenic acid, (kaempferol-3,7-di-O-glucoside I, hyperoside D,
delphinidin 3-glucoside ID) and (myricetin 3′-glucoside ID, hyperoside D) are (0–6, 0–5),
(0–7, 0–9), 0–9, (0–8, 0–9, 0–10), respectively. All of the predicated ligands have shown
continuous hydrogen bonding during the 50 ns simulation, which demonstrates the stabil-
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ity of the complexes. The only exception was chlorogenic acid, which only shows stable
hydrogen bonding in the span of 35 ns.

Figure 12. Estimation of the hydrogen bond number during a 50 ns MD simulation of for (A) actyl-
choline esterase, (B) actin, (C) α-tubulin, (D) arginine kinase, and (E) histone subunit III with
inhibitors (disodium 5′-inosinate and petunidin 3-glucoside), (calcium 5′-guanylate D and chlgenic
acid), chlorogenic acid, (kaempferol-3,7-di-O-glucoside I, hyperoside D, delphinidin 3-glucoside ID),
and (myricetin 3′-glucoside ID, hyperoside D) complexes.

2.5.4. Root Mean Square Fluctuation Analysis (RMSF)

The RMSF value refers to the flexibility and mobility of structure—a higher value of
RMSF indicates a loosely bonded structure with twists, curves, and coils, while a lower
value of RMSF indicates a stable secondary structure, including α-helix and beta-sheets. Our
RMSF analysis demonstrates that all of the ligands showed less conformational variations
during binding and can act as stable complexes (Figure 13).
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Figure 13. RMSF analysis for (A) acetylcholine esterase, (B) actin, (C) A-tubulin, (D) arginine kinase,
and (E) histone subunit III with inhibitors (disodium 5′-inosinate and petunidin 3-glucoside), (calcium
5′-guanylate D and chlorogenic acid), chlorogenic acid, (kaempferol-3,7-di-o-glucoside I, hyperoside
D, delphinidin 3-glucoside ID), and (myricetin 3′-glucoside ID, hyperoside D) complexes.

2.5.5. Molecular Mechanics Poisson-Boltzmann Surface Area Free Energy Calculations

The binding capacity of the ligand towards the receptor is quantitatively estimated
by binding free energy analysis. Binding free energy is the summation of all non-bonded
interaction energies. The binding free energy of the interactions between acetylcholine
esterase, actin, α-tubulin, arginine kinase, and histone subunit III and the docked ligands
has been estimated using the molecular mechanics Poisson-Boltzmann surface area tool
(G_MMPBSA) [21]. This useful tool allows for efficient and reliable free energy simulation
to model protein-ligand interactions. Our binding energy analysis spanning 50 ns MD
simulation trajectories show that all ligands have a binding affinity towards enzyme
inhibition and form stable complexes. Other different kinds of interaction energies, such as
van der Waals energy, electrostatic energy, polar solvation energy, and solvent accessible
surface area (SASA) energy, have been also calculated for all the Tools Shapes complexes
(Figure 14). Results indicate that van der Waals, electrostatic, and SASA energy negatively
contribute to the total interaction energy, while only polar solvation energy positively
contributes to the total free binding energy. In particular, the contribution of van der Waals
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interactions is much greater than that of the electrostatic interactions in all cases except
the complexes arginine kinase-delphinidin 3-glucoside and histone subunit-myricetin 3′-
glucoside. Furthermore, the contribution of SASA energy is relatively small when compared
to the total binding energy. The negative value of van der Waals energy also points to the
significant hydrophobic interaction between the ligands and the enzymes [22].

Figure 14. Representation of the van der Waals, electrostatic, polar solvation, SASA, and binding
energy for docked compounds into: Acetylcholine esterase, Actin, A-tubulin, Arginine kinase and
histone subunit III with inhibitors (disodium 5′-inosinate and petunidin 3-glucoside), (calcium 5′-
guanylate D and chlorogenic acid), chlorogenic acid, (kaempferol-3,7-di-o-glucoside I, hyperoside D,
delphinidin 3-glucoside ID), and (myricetin 3′-glucoside ID, hyperoside D) complexes.

2.5.6. Principal Component Analysis (PCA)

Principal component analysis is a method that utilizes linear combinations of measured
variables, which allows for the reduction of the dimensionality of data and helps identify
the principal sources of variation. In molecular dynamics simulations, PCA is a popular
method to account for the essential dynamics of the system on a low-dimensional free
energy landscape [23]. To analyze the collective motion of all complexes, PCA analysis
based on C-a atoms has been performed. It was observed that the first few eigenvectors of
the principal components (PCs) of the structures play an important role and describe the
overall motions of the entire system. These data suggest that kaempferol-3,7-di-O-glucoside
ID has formed very stable complexes with arginine kinase and myricetin 3′-glucoside ID
with histone subunit III, which can be considered as a lead compound (Figure 15).

Figure 15. The PCA analysis, the plot of eigenvalues vs. eigenvectors have been considered.

Since it was previously found that the first five eigenvectors constitute the majority
portion of the total dynamics of the whole system, we plotted only the first two eigenvectors
against each other, where each dot represents correlated motions (Figure 16). The well-
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stable clustered dots signify the more stable structure, and low-clustered dots represent the
weaker stable structure.

Figure 16. Cont.
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Figure 16. Projection of the motion of a protein in phase along the principal components (PC1
and PC2).

3. Materials and Methods

3.1. Database Search, Structural Modeling, and Model Validation

All protein sequences were obtained from NCBI (https://www.ncbi.nlm.nih.gov/,
accessed on 10 August 2022) in FASTA format and are mentioned by their Gen Bank
accession number in Table 2. The Liriomyza trifolii NCBI taxonomy (tax ID: 32264) proteins
were selected by searching all of the sequential homolog and orthologs using NCBI Blast
server [24] with the default values, and against the nonredundant protein sequences. The
sequences were retrieved in the FASTA format as an amino-acid sequence. The initial atomic
structures of the proteins, based on homology modeling, were built using the Swissmodel
server (https://Swissmodel.expasy.org/, accessed on 10 August 2022). In this study, a
sequence of Blast-P similarities for recognition of closely related structural homologs in
Liriomyza trifolii was queried against a PDB database [18]. The first hit on the annotation
Blast-p was obtained to identify the templates based on PDB template ID. The Protein Data
Bank collected the PDB file of the templates and was aligned using BLAST. The Swissmodel
server used the target sequence file, the alignment file, the PDB file for the prototype, and
all the template proteins to build the homology model. Homology models with a score of
<−4 were chosen. The optimized models (acetylcholinesterase, α-tubulin, actin, arginine
kinase, histone subunit III, heat shock protein 90 (Hsp90), and elongation factor 1-alpha)
were found to be suitable based on several qualitative background checks, including the
PROCHECK (PDBSum) and Swissmodel server (https://saves.mbi.ucla.edu/, accessed on
10 August 2022). The Ramachandran plot evaluated that the predicted models were closer
to the template with (99.1%, 92.6%, 86.7%, 84.4%, 88.6%, 88.4%) residues lying in the favored
regions. The ERRAT score values of 99.1304, 89.7527, 96.4539, 82.0707, 96.5217, 90.9774, and
QMEAN score indicated that the predicted models were reliable and satisfactory, as they
are higher than the ideal values of the QMEAN score <−4, and ERRAT around 95% for a
model with a satisfactory resolution [24].

3.2. Preparation of Proteins and Ligands

The sequences of the Liriomyza trifolii proteins (acetylcholinesterase, actin, α-tubulin,
arginine kinase, elongation factor 1-alpha, Hsp90, and histone subunit III) with GenBank
accession no. number (CAI30732.1, ARQ84036.1, ARQ84030.1, ARQ84038.1, ARQ84034.1,
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AGI19327.1, ARQ84032.1, ABL07756.1, respectively) were obtained from NCBI. The protein
sequences were retrieved in the FASTA format. The 3-D structures of proteins were built
using the Swissmodel server (https://Swissmodel.expasy.org/, accessed on 10 August
2022). Here, proteins were selected as target receptor proteins and were imported to
the 3-D refine server to perform energy minimization for the six proteins (http://sysbio.
rnet.missouri.edu/3Drefine/, accessed on 10 August 2022). During docking studies, all
water molecules and ligands were removed, and hydrogen atoms were added to the
target proteins. The docking system was built using SAMSON software 2020 (https:
//www.samson-connect.net/, accessed on 10 August 2022). The structures were prepared
using the protein preparation wizard of the Autodock Vina extension of SAMSON 2020
software. The X, Y, and Z dimensions of the receptor grid, used for the blind docking of
ligands to proteins, are reported in Table 3. The ligands were retrieved from the PubChem
database in SDF format. Subsequently, each ligand was converted into MOL2 format using
OpenBabel software (http://openbabel.org/wiki/Main_Page, accessed on 10 August 2022),
followed by an energy minimization at pH 7.0 ± 2.0 in SAMSON software.

3.3. Binding Site Prediction and Protein-Ligand Docking

Discovery studio software and SAMSON software were used for binding site predic-
tion. SAMSON software uses Autodock Vina as an extension to maximize the accuracy of
these predictions while minimizing computer run-time [25]. It uses the interaction energy
between the protein and a simple van der Waals probe to locate energetically favorable
binding sites. The program is based on quantum mechanics, and it predicts the potential
affinity, molecular structure, geometry optimization of the structure, vibration frequencies
of coordinates of atoms, bond length, and bond angle. Following an exhaustive search,
100 poses were analyzed, and the best scoring poses were used to calculate the binding
affinity of the ligands. The ligands that tightly bind to a target protein with high scores were
selected in Table 3. The proteins were docked against a variety of bioactive compounds that
are phytochemical components from the HPLC of leaves of Phaseolus vulgaris (ref) and yeast
extract using SAMSON software [21]. The 2-D interaction was carried out to find favorable
binding geometries of the ligand with the proteins using Discovery Studio software. Thus,
the 2-D interaction images of the docked protein-ligand complexes with high scores to the
predicted active sites were obtained.

3.4. Protein Ligand Interaction Using SAMSON and Discovery Studio Software

The ligands were docked with the target proteins (acetylcholinesterase, actin, α-
tubulin, arginine kinase, elongation factor 1-alpha, Hsp90, and histone subunit III), and the
best docking poses were identified. Figures 1 and 2 show the 2-D and 3-D structures of the
binding poses of the compounds, respectively.

3.5. Protein–Protein Interaction Network

The Liriomyza trifolii proteins were submitted to the server for functional interaction
associated network between partners for the STRING (Research Online of Interacting
Genes/Proteins Data Basis version 10.0)13 [24]. The interactions were examined at medium
and high confidences.

3.6. Molecular Dynamics Simulation

The molecular dynamic approach is widely used to assess atoms’ behavior and struc-
tural stability, and to study the conformational changes at an atomic level. Understanding
the stability of protein upon ligand binding is significantly improved by molecular dynam-
ics simulation studies. Gromacs 4.6.2 [26] with GROMOS96 54a7 force field [27] was used
for MD simulation studies of two systems, at 50 ns each. The ProdrG2 Server was used
to generate the topology of the analysis of enzyme-ligand complexes. Each system was
placed in the center of the cubic box, with a distance of 1.0 nm between the enzyme and
the edge of the simulation box. Each system was solvated with explicit water molecules.
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Before proceeding towards energy minimization, all systems were neutralized by adding
Na+ and Cl− ions, accordingly. The steepest descent method was used for the energy
minimization of each system. MD simulations with NVT (isochoric-isothermal) and NPT
(isobaric-isothermal) ensembles (N 1

4 constant particle number, V 1
4 Volume, P 1

4 Pressure,
T 1

4 Temperature) were performed for 1 ns, each, to equilibrate the enzyme-ligand system
for constant volume, pressure (1 atm), and temperature (300 K). To calculate electrostatic
interaction, the Particle Mesh Ewald (PME) algorithm [25] was used with a grid spacing of
1.6 Å and a cutoff of 10 Å, and the LINCS method was used to restrain the bond length. Fi-
nally, the trajectories were saved at every 2-fs time step and the production MD simulation
of the enzyme-ligand complex was performed for 50 ns [28].

4. Conclusions

This study presented an array of naturally occurring, nontoxic, easily extractable,
low-cost ligands that show great potential as inhibitors of a variety of proteins found
in the gut of the polyphagous pest L. trifolii that is known to attack a myriad of crops.
The target proteins are acetylcholinesterase, actin, α-tubulin, arginine kinase, and histone
receptor III subtypes. The proposed inhibitors or inhibitor combinations are (disodium
5′-inosinate and praliciguat), (calcium 5′-guanylate and chlorogenic acid), chlorogenic acid
alone, (kaempferol-3,7-di-O-glucoside with hyperoside and delphinidin 3-glucoside), and
(myricetin 3′-glucoside and hyperoside), respectively. In lieu of an experimentally available
structure of the target proteins, the initial models of the protein of L. trifolii origin were
constructed using homology modeling. The analyses used in this investigation included
structural modeling, binding site interaction prediction, molecular docking free energy
calculations, binding pose analysis, dynamic stability and conformational perturbation
analysis, radius of gyration analysis, hydrogen bond analysis, and molecular mechanics
PBSA free energy calculations. The results demonstrated that the proposed inhibitors
formed stable complexes with their target proteins while also having great potentials for
inhibitory activity. All five ligand-protein complexes have favorable parameter values
in RMSD, RMSF, RoG, intermolecular hydrogen bonding, and binding free energy for
50 ns. Trajectories analysis showed that the studied complexes displayed structural stability
during the MD runs.

The are many various methods of predicting protein 3-D structures, for example,
I-Tasser to obtain their ‘starting’ structures or AlphaFold server and Swissmodel server.
Though the principle is the same for all of the homology modeling software, it is based
on the template structure that the final model is built. Different software uses different
templates to model, but we can conclude that the most exact commonly used online tool
is Swissmodel; it is easy and the most widely feasible, and not too expensive to be used
for predicting protein 3-D structures. Moreover, all of the various methods of predicting
protein 3-D structures “yield the same predicted protein structures”.

The development of computer systems in biological studies has had a great impact on
developing and understanding the effects of protein inhibitors. This allows the opportunity
for optimizing and utilizing computational methods, such as the ones used in this study, as
low-cost, efficient, and effective means of predicting protein-ligand interactions.
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Abstract: Blood is a meat by-product rich in proteins with properties that can be improved after
hydrolysis, making it a sustainable alternative for use in the generation of bioactive peptides. The
objective of this study was to identify dipeptidyl peptidase IV (DPP-IV) inhibitory peptides obtained
from different chicken blood hydrolysates prepared using combinations of four different enzymes.
Best results were observed for AP (2% Alcalase + 5% Protana Prime) and APP (2% Alcalase + 5%
Protana Prime + 3% Protana UBoost) hydrolysates obtaining inhibition values of 60.55 and 53.61%,
respectively, assayed at a concentration of 10 mg/mL. Free amino acids were determined to establish
the impact of exopeptidase activity in the samples. A total of 79 and 12 sequences of peptides were
identified by liquid chromatography and mass spectrometry in tandem (LC-MS/MS) in AP and
APP samples, respectively. Nine of the identified peptides were established as potential DPP-IV
inhibitory using in silico approaches and later synthesized for confirmation. Thus, peptides GPF, IGL,
and GGGW showed good DPP-IV inhibitory activity with IC50 values of 0.94, 2.22, and 2.73 mM,
respectively. This study confirmed the potential of peptides obtained from chicken blood hydrolysates
to be used as DPP-IV inhibitors and, therefore, in the control or modulation of type 2 diabetes.

Keywords: DPP-IV inhibitor; hypoglycemic peptides; type 2 diabetes mellitus; enzymatic hydrolysis

1. Introduction

Type 2 diabetes mellitus is a common metabolic disorder, with a prevalence of 10.5%
of adults worldwide [1]. It is characterized by elevated blood glucose levels due to com-
plete or relative insufficiency of insulin secretion [2]. After food intake, glucagon-like
peptide 1 (GLP-1) and gastric inhibitory polypeptide (GIP) secrete about two-thirds of total
insulin [3]. However, both peptides are natural substrates of the enzyme DPP-IV and are
degraded rapidly in vivo (1–2 min), causing the loss of their insulinotropic activity. There-
fore, inhibition of the DPP-IV enzyme is an important strategy for the effective treatment of
diabetes [4]. DPP-IV inhibitors aim to prolong the half-life of endogenous GLP-1 and GIP
and, consequently, increase their plasma concentrations to decrease the postprandial blood
glucose level [5,6]. Due to their biological origin, hypoglycemic peptides are considered
safer as a treatment for diabetes, as they have fewer side effects than synthetic drugs [7,8].
Currently, the two most important agencies that regulate the access of drugs to the market,
the Food and Drug Administration of the United States (FDA) and the European Medicines
Agency (EMA) have approved more than 90 peptides as treatments for various diseases [9].
An example of these is lixisenatide (Lyxumia®), a polypeptide of 44 amino acids residues
approved in 2013 by the EMA indicated for the treatment of diabetes.

Food bioactive peptides are generated from protein hydrolysis that occurs during the
processing, cooking, and/or digestion of food. However, they can also be obtained through
controlled hydrolysis with commercial proteolytic enzymes and according to their length
and amino acid sequence, some of such peptides released may be bioactive [10]. There is
evidence that some food protein hydrolysates inhibit DPP-IV in silico, in vitro, and in vivo.
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Int. J. Mol. Sci. 2022, 23, 14140

For instance, α-lactalbumin hydrolysate inhibits DPP-IV activity with an IC50 value of
0.036 mg/mL [11]. A study with a hydrolyzed protein isolate (HPI) of black beans and their
pure peptides reported that glucose absorption decreased 21.5% after 24 h of treatment
(10 mg HPI/mL) in a Caco-2 cell model, and in male Wistar rats a 24.5% reduction in
postprandial glucose (50 mg HPI/kg body weight) was found [12]. A simulated duodenal
digestion study with quinoa protein and fraction >5 kDa, obtained after 120 min of digestion
showed high inhibition of DPP-IV and its IC50 was 0.84 mg protein/mL [13].

The development of bioactive peptides from inexpensive and readily available protein
raw materials is currently being promoted [14], like by-products from the meat industry
such as blood, bones, viscera, skin, organs, etc., with the aim of adding value to protein-rich
raw materials and improving the sustainability of meat production. For example, blood
represents approximately 3 to 5% of body weight [15], in addition to its nutritional value, it
contains proteins with technological functions or bioactive substances that can be generated
by enzymatic hydrolysis [16]. Hydrolysates derived from dietary proteins are generally
104 times less potent than gliptins, however, the combination of gliptins and hydrolysates
may enhance the effect on their ability to inhibit DPP-IV [17].

Therefore, the objective of this work was to determine those DPP-IV inhibitory pep-
tides obtained from the most active chicken blood hydrolysates using chromatographic
separations and the subsequent identification of peptide sequences by mass spectrometry
in tandem. The identified peptides were studied using in silico approaches and those
sequences showing the best potential as DPP-IV inhibitors were evaluated to confirm
their bioactivity.

2. Results and Discussion

2.1. Degree of Hydrolysis and Inhibitory Activity of DPP-IV

Enzymatic protein hydrolysis is extensively used in the food industry to enhance
the functional properties and nutritional quality of products, such as the elimination of
allergenicity, flavor production, detoxification, etc. [18,19]. The degree of hydrolysis of
chicken blood hydrolysates is shown in Figure 1. The DH increased up to three times
more when applying sequentially two or more enzymes and a longer hydrolysis time
(16 h), being AFP (2% Alcalase + 1% Flavourzyme + 3% Protana UBoost) and AP (2% Al-
calase + 5% Protana Prime), the samples with the highest DH, 30.29 and 29.51%, respectively.
It is considered that in a process of sequential hydrolysis, performing a pre-digestion with
alcalase increases the number of N-terminal sites available for the subsequent action of
some exo-peptidases as it occurs in our study with Flavourzyme or Protana Prime [19].
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Figure 1. DPP-IV inhibition rate and degree of hydrolysis of different chicken blood hydrolysates:
A (2% Alcalase), AP (2% Alcalase + 5% Protana Prime), APP (2% Alcalase + 5% Protana
Prime + 3% Protana UBoost), AF (2% Alcalase + 1% Flavourzyme) and AFP (2% Al-
calase + 1% Flavourzyme + 3% Protana UBoost). Bars with the same letter between samples are
not statistically different. Tukey, p < 0.05.
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Glycemic regulation and energy homeostasis can be improved by maintaining the
incretin effect by inhibiting DPP-IV [20]. At a concentration of 10 mg/mL, the DPP-IV
inhibition rate of the hydrolysates AP and APP showed the highest results (p < 0.05), with
values of 60.55 and 53.61%, respectively. In the case of A hydrolysate, despite having the
lowest degree of hydrolysis, it presented a DPP-IV inhibition rate of 39.38%. Regarding
the hydrolysates AF and AFP, they showed DPP-IV inhibition values of 38.56 and 44.50%,
respectively (Figure 1). Multiple sequential hydrolyses can produce peptides with improved
or reduced activities [21]. In addition, it is known that Flavourzyme achieves aggressive
hydrolysis, that could result in the hydrolysis of the bioactive peptide sequences obtained
and decrease their bioactivity [7]. Bioactive peptides are released through different kinetics;
the larger ones appear in the initial phase of hydrolysis and are cut into smaller peptides
that, according to their characteristics, can show different bioactivity [22]. In addition,
it has been reported that the DPP-IV inhibitory activity of a hydrolysate is determined
by its peptide structure and sequence, which depends largely on the type and action
of proteases used during hydrolysis [23]. For example, in a study with sheep serum
hydrolysates, the inhibitory activity of DPP-IV was independent of the degree of hydrolysis,
and they attributed the higher rate of inhibition (77.80%) to the characteristics of the
peptides produced by the enzyme trypsin [8]. Mojica & de Mejía [24] reported that the
best conditions to generate antidiabetic peptides from black bean protein isolate was by
hydrolysis with Alcalase for 2 h and 1:20 enzyme/substrate, with a DPP-IV inhibition rate
of 96.7%. In our study, AP and APP were hydrolyzed with Alcalase and Protana Prime,
the first is an endo-protease, and the second is an exo-peptidase, two specific enzymes
for the generation of peptides and small peptides/free amino acids, respectively. The
inhibitory activity of DPP-IV has been attributed mainly to small peptides. According to
the BIOPEP-UWM database, near 59% of the registered DPP-IV inhibitory peptides are
dipeptides (Figure 2A).

Figure 2. (A) DPP-IV inhibitory peptides contained in the bioactive peptides database BIOPEP-UWM
grouped according to their amino acid (aa) length. (B) DPP-IV inhibitory peptides grouped according
to their hydrophobicity, where low values indicate high hydrophobicity and higher values indicate
low hydrophobicity. Data obtained from ToxinPred tool.

Due to AP and APP hydrolysates showing the best inhibitory results, these samples
were selected for the subsequent separation into peptide fractions using RP-HPLC, and the
DPP-IV inhibitory activity of each fraction was determined. From the HPLC chromatogram,
the elution was separated into 20 main fractions according to the elution time (0–40 min). Of
the 20 fractions tested of both hydrolysates, fraction 2 (elution time 3–4 min), corresponding
to polar peptides, exhibited the highest inhibitory activity of DPP-IV with values of 44.01%
in AP and 37.33% in APP (Figure 3). While in the rest of the chromatogram non-significant
values of DPP-IV inhibition were observed. Consequently, 54.40% of the 432 DPP-IV
inhibitory peptides registered in BIOPEP-UWM are hydrophilic (<0) and the rest are
hydrophobic (<0.50) (Figure 2B). Therefore, these fractions were collected again, lyophilized,
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and analyzed by LC-MS/MS to identify the sequences of DPP-IV inhibitory peptides
contained in fraction 2 of the AP and APP hydrolysates.
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Figure 3. Elution profile and DPP-IV inhibition rate of the peptide fractions of the hydrolysates
AP (2% Alcalase + 5% Protana Prime) and APP (2% Alcalase + 5% Protana Prime + 3% Protana
UBoost) separated by RP-HPLC. The inhibition rate of DPP-IV was determined with each fraction at
a concentration of 100 mg/mL hydrolysate.

2.2. Determination of Free Amino Acids (FAAs)

The protein content in food constitutes the source of essential amino acids in the diet.
It has been reported that the bioactivity of antidiabetic peptides depends especially on their
amino acid profile and their function is mainly based on inhibiting the activity of the DPP-IV
enzyme [4]. Figure 4 shows the free amino acid content of hydrolysates A, AP, and APP. As
expected for an endo-protease, the hydrolysis with Alcalase produced a low content of free
amino acids; however, when combined with Protana Prime, a significant amount of amino
acids were generated. Lys, Leu, Ala, Val, and Glu were found in greater concentration. A
significant decrease in Gln was also found in AP with respect to APP hydrolysates, whereas,
APP had a significantly higher Glu content than AP. These results are attributed to the
specific hydrolytic action of Protana UBoost, which is based on the conversion of glutamine
into glutamic acid. Xu et al. [25] state that a first hydrolysis with Alcalase allows several
peptide bonds to be accessible and especially recognizes the Ala, Leu, and Val sites without
affecting the residues of Pro amino acids in the hydrolysate, which has probably occurred
in our hydrolysates. Similar to our results, the content of free amino acids in porcine blood
hydrolysates increases after the enzymatic hydrolysis process, including branched-chain
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amino acids such as Val, Ile, and Leu [26,27]. Sadri et al. [28] affirm that Leu and Val are
involved in glycemic control, and Pro may increase the hypoglycemic activity of peptides.
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Figure 4. Concentration of free amino acids in three different hydrolysates: A (2% Alcalase), AP
(2% Alcalase + 5% Protana Prime) and APP (2% Alcalase + 5% Protana Prime + 3% Protana UBoost).
Bars with the same letter between samples are not statistically different. Tukey, p < 0.05.

2.3. In Silico Analysis of the Identified Peptides

The amino acid sequences of the peptides contained in fraction 2 of the AP and APP
samples were identified by LC-MS/MS. A total of 79 and 12 peptide sequences were
identified in AP and APP fractions, respectively. These peptides were studied using the
Peptide Ranker tool to establish those sequences more able to exert DPP-IV inhibitory
activity, obtaining 17 and 1 in AP and APP, respectively, with values greater than 0.5
(Supplementary Table S1). After simulating gastrointestinal digestion using in silico tools,
novel peptides were generated, of which 21 have been previously described as bioactive
with inhibitory activities of DPP-IV (18 peptides), ACE-I (13 peptides), renin (3 peptides),
and antioxidant (3 peptides). Regarding DPP-IV inhibitors, peptides such as AT, GPA,
GPAG, VN, AW, and PM are located at the N- or C-terminal of the identified AP hydrolysate
sequences, which could also be active in their initial form before the simulated digestion
(Table 1).

Table 1. In silico study of the identified peptides in chicken blood hydrolysates.

Sample
Peptide

Ranker 1 Peptide Sequence
MW

(g/mol)
Enzyme Action 2 Active

Fragments
Bioactivity

AP 0.971435
GNGGGWGNSGGGG

GGGGGGNGDGGGGDG
CGNSGGCGGGGG

2926.42

GN–GGGW–GN–
SGGGGGGGGGGN–
GDGGGGDGCGN–

SGGCGGGGG

- -

AP 0.892122 NCFAAGF 728.90 N–CF–AAGF CF ACE inhibitor

AP 0.864842 PTWALLGCVLLLPSLR 1752.44 PTW–AL–L–GCVL–L–L–
PSL–R AL Dipeptidyl peptidase IV

inhibitor

AP 0.861194 FIGLFIGISKFMAT 1545.13 F–IGL–IGISK–F–M- AT AT Dipeptidyl peptidase IV
inhibitor

AP 0.833521 LGPFSFSFGPAT 1227.54 L–GPF–SF–SF–GPAT SF
ACE inhibitor, dipeptidyl

peptidase IV inhibitor
and renin inhibitor

AP 0.715609 PVGPMGPLGPA 992.36 PVGPM–GPL–GPA GPL–GPA
ACE inhibitor and

dipeptidyl peptidase IV
inhibitor
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Table 1. Cont.

Sample
Peptide

Ranker 1 Peptide Sequence
MW

(g/mol)
Enzyme Action 2 Active

Fragments
Bioactivity

AP 0.704105 GPAGDAGAEGKPGIPG 1350.68 GPAGDAGAEGK–PGIPG - -

AP 0.690027 AWIRYSKVKFVSFNF

1892.68

AW–IR–Y–SK–VK–F–VSF–
N–F

AW
ACE inhibitor,

antioxidative, dipeptidyl
peptidase IV inhibitor

IR

ACE inhibitor,
antioxidative, renin
inhibitor, CaMPDE

inhibitor and dipeptidyl
peptidase IV inhibitor

SK Dipeptidyl peptidase IV
inhibitor

VK ACE inhibitor, dipeptidyl
peptidase IV inhibitor

AP 0.671755 GAGLLLLEALEKGYWV 1732.31 GAGL–L–L–L–EAL–EK–
GY–W–V EK–GY ACE inhibitor, dipeptidyl

peptidase IV inhibitor

AP 0.670104 GEKGPLGPNGPVGV 1277.66 GEK–GPL–GPN–GPVGV GPL ACE inhibitor

AP 0.63634 SPSKRFRGWRARTERT
1991.45 SPSK–R–F–R–GW–R–AR–

TER–T
GW ACE inhibitor, dipeptidyl

peptidase IV inhibitor
AR ACE inhibitor

AP 0.607254 RDGPQGPLGPAG 1121.39 R–DGPQGPL–GPAG GPAG Dipeptidyl peptidase IV
inhibitor

AP 0.571682 GPQGKVGPTGAPG 1122.44 GPQGK–VGPTGAP - -

AP 0.560064 GPAGAPGFPGAPGSKG
EAGPTGARG 2121.65

GPAGAPGF–PGAPGSK–
GEAGPTGAR

-G
- -

AP 0.551038 RAAELRPLR 1081.40 R–AAEL–R–PL–R PL
ACE inhibitor and

dipeptidyl peptidase IV
inhibitor

AP 0.518296 PMADSGCLTEGEMGL
IFVN

1984.57

PM–ADSGCL–TEGEM–
GL–IF–VN

PM Dipeptidyl peptidase IV
inhibitor

GL
ACE inhibitor and

dipeptidyl peptidase IV
inhibitor

IF ACE inhibitor

VN Dipeptidyl peptidase IV
inhibitor

AP 0.50915 FSFLPQPPQEKAHD
GGRYY

2237.73

F–SF–L–PQPPQEK–AH–
DGGR–Y–Y

SF
ACE inhibitor, dipeptidyl

peptidase IV inhibitor
and renin inhibitor

AH

ACE inhibitor,
antioxidative and

dipeptidyl peptidase IV
inhibitor

18 APP 0.584356 KCYTPVCLK 1054.45 K–CY–TPVCL–K - -

1 To predict the bioactivity potential of peptides, the Peptide Ranker tool was used to predict the potential
bioactivity of peptides. 2 Gastrointestinal digestion was simulated with the BIOPEP-UWM database using the
enzymes chymotrypsin (EC 3.4.21.1), trypsin (EC 3.4.21.4), and pepsin (EC 3.4.23.1).

According to previous reports, some of the characteristics of DPP-IV inhibitory pep-
tides are (i) hydrophobicity in nature, (ii) length from 2 to 8 amino acids, and (iii) Pro
residue located between the first four N-terminal positions [22,29,30], flanked by Gly, Phe,
Leu, Val, and Ala [31]. In addition, Power et al. [6] mentioned that the DPP-IV enzyme also
cleaves, although to a lesser degree, peptides containing Ser, Gly, Val, and Leu in the N-
terminal position. Therefore, according to their amino acid sequence and physicochemical
characteristics, a total of nine peptides generated in the simulated gastrointestinal digestion
were selected as potential DPP-IV inhibitors and later synthesized: Gly-Trp (GW), Ala-Trp
(AW), Gly-Pro-Phe (GPF), Gly-Gly-Gly-Trp (GGGW), Ile-Gly-Leu (IGL), Pro-Met (PM),
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Pro-Leu (PL), Ile-Phe (IF), and Cys-Phe (CF). The best results are shown in Figure 5, where
only those peptides with significant positive results were represented. In particular, three
peptides showed outstanding inhibitory activity, with values of 65.19% (GPF), 43.64% (IGL),
and 40.74% (GGGW) at a concentration of 2 mM. These results confirm the previously re-
ported information as peptides GGGW, GPF, and GW contain Gly as an N-terminal residue,
although GPF peptide contains a Pro residue in the second N-terminal position and is also
flanked by Gly and Phe, which makes it the best potential DPP-IV inhibitor. Regarding
hydrophobicity values shown in Table 2, they ranged from 0.21 to 0.47, since sequences
were mainly composed of hydrophobic amino acids such as Trp, Ala, Ile, and Leu, making
them potential sources of hypoglycemic peptides. According to the DPP-IV inhibition rate
values, the IC50 of the three peptides with the highest inhibition was determined in vitro.
The values obtained were 0.94 mM for GPF, 2.22 mM for IGL, and 2.73 mM for GGGW
(Table 2, Figure 5). In the same trend, in a study with salmon skin gelatin hydrolysates, two
peptides GPAE and GPGA were identified as DPP-IV inhibitory peptides, with IC50 values
of 49.6 and 41.9 μM, respectively [23]. LPYPY, a peptide identified in milk proteins from
in silico digestion with gastrointestinal proteins, was also identified as a potent DPP-IV
inhibitor, with an IC50 value of 108 μM [30]. These peptides contained Pro as the second
N-terminal residue, and the Pro residue was flanked by Ala, Gly, or Leu. In addition, the
peptides were mainly composed of hydrophobic amino acid residues, such as Ala, Gly, and
Pro. However, these peptides show a lower IC50 value than those obtained in this study,
probably due to the primary sources from which they were obtained.

Table 2. Main physicochemical characteristics attributed to the peptides in this study.

Characteristics GPF GGGW IGL AW GW

MW (g/mol) 319.39 375.44 301.43 275.32 261.30
Charge 0.00 0.00 0.00 0.00 0.00

Isoelectric point (pI) 5.88 5.88 5.88 5.88 5.88
Steric hindrance 0.58 0.64 0.64 0.51 0.59

Sidebulk 0.58 0.64 0.64 0.51 0.59
Hydrophobicity 0.23 0.21 0.47 0.31 0.27
Hydrophilicity −0.83 −0.85 −1.20 −1.95 −1.70
Amphipathicity 0.00 0.00 0.00 0.00 0.00

IC50 (mM) 0.94 2.73 2.22
Physicochemical property values obtained from ToxinPred.
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Figure 5. Relative DPP-IV inhibition rate of peptides at 2 mM. Bars with the same letter between
samples are not statistically different. Tukey, p < 0.05.
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3. Materials and Methods

3.1. Chemicals and Reagents

The Alcalase, Flavourzyme, Protana UBoost, and Protana Prime were purchased
from Novozymes (Bagsvaerd, Denmark). Ile-Pro-Ile, o-phthaldialdehyde (OPA), Gly-
Pro-7-amido-4-methylcoumarin (Gly-Pro-AMC) bromhydrate, trifluoroacetic acid (TFA),
and DL-dithiotreitol (DTT) were from Sigma-Aldrich (Saint Louis, MO, USA). Dipeptidyl
peptidase IV (from porcine kidney, EC 3.4.14.5), sodium dodecyl sulfate (SDS), and 2-
mercaptoethanol were from Merck (Darmstadt, Germany). The synthetic peptides Gly-
Pro-Phe (GPF), Gly-Gly-Gly-Trp (GGGW), Ile-Gly-Leu (IGL), Gly-Trp (GW), Ala-Trp (AW),
Pro-Met (PM), Pro-Leu (PL), Ile-Phe (IF), and Cys-Phe (CF) were obtained from Bachem.
Tris-(hydroxymethyl) aminomethane and formic acid (FA) were from Panreac Química
S.A. (Barcelona, Spain). The supergrade HPLC grade acetonitrile (ACN) and supergrading
HPLC grade methanol (MeOH) were from Scharlau Chemie (Barcelona, Spain). All other
chemicals and reagents used were of analytical grade.

3.2. Enzymatic Hydrolysis

The hydrolysis process was carried out sequentially. In the first step, Alcalase, an endo-
protease with an aggressive hydrolytic action, was used. In the second step, Flavourzyme
and Protana Prime were used. Flavourzyme exerts moderate endo- and exo-peptidase
activity being responsible for generating peptides and amino acids, whereas Protana Prime
is mainly an exo-peptidase enzyme capable to generate free amino acids. In a third step,
Protana UBoost was used with its main activity as a glutaminase enzyme. Thus, 1 g of
boiled chicken blood was diluted in 2 mL of bidistilled water (500 mg/mL), brought to
80 ◦C for 15 min and a sequential hydrolysis process was applied. The first hydrolysis was
prepared with 2% Alcalase (A) for 2 h at 55 ◦C. Subsequently, hydrolysate A was carried
out to the second hydrolysis with 1% Flavourzyme (AF), 1% Flavourzyme + 3% Protana
UBoost (AFP), 5% Protana Prime (AP), or 5% Protana Prime + Protana UBoost (APP) for
16 h at 55 ◦C. The digestion was stopped using heat in boiling water for 10 min. Finally, the
hydrolysates were stored at −20 ◦C. All samples were prepared in triplicate.

3.3. Degree of Hydrolysis Determination

The OPA solution was made by mixing the following reagents: 50 mL of 100 mM
sodium tetraborate decahydrate, 5 mL of 20% SDS (w/w), 80 mg of OPA dissolved in 2 mL
of MeOH, 200 μL of 2-mercaptoethanol and adjusted to a final volume of 100 mL with
bidistilled water. Each hydrolysate was diluted a hundred times in bidistilled water. For the
reaction, 100 μL of the sample was incubated with 3.4 mL of OPA reagent for 2 min at room
temperature. Absorbance was measured at 340 nm (Cary 60 UV-visible spectrophotometer,
Agilent Technologies, CA, USA). The degree of hydrolysis (DH) was calculated according
to the following equation:

DH (%) =
(ABS ∗ 1.934 ∗ d)

c

where ABS is the absorbance of the samples, d is the dilution factor and c is the protein
concentration of the sample (g/L) [32]. All measurements were prepared in triplicate.

3.4. DPP-IV Inhibitory Activity

The DPP-IV inhibition assay was performed following the methodology proposed
by Gallego et al. [5]. Briefly, in 96-well microplates, 45 μL of inhibitor, control, or sample
(10 mg/mL) and 45 μL of DPP-IV at 5 mU/mL (diluted with 50 mM Tris-HCl + 5 mM
of CaCl2 + 1μM of ZnCl2, pH 8.0) and 180 μL of 0.25 mM Gly-Pro-AMC (diluted with
50 mM Tris-HCl buffer + 0.5 mM DTT, pH 8.0). Fluorescence generation was measured
in a CLARIOstar multimode microplate reader (BMG LABTECH, Ortenberg, Germany)
using excitation wavelengths of 355 nm and emission of 460 nm at 0 and 20 min with an
incubation temperature of 37 ◦C. Ile-Pro-Ile was used as a reference inhibitor and 50 mM
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Tris-HCl buffer (pH = 8) was used as a control. The percentage of DPP-IV inhibition was
calculated using the following formula:

% Inhibition =
Control f luorescence (t20 − t0)− sample f luorescence(t20 − t0)

Control f luorescence (t20 − t0)
× 100

3.5. Peptide Separation by RP-HPLC

The hydrophobicity of the peptides was studied by reverse phase HPLC. A Symmetry
C18 column (4.6 × 250 mm, 5 μm, Waters Co., Milford, MA, USA) was used. As solvent A
0.1% TFA in bidistilled water was used and as solvent B, 0.085% TFA in ACN (ACN:H2O,
60:40, v/v). A 100 μL sample was injected at a concentration of 100 mg/mL. The elution
was controlled at 214 nm. The peptides were run in a step gradient mode, where solvent
B remained constant for 2 min, then it reached 50% in the next 50 min. The flow rate was
1 mL/min. Fractions were collected every two minutes. Each fraction was lyophilized and
then re-dissolved in 50 μL of bidistilled H2O to determine its DPP-IV inhibitory activity as
indicated in Section 3.4.

3.6. Determination of Free Amino Acids (FAAs)

For sample preparation, 300 μL of hydrolysates A, AP, and APP were homogenized
with HCl 0.01 N (1:4; w/v) in a vortex for 8 min and centrifuged at 10,000 g and 4 ◦C for
20 min. For the analysis of FAAs, the samples were pretreated following the methodology
described by Aristoy & Toldrá [33], which includes chemical deproteinization and deriva-
tization of the sample. A 5 mM norleucine solution was used as the internal standard.
The chromatographic separation of the derivatized molecules was done following the
methodology described by Flores et al. [34]. Briefly, using a reverse phase HPLC system
(Series 1200; Agilent, Santa Clara, CA, USA), equipped with a Waters Pico Tag® C18 column
(3.9 × 300 mm; Waters Corp., Milford, MA, USA) at a temperature of 52 ◦C and flow rate
of 1 mL/min. Elution was monitored at 254 nm. As phase A, 70 mM sodium acetate
with 2.5% ACN, pH 6.55 was used. As phase B, ACN:H2O:MeOH was used in a ratio of
45:40:15. Quantification was carried out considering the response factors calculated for
each amino acid/sample in the mixed standards series. The results were expressed as mg
of FAAs/100 mL of hydrolysate.

3.7. Peptide Sequence Identification by LC-MS/MS

A 1 μL sample was injected into an Ekspert nanoLC 425 (Eksigent, Redwood City,
CA, USA) using a trap column C18-CL (3 μ 120 Ă, 350 m × 0.5 mm; Eksigent), where it
was desalted and concentrated with a mobile phase of 0.1% TFA at a flow of 5 μL/min
for 5 min. Subsequently, the peptides were loaded onto a C18-CL analytical column (3 μ,
120 Ă, 0.075 × 150 mm; Eksigent) equilibrated with 5% ACN and 0.1% FA. Solvent A
was 0.1% FA dissolved in bidistilled water, and solvent B was ACN in 0.1% FA. Elution
was carried out using a linear gradient of 15 to 40% of B in A for 20 min at a flow rate
of 300 nL/min. Peptides were then analyzed in a mass spectrometer nanoESI qQTOF
(6600 plus TripleTOF, ABSCIEX), where the peptides were ionized in a Nano Optiflow
Source Type applying 3.0 kV to the spray emitter at 200 ◦C. Mass spectrometry was carried
out in the data-dependent acquisition mode. MS1 scans of 350–1400 m/z were obtained
for 250 ms. The quadrupole resolution was set to “LOW” for MS2 experiments, which
were acquired from 100–1500 m/z for 25 ms in high sensitivity mode. The criteria used
for switch was a charge from 2+ to 5+, minimum intensity, and 100 cps. Up to 100 ions
were selected for fragmentation after each survey scan. Dynamic exclusion was set to 15 s.
Digestion of 500 ng K562 trypsin was used as a control for system sensitivity. Regarding
the data analysis, the obtained spectra were analyzed using ProteinPilot v 5.0. (SCIEX)
default parameters. The peak list was directly generated from 6600 plus TripleTOF wiff files.
The Paragon algorithm of ProteinPilot v 5.0 was used to search the Uniprot_GallusGallus
database with no enzyme specificity.

89



Int. J. Mol. Sci. 2022, 23, 14140

3.8. In Silico Analysis of Identified Peptides

Peptide Ranker tool was used to predict the potential bioactivity of the peptides [35],
and values greater than 0.5 were considered for additional in silico analyses simulating
gastrointestinal digestion. Gastrointestinal digestion was simulated using the BIOPEP-
UWM database [36], using the enzymes chymotrypsin (EC 3.4.21.1), trypsin (EC 3.4.21.4)
and pepsin (EC 3.4.23.1) accessed on 12.05.22. The potential allergenicity of the synthesized
peptides was predicted using the AllerTOP v. 2.0 software [37]. ToxinPred tool [38]
was accessed on 7 July 2022 to study the toxicity of peptides and their physicochemical
properties (hydrophobicity, amphipathicity, pI, and steric hindrance).

3.9. Statistical Analysis

For data analysis, an analysis of variance (ANOVA) followed by Tukey’s study range
test was used, with a significance level of p < 0.05. Each data point represents the average
of three samples.

4. Conclusions

The hydrolysates AP (2% Alcalase + 5% Protana Prime) and APP (2% Alcalase + 5%
Protana Prime + 3% Protana UBoost) have a significant DPP-IV inhibitory activity (60.55%
and 53.61%, respectively, assayed at a concentration of 10 mg/mL). The peptides GPF, IGL,
and GGGW were identified after simulated GI digestion of the peptides identified in the
fraction with the highest DPP-IV inhibitory activity, showing IC50 values of 0.94, 2.22, and
2.73 mM, respectively. These results confirm the potential of chicken blood hydrolysates
as a source of bioactive peptides as GPF, IGL, and GGGW could be good candidates to be
used in the control or modulation of type 2 diabetes, although in vivo analysis would be
needed in order to confirm their antidiabetic activity.
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//www.mdpi.com/article/10.3390/ijms232214140/s1.
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20-400 Lublin, Poland
7 Department of Obstetrics and Pathology of Pregnancy, Medical University of Lublin, Staszica 16,

20-081 Lublin, Poland
* Correspondence: tomasz.oniszczuk@up.lublin.pl (T.O.); anoniszczuk@o2.pl (A.O.)
† Senior author.

Abstract: A new type of corn snack has been created containing additions of wild garlic (Allium
ursinum L.). This medicinal and dietary plant has a long tradition of use in folk medicine. However,
studies on wild garlic composition and activity are fairly recent and scarce. This research aimed to
investigate the influence of the screw speed and A. ursinum amounts on the antiradical properties as
well as the content of polyphenolic compounds and individual phenolic acids of innovative snacks
enriched with wild garlic leaves. The highest radical scavenging activity and content of polyphenols
and phenolic acids were found in the snacks enriched with 4% wild garlic produced using screw
speed 120 rpm. The obtained findings demonstrated that snacks enriched with wild garlic are a rich
source of polyphenolic compounds. Since the concentration of such compounds is affected by many
factors, e.g., plant material, presence of other compounds, and digestion, the second aim of this study
was to determine radical scavenging activity, the content of polyphenols, and individual phenolic
acids of snacks after in vitro simulated gastrointestinal digestion. Using an in vitro two-stage model,
authors noted a significant difference between the concentration of polyphenolic compounds and the
polyphenol content of the plant material before digestion.

Keywords: dietary polyphenols; high performance liquid chromatography; functional food; in vitro
two-stage simulated gastrointestinal digestion; wild garlic; antioxidant activity; extrusion-cooking;
processing parameters

1. Introduction

Polyphenolic compounds, of which more than 8000 chemical structures have been
described, are one of the most diverse and widely distributed groups of secondary plant
metabolites. They are an essential component of a balanced human diet [1]. The common
feature of polyphenols is the presence of at least two hydroxyl groups attached to one or
more aromatic rings [2,3]. The most adopted classification places the phenolics within one of
two groups: flavonoids (e.g., flavanols, flavanones, and anthocyanins) and non-flavonoids
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(e.g., phenolic acids, stilbenes, lignans) polyphenols. Phenolic acids are further subdivided
into derivatives of benzoic and cinnamic acid in terms of their chemical structure [1].

Phenolic compounds are direct antioxidants but show indirect antioxidant activity by
inducing endogenous protective enzymes and positive regulatory action with regard to
the signaling pathways [4,5]. The antioxidant activity of polyphenols is determined by the
presence of hydroxyl groups. The strength of this action depends on their number and position
in the ring structure, esterification, or proximity to other substituents [3,6]. The predominant
mechanism of the antioxidant activity of these compounds is believed to be radical scavenging
via hydrogen atom donation, although other types of mechanisms are recognized [3,4].

Oxidative stress is an imbalance state between ROS (reactive oxygen species) and
antioxidant defenses. It can lead to various pathological conditions in the body, such
as tissue injury and accelerated cellular death. The potential of plant products to serve
as antioxidants to protect against ROS and various diseases induced by free radicals
has been explored [7]. Scavenging free radicals through the action of compounds with
antioxidant properties (such as polyphenols) reduces and prevents damage caused by
oxidative stress [8]. Due to the fact that polyphenols exhibit a number of properties that are
beneficial to health, in this case, many times representing a specific therapeutic potential,
they are a frequent topic of research work. In most plant materials, they occur as compounds
accompanying other active substances. Therefore the possible synergistic effect of their
action must be taken into account [6]. The DPPH (2,2-diphenyl-1-picrylhydrazyl radical)
assay is used to determine the radical-scavenging activity of samples [7,9].

In addition to the antioxidant activity, the therapeutic effects of polyphenols have been
proven: e.g., anti-inflammatory and analgesic activity [10], as inhibitors of neurodegener-
ative processes [6], dyslipidemia and cardiovascular disease [11], in treating overweight
and obesity [12]. Of note, most naturally occurring ingredients with consistently reported
anticancer efficacy contain high levels of polyphenols [1].

A plant rich in phenolic compounds is ramson (wild garlic or bear’s garlic, Allium
ursinum L.), a dietary and medicinal plant with a long tradition of use in folk medicine.
However, studies on its composition and pharmacological activity are fairly recent and
scarce [13]. The species name “ursinum” is of Latin origin, derived from “ursus” (bear). It
is related to folk stories, according to which bears, after awakening from winter hibernation,
consume this plant to regain strength [14].

Allium ursinum L. has a distinct garlic-like scent associated with the presence of
sulfur-containing compounds. These compounds are undoubtedly the most important
constituents of ramson, both in terms of chemotaxonomic value and pharmacological
activity. Of the various sulfur compounds present in this plant, glutamyl peptides and
sulfoxides are considered primary. Apart from sulfur-containing substances, A. ursinum
has also been reported to be a good source of phenolic compounds. The leaves contain
free and bound forms of phenolic acids (protokatechuic, 4-OH-benzoic, vanillic, caffeic,
syringic, coumaric, ferulic, and sinapic). As far as flavonoids, the leaves of ramson are
abundant, predominantly in kaempferol derivatives [15].

The addition of wild garlic leaves to food allows for obtaining products with an extraor-
dinary concentration of substances promoting health. The benefits of such additives include
increasing the amount of dietary fiber-containing polyphenolic compounds of the nature of
antioxidants, as well as enhancing the levels of essential oils and sulfur compounds.

Ramson has a much milder effect on the gastrointestinal tract than in the case of
the addition of common garlic (Allium sativum L.). Common garlic, unlike wild garlic, is
characterized by a more pronounced spicy taste and aroma, and it also causes an unpleasant
smell from the mouth. The latter effect—the sulfur smell of the breath after eating even small
amounts of garlic—is the result of the presence of bactericidal, antiviral, and antifungal
allicin, the metabolites of which are excreted through the lungs. This organosulfur chemical
can also damage the digestive tract if ingested in large amounts. The literature data [15,16]
shows that wild garlic contains more than two times less of this compound in favor of three
times more content of other sulfur-organic compounds that are equally beneficial for health
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but less burdensome to the gastrointestinal tract. The presence of antioxidant polyphenolic
compounds in the plant—including phenolic acids—protects the body against the harmful
effects of free radicals, the excess of which in the body can cause neurodegenerative
diseases, cancer, or cardiovascular diseases. Due to its pro-health properties, high content
of polyphenols, and the fact that no one has used ‘bear’s garlic’ in the production of
functional food so far, authors decided to use this plant as an addition to snacks.

In order to exhaustively assess the potential biological properties of polyphenolic
compounds that naturally occurred in plants, it is essential to study their bioaccessibility,
bioavailability, and release efficiency, as undegraded bioactive compounds during digestion
(bioaccessibility) can be available for absorption, especially in the intestine and promote
biological action (bioavailability). In addition, it is important to study their synergistic
action and coexistence in the plant matrix. In vitro models of the gastrointestinal tract are
used for this purpose [8,17]. The complex biotransformation of plant secondary metabolites
after ingestion and their low bioavailability can lead to tissue concentrations well below
those exhibiting antioxidant capacity in vitro. Importantly, inside the gastrointestinal tract,
the antioxidant potential of dietary components may play a key role in the body’s defense
at the systemic level [18].

Factors in the bioaccessibility of polyphenols include their release from the food
matrix, particle size, their hydrophilic/lipophilic balance as related to their glycosylation,
different pH-dependent transformations (degradation, hydrolysis, and oxidation within
the gastrointestinal tract), and also interactions between polyphenols and food components.
The absorption of some the free polyphenols (e.g., phenolic acids) occurs in the stomach, and
these compounds can conjugate with glucuronic acid. The contribution of the intestinal step
to the bioaccessibility of polyphenols depends on many parameters. For example, impact of
intestinal enzymes on the residual matrix could increase the level of phenolic compounds.
Absorption of aglycones and their glucosylated forms by the small intestine the process can
take place in two ways: by passive diffusion or active transport. Undigested polyphenols
pass into the large intestine, where they are further degraded by colonic microflora. Finally,
metabolites of all these compounds lead to benzoic acid generation [17].

This study was primarily aimed at investigating the influence of the production
parameters (screw rotational speed and A. ursinum addition) on the content of polyphenolic
compounds, individual phenolic acids, and antiradical properties of innovative snacks
enriched with wild garlic leaves.

Before bioactive compounds can be used by human organisms, they must be processed
in the digestive tract in order to be assimilated in the proper form. Therefore, studies that
are based only on the determination of the concentration of phytochemicals in plant
material do not give proper information about the bioavailable level of these compounds.
In contrast, analyses using an in vitro digestion system provide more detailed data on
the concentration of test components after ingestion and digestion in the gastrointestinal
tract in vivo [17]. Therefore, the secondary aim of this study was to determine the content
of polyphenolic compounds, individual phenolic acids, and antiradical properties of the
snacks after in vitro simulated gastrointestinal digestion.

2. Results and Discussion

2.1. Influence of A. ursinum Addition and Screw Speed on Polyphenols Content, Free Phenolic
Acid Content and Antioxidant Properties of Snacks

The wide spectrum of biological activities obtained from wild garlic and the presence
of chemical compounds with high therapeutic possibilities make this plant a candidate
for the development of functional food and food supplements. Here, the used extraction
method can significantly affect the quality and concentration of the targeted compounds.
Extraction of active compounds from wild garlic using an ultrasound-assisted (UAE)
process was recommended by Tomšik et al. [16] as an efficient, inexpensive, and simple
existing extraction system that could be suitably upscaled for largescale preparations. UAE
at elevated temperatures with 80% aqueous ethanol as an extractant was also previously
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used by authors [19,20] to obtain polyphenol extracts from snacks enriched with herbs. As
UAE was demonstrated to be the optimum technique for isolating phenolic acids from
functional foods, the authors decided to use it in this experiment.

The samples—corn snacks with different quantities of wild garlic leaves (0, 1, 2, 3, and
4%) were produced using extrusion cooking at various screw speeds. In the first phase
of the experiment, the authors examined the total content of polyphenolic compounds.
Polyphenols are secondary metabolites of plants, present in the human diet, and used for
medicinal and cosmetic purposes. They have strong antioxidant, anti-radical and phar-
macological properties. The results showed that their content had increased significantly
due to wild garlic addition (Table 1), notably with increased screw speed. The highest
total content of polyphenols (as per gallic acid equivalents; GAE) was reported in snacks
with a 4% addition of the A. ursinum, while the lowest was seen in a sample without such
functional additive.

Table 1. The total content of polyphenolic compounds (TPC mg GAE/g d.w.) in snacks enriched
with wild garlic extruded at two different screw speeds—80 and 120 rpm (n = 3; mean ± SD).

Wild Garlic Addition Polyphenols Content, 80 rpm Polyphenols Content, 120 rpm

0% 0.288 ± 0.008 0.381 ± 0.002

1% 0.302 ± 0.007 0.400 ± 0.003

2% 0.388 ± 0.002 0.403 ± 0.022

3% 0.440 ± 0.011 0.445 ± 0.016

4% 0.603 ± 0.009 0.610 ± 0.018

A. ursinum leaves were previously reported by Djurdjevic et al. [21] to contain free
forms of ferulic and vanillic acids and bound forms of coumaric, ferulic, and vanillic acids.
Phenolic acids are present in plant, most often as glycosides and esters. Acid (or base)
hydrolysis transforms glycosylated and esterified phenolics into their aglycones and is often
used during the analysis of phenolic acids in plant material [22]. For this reason, in the first
step of the experiment, the content of polyphenols and free phenolic acids in the product
was determined after acid hydrolysis. The phenolic acid content in extracts was assessed by
applying reversed-phase ultra-high pressure liquid chromatography using a photodiode
array detector coupled to a triple-quadrupole mass spectrometer. The following phenolic
acids were identified in the samples: protocatechuic, 4-OH-benzoic, vanillic, syringic,
salicylic (benzoic acid derivatives), and caffeic, coumaric, ferulic, sinapic (cinnamic acid
derivatives) (Table 2, Figures 1 and 2). Ferulic acid was the prevailing phenolic acid. These
results are consistent with those obtained by Djurdjevic et al. [21], who identified three
phenolic acids in wild garlic extracts (p-coumaric, ferulic and vanillic), and Pop et al. [23],
who quantified coumaric, ferulic and sinapic acids. However, in this study, the authors
determined five additional phenolic acids in all snacks enriched with wild garlic.

As in the analysis of total polyphenols, also in this research, the content of active
compounds in general increased as wild garlic leaves were added to the snacks. The
comparatively proportional increase in the content of phenolic acids demonstrates extrusion
process, under conditions of high temperature and high pressure, did not degrade the
active compounds present in snacks enhanced with this raw material. In this regard, slight
deviations may indicate that the ingredients had not been mixed properly during the
preparation or production stage.
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Table 2. The content of phenolic acids (after hydrolysis) in snacks enriched with wild garlic extruded
at two different screw speeds (n = 3; mean ± SD).

Content of Phenolic Acid (μg/g d.w.)

Screw
Speed

Garlic
Addition

Protokatechuic
4-OH-

Benzoic
Vanilic Caffeic Syringic Coumaric Ferulic Sinapic Salicylic Sum

80 rpm

0% 0.406
± 0.01

4.012
± 0.20

0.121
± 0.00

30.358
± 1.72

8.817
± 0.21

64.058
± 2.36

665.751
± 3.22

63.950
± 1.15

0.657
± 0.02

838.130
± 8.89

1% 0.574
± 0.02

3.915
± 0.16

0.873
± 0.01

49.192
± 2.04

11.088
± 0.54

165.700
± 5.24

1159.250
± 12.06

82.192
± 0.97

0.877
± 0.03

1473.677
± 21.07

2% 0.509
± 0.02

4.961
± 0.18

5.083
± 0.05

63.217
± 0.39

11.191
± 0.27

184.117
± 2.35

1216.350
± 1.28

93.850
± 0.89

0.909
± 0.03

1580.187
± 5.46

3% 0.624
± 0.03

5.026
± 0.20

21.868
± 0.19

66.137
± 1.49

11.253
± 0.09

196.575
± 3.28

1260.917
± 11.98

93.700
± 2.08

1.065
± 0.01

1657.165
± 19.35

4% 0.442
± 0.02

5.124
± 0.01

52,142
± 2.04

77.700
± 0.92

12.065
± 0.02

212.340
± 0.34

1322.666
± 7.64

105.342
± 2.97

1.155
± 0.02

1788.975
± 13.98

120
rpm

0% 0.443
± 0.00

4.928
± 0.19

0.123
± 0.01

32.083
± 1.13

9.521
± 0.18

66,875
± 1.14

516.583
± 7.09

62.108
± 2.59

0.635
± 0.01

693.299
± 12.34

1% 0.666
± 0.01

4.955
± 0.11

2.609
± 0.02

58.508
± 2.32

11.098
± 0.31

173.200
± 2.54

1161.750
± 1.59

81.883
± 1.38

0.779
± 0.00

1495.448
± 8.28

2% 0.656
± 0.01

5.050
± 0.09

10.038
± 0.31

66.479
± 1.22

11.266
± 0.16

187.716
± 1.18

1225.083
± 12.58

91.633
± 2.03

0.904
± 0.00

1598.825
± 17.58

3% 0.714
± 0.00

5.035
± 0.21

25.296
± 0.29

67.554
± 0.38

10.694
± 0.08

200.208
± 5.19

1265.333
± 7.22

89.525
± 0.50

1.053
± 0.02

1665.415
± 13.89

4% 0.751
± 0.00

5.365
± 0.12

96.375
± 1.15

78.383
± 3.09

11.413
± 0.02

216.650
± 1.94

1323.583
± 0.93

102.700
± 4.02

1.130
± 0.03

1836.350
± 11.71

Figure 1. LC-MS-MRM chromatogram of phenolic acids found in snacks enriched with wild garlic
(120 rpm, 3% of wild garlic, sample after hydrolysis): 1—protocatechuic, 2—4-OH-benzoic, 3—
vanillic, 4—caffeic, 5—3-OH -benzoic (internal standard), 6—syringic, 7—p-coumaric, 8—ferulic,
9—sinapic, 10—salicylic.
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Figure 2. LC-MS-MRM chromatogram of phenolic acids standards: 1—protocatechuic, 2—4-OH-
benzoic, 3—vanillic, 4—caffeic, 5—3-OH -benzoic (internal standard), 6—syringic, 7—p-coumaric,
8—ferulic, 9—sinapic, 10—salicylic.

A. ursinum is the source of many antioxidant molecules [23]. Therefore the quantity
of total phenolic compounds (generally assumed to be responsible for the antioxidant
activity of plant extracts) [23] was ascertained for snacks with the addition of wild garlic
(Table 3). In the next phase of the experiment, the authors determined the DPPH free
radical scavenging potential of the tested samples using a UV-VIS spectrophotometer. The
obtained results showed that the antioxidant activity of snacks increased with the amount
of added A. ursinum. The highest DPPH free radical scavenging activity was seen in the
products supplemented with 4% of wild garlic and at 120 rpm. The maximum free radical
scavenging ability by all extracts was obtained after 15 min. The results obtained by Pop
et al. [23] by means of applying the DPPH radical-scavenging test, showed that wild garlic
represents important sources of bioactive phenolic acids, volatile and sulfur compounds,
and flavonoids) with strong in vitro antioxidant activity.

Table 3. DPPH radical scavenging activity of corn snacks enriched with wild garlic extruded at two
different screw speeds (n = 3; mean ± SD).

Radical Scavenging towards DPPH (%)

Time
(min)

Wild Garlic Addition (%), 80 rpm Wild Garlic Addition (%), 120 rpm

0 1 2 3 4 0 1 2 3 4

0 19.21
± 0.19

22.58
± 0.15

24.69
± 0.12

27.92
± 0.46

28.95
± 0.96

24.11
± 0.44

25.39
± 0.59

27.31
± 0.71

28.92
± 0.96

30.48
± 0.71

5 60.75
± 0.43

67.92
± 1.72

69.95
± 0.23

74.69
± 1.29

77.63
± 0.79

62.28
± 2.72

69.15
± 0.81

72.92
± 0.84

75.97
± 1.59

79.18
± 0.16

10 62.32
± 0.01

69.65
± 0.98

76.58
± 1.14

78.19
± 0.21

83.16
± 0.81

65.77
± 1.34

71.53
± 0.02

77.95
± 0.93

80.18
± 2.21

87.68
± 0.93

15 62.32
± 0.00

69.65
± 0.81

76.50
± 0.56

78.19
± 0.93

83.16
± 1.73

65.77
± 0.20

71.53
± 1.13

77.95
± 1.07

80.18
± 0.93

87.68
± 0.13

Previous research have shown that aglycones have a higher antioxidant activity than
their glycosidic compounds or are connected by other types of bonds [24]. Sani et al. [25]
studied the influence of acidic hydrolysis on the yield, total phenolic content, and antioxidative
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capacity of methanolic extract of germinated brown rice. These authors applied total phenolic
content and DPPH radical scavenging for the measurement of antioxidant ability. In the study
presented by Sani et al. [25], there were a significant difference in the total phenolic content and
DPPH radical scavenging assay results when comparing neutral with acidic hydrolysis. Snack
samples were further tested using high performance liquid chromatography to determine
the individual phenolic compound levels in different hydrolytic media contributing to the
antioxidant effects. This study revealed that acidic hydrolysis could improve the polyphenols
content and antioxidant properties of germinated brown rice.

Furthermore, research has shown that the antioxidant activity of polyphenolic com-
pounds is dependent on the number of hydroxyl groups in the molecules and can be
changed by spherical effects, as well as by interactions of the compounds existing in the ma-
trix and in the extracts [26]. In addition, it has been examined that the antioxidant activity of
products is dependent on their composition. Korus et al. [27] found a lower antioxidant po-
tential for red beans compared to black-brown and cream beans, even though dark-red bean
extrudates demonstrated higher phenolic content compared to black-brown and creamy
bean products. In the case of these innovative snacks enriched with A. ursinum, the product
radical-scavenging activity measured after 15 min was positively correlated with the total
content of polyphenols and free phenolic acids (Table 4). Very high positive correlations
were established between the wild garlic leaves addition and radical-scavenging activity
for both screw speeds.

Table 4. Pearson’s correlation coefficients for snacks supplemented with wild garlic leaves addition.

Total Polyphenols Free Phenolic Acid
DPPH Radical

Scavenging Activity

80 rpm
Wild garlic content 0.952 0.891 0.979
Total polyphenols 0.749 0.903

Free phenolic acids 0.945
120 rpm

Wild garlic content 0.849 0.873 0.991
Total polyphenols 0.623 0.859

Free phenolic acids 0.887

Polyphenols content can vary due to food manufacturing parameters [28]. Multari
et al. [24] state that high-temperature treatment can improve the release of phenolic com-
pounds bound to the cell wall structures. Furthermore, other compounds that have a
beneficial effect on the human body can appear.

Extrusion-cooking is the short-time method of processing starchy raw materials under
high-temperature (120–200 ◦C) and high pressure (20 MPa) conditions. The intense processing
of mechanical shearing results in a deep transformation of individual components. Tempera-
ture, screw speed, moisture content, and residence time distribution during the process are
crucial for the polyphenols content antioxidant activity of the product [29] and antinutritional
factors level [30]. Khanal et al. [31] showed the effects of extrusion-cooking on procyanidin
in grape seed and pomace. These authors have demonstrated that this method increases the
levels of low-molecular-weight bioactive compounds (e.g., procyanidin) and releases biologi-
cally important monomers and dimers from polymer chains [31]. The intensity of changes
therein depends on the properties of the raw material, e.g., humidity and the processing
parameters. A high homogenization of ingredients leads to a decrease in diffusion barriers
and the breaking down of chemical bonds. This factor results in the heightened reactivity of
the components. Optimized extrusion-cooking conditions may therefore, release phenolic
acids from the chemical bonds that they create with other compounds without deactivating
aglycones [29–31]. This is due to the cracking of the rigid cell walls and other plant cell com-
ponents. The breakdown of the glycosidic bonds, which leads to the formation of aglycons,
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is also conducive to an increased antiradical capacity of products [32]. A Diagram of snack
production using extrusion cooking is presented in Figure 3.

Figure 3. Diagram of the snack production process using extrusion-cooking.

The next stage of the research focused on the influence of one extrusion-cooking
condition—the screw rotational speed, on the total content of polyphenols and free phenolic
acids, as well as the antioxidant properties of extruded snacks. The obtained findings
demonstrated that all snacks enriched with the wild garlic screw speed of 120 rpm resulted
in a higher content of polyphenols and free phenolic acids and a higher ability to scavenge
DPPH than the speed of 80 rpm (Tables 1–3). Alonso et al. [33] examined that the most
important factors stimulating the transformation of raw material during the extrusion-
cooking process are high temperatures and mechanical factors related to shear forces that
increase along with the increase in screw rotational speed. It is possible that the extrusion
conditions at 80 rpm are too mild, and they do not enable the release of some phenolics
from the processed raw material. The rotation speed of 80 rpm was found to give higher
contents than 120 rpm for only two phenolic acids. They were salicylic and sinapic acids,
which have lower decomposition temperatures than most of the analyzed acids. So, it is
possible that for these compounds, 120 rpm induced too drastic production conditions and
brought about their decomposition.

Many previous studies have revealed antioxidant activity increase in extruded prod-
ucts with an increased temperature of processing [33–35]. This effect is explained due to
the presence of products formed during Maillard reactions—which can have high radical
scavenging activity.

Currently popular in food technology applications, the extrusion-cooking process can
provide diversified properties within the final product. The effects of temperature, pressure,
and shear forces on moist raw material induce profound changes in a very short time. They
include the inactivation of anti-nutritive factors, enhanced digestibility of nutrients, and
modified sensory characteristics. The type and intensification of these changes depend
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on the parameters of the extrusion-cooking procedure (e.g., extruder screw rotational
speed, temperature) as well as on the properties of the raw materials. The high degree
of component mixing reduces diffusion barriers and breaks chemical bonds. This results
in increased reactivity of the ingredients [36]. For this reason, the proper selection of
parameters is crucial for the production process.

2.2. The Digestability of the Snack’s Polyphenols Using Two-Stage In Vitro Human Digestion Model

Credible reports on the breakdown of food ingredients in the stomach are also crucial
for assessing phytochemical bioaccessibility. Gastric digestion is multiple stages that in-
cludes mechanical actions and the effect of gastric fluids. Gastric juice contains hydrochloric
acid, lipase, pepsinogens, mucus, electrolytes, and water. Hydrochloric acid supports the
denaturation of proteins, and it activates pepsin. The duration of this phase lasts 2 to 4 h.
The gastric pH in healthy human subjects in the fasted state is in the range of 1.3 to 2.5;
the intake of a meal generally increases the pH to above 4.5. Unfortunately, most in vitro
models include a pH below 2.5, which is a pH related to the human fasting state more
than to real food digestion. The change in gastric pH is taken into consideration only in
dynamic models [37,38]. The absorption of free phenolic acids occurs in the stomach, and
phenolic acids can conjugate with glucuronic acid. The in vitro small intestinal digestion
model simulates the time, temperature, pH, and composition of pancreatic juice, includ-
ing electrolytes, bile salts, and enzymes. In the fed state, pH can be from 5.4–7.5 in the
duodenum [39], to 5.3–8.1 in the jejunum, and up to 7.0–7.5 in the ileum. The contribution
of the intestinal step to the bioaccessibility of polyphenols depends on many parameters.
The effect of intestinal enzymes on the residual matrix could, for example, increase the
concentration of phenolic compounds. Moreover, degradation or isomerization of these
compounds can occur due to catalyzation by the presence of oxygen and/or transition
metal ions. In addition, specific absorption of aglycones and their glucosylated forms by
the small intestine can come about by passive diffusion or active transport [40].

In the human body, esterified polyphenols are degraded in the large intestine by
microbial esterases. Undigested polyphenols pass into the large intestine, where they are
further degraded by colonic microflora. Depending on the polyphenol’s structure, a large
variety of compounds can be formed. Finally, metabolites of all these compounds lead to
benzoic acid generation [41].

In this study, a two-stage in vitro digestion model, including gastric and duodenal
phases, was used. Before carrying out in vitro digestion, authors examined the total
content of polyphenolic components, the content of free phenolic acids, and the antioxidant
properties of the selected samples (Table 5, snacks enriched with 0%, 2%, and 4% of wild
garlic extruded at 120 rpm) without prior hydrolysis, hence the much lower content of free
phenolic acids before digestion (Table 6) in relation to its content after hydrolysis (Table 2).
For all investigated snacks, the concentration of polyphenols after in vitro digestion was
significantly reduced, both after gastric and duodenal digestion, compared with the samples
before digestion (Table 5). The content of free phenolic acids also decreased drastically after
the first stage of in vitro digestion (gastric), which was deepened during the second stage
(duodenal). Acids such as protokatechuic, 4-OH-benzoic, vanillic, syringic, sinapic, and
salicylic have not been found in the mixture after the first phase of digestion (Table 6).
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Table 5. The total content of polyphenolic compounds (TPC mg GAE/g d.w.) in snacks enriched
with wild garlic before and after two-stage digestion (n = 3; mean ± SD).

Wild Garlic
Addition

Polyphenols Content

Before
Digestion

Gastric
Digestion

Duodendal
Digestion

0% 0.221 ± 0.005 0.124 ± 0.002 0.042 ± 0.002

2% 0.307 ± 0.003 0.213 ± 0.0227 0.110 ± 0.0227

4% 0.542 ± 0.016 0.390 ± 0.0184 0.189 ± 0.0184

Table 6. The content of phenolic acids (without hydrolysis) in snacks enriched with wild garlic
extruded at 120 rpm (n = 3; mean ± SD); I- gastric digestion stage, II- duodendal digestion stage.

Content of Phenolic Acid (μg/g d.w.)

Conditions
Garlic

Addition
Protokatechuic

4-OH-
benzoic

Vanillic Caffeic Syringic Coumaric Ferulic Sinapic Salicylic Sum

Before
digestion

0% 0.131
± 0.003

0.235
± 0.001

0.456
± 0.002

1.374
± 0.022

0.196
± 0.000

4.374
± 0.051

2.381
± 0.003

0.324
± 0.006

0.082
± 0.000

9.553
± 0.088

2% 0.170
± 0.001

0.272
± 0.002

0.588
± 0.008

1.387
± 0.017

0.271
± 0.004

6.121
± 0.009

3.697
± 0.071

0.362
± 0.001

0.156
± 0.004

13.024
± 0.117

4% 0.192
± 0.002

0.296
± 0.000

0.599
± 0.010

1.808
± 0.041

0.336
± 0.003

7.878
± 0.085

5.128
± 0.011

0.556
± 0.003

0.193
± 0.002

16.986
± 0.002

After
digestion

0% I - - - 0.079
± 0.000 - 0.428

± 0.001
0.236
± 0.000 - - 0.743

± 0.157

0% II - - - - - 0.218
± 0.000 - - - 0.218

± 0.000

2%
I - - - 0.132

± 0.001 - 1.356
± 0.023

0.397
± 0.003 - - 1.885

± 0.027

2%
II - - - - - 0.477

± 0.001 - - - 0.477
± 0.001

4%
I - - - 0.144

± 0.001 - 1.893
± 0.003

0.502
± 0.007 - - 2.539

± 0.011

4%
II - - - - - 0.754

± 0.008 - - - 0.754
± 0.008

There are reports in which the total concentration of polyphenols was reduced during
the gastric digestion stage, as in this study. This tendency has been observed for aqueous
infusions from Capparis spinosa L., Crithmum maritimum L. [42], chamomile tea, yerba mate,
coffee-like substitutes, and coffee blend. The decrease in active compounds content was
further exacerbated in the subsequent intestinal part of the in vitro digestion [43]. Similarly,
Dacrema et al. [44] observed a drop in the content of individual polyphenolic compounds
after in vitro digestion of fireweed extract. These Authors reported a loss of individual
polyphenolic compounds after the orogastric phase (in the range of 1.92–84.17%) and a
decrease (11.83–98.07%) after the duodenal phase.

In plant-processing by-products of black carrot, a decrease in phenolic acids content
(chlorogenic, neochlorogenic, and cryptochlorogenic) was also observed during the gastric
stage of in vitro digestion, which escalated at further stages of digestion. Contrastingly,
ferulic and caffeic acid mostly demonstrated an increase in bioavailability as compared
to undigested samples [45]. As in the author’s work, Majdoub et al. [46] have also noted
a decrease in certain compounds post-in vitro gastric and gastric + duodenal digestion.
In particular, caffeoylquinic acids were found to be partially decreased after 20 min of
gastric digestion. Likewise, coumaroylquinic acids only minutely persisted throughout
the simulated human digestion as a result of the degradation occurring in the gastric and
duodenal compartments. However, quinic acid was only found in the samples obtained
during duodenal digestion. This fact suggests that this compound was derived from the
degradation of the more complex coumaroylquinic and caffeoylquinic acids. Moreover, the
work of Majdoub et al. [46] saw that hibiscus acid was present in the undigested extract
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and persisted, albeit in lower concentrations, throughout the simulated digestion. Other
authors have indicated high polyphenol stability in the gastric phase and their degradation
at the intestinal level. Gayoso et al. [47] examined the effect of in vitro gastrointestinal
digestion methods using three static models on the stability and bioaccessibility of phenolic
compounds. When the results were referred to mg/mg lyophilized digested sample, the
remaining % of the sample decreased to 67% and 68% (oral and gastric, respectively) for
rosmarinic acid, and 75% and 78% (oral and gastric, respectively) in the case of caffeic acid.
No remarkable differences were observed for rutin between the initial level subjected to
digestion and the levels recovered during the oral and gastric steps.

It is difficult to compare bioaccessibility studies due to the many variables that may
influence gastrointestinal digestion. Differences in results can be dictated by the effect
of the plant/food matrix, the heterogeneity of analyzed plant materials, their degree of
processing, as well as the in vitro digestion methodology. Pure compounds also show high
variability. For example, for rutin, the % of loss after intestinal digestion was found to be
from only 3% to total loss. In the case of quercetin, the results ranged from 5.8% [48] to total
loss [42], and for chlorogenic acid, from 44% to 95.7% [42]. It is certain that the digestion
methodology is a key factor for assessing the bioaccessibility of polyphenols.

This research has shown the in vitro digestion procedure reduced the antioxidant
activity of snacks (Table 7). The decrease in antioxidant activity is consistent with the
results presented by other authors. The study of the effect of in vitro digestion on the
antioxidant activity of phenolic demonstrated a decrease in activity for rosmarinic acid (24–
36%), caffeic acid (12–19%) and no change in antioxidant capacity for rutin [47]. A similar
tendency of the reduction in antioxidant potential for plant-processing by-products of black
carrot was observed during the gastric stage of in vitro digestion. At the further phases of
digestion, the results were divergent, indicating an increase or decrease depending on the
method and raw material [45]. The reduction in antioxidant activity during the intestinal
part of in vitro digestion was observed in this study and in the work of other authors. This
fact can be explained by the structural reorganization of some compounds during a change
in pH to slightly alkaline.

Table 7. DPPH radical scavenging activity of corn snacks enriched with wild garlic before and after
two-stage digestion (n = 3; mean ± SD).

Radical Scavenging (%) before
Digestion

Radical Scavenging (%) after
Gastric Digestion

Radical Scavenging (%)
after Duodendal Digestion

Time
Wild Garlic Addition (%)

0 2 4 0 2 4 0 2 4

0 15.41
± 0.05

21.08
± 0.54

25.91
±1.06

11.21
± 0.08

21.08
± 0.54

28.10
±0.67

10.32
± 0.34

20.01
± 1.15

24.91
±0.39

5 58.73
± 0.83

62.22
± 0.49

75.16
± 1.78

24.07
± 0.34

32.76
± 0.33

36.55
± 1.17

18.07
± 0.94

29.17
± 0.13

31.79
± 0.45

10 59.15
± 0.24

73.56
± 2.09

82.16
± 0.78

38.23
± 0.86

51.56
± 0.76

59.98
± 0.98

29.23
± 0.89

38.56
± 1.26

46.98
± 0.57

15 59.15
± 0.00

73.56
± 0.08

82.16
± 2.73

38.23
± 0.12

51.56
± 2.18

59.98
± 1.11

29.23
± 1.07

38.56
± 1.19

46.02
± 2.29

pH conditions have a significant influence on both in vitro and in vivo studies concern-
ing the antioxidant activity of polyphenols. It is significantly different in acidic and alkaline
environments in relation to neutral environments. This fact is crucial for the theoretical
deliberation of the influence of the pH of individual parts of the digestive tract on the
structures and activity of plant metabolites. However, available study results are limited. It
is known that the antioxidant activity of extracts depends on the number of OH groups in
their main compounds, as well as their hydrogen-donating abilities. Moreover, additional
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OH groups in ortho-positions have a positive effect on the antioxidant activity of phenolic
compounds, especially at pH 4. Thus, in order to analyze the pH influence on the activity
of food polyphenols, each component must be considered [49].

Lettuce (L. sativa) extract is rich in polyphenols such as caffeic acid derivatives, chloro-
genic acids, and flavonoids [50]. The results of a study involving lettuce extract showed
that free radical scavenging potential increases with increasing pH [51]. Other results were
obtained for sweet potato leaf extract [52]. This material is rich in chlorogenic and caffeic
acid derivatives. In this case, a slightly alkaline (pH 8) environment had a negative influ-
ence on antioxidant ability, while neutral and weak acidic environments gave an increase in
activity. Why regard to this effect, interesting experiments were performed for honey. The
analysis confirmed that the substance is rich in flavonoids (quercetin, luteolin, hesperitin,
and apigenin) and phenolic acids such as cinnamic, benzoic, vanillic, coumaric, caffeic,
chlorogenic and ellagic, and the authors observed significantly decreasing activity with
increasing pH.

These discrepancies can result from different species of analyzed plant raw materials,
their distinct characteristics, chemical structure and initial concentration of bioactive com-
pounds, the methodology for the determination of antioxidant potential, and the in vitro
digestion procedure [37].

Phenolic compounds during gastrointestinal digestion can be hydrolyzed as a conse-
quence of the acid environment of the stomach, the alkaline environment of the intestine,
and the action of digestive enzymes [53]. Furthermore, these compounds have the ability
to bind with other ingredients of the food matrix, resulting in the formation of complexes
that may also contribute to the reduction in their antioxidant activity.

3. Materials and Methods

3.1. Plant Materials

Allium ursinum L. leaves (series nr 5902741007841) were purchased from “Dary Natury Sp
z o.o.” herbal industrial (Grodzisk, Poland). Before the extraction, the dry plant material was
milled and sieved. Corn grits were purchased at the local market (distributor Vegetus, Poland).

3.2. Extrusion-Cooking Procedure

Blends of corn grits and ground wild garlic leaves were prepared by mixing dry
components in the ratios of 100:0, 99:1, 98:2, 97:3, and 96:4 on a weight basis. The blended
samples were conditioned to 15% of moisture content by spraying with a calculated amount
of water and mixing continuously for 10 min. Recipes with different amounts of wild garlic
leaves were processed using a single screw extrusion-cooker TS-45 (ZMCh Metalchem,
Gliwice, Poland) with L:D = 12:1 (L is barrel length; D is screw diameter). The screw
compression ratio was 3:1. The range of the temperatures of the extrusion-cooking process
was as follows: 125/130/135 ◦C, respectively, in the three extruder sections. The extrusion-
cooking was carried out at screw speeds: 80 and 120 rpm. A single-open forming die of
3 mm in diameter was used. Samples were stored in polyethylene bags at room temperature
before tests [19].

3.3. Extraction Procedure

The extraction process was performed in an ultrasonic bath (Bandelin Electronic GmbH
& Co. KG, Berlin, Germany). Accordingly, 2 g portions of samples were extracted 2-times
with 40 mL of 80% ethanol for 40 min at a temperature of 60 ◦C, ultrasound frequency of
33 kHz, and a power of 320 W. The extracts were filtered, combined, evaporated to dryness,
and dissolved in 10 mL of methanol [19].

3.4. Hydrolysis of the Samples

Hydrolysis of the samples was carried out according to the modified method of
Czaban et al. [54]. Samples were treated with 2 M NaOH for 4 h at room temperature.
At the beginning of hydrolysis, 4 μg of an internal standard (4-OH-benzoic acid) was
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added to all samples. The hydrolyzed samples were subsequently cooled and acidified
using ice-cold 6 M HCl to achieve a pH value of about 2. The resulting mixtures were
centrifuged at 8000 rpm for 20 min, and supernatants were extracted with ethyl acetate.
The organic phase was collected and evaporated to dryness. The residue was dissolved in
methanol and stored in a refrigerator. After centrifugation, the samples were subjected to
chromatographic analysis.

3.5. Determination of Phenolic Acids

The determination of phenolic acids was carried out according to the modified method
of Burda and Oleszek [55]. The phenolic acid content in extracts was assessed by reversed-
phase ultra-high pressure liquid chromatography, performed on a Waters ACQUITY UPLC®

Systems chromatograph (Waters Corporation, Milford, MA, USA), equipped with a pho-
todiode array detector and coupled to a triple-quadrupole mass spectrometer (Waters
ACQUITY® TQD, Micromass, Manchester, GB). Samples were then separated on a Waters
ACQUITY UPLC® HSS C18 column (1.0 mm× 100 mm; 1.8 μm) at 30 ◦C. The mobile phase
consisted of 0.1% formic acid in MilliQ water (v/v) and 0.1% formic acid in acetonitrile
(v/v). The analytes were eluted using a combination of isocratic and gradient steps.

The detection of phenolic acids was performed in the negative ionization mode, using
a selected reaction monitoring method. The source temperature was 110 ◦C, while the
desolvation temperature was 350 ◦C. Nitrogen was used as a desolvation gas (a flow of
1000 L/h) and as a cone gas (100 L/h). Argon was used as a collision gas (0.1 mL/min).
Collision energies were optimized for particular phenolic acids. Concentrations of phenolic
acids in wheat extracts were calculated on the basis of calibration curves.

3.6. Determination of the Total Content of Polyphenolic Compounds (TPC)

The total content of polyphenolic compounds (TPC) was resolved to utilize the modi-
fied Folin-Ciocalteu (FC) method [19]. Here, the number of polyphenols is expressed as mg
gallic acid equivalents (GAE) per g of dry weight (d.w.).

3.7. Ability to Scavenge DPPH

Measurement of antiradical activity was carried out via DPPH stable radical (2,2-
diphenyl-1-picrylhydrazyl) spectroscopy, according to the modified method of Burda and
Oleszek [55]. Absorbance was measured at 517 nm wavelength every 5 min for 15 min,
using a UV-VIS spectrophotometer (Genesys UV-VIS, Thermo Scientific, Waltham, MA,
USA). This method enables tracking of absorbance changes over time and indicates the
plateau phase. The free radical scavenging ability of the samples was calculated using the
following formula:

%RSA =

[
(A0 −A1)

A0

]
× 100 (1)

A0—the absorbance of the sample except for tested extracts
A1—the absorbance of the sample with tested extracts

3.8. In Vitro Two-Stages Digestion Model

Authors applied a static in vitro digestion model comparing two-stages digestion
(gastric and duodenal) according to Seraglio et al. [8] with minor modifications. In order
to carry out the first gastric digestion step, 1.632 g of each sample was weighed and
homogenized beforehand. To each of the samples, 5.84 mL of gastric solution was added
and manually stirred for 4 min. Subsequently, 2.32 mL of hydrochloric acid (Chempur)
at pH 2.5 ± 0.2 was added. Afterward, the samples were incubated in a water bath with
shaking (GFL 1083) for two hours (37 ◦C, 100 rpm). The samples were then centrifuged
(10 min, 8000 rpm), and the supernatant was collected for further analysis. Until the
scheduled analysis was performed, the samples were refrigerated (−20 ◦C for 24 h).
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The next step (duodenal digestion) was performed in the same way as the gastric but
using a different amount of sample (2.246 g). After incubation (skipping the centrifugation
step), 0.09 mL of 1 mol/L sodium bicarbonate (Chempur) (to increase the pH to 5.5) and
2.26 mL of duodenal solution were added to each sample. Then the samples were stirred
for 1 min.

After this time, 0.72 mL of sodium bicarbonate solution for adjustment to pH 6.7 ± 0.2
was added to each flask. The samples were then incubated in a water bath with shaking
for 2 h (37 ◦C, 100 rpm). After centrifugation (10 min, 8000 rpm), the supernatant was
examined and further analyzed. The storage conditions were the same as for the first step.

The simulated gastric juice (gastric solution) was prepared as follows: 0.16 g of pepsin
(Merck, Darmstadt, Germany) was dissolved in 0.35 mL of 12 M hydrochloric acid, and
it was made up to 50 mL with ultrapure water. Simulated intestinal juice (duodenal
solution) was prepared by connecting 0.25 g pancreatin with 0.047 g of sodium glycodeoxy-
cholate, 0.0505 g of sodium taurocholate, and 0.029 g of sodium taurodeoxycholate (Merck)
dissolved in 0.25 mL of 0.5 M sodium bicarbonate in 25 mL ultrapure water.

3.9. Statistical Analysis

All the measurements were done in three replications; the results were mean values
of multiple repetitions and standard deviations (SD). Statistical analysis with ANOVA
(Statistica 13.0, StatSoft Inc., Tulsa, OK, USA) was used to determine the significance of
differences at α = 0.05, with Duncan’s test applied to evaluate the homogenous groups.
Pearson’s correlation coefficients and their significance were evaluated at 0.05 and 0.01 for
the tested characteristics.

4. Conclusions

Interest in a healthy lifestyle and the prevention of lifestyle diseases have contributed
to the advancement of new nutritional trends. This paper describes studies of newly
developed innovative snacks enriched with Allium ursinum L. leaves. The influence of wild
garlic addition and screw rotational speed on the content of polyphenols and biological
properties was examined. The highest content of polyphenols and free phenolic acids and
the highest radical scavenging activity was found in the fried snacks enriched with 4% of
leaves. Polyphenols content and antiradical properties of the snacks exhibited a positive
correlation with the addition of wild garlic leaves to the product.

Optimized extrusion-cooking process conditions may release phenolic acids from the
chemical bonds that they create with other compounds without deactivating aglycones.
The obtained findings demonstrated that for all snacks enriched with the wild garlic, a
screw speed of 120 rpm resulted in the highest content of polyphenols and free phenolic
acids, as well as a higher ability to scavenge DPPH.

Plant foods have diverse compositions and are often eaten in conjunction with other
foods. Therefore, the food bolus ingredients can modulate the bioaccessibility and stability
of phytochemicals. Hence, in bioavailability studies, biochemical and chemical reactions
and physical barriers occurring within food must be considered. In this study, authors
used a two-stage in vitro digestion model, including gastric and duodenal phases. For
all the investigated snacks, the concentration of polyphenols after in vitro digestion was
significantly reduced, after gastric and duodenal digestion, as compared with the samples
before digestion. The content of free phenolic acids also decreased drastically after the
first stage of in vitro digestion (gastric), which was deepened during the second stage
(duodenal). In addition, the authors found that the in vitro digestion procedure reduced
the snack’s antioxidant activity.

This work is the first to comprehensively investigate the in vitro digestion of snacks
incorporating polyphenol-rich plant material.
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2 Department of Biochemistry and Microbiology, University of Chemistry and Technology Prague, Technická 5,

166 28 Prague, Czech Republic
3 Institute of Organic Chemistry and Biochemistry of the Czech Academy of Sciences, Flemingovo nám. 542,

160 00 Prague, Czech Republic
* Correspondence: kata.valentova@email.cz

Abstract: A library of previously unknown halogenated derivatives of flavonolignans (silybins
A and B, 2,3-dehydrosilybin, silychristin A, and 2,3-dehydrosilychristin A) was prepared. The
effect of halogenation on the biological activity of flavonolignans was investigated. Halogenated
derivatives had a significant effect on bacteria. All prepared derivatives inhibited the AI-2 type of
bacterial communication (quorum sensing) at concentrations below 10 μM. All prepared compounds
also inhibited the adhesion of bacteria (Staphyloccocus aureus and Pseudomonas aeruginosa) to the
surface, preventing biofilm formation. These two effects indicate that the halogenated derivatives are
promising antibacterial agents. Moreover, these derivatives acted synergistically with antibiotics and
reduced the viability of antibiotic-resistant S. aureus. Some flavonolignans were able to reverse the
resistant phenotype to a sensitive one, implying that they modulate antibiotic resistance.

Keywords: flavonoids; flavonolignans; halogenation; biological activity; multidrug resistance; bacteria

1. Introduction

Halogen-containing compounds have an outstanding position in medicinal chemistry.
Natural products containing halogens are widely distributed in marine organisms and
possess numerous interesting biological activities. For example, briarane diterpenoids con-
taining chlorine have been shown to have antibacterial activity [1], hemigerans containing
bromine exhibited antifungal activity against Saccharomyces cerevisiae [2], and prulonide A
(containing both chlorine and bromine) isolated from Synoicum showed cytotoxicity against
breast cancer cell lines at a concentration of 1 μM [3]. Synthetic halides are commonly used
as drugs; e.g., the antimetabolite 5-fluorouracil is used in cancer treatment [4]. Natural
products are often altered by synthetic modifications to improve their biological activity.
Flavopiridol, a semisynthetic chlorinated flavonoid, is currently undergoing clinical trials
as a potent cyclin-dependent kinase 2 inhibitor [5,6].

Flavonoids (e.g., taxifolin (1) and quercetin (2)) are phenolic secondary metabolites
found in plants and fungi. They usually have beneficial biological effects, such as antiox-
idant, antimutagenic, and anti-inflammatory activities [7]. Flavonolignans form a small
subclass of flavonoids, which are mainly isolated from silymarin (extract from the fruits
of milk thistle Silybum marianum). Silymarin contains mainly silybin AB (3), silychristin
A (5), silydianin, isosilybin AB, and, as minor components, 2,3-dehydrosilybin AB (4),
2,3-dehydrosilychristin A (6), (Figure 1), taxifolin (1), some minor flavonoids, and ca. 30%
of a polymeric phenolic fraction [8,9]. These compounds and their derivatives generally
have low toxicity and interesting biological activity, such as hepatoprotective activity,
anti-inflammatory activity, antioxidant activity, and the ability to modulate the pumps
associated with multidrug resistance [8,10–12].
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Figure 1. Structure of selected flavonols and flavonolignans.

The halogenation of flavonoids has been described only for taxifolin and quercetin.
Brominated derivatives of quercetin can generally be prepared by the reaction with elemen-
tal bromine or with N-bromosuccinimide (NBS) [13]. The reaction with elemental bromine
leads to a complex mixture of brominated compounds. High regioselectivity of bromi-
nation with NBS was achieved only when quercetin was protected at groups 5-OH and
7-OH (methyl, ethyl, isopropyl) [14]. Dibromination of taxifolin was carried out with two
equivalents of NBS. Monobrominated taxifolin was prepared by selective debromination of
6,8-dibromotaxifolin with Na2SO3 and NaHCO3 [15].

We have recently developed a new method using α,β-dibromohydrocinnamic acid
(DBHCA) for the selective monobromination and dibromination of flavonoids [16]. This
method allows substitution exclusively at C-6 in flavonoids saturated at C-2, C-3 (taxifolin
(1), silybin AB (3), silychristin A (5)), and C-8 in 2,3-unsaturated flavonoids (quercetin (2),
2,3-dehydrosilybin AB (4), 2,3-dehydrosilychristin A (6)). Here, the bromine is eliminated
in situ from DBHCA to form cinnamic acid. Dibromination of flavonolignans at C-6 and
C-8 can be achieved at higher temperatures [16].

The chlorination of quercetin at C-6, C-8, and C-3 was previously performed with
hypochlorous acid (HOCl) [17]. Freitas et al. described the mono- and dichlorination of
quercetin at C-6, C-8, or C-3 with N-chlorosuccinimide (NCS) [18]. Iodinated derivatives
were prepared with N-iodosuccinimide (NIS) on selectively protected quercetin (methyl,
ethyl, isopropyl, and benzyl). This method yields an iodinated product at C-6 in the
case of protection at group 7-OH. When both the 5-OH and 7-OH groups were protected,
iodination occurred at C-8 [19].

Electrophilic fluorination of the A-ring of flavonoids has not yet been described. Flu-
orinated derivatives of flavones were prepared from fluorinated synthones by various
semisynthetic methods, e.g., cyclodehydration of 1-(2-hydroxyphenyl-5-fluoro)-3-aryl-1,3-
propanodiones [20] or a reaction of 1-(2-bromo-4-fluorophenyl)-3-phenylprop-2-yn-1-one
with benzaldehyde oxime in the presence of a base [21]. In addition, 8-trifluoromethyl-
3,5,7,3′,4′-O-pentamethyl-quercetin was prepared using Chen’s reagent (methyl fluorosul-
fonyldifluoroacetate) [22].

Chlorination of quercetin substantially improved anti-inflammatory activity [23] and
antioxidant activity [17], compared with that of the parent molecule. Mono- and dibromi-
nation of quercetin increased antiviral activity [13] and lipophilicity, which facilitated the
transport across the cell membrane [24], while 8-trifluoromethyl-3,5,7,3′,4′-O-pentamethyl-
quercetin blocked bladder cancer cell growth and promoted apoptotic progression more
effectively than quercetin [22]. Unfortunately, some of the reported in vitro studies were
performed using mixtures of products, not pure halogenated compounds.
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Based on previously published work on the enhancement of biological activity by halo-
genation, our goal was to prepare a library of novel selectively halogenated derivatives of
silymarin flavonolignans that would serve as a platform for further synthetic modifications
and basic physicochemical and biological evaluations to identify new lead structures. Since
the biological activity of halogenated derivatives of taxifolin (1) and quercetin (2) has been
studied only in mixtures, we prepared their pure brominated derivatives to determine their
biological activity. Specifically, the abilities of the halogenated derivatives to inhibit bacte-
rial communication and biofilm formation and to modulate antibiotic resistance in bacteria,
as well as their antiradical, reducing, anti-lipoperoxidant, cytotoxic, and anti-inflammatory
activities and their ability to modulate doxorubicin-resistant phenotypes in human ovarian
carcinoma cells, were evaluated and compared to their parent compounds.

2. Results and Discussion

2.1. Chemistry

Monobrominated derivatives were prepared from the respective flavonoid, employing
our original method for selective monobromination using DBHCA in the presence of
Cs2CO3. The selectivity of this reaction was controlled by using different bases, e.g., K2CO3,
and higher temperatures to prepare dibrominated derivatives (Scheme 1) [16].

Scheme 1. Use of α,β-dibromohydrocinnamic acid (DBHCA) for bromination of silybin A [16].
Bromines are highlighted in red.

The bromination of silybin with one equivalent of NBS afforded the mixture of mono-
and dibrominated product and unreacted starting material (ratio 1:1:1, determined by
HPLC). The low yield and complicated separation made this reaction impractical. Di-
and tribrominated derivatives were prepared by electrophilic substitution with different
concentrations of NBS (Scheme 2).

The use of different concentrations of NBS revealed that the most reactive positions
for an electrophilic attack in the flavonolignan structure are C-6 and C-8. The use of four
equivalents of NBS with silychristin A (5) yielded a mixture of 6,8,19-tribromosilychristin
A (23) and 6,8,12,19-tetrabromosilychristin A (29). The use of four equivalents of NBS
with silybin A (3a) afforded a complex mixture of inseparable polybrominated products.
Monobrominated derivatives at C-8 (8-bromosilybin A (19) and 8-bromosilybin B (20))
were prepared in good yields by selective dehalogenation reaction of 6,8-dibromosilybin A
(12) and 6,8-dibromosilybin B (14) in the presence of Na2SO3 and NaHCO3.
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Scheme 2. Bromination of silybin A (3a) and silychristin A (5) using different concentrations of NBS.
Bromines are highlighted in red.

Iodinated derivatives of 2,3-saturated flavonoids (taxifolin (1), silybin AB (3), sily-
christin A (5)) were prepared in good yields using NIS. Diiodinated derivatives were
prepared using two equivalents of NIS and 8-iodosilybin B (24) was prepared by selective
dehalogenation of 6,8-diiodosilybin B (26) with Na2SO3 and NaHCO3 in excellent yields
(97%) (Scheme 3).

Scheme 3. The preparation of iodinated derivatives of silybin B (24, 26). Iodines are highlighted in
blue.

Iodinated 2,3-unsaturated derivatives (quercetin (2), 2,3-dehydrosilybin AB (4),
2,3-dehydrosilychristin A (6)) were highly unstable and their decomposition was ob-
served by NMR analysis, yielding a complex mixture of uncharacterized products. All
iodinated derivatives of 2,3-saturated flavonoids exhibited low stability during stor-
age and were decomposed to a mixture of the respective 8-iodo derivative and/or the
deiodinated compound.

A mixture of monochlorinated derivatives at C-6 and C-8 of silybin was prepared
using one equivalent of NCS. The use of more equivalents of NCS resulted in a mixture of
inseparable (poly)chlorinated compounds.

All derivatives prepared for the biological tests are summarized in Figures 2 and 3.
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Figure 2. Prepared brominated derivatives of flavonoids. Bromines are highlighted in red.

 

Figure 3. Prepared iodinated and chlorinated derivatives of flavonolignans. Iodinies are highlighted
in blue.

Fluorination of silybin AB (3) with diethylaminosulfur trifluoride (DAST) yielded
a mixture of products containing, mainly, the product of oxidation (dehydrogenation)
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at C-2. The reaction of quercetin with Selectfluor (1-fluoro-4-methyl-1,4-diazoniabicyclo
[2.2.2]octane-bis-(tetrafluoroborate)) led to the oxidation of the C-ring, forming a five-
membered benzofuranone ring (Scheme 4).

Scheme 4. The reaction of quercetin (2) with Selectfluor led to the contraction of the C-ring, affording
compound 29.

All of the above fluorinating agents are very strong oxidative reagents that are not
suitable for use with oxidation-prone compounds such as flavonoids. The formation of the
Grignard reagent using Mg with 8-iodo-3,3′,4′,5,7-penta-O-isopropylquercetin or 8-bromo-
3,3′,4′,5,7-penta-O-isopropylquercetin and the reaction with Xtalfluor were not successful.
Therefore, the electrophilic fluorination of flavonoids remains a major challenge.

2.2. Biological Activity

Recently, we discovered that flavonolignans modulate antibiotic resistance and viru-
lence of Staphylococcus aureus by affecting the corresponding efflux pumps [12]. Moderately
lipophilic structures are required for this type of biological activity, which involves the
interaction with cell membranes and transmembrane proteins [25]. Because bromination
increases lipophilicity [24], all prepared compounds were tested for their potential to inhibit
bacterial communication (quorum sensing), surface colonization (biofilm formation), and
the modulation of antibiotic resistance in both Gram-positive and Gram-negative bacteria.

2.2.1. Inhibition of Bacterial Communication

Bacterial intercellular communication (quorum sensing) is the process by which bac-
teria determine (sense) the number (quorum) of bacterial cells in their environment. In
this cell-to-cell chemical communication, bacteria produce small molecules—autoinducers
(AI)—that are secreted into the extracellular environment and, at the same time, determine
their quantity in their environment via transmembrane receptors. When autoinducers
are present in sufficient concentrations, the signaling pathway is activated, significantly
altering the expression profile of bacteria. As a result, bacterial toxins and virulence factors
can be produced, or biofilm formation and sporulation may occur [26].

Commercially available strains of Vibrio campbellii were used to evaluate the ability
of flavonoids and their derivatives to inhibit bacterial quorum sensing. V. campbellii uses
two types of autoinducing molecules for its communication—N-acyl-homoserine lactones
(Autoinducer I, AI-1, strain BAA 1118) and furanosyl borate diester (Autoinducer II, AI-
2, strain BAA 1119) [27]. AI-1-based communication is mainly used by Gram-negative
bacteria, while AI-2-based communication is found in both Gram-negative and Gram-
positive bacteria. The mutant strains of V. campbellii BA1118 and BA1119 respond only to
AI-1 or AI-2, respectively, and the response to the respective AI concentration is measured
as luminescence. The higher the AI concentration, the higher the luminescence signal. The
ability to inhibit the communication was expressed as the selectivity index (SI), calculated
as the ratio between the concentration that halved the viability (IC50) and the concentration
that halved the communication (EC50) of the respective V. campbellii strains. The higher
the SI, the better the inhibitor, and this allows for better dosing at concentrations that are
not themselves antimicrobial. The antimicrobial activity of quorum-sensing inhibitors is
undesirable because it creates a selection pressure and can lead to the development of
resistance. The measured data of the parent flavonoids and their halogenated derivatives
are summarized in Table 1.
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AI-1-type communication was inhibited by 2,3-dehydrosilybin AB (4) (SI 2.7, EC50
= 59.9 μM) and 2,3-dehydrosilychristin A (6) (SI 1.9, EC50 = 22.3 μM) (Table 1), while
8-bromination significantly improved the activity, especially in the case of silybin A (19, SI
3.4), silybin B (20, SI 2.9), and 2,3-dehydrosilychristin A (18, SI 2.7). Of all the compounds,
6,8-dibromodehydrosilybin AB (17, SI > 3.6) was the most promising for inhibiting AI-1,
which is consistent with the previously reported inhibition of AI-1-type quorum sensing
by several flavonoids [28], along with the hypothesis that halogenation may enhance this
ability [29].

AI-2-type communication was significantly inhibited by the parent compounds taxi-
folin (1) (SI 11.0, EC50 = 7.3 μM), silybin A (3a) (SI 7.0, EC50 = 17.1 μM), and silybin B (3b)
(SI 6.8, EC50 = 22.3 μM). The ability of flavonolignans to inhibit AI-2-type communication
was significantly increased for all 8-bromo derivatives, namely quercetin (9), silybin A (19),
silybin B (20), 2,3-dehydrosilybin AB (16), and 2,3-dehydrosilychristin A (18), as well as in
the cases of 6-chlorosilybin B (28), 6,8-dibromoquercetin (10), and 6,8,21-tribromosilybin A
(21). In such cases, halogenation significantly improved the selectivity index.

This work contains the first study of the effects of halogenation on the ability of
flavonoids to inhibit bacterial communication. In the case of AI-2-based communication,
brominated derivatives inhibited activity with an EC50 value below 10 μM, and toxicity
against bacteria was very low. Compounds capable of affecting bacterial communication
have promising therapeutic potential in the field of regulating bacterial virulence [30].
We also suggest that chlorinated derivatives of flavonoids may be the most promising
inhibitors of bacterial communication. Unfortunately, their preparation was not successfully
optimized in this work, due to the high reactivity of chlorine in electrophilic substitutions.

2.2.2. Effect on Biofilm Formation

Biofilm formation is a fully organized, multistep process in which bacteria are con-
stantly communicating with each other. We found that most tested flavonoids and their
derivatives inhibited bacterial cell-to-cell communication; accordingly, their ability to af-
fect the surface adhesion of Gram-positive (S. aureus) and Gram-negative (Pseudomonas
aeruginosa) bacteria was also investigated.

The inhibition of P. aeruginosa biofilm formation was only observed for silybin A (3a,
IC50 = 77 μM), silybin B (3b, IC50 = 105 μM), and silychristin A (5, IC50 = 73 μM). Except
for quercetin (2), all compounds inhibited S. aureus biofilm formation, with an IC50 value of
less than 100 μM. In all cases, halogenation resulted in a significant increase in inhibitory
activity, compared with that of the parent compounds with an IC50 value mostly below
10 μM (Figure 4).

Disruption of the matured biofilm was not detected by any of the tested flavonoids or
their derivatives, up to a concentration of 100 μM.

Flavonoids (myricetin, hesperetin, and phloretin) have previously been reported to in-
hibit S. aureus biofilm formation at concentrations of 4 μM and less [31]. Our work is the first
to report the effect of halogenation on the ability of flavonoids to inhibit biofilm formation.

2.2.3. Modulation of Antibiotic-Resistant Phenotype in Resistant Bacteria

The ability of the compounds to modulate the antibiotic-resistant phenotype in resis-
tant bacteria was also investigated. To use flavonoids as modulators of antibiotic resistance,
they should not, themselves, possess antimicrobial activity. Multidrug-resistant clini-
cal strains of P. aeruginosa and S. aureus were incubated with the concentration range of
flavonoids and their halogenated derivatives to determine antimicrobial activity. Neither
of the tested derivatives exhibited antimicrobial activity. None of the compounds tested
were able to halve bacterial growth below a concentration of 100 μM.
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(a) (b) 

Figure 4. Inhibition of S. aureus (ATCC, 25923) (a) and P. aeruginosa (CCM, 3955) (b) surface coloniza-
tion by flavonoids and their halogenated derivatives. The data are presented as the average of three
repetitions with the standard error. A t-test was used for the comparison of the halogenated deriva-
tive and its parent compound (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.005, **** p ≤ 0.001, ***** p ≤ 0.0005).
ANOVA with Duncan´s post hoc test was used for the comparison of the parent compounds (different
capital letters to the right of the respective bars indicate significant differences).

Clinically relevant antibiotics were selected for sensitization testing according to the
European Committee on Antimicrobial Susceptibility Testing (EUCAST). Neither colistin
and imipenem at breakpoint concentrations (according to EUCAST, 4 mg/mL imipenem
and 2 mg/mL colistin) affected the growth of the multidrug-resistant clinical strain of
P. aeruginosa. Similarly, neither chloramphenicol and gentamicin at breakpoint concen-
trations (8 mg/mL and 1 mg/mL, respectively) affected the multidrug-resistant clinical
strain of S. aureus. Flavonoids and their derivatives (1–40 μM) were used in combination
therapy, along with the breakpoint concentration of antibiotics. After co-incubation, the
minimum inhibitory concentration of flavonoids inhibiting the visible growth of bacteria
was determined (Table 2).

None of the compounds tested affected the sensitivity of P. aeruginosa to imipenem:
8-bromo-2,3-dehydrosilybin AB (16) reversed the colistin-resistant phenotype in P. aerug-
inosa to a sensitive one, while 6,8-dibromo-2,3-dehydrosilybin AB (17) reduced growth
to 47%. The chloramphenicol-resistant phenotype of S. aureus was not affected by the
flavonoids or halogenated derivatives. Only 2,3-dehydrosilychristin A (6, 40 μM) reduced
its growth, to 69%. The gentamicin-resistant phenotype of S. aureus was reversed by 5 μM
2,3-dehydrosilybin AB (4) and the growth of this multidrug-resistant strain was reduced to
37% by the addition of 40 μM taxifolin (1).

The 2,3-saturated parent flavonolignans (silybins and silychristin) had no sensitizing
potential, but their bromination significantly enhanced this activity in gentamicin-resistant
S. aureus. Moreover, the presence of an additional bromine atom on the E ring in 6,8,21-
tribromosilybin A (21) and 6,8,21-tribromosilybin B (22) further enhanced this activity and
reversed the resistant phenotype to a sensitive one, at 40 μM.
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Table 2. Viability of multidrug-resistant P. aeruginosa and S. aureus cultivated in the combination of
breakpoint antibiotic concentration (according to EUCAST) and flavonoid (40 μM, unless otherwise
stated).

Pseudomonas aeruginosa Staphylococcus aureus

Imipenem Colistin Chloramphenicol Gentamicin

4 mg/L 2 mg/L 8 mg/L 1 mg/L

Taxifolin (1) - - - 37 ± 1%
6-Bromotaxifolin (7) - - - 46 ± 4%

6,8-Dibromotaxifolin (8) - - - 54 ± 5%

Quercetin (2) - - - -
8-Bromoquercetin (9) - - - -

6,8-Dibromoquercetin (10) - - - -

Silybin A (3a) - - - -
6-Bromosilybin A (11) - - - 37 ± 1%
8-Bromosilybin A (19) - - - 41 ± 3%

6,8-Dibromosilybin A (12) - - - 40 ± 1%
6,8,21-Tribromosilybin A (21) - - - reversion of resistance

Silybin B (3b) - - - -
6-Bromosilybin B (13) - - - 67 ± 4%
6-Chlorosilybin B (28) - - - 34 ± 2%
8-Bromosilybin B (20) - - - 48 ± 9%

6,8-Dibromosilybin B (14) - - - 41 ± 1%
6,8,21-Tribromosilybin B (22) - - - reversion of resistance

2,3-Dehydrosilybin AB (4) - - - reversion of resistance
[5 μM]

8-Bromo-2,3-dehydrosilybin AB (16) - reversion of
resistance - -

6,8-Dibromo-2,3-dehydrosilybin AB (17) - 47 ± 3% - -

Silychristin A (5) - - - -
6,8-Dibromosilychristin A (15) - - - viability 63 ± 3%

2,3-Dehydrosilychristin A (6) - - 69 ± 4%
[10 μM] -

8-Bromo-2,3-dehydrosilychristin A (18) - - - -

Sulbactam (PC) - - reversion of
resistance -

The data are presented as the average of three repetitions with the standard error. Neither antibiotic nor flavonoid
affects the cell viability if applied separately. “-“ indicates that no effect (100% viability) was observed up to
the highest flavonolignan concentration tested (>40 μM); “reversion of resistance“ indicates that the compound
reversed the resistant phenotype to a sensitive one; “PC“ positive control.

2.2.4. Antioxidant Capacity, Reducing Potential and Lipoperoxidation Inhibition

To further elucidate how halogenation affects other properties of the flavonoids stud-
ied, their 2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) cation (ABTS) and 1,1-
diphenyl-2-picrylhydrazyl (DPPH) radical scavenging, the Folin–Ciocalteu reagent (FCR)
reducing, the ferric-reducing antioxidant power (FRAP), and the anti-lipoperoxidation ac-
tivities were evaluated by in vitro methods (Supplementary Information Tables S1 and S2).
The activity of the parent flavonoids was consistent with previously published data [32–38],
with the 2,3-unsaturated compounds being more active. Halogenation did not affect these
activities, with a few exceptions: 6,8-dibromotaxifolin (8) showed increased activity in FRAP
and FCR assays, compared with taxifolin (1); 6,8-dibromoquercetin (10) showed much
higher activity than both 8-bromoquercetin (9) and quercetin (2) in the FRAP test; and 8-
iodosilybin B (24) showed 2.5-fold higher anti-lipoperoxidant activity than silybin B (3b). In
the case of anti-lipoperoxidation activity, taxifolin (1) and 6,8-dibromotaxifolin (8) showed
the highest inhibitory potential, with higher activity than that of quercetin and Trolox
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(positive control) (Table S2). Quercetin (2), 8-bromoquercetin (9), and 6,8-dibromoquercetin
(10) also showed high potential to inhibit lipid peroxidation, with activity increasing with
an increasing number of bromines. The values for the parent compounds can be found in
the literature, but the data presented here are new for halogenated flavonolignans. To date,
only the DPPH scavenging activity of brominated flavonols has been studied [24]; however,
because the authors used crude reaction mixtures and not pure brominated derivatives,
their results are not comparable to ours.

2.2.5. Cytotoxicity and Anti-Inflammatory Activity

In addition, the cytotoxicity of these compounds was evaluated as the ability to de-
crease the viability of human dermal fibroblasts (HDF) and human ovarian carcinoma cells
that are resistant to doxorubicin (HOC/DOX) (Table S3). Neither of the tested derivatives
exhibited cytotoxicity against healthy or cancer cells. These results are consistent with
our previous findings [34,38] that silybin and silychristin had no direct anticancer effect
but showed the potential to act as adjuvant therapy to conventional chemotherapeutic
agents and to modulate tumor resistance. Moreover, flavonoids and flavonolignans have
been a common component of the human diet for centuries and have never shown ad-
verse effects [39]. Halogenation did not improve the ability of flavonoids to modulate the
drug-resistant phenotype in doxorubicin-resistant human ovarian carcinomas (Figure S2).

To our knowledge, this is the first report of the effects of bromination on the anti-
inflammatory activity of flavonoids, which was evaluated as the ability of flavonoids to
decrease nitric oxide production (Tables S4 and S5). The results indicate that nine of the 16
compounds tested were more active than the positive control, indomethacin.

3. Materials and Methods

3.1. General Experimental Procedures

Procedures using oxygen or moisture-sensitive materials were performed with an-
hydrous solvents (vide infra) under an atmosphere of argon in flame-dried flasks, using
standard Schlenk techniques. Analytical TLC was performed on Al plates (Silica Gel 60
F254; Merck, Darmstadt, Germany). Purification was performed in a preparative HPLC
system using an ASAHIPAK GS-310 20F column (Shodex, Munich, Germany), with MeOH
as the mobile phase, a flow rate of 5 mL/min, and detection at 254 nm and 369 nm. The
preparative HPLC system (Shimadzu, Kyoto, Japan) consisted of an LC-8A high-pressure
pump with an SPD-20A dual wavelength detector (with a preparative cell), FRC-10A, and
a fraction collector. The system was connected to a PC via a CBM-20A command module
and controlled via the LabSolution 1.24 SPI software suite supplied with the instrument.
All analytical HPLC separations were performed using a Shimadzu Prominence System
(Shimadzu, Kyoto, Japan) consisting of a DGU-20A mobile phase degasser, two LC-20AD
high-pressure pumps, a SIL-20AC refrigerated autosampler, a CTO-10AS column oven,
and an SPDM20 A diode array detector. Shimadzu Solution software was used to acquire
chromatographic data at a rate of 40 Hz. A monolithic Chromolith Performance RP-18e
column (100 × 3 mm i.d., Merck, Darmstadt, Germany) was coupled with a guard column
(5 × 4.6 mm, Merck, Darmstadt, Germany). Mobile phase A, CH3CN/H2O/HCOOH
(5:95:0.1), and phase B, CH3CN/H2O/HCOOH (80:20:0.1), were used for the analyses with
the following gradient: 0–6 min 10–80% B; 6–8 min 80% B; 10–12 min 80–10% A. The flow
rate was 0.4 mL/min at 25 ◦C. MS parameters were as follows: negative mode; ESI interface
voltage, 4.5 kV; detector voltage, 1.15 kV; nebulization gas flow, 1.5 mL/min; drying gas
flow, 15 mL/min; heater block temperature, 200 ◦C; DL temperature, 250 ◦C; scan mode
300–800 m/z. PDA data were acquired in the 200 nm to 450 nm range, and the signal at
285 nm was used to monitor separation. Flash column chromatography was performed
on Kieselgel 60 (60–200 mesh). NMR analyses were performed using Bruker Avance III
700 MHz (700.13 MHz for 1H, 176.05 MHz for 13C), Bruker Avance III 600 MHz (600.23
MHz for 1H, 150.93 MHz for 13C), and Bruker Avance III 400 MHz (399.87 MHz for 1H,
100.55 MHz for 13C) spectrometers in DMSO-d6 at 30 ◦C and in CDCl3 at 20 ◦C. The signals
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in DMSO-d6 and CDCl3 were used as reference (δH 2.499, δC 39.46 for DMSO-d6 and δH
7.263, δC 77.01 for CDCl3). Spectra were recorded using the manufacturer’s software. The
1H and 13C NMR spectra were zero filled to 4-fold data points and multiplied by a win-
dow function before Fourier transformation. To improve resolution, a double-exponential
Lorentz–Gauss function with two parameters was applied for 1H, and line broadening
(1 Hz) was applied for 13C to obtain a better signal-to-noise ratio. Chemical shifts were
reported on the δ-scale, and the digital resolution justified the reported values to three (δH)
or two (δC) decimal places.

High-resolution mass spectra (HRMS) were measured using a LTQ Orbitrap XL hybrid
mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with an
electrospray ion source and operated at the resolution of 100,000. The samples were loop
injected into methanol/water (4:1), with a flow rate of 100 μL/min.

Mono- and dibrominated compounds (compounds 7–17) were prepared according
to a previously published method for selective bromination [16]. Commercially available
reagents, ligands, and pooled microsomes from male rat liver (M9066), 1,1-diphenyl-
2-picrylhydrazyl (DPPH) radical, and tert-butyl hydroperoxide (tBH) were purchased
from Sigma Aldrich (Darmstadt, Germany), Alfa Aesar (Ward Hill, MA, USA), Acros
Organics (Morris Plains, NJ, USA), and TCI chemicals (Gurugram, India) and, unless
stated otherwise, were used without further purification. Pure diastereomers of silybin
were prepared using diastereomeric enzymatic resolution [40]. The 2,3-dehydrosilybin
AB and 2,3-dehydrosilychristin A were prepared as described previously [36,41]. The
FRAP (ferric reducing antioxidant power, KF-01-003) and the ABTS (2,2’-azino-bis-(3-
ethylbenzothiazoline-6-sulphonic acid, KF-01-002) radical scavenging kits were acquired
from Bioquochem (Llanera, Spain). The Folin–Ciocalteu reagent, human dermal fibroblasts
(HDF), doxorubicin-resistant human ovarian carcinoma (HOC/DOX), Dulbecco’s Modified
Eagle’s Medium, antibiotic antimycotic solution, murine macrophages (RAW 264.7), and
Griess reagent were purchased from Merck (Darmstadt, Germany). Fetal bovine serum
and MEM medium were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Vibrio campbellii BAA-1118 and BAA-1119 strains (American Type Culture Collection, ATCC,
Manassas, VA, USA) were used for the detection of bacterial communication inhibition. A
SpectraMax i3x microplate reader (Molecular Devices, San Jose, CA, USA) was used for
the biological activity measurements. GraphPad Prism software version 5.00 for Windows
(GraphPad Software, San Diego, CA, USA) and Statext software ver. 2.1 (STATEXT LLC,
Wayne, NJ, USA) were used for the evaluation of the results.

3.2. General Procedure A for Tribromination

NBS (3.0 eq) was added to a solution of starting material (1.0 eq) in DMF (2 mL) at
room temperature and the mixture was stirred for 30 min. The reaction mixture was poured
into water and extracted with ethyl acetate (3 × 10 mL). The combined organic fractions
were washed with brine, dried over Na2SO4, and evaporated in vacuo. The residue was
purified by preparative HPLC chromatography (ASAHIPACK, 5 mL/min MeOH isocratic)
to afford the corresponding product.

For 6,8,21-tribromosilybin A (21), general procedure A was followed and yielded 21

as brown petals (110 mg, yield 37%, HPLC purity 96%—Figure S25); 1H and 13C NMR data
(DMSO-d6, 30 ◦C, 700.13 and 176.05 MHz, respectively), Table S7, Figures S7 and S8; HRMS
(ESI, m/z) calcd for C25H18O10Br3 [M − H]− 714.84556, found 714.84382, Figure S35.

For 6,8,21-tribromosilybin B (22), general procedure A was followed and afforded 22 as
a white solid (160 mg, yield 54%, HPLC purity 100%—Figure S26); 1H and 13C NMR data
(DMSO-d6, 30 ◦C, 399.87 and 100.55 MHz, respectively), Table S8, Figures S9 and S10; HRMS
(ESI, m/z) calcd for C25H18O10Br3 [M −H]− 714.84556, found 714.84485, Figure S36.

For 6,8,20-tribromosilychristin A (23), general procedure A was followed and afforded
23 as a white solid (20 mg, yield 13%, HPLC purity 94%—Figure S27); 1H and 13C NMR data
(DMSO-d6, 30 ◦C, 600.23 and 150.93 MHz, respectively), Table S9, Figures S11 and S12; HRMS
(ESI, m/z) calcd for C25H18O10Br3 [M −H]− 714.84556, found 714.84418, Figure S37.
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3.3. General Procedure B for Diiodination

NIS (2.0 eq) was added to a solution of the starting material (1.0 eq) in DMF (2 mL)
at room temperature and the mixture was stirred for 30 min. The reaction mixture was
poured into water and extracted with ethyl acetate (3 × 10 mL). The combined organic
fractions were washed with brine, dried over sodium sulfate, and evaporated in vacuo.
The residue was purified by preparative HPLC chromatography (ASAHIPACK, 5 mL/min
isocratic) to afford the corresponding product.

For 6,8-diiodosilybin A (25), general procedure B was followed and yielded 25 as a
white solid (30 mg, yield 50%, HPLC purity 96%—Figure S29); 1H and 13C NMR data
(DMSO-d6, 30 ◦C, 600.23 and 150.93 MHz, respectively), Table S11, Figures S15 and S16;
HRMS (ESI, m/z) calcd for C25H19O10I2 [M − H]− 732.90731, found 732.90678, Figure S39.

For 6,8-diiodosilybin B (26), general procedure B was followed and afforded 26 as a
white solid (153 mg, yield 64%, HPLC purity 97%—Figure S30); 1H and 13C NMR data
(DMSO-d6, 30 ◦C, 600.23 and 150.93 MHz, respectively), Table S12, Figures S17 and S18;
HRMS (ESI, m/z) calcd for C25H19O10I2 [M − H]− 732.90731, found 732.90619, Figure S40.

For 6,8-diiodosilychristin A (27), Ggeneral procedure B was followed and yielded 27

as a white solid (65 mg, yield 43%, HPLC purity 96%—Figure S31); 1H and 13C NMR data
(DMSO-d6, 30 ◦C, 600.23 and 150.93 MHz, respectively), Table S13, Figures S19 and S20;
HRMS (ESI, m/z) calcd for C25H19O10I2 [M − H]− 732.90731, found 732.90620, Figure S41.

3.4. General Procedure C for Chlorination

NCS (1.0 eq) was added to a solution of starting material (1.0 eq) in DMF (2 mL) at
room temperature and the mixture was stirred for 30 min. The reaction mixture was poured
into water and extracted with EtOAc (3 × 10 mL). The combined organic fractions were
washed with brine, dried over Na2SO4, and evaporated in vacuo. The residue was purified
by preparative HPLC chromatography (ASAHIPACK, 5 mL/min isocratic) to afford the
corresponding product.

For 6-chlorosilybin B (28a) and 8-chlorosilybin B (28b), general procedure C was
followed and afforded an inseparable mixture containing 6-chlorosilybin B (66%, 28a) and 8-
chlorosilybin B (25%, 28b) as a white solid (70 mg, 45%, HPLC chromatogram—Figure S32);
1H and 13C NMR data (DMSO-d6, 30 ◦C, 600.23 and 150.93 MHz, respectively), Table S14,
Figures S21 and S22; HRMS (ESI, m/z) calcd for C25H20O10Cl [M − H]− 515.07505, found
515.07385, Figure S42.

3.5. General Procedure D for Selective Dehalogenation

To a solution of dihalogenated compound (1.0 eq) in MeOH (1 mL) was added a
solution of NaHCO3 (1.0 eq) in water (0.5 mL), followed by dropwise addition of Na2SO3
(1 eq) in water (0.5 mL). The reaction mixture was stirred at room temperature for 4 h. The
reaction mixture was evaporated and the residue was dissolved in EtOAc and extracted
with water (3 × 10 mL). The combined organic fractions were washed with brine, dried
over Na2SO4, and evaporated in vacuo. The residue was purified by preparative HPLC
chromatography (ASAHIPACK, 5 mL/min isocratic) to give the corresponding product.

For 8-bromosilybin A (19), general procedure D was followed and afforded 19 as a
white solid (50 mg, yield 30%, HPLC purity 96%—Figure S23); 1H and 13C NMR data
(DMSO-d6, 30 ◦C, 600.23 and 150.93 MHz, respectively), Table S5, Figures S3 and S4; HRMS
(ESI, m/z) calcd for C25H20O10Br [M − H]− 559.02453, found 559.02344, Figure S33.

For 8-bromosilybin B (20) general procedure D was followed and yielded 20 as a white
solid (20 mg, yield 20%, HPLC purity 97%—Figure S24); 1H and 13C NMR data (DMSO-d6,
30 ◦C, 600.23 and 150.93 MHz, respectively), Table S6, Figures S5 and S6; HRMS (ESI, m/z)
calcd for C25H20O10Br [M − H]− 559.02453, found 559.02355, Figure S34.

For 8-iodosilybin A (24), general procedure D was followed and yielded 24 as a white
solid (112 mg, yield 97%, HPLC purity 92%—Figure S28); 1H and 13C NMR data (DMSO-d6,
30 ◦C, 700.13 and 176.05 MHz, respectively), Table S10, Figures S13 and S14; HRMS (ESI,
m/z) calcd for C25H20O10I [M − H]− 607.01066, found 607.00892, Figure S38.
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3.6. Inhibition of Quorum Sensing

The inhibition of bacterial extracellular communication was measured using Vibrio
campbellii strains BAA-1118 and BAA-1119. The experiment was performed according
to the methods of Szemerédi et al. [42]. Briefly, 5 × 105 CFU/mL (colony-forming units
per milliliter) were seeded in an Autoinducer Bioassay medium (NaCl 17.5 g/L, MgSO4
12.3 g/L, Casamino acids 2 g/L, 10 mL of 1 M potassium phosphate pH 7.0, 10 mL of
0.1 M L-arginine, and 10 mL of glycerol in 970 mL of deionized water) in a 96-well plate.
Immediately, the tested compounds were added at the final concentration of 0.2–200 μM
and luminescence was recorded for 16 h by a SpectraMax i3x microplate reader set at 30 ◦C,
an integration time of 10,000 ms, and shaking for 60 s before measurement. The effective
concentration of compounds halving the luminescence (EC50) was determined from the
sum of luminescence. At the same time, the viability of the culture was determined by the
resazurin assay, which gave the IC50 value for each compound. The selectivity index was
calculated as the ratio of EC50 (the concentration that halves the cell communication) and
IC50 (the concentration halving the viability). The EC50 and IC50 were calculated using
GraphPad Prism software version 5.00 for Windows with a nonlinear regression curve fit.

3.7. Sensitization of Antibiotic-Resistant Bacteria

Clinical isolates of P. aeruginosa and S. aureus were obtained from the General Univer-
sity Hospital in Prague (Prague, Czech Republic). P. aeruginosa was resistant to ciprofloxacin,
oxacillin, ticarcillin, colistin, gentamicin, and imipenem. S. aureus was resistant to ciprofloxacin,
gentamicin, erythromycin, chloramphenicol, clindamycin, oxacillin, cefotaxime, and van-
comycin. Bacteria were cultivated in Mueller–Hinton broth (MH broth, Merck). The suscep-
tibility of the bacteria was evaluated by the minimum inhibitory concentrations (MIC). The
MIC of derivatives in the presence of the antibiotic cut-off concentration was determined ac-
cording to ISO 20776-1: 2020. The antibiotic cut-off concentration was chosen according to the
European Committee on Antimicrobial Susceptibility Testing (EUCAST, Clinical breakpoints—
bacteria (ver. 11.0), 1 January 2021). The 40 μM concentration of the derivatives was chosen as
the highest concentration for the tests. Cell viability was determined by measuring absorbance
(A590 nm) after 24 h incubation at 37 ◦C, 150 rpm.

3.8. Inhibition of Biofilm Formation and Disruption of Maturated Biofilm

The activity of derivatives on biofilms was tested with S. aureus (ATCC, 25923) and
P. aeruginosa (CCM, 3955), according to the previously described method [43]. The highest
tested concentration of derivatives was 100 μM. The activity was evaluated using an IC50
comparison between the parent compound and its derivative.

3.9. Antioxidant Activity, Reducing Potential, and Lipid Peroxidation Inhibition

The antiradical activity was evaluated by the ability to scavenge ABTS and DPPH radi-
cals [33,44,45]. Reducing capacity was assessed by the ability to reduce the Folin–Ciocalteu
reagent (FCR) and ferric ions (FRAP) [36,46]. The ability to inhibit lipid peroxidation of
pooled male rat microsomal liver membranes induced by tert-butyl hydroperoxide was
also evaluated and the results were expressed as IC50 values [36,47].

3.10. Cytotoxicity

The cytotoxicity of flavonoids and their halogenated derivatives was determined as
their ability to decrease the viability of human dermal fibroblasts (HDF) and doxorubicin-
resistant human ovarian carcinomas (HOC/DOX). Both cell lines were cultivated in Dul-
becco’s Modified Eagle’s Medium supplemented with fetal bovine serum (FBS, 10% v/v)
and 1× antibiotic antimycotic solution and incubated at 37 ◦C in the atmosphere of 5% CO2.
The experiment was performed according to a previously published method [48]. Briefly,
1 × 105 cells/mL were seeded into a 96-well plate (100 μL/well). After 24 h, flavonoids and
their derivatives were administered at the concentration range of 31.25–500 μM. After 72 h,
the viability was determined by resazurin assay (0.03 mg/mL of resazurin in PBS), where
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the fluorescence was measured after 2 h of incubation by the SpectraMax i3x microplate
reader at a wavelength of 560/590 nm (excitation/emission). The concentration inhibiting
half of the population (IC50) was determined using nonlinear regression in GraphPad
Prism software. The selectivity index was calculated as the ratio between the IC50 for HDF
(control, non-cancerous cells) and the IC50 for HOC/DOX (cancer cells).

3.11. Inhibition of Nitric Oxide Production

The anti-inflammatory activity of the tested flavonolignans was determined as the
ability to reduce nitric oxide production by murine macrophages (RAW 264.7) stimulated
by bacterial lipopolysaccharides, as previously described [34]. Briefly, RAW 264.7 cells
were cultivated in DMEM medium supplemented with 10% FBS and 1 × antibiotic an-
timycotic solution. For the experiment, 1 × 106 cells/mL was seeded into the 96-well plate
(100 μL/well). After 48 h, LPS (100 ng/mL) and the samples (6.25–100 μM) were added to
MEM medium (Eagle’s Minimum Essential Media, no phenol red). After 24 h, the medium
was mixed with Griess reagent (0.04 g/mL), prepared freshly in deionized water at the
ratio of 1:1. The absorbance was measured after 15 min at 540 nm by the SpectraMax i3x
microplate reader. Cell viability was determined by resazurin assay.

3.12. Sensitization of Doxorubicin-Resistant Human Ovarian Carcinoma Cells

The sensitization of doxorubicin-resistant human ovarian cancer cells (HOC/DOX)
was performed, as previously described [38]. Briefly, the HOC/DOX cells were cultivated
and seeded as described above. The concentration of doxorubicin that halved the viability
(IC50) of HOC/DOX was determined after 72 h incubation, using the resazurin assay, and
then divided by the IC50 of doxorubicin in the presence of the tested compound (10 μM).
This ratio is referred to as the sensitization fold (SF). The compound was able to sensitize
HOC/DOX to doxorubicin when SF > 1. The higher the SF, the better the sensitizing agent.

3.13. Statistical Analysis

Data from the biological activity tests were analyzed using the statistical package
Statext ver. 2.1 ANOVA, Scheffé, and least-square difference tests for post hoc comparisons
between pairs of means. Data are presented as the average number of replicates (n) with
the standard error (SE). A t-test was used for the comparison between the halogenated
derivative and its parent compound (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.005, **** p ≤ 0.001,
***** p ≤ 0.0005). Differences were considered statistically significant when p < 0.05.

4. Conclusions

In conclusion, a library of new halogenated derivatives of flavonolignans was pre-
pared. To understand how halogenation affects biological activity, all prepared derivatives
were tested for their basic physicochemical properties and biological activity. Brominated
derivatives of flavonoids were able to inhibit bacterial communication (quorum sensing)
and biofilm formation with an IC50 below 10 μM. Halogenated derivatives were also able
to inhibit the growth of gentamicin-resistant S. aureus, and 6,8,21-tribromosilybins A (21)
and B (22) were able to revert the resistant phenotype into a sensitive one. In vitro results
indicated that brominated derivatives are promising antibacterial derivatives, but further
toxicological and pharmacological tests need to be performed. The prepared derivatives
showed higher anti-inflammatory activity than the positive control. Possible mechanisms of
action in biological assays are under further investigation. To our knowledge, this is the first
paper dealing with the preparation and biological activity of brominated flavonolignans.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232315121/s1.
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isosilybin into 2,3-dehydro derivatives. Tetrahedron Lett. 2013, 54, 315–317. [CrossRef]
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Abstract: The plant-based nutraceuticals are receiving increasing interest in recent time. The high
attraction to the phytochemicals is associated with their anti-inflammatory and antioxidant activities,
which can lead to reduced risk of the development of cardiovascular and other non-communicable
diseases. One of the most disseminated groups of plant bioactives are phenolic compounds. It was
recently hypothesized that phenolic compounds can have the ability to improve the functioning of the
gut barrier. The available studies showed that one of the polyphenols, resveratrol, has great potential
to improve the integrity of the gut barrier. Very promising results have been obtained with in vitro
and animal models. Still, more clinical trials must be performed to evaluate the effect of resveratrol
on the gut barrier, especially in individuals with increased intestinal permeability. Moreover, the
interplay between phenolic compounds, intestinal microbiota and gut barrier should be carefully
evaluated in the future. Therefore, this review offers an overview of the current knowledge about
the interaction between polyphenols with a special emphasis on resveratrol and the gut barrier,
summarizes the available methods to evaluate the intestinal permeability, discusses the current
research gaps and proposes the directions for future studies in this research area.

Keywords: intestinal permeability; gut barrier; leaky gut; polyphenols; resveratrol

1. Introduction

The interest in plant-based nutraceuticals is growing over the last decades. Many of the
phytochemicals were found to exhibit anti-inflammatory and antioxidant effects, which can
reduce the risk of the development of cardiovascular and other non-communicable diseases.
One of the most disseminated groups of plant bioactives are phenolic compounds. Phenolic
compounds are a very diverse group of secondary plant metabolites, which are widely
distributed in vegetables, fruits, nuts and various plant-based food. The biological function
of these compounds in plants is generally involved in protection against pathogens and
herbivores, the attraction of pollinators, and the defence against ultraviolet radiation [1].
Phenolic compounds are formed from acetyl coenzyme A and amino acids as precursors
or via the shikimic acid pathway. In the latter case, the carbohydrate precursors of the
glycolysis and pentose phosphate pathway are converted into tyrosine, phenylalanine
and tryptophan, which are then deaminated enzymatically to form cinnamic acid [1]. The
group of phenolic compounds consists of approx. 8000 compounds, which can be further
categorised into classes as presented in Figure 1. The simplest phenolic compound is
phenol, which is a primary structural unit in phenolic compounds. The flavonoids consist
of two benzene rings bound with a heterogenous pyrone C ring, and the subclasses of
flavonoids differ with the number and the position of hydroxyl groups, which determine
their biological functions [2]. The non-flavonoids consist of the simplest benzoic acid to very
complex structures such as lignans and tannins. The main health-beneficial functions of
phenolic compounds are associated with their anti-inflammatory and antioxidant properties
due to the ability of phenolic compounds to donate hydrogen or electrons to free radicals.
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Consequently, it leads to the stabilization of cell membranes, protects from cellular oxidative
stress and limits the production of pro-inflammatory cytokines such as interleukin (IL) 6 and
8 as well as tumour necrosis factor α (TNF-α) [3,4]. The bioactive activity of polyphenols
has been extensively studied and summarized in excellent reviews [5–7].

Figure 1. The classification of phenolic compounds.

Ingested phenolic compounds must be absorbed in the intestinal tract to exhibit their
systemic effects. The absorption of phenolic compounds depends on the molecular weight,
stereochemistry, presence of specific functional groups and lipophilicity [8]. Some of the
phenolic compounds are present in free forms. However, generally, they are bound to
proteins or sugars. Small molecular weight phenolic compounds, such as isoflavones
and gallic acid, are easily absorbed into the intestinal epithelium [9]. Contrary, many of
the phenolic compounds are absorbed only in 0.3–43%, therefore their concentration in
the circulation is low [9]. It is hypothesized that phenolic compounds are transported by
passive diffusion or by certain transporters such as sodium-dependent glucose transporter
1 (SGLT1), glucose transporter 2 (GLUT2) and P-glycoprotein, which are present in the cell
membranes [10,11].

The metabolism and degradation of some phenolic compounds, such as anthocyanins,
occur partly already in the oral cavity, which is moderately mediated by local micro-
biota [12]. Other compounds are hydrolysed in the stomach, and small intestine (5–10%),
while many phenolic compounds reach the colon in the intact form [13]. The absorption
of phenolic compounds in the duodenum and jejunum is closely related to the activity of
digestive enzymes, which release aglycons from the food matrix. The enzymes involved
in the transformation of the phenolic compound include among others lactase-phlorizin
hydrolase and cytosolic β-glucosidase [14,15]. The majority of phenolic compounds is
transported to the colon, where they are subjected to the enzymatic activity of gut micro-
biota. The intestinal bacteria degrade the aromatic ring and release aglycones facilitating
the absorption of phenolic compound derivatives. Generally, the polymeric phenolics
are hydrolysed to phenolic acids, flavones and flavanones to hydroxyphenylpropionic
acid, flavanols to hydroxyphenyl acetic acid and proanthocyanidins to phenolic acids of a
smaller molecular weight, which then can be absorbed [15].

A new branch of studies focuses on the interaction between polyphenols and gut
microbiota. The mechanisms of these interactions are not fully understood. However, it
is suggested that polyphenols have stimulating activity on the gut bacteria, and therefore
according to the new classification of the International Scientific Association for Probiotics
and Prebiotics (ISAPP) are classified as prebiotics [16]. Moreover, some studies reported
that the simultaneous intake of polyphenols with probiotics can enhance the positive
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effects of the latter [2]. On the other hand, gut bacteria are suggested to be involved in
the metabolism of phenolic compounds, which can lead to their better bioavailability [17].
Recently, it is hypothesized that polyphenols can be potential modulators of intestinal
permeability, although the mechanism is not fully understood. Therefore, this review offers
an overview of the current knowledge about the interaction between polyphenols with a
special emphasis on resveratrol and the gut barrier, discusses the current research gaps
and proposes the directions for future studies in this research area. Moreover, the available
methods used for the evaluation of the gut barrier integrity are summarized and their
limitations are discussed.

2. Resveratrol—Overview

Resveratrol (3,5,4′-trihydroxystilbene) belongs to the group of stilbenes, which are char-
acterized by two phenol rings linked by an ethylene bridge, and its structure is presented in
Figure 2. Resveratrol can exist in two forms: cis and trans, and the latter is more prevalent
and potent than the other. The interest in resveratrol is associated with its high antioxidant
potential. Many studies have reported that resveratrol possesses anti-cancerogenic, anti-
inflammatory and neuroprotective activity [18,19]. Resveratrol can be detected in over 70
plant species. However, the highest content is detected in grapes, peanuts and berries [19].
Early studies showed that high content of resveratrol was present in injured and infected
plants. Currently it is known that stilbenes, in general, provide protection against microbial
and fungal infections in plants and therefore they are classified as phytoalexins [20]. In
plants, resveratrol is present in the glycosylated form to protect it from enzymatic oxidation
and hence increasing its stability and consequently preserving the biological effects [19].
Resveratrol is suggested to be responsible for the “French paradox” defined by Renauld
and Lorgeril in 1992 [21], who noticed a lower rate of heart diseases in Southern French
who regularly drink red wine, despite their diet being rich in saturated fat.

Figure 2. The chemical structure of resveratrol.

Resveratrol has the ability to activate sirtuin 1 (SIRT1), which deacetylates histones
and nonhistone proteins, including transcription factors [22]. SIRT1 is involved in various
metabolic processes, including stress resistance, cellular senescence, endothelial functions,
and cell survival, thus it is suggested that resveratrol can be beneficial in diseases associated
with inflammation, cell cycle defects and metabolic disturbances [18]. Moreover, resveratrol
was found to influence the signalling pathways of the nuclear factor κβ (NF-κβ), insulin-like
growth factor type 1 receptor (IGF-1R)/Wnt, the mechanistic target of rapamycin complex 1
(mTORC1), Akt/mTORC1/S6K1 and others [23–26], which are involved in carcinogenesis
and the development of cardiovascular, metabolic and neurodegenerative diseases.

When discussing the health-beneficial potential of plant bioactive compounds, the
concepts of bioaccessibility, bioavailability and bioactivity have to be defined. Bioacces-
sibility is defined as the quantity which is released from the food matrix in the intestinal
tract and becomes available for absorption. Next, bioavailability can be defined as the
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fraction of a compound and/or its bioactive metabolites which reach systemic circulation.
Finally, bioactivity includes the specific physiological response to the presence of a certain
substance [9]. The bioavailability of resveratrol was established as relatively low and this
polyphenol is rapidly metabolised after oral ingestion [27]. Approx. 80% of resveratrol is
absorbed in the intestine and the free form is bound to albumins and lipoproteins, which
serve as a reservoir and distributor of resveratrol [28]. However, after absorption, resver-
atrol is metabolized by the liver, forming two forms of resveratrol, glucuronidated and
sulphated, which can have lower beneficial activity compared to resveratrol itself [28].
Collectively, it is considered that from 80% absorbed, only approx. 1% of free resveratrol is
bioavailable [27]. Furthermore, the absorbed resveratrol is rapidly excreted in approx. 75%
in urine and cannot be utilized by the organism. Therefore, many of the results conducted
in vitro where the substance is directly placed on the cells did not have the confirmation
by in vivo studies applying the same doses, which results from the metabolic changes of
the compound.

The study with isotopically-labelled resveratrol showed that next to glucuronidated
and sulphated forms of resveratrol, a third conjugated form resulting from microbial
activity is detected in human urine [29]. All three metabolites accounted for 25% of resvera-
trol ingested. It can suggest that the intestinal microbiota plays an important role in the
bioavailability of resveratrol and its biological functions. Later studies discovered that
resveratrol reaching the colon is converted by gut bacteria mainly to dihydroresveratrol
(3,4-dihydroxystilbene) and lunularin (3,4′-dihydroxybibenzyl) [30]. The bacteria respon-
sible for this conversion were identified as Slackia equolifaciens and Adlercreutzia equo-
lifaciens [30]. It is hypothesized that the conjugated forms of resveratrol, especially the
glucuronidated ones, serve as reservoirs of this compound from which it can be released
locally by tissue β-glucuronidases. However, it was not confirmed experimentally yet [27].
In addition, it has to be kept in mind that also gut bacteria can produce this enzyme,
increasing resveratrol bioavailability [31].

3. Gut Barrier—Structure and Importance

A gut barrier is a functional unit organized into intestinal microbiota, a mucus layer,
intestinal epithelial cells (IECs) and lamina propria (Figure 3). A physical barrier consists
of IECs, which are sealed by tight junctions (TJs), adherens junctions (AJs) and desmo-
somes [32]. TJs which are found on the side parts of enterocytes are built of transmembrane
proteins such as claudins, occludins, peripheral membrane proteins, i.e., zonula occludens
(ZO), and regulatory proteins. The most flexible part of the gut barrier is microbiota, which
composition and count depend on lifestyle, diet and ongoing diseases. The microbiota
plays an important role in the gut barrier integrity and function by adherence of commensal
bacteria to the intestinal mucosa and forming an additional, protective layer [33,34].

Figure 3. The scheme of the gut barrier.

The functioning of the intestinal barrier is a dynamic process, dependent on the activity
of intercellular connections, regulated by both dietary components, the nervous system,
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inflammatory mediators and hormones. The intestinal barrier is, therefore, responsible
for maintaining the balance between the selective permeability of nutrients from the
intestinal lumen into the circulation and the internal milieu as well as the protection of
the organism against the penetration of harmful components of the external environment.
Under physiological conditions, the selective absorption of nutrients through intercellular
transport occurs, while unnecessary food components and harmful substances are removed
from the gastrointestinal tract. The disruption of the proper functioning of the intestinal
barrier by violating its integrity may result in the development of inflammation, as a
consequence of uncontrolled penetration of antigens and products of bacterial metabolism.
The impairment of the gut barrier has been associated with the development of various
diseases, including celiac disease, obesity, non-alcoholic steatohepatitis (NASH) or non-
alcoholic fatty liver disease (NAFLD), liver cirrhosis, chronic viral hepatitis B or C, HIV
infection, inflammatory bowel diseases, irritable bowel syndrome and diverse autoimmune
conditions [35]. Therefore, the maintenance of the integrity of the gut barrier is a crucial
element for human health, and hence an increasing number of studies is conducted to
understand the mechanisms involved in the improvement of the intestinal barrier integrity.

4. Non-Invasive Methods of Assessment of Gut Barrier in Clinical Trails

The important element in the gut barrier analysis is the selection of the appropriate
analytical approach. Among various methods, the non-invasive techniques, which are
based on the ingestion of specific molecules, or the analysis of circulating indirect markers
which can evaluate the state of the gut barrier are the most commonly applied, especially
in clinical trials. These methods can be easily applied in the clinical trials, in which the
sampling of the tissues for histological analyses or local gene expression is impossible or
too harmful. In this section, a brief presentation of the available methods is presented.

4.1. Absorption Methods for the Assessment of Gut Barrier Integrity

The integrity of the gut barrier can be assessed using various non-invasive approaches
(Table 1). Among them, the most commonly used method in clinical trials is the sugar ab-
sorption test (SAT). SAT consists of the administration of a mixture of sugars with different
molecular weights and different levels of penetration through the intestinal membrane. The
most frequently used SAT includes the ingestion of high-molecular lactulose, which crosses
the intestinal barrier to a small extent, through paracellular transport and low-molecular
mannitol, which easily crosses the intestinal barrier by transcellular transport [36–39].
These molecules enter the bloodstream and then are excreted in the urine. The results of
SAT are usually expressed as the ratio of lactulose to mannitol in the urine after 5–6 h of
collection. The SAT accurately reflects the loss of intestinal barrier integrity in the small
intestine [40]. The use of additional sugars, e.g., sucralose which is not metabolized by
the gut microbiota, allows the assessment of integrity also in the colon [41]. Moreover, the
ingestion of a certain amount of sucrose, which is easily metabolized by sucrases secreted
by the duodenum, can be useful for the assessment of the integrity of the stomach and the
proximal part of the duodenum. The sugars can be also replaced by other substances such
as polyethylene glycols (PEG) with various molecular weights (400–4000 Da), ethylene-
diaminetetraacetic acid labelled with radioisotope chromium (51Cr-EDTA) and dextran
labelled with fluorescein isothiocyanate (FITC-dextran) [40]. All these methods similar to
SAT are based on the selective permeability of the gut barrier to molecules dependent on
their size.
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Table 1. The characteristics of the methods for assessments of intestinal permeability.

Method Analysed Marker Localization Type of Sample Analytical Method Disadvantages

Sugar absorption test
(SAT)

Sugars of various
molecular weights

(lactulose, mannitol,
sucralose, sucrose,

raffinose)

Small intestine (can
be extended to other
parts of the intestinal

tract by adding
additional sugars to

the mixture)

Urine Chromatography

Time-consuming;
requires

chromatographical
equipment for sugars

analyses

PEG 400/4000 Polyethylene glycols
(PEG)

The whole
intestinal tract Urine Chromatography

Time-consuming;
requires

chromatographical
equipment which can

analyse PEG; big
individual variation

in response
51Cr-EDTA

Isotopically labelled
EDTA

The whole
intestinal tract Urine Chromatography Radioactivity

FITC-dextran Fluorescent-labelled
dextran

The whole
intestinal tract Urine/serum Chromatography/

fluorimeter

Other substances (i.e.,
bilirubin) can give a

fluorescence response

LAL Endotoxin LPS The whole
intestinal tract Plasma ELISA

Low concentration—
requires portal vein

blood collection

EndoCAb Antibodies anty-LPS The whole
intestinal tract Serum ELISA Only in acute phase

inflammations

D-lactate Bacterial lactic acid The whole
intestinal tract Plasma ELISA/chromatography Low specificity

Zonulin Zonulin protein - Serum ELISA

DAO Diamine oxidase Small intestine Plasma ELISA
Requires the

administration of
heparin

Calprotectin Calprotectin Colon Faeces ELISA Low specificity
AAT Alfa-1-antitrypsin Small intestine Faeces/serum ELISA Unknown specificity

Citrulline Citrulline Small intestine Plasma ELISA/chromatography

Time-consuming;
requires

chromatographical
equipment for amino

acids analyses

GST Glutathione
S-transferases - Plasma/urine ELISA Low specificity

FABP Fatty acid-binding
proteins

Depending on the
type of FABP Plasma/urine ELISA Only in acute phase

inflammations

4.2. Methods for the Assessment of Gut Barrier Integrity Related to Bacterial Metabolism

Another group of methods used for gut barrier assessment is the analysis of the
indirect markers being the products of bacterial metabolism. The products of bacterial
metabolism used as an intestinal permeability marker are lipopolysaccharides (LPS), which
are amphiphilic bacterial endotoxins that are a component of the outer cell membrane of
gram-negative bacteria [42]. The presence of LPS reflects the increased gut permeability as a
result of damage to the intestinal barrier. An alternative to the analysis of LPS concentration
is the analysis of antibodies against the endotoxin core—EndoCAb (Endotoxin Core Anti-
bodies) in the peripheral blood. This method allows the quantification of antibodies against
the inner core of bacterial endotoxin, which is responsible for its toxicity. EndoCAb can be
used as an indirect indicator of intestinal barrier damage since the penetration of endotoxin
into the bloodstream is related to the dysfunction of intestinal mucosa integrity [43]. Finally,
the last marker of bacterial metabolism is D-lactic acid. D-lactic acid is a product of the
metabolism of many bacteria, including the host microbiota. Initially, D-lactate was consid-
ered an indicator of bacterial infections [44], but low levels of D-lactic acid are also found
in healthy people. When the intestinal barrier is injured, the concentration of D-lactic acid
in the bloodstream increases, which is related to its increased transit through the damaged
intestinal mucosa. Thus, D-lactic acid can be used as an indicator of the impairment of
the intestinal barrier. An increased concentration of D-lactic acid may also be associated
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with an increase in the number of bacteria in the gastrointestinal tract [45]. Therefore, the
usefulness of this indicator for assessing intestinal permeability needs careful control.

4.3. Inflammation-Related Markers for the Assessment of Gut Barrier Integrity

The next group of intestinal permeability indicators are markers associated with in-
flammation. Zonulin is an analogue of the Zot toxin produced by Vibrio cholerae, which is
involved in the regulation of TJ. Zonulin is an approximately 47 kDa protein that increases
the permeability of the small intestine and contributes to the acquisition of primary in-
testinal immunity [42,46]. The molecular mechanism of zonulin action on the intestinal
barrier is not fully understood. The Zot toxin activates the proteinase-activated receptor
2 (PAR2) followed by the epidermal growth factor receptor (EGFR) [47]. This signalling
cascade results in the detachment of the peripheral ZO-1 protein from the occludins and
claudins, the tight halo proteins [48]. It has been suggested that zonulin exhibits a similar
mechanism of action, although this has not been conclusively confirmed. The concentration
of zonulin in the bloodstream is elevated in the presence of disturbances in the integrity of
the intestinal barrier, therefore zonulin is a useful marker of intestinal permeability [42,49].

The main enzyme catalysing the oxidation of diamines such as histamine, putrescine
and cadaverine is diamine oxidase (DAO). This enzyme is synthesized in the intestinal
mucosa, placenta, kidneys and thymus [50]. The majority of DAO in the bloodstream
comes from the small intestine, where it is produced at the apical ends of the mature
cells of the intestinal villi [51]. The determination of DAO activity was used to assess
intestinal permeability in people suffering from Crohn’s disease, ulcerative colitis or acute
lymphoblastic leukaemia [52].

Calprotectin is a 32-kDa acute-phase calcium and zinc-binding protein. It is produced
by leukocytes, mainly by neutrophils, but also by macrophages and monocytes [53]. Inflam-
mation overexpresses calprotectin in cells of the immune system. The concentration of this
protein in serum and faeces increases, and under physiological conditions the concentration
of calprotectin in the faeces exceeds that in the serum several times. Numerous studies
have identified faecal calprotectin as a sensitive marker of intestinal inflammation [54–56].
Intestinal inflammation leads to an increase in intestinal permeability and the penetration
of calprotectin-secreting leukocytes, which in turn leads to a significant increase in its
concentration in the faeces. In practice, faecal calprotectin testing is used to distinguish IBD
from Irritable Bowel Syndrome, to diagnose necrotising enteritis and monitor response to
treatment of inflammatory bowel conditions [57].

Alpha-1-antitrypsin (AAT) is a 52 kDa trypsin inhibitor and is one of the most potent
serine protease inhibitors. In the bloodstream, it is present at a concentration of 1.5 to
3.5 g/L, although, during acute inflammation, the concentration of AAT may increase
many times [58]. This protein protects tissues against the influence of inflammatory cell
enzymes, especially neutrophilic elastase [42]. In contrast with other serum proteins,
AAT is highly resistant to gastrointestinal proteolytic enzymes and is excreted intact in
the faeces. A high concentration of AAT is found in the stool due to inflammation and
ulceration of the intestinal mucosa and increased intestinal permeability, as AAT passes
from the bloodstream into the intestinal lumen. For this reason, AAT has been recognized
as a marker of intestinal permeability [59]. AAT concentration can be determined using
a nephelometer [60], although commercially available enzyme immunoassays are most
commonly used for this purpose [42].

4.4. Markers Associated with the Damage of the Mucosa

Citrulline is a non-protein amino acid, a derivative of ornithine, which is converted into
arginine in the urea cycle. The concentration of citrulline in the plasma under physiological
conditions is 20–50 μmol/L. Citrulline present in the bloodstream is produced mainly
by cells of the small intestine. Therefore, the concentration of this amino acid in the
blood is considered an indicator of the activity of enterocytes (functional enterocyte mass,
FEM). The reduction of FEM in course of many pathological conditions is connected with
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increased permeability of the gut barrier and leads to a decrease in the level of citrulline
in the bloodstream. Numerous studies have shown a reduced level of citrulline in the
plasma of people suffering from short bowel syndrome, HIV, adenovirus infections and
during small intestine transplant rejection [61]. It should be emphasized that the proper
functioning of the kidneys has a great influence on the concentration of citrulline in the
bloodstream. Increased levels of citrulline have been found in people with moderate
renal impairment [62], therefore the concentration of creatinine, which informs about the
condition of the kidneys, should be monitored during the determination of citrulline.

Glutathione S-transferases (GSTs) are a family of detoxification enzymes that catal-
yse the nucleophilic coupling reactions of reduced glutathione with electrophilic com-
pounds [63]. The catalytic activity of GSTs is associated with the detoxification of chemical
compounds with electrophilic properties and reactive products of oxidative stress. Depend-
ing on the tissue they come from, there are four subgroups of GST: α, μ, π and θ. αGST is
mainly present in the liver, kidneys and intestines. αGST has been proposed as a marker
of intestinal epithelial cell damage [64]. Elevated levels of αGST in plasma and urine may
indicate damage to the intestinal barrier, but also to the liver and kidneys since this enzyme
is found in the epithelial cells of these organs. A disadvantage of αGST as a marker of
intestinal barrier damage is its low specificity and it can be useful only if other diseases
have been eliminated.

Fatty Acid Binding Proteins (FABPs) are small (14–15 kDa), water-soluble cytosolic
proteins. Their function is to bind and transport fatty acids. There are several types of
FABP, distinguished according to the tissues of origin [65]. Three types of fatty acid binding
proteins have been found in the digestive tract: hepatic FABP (L-FABP) present in the
liver, kidneys and intestines, bile acid binding proteins (BABPs) present in the ileum,
and intestinal FABP (I-FABP) present mainly in the jejunum, and to a lesser extent in the
colon. I-FABP is a 15-kDa protein produced in mature cells of the epithelium of the small
intestine. Its function is to transfer fatty acids from the apical membrane of the enterocyte
to the endoplasmic reticulum, where the biosynthesis of lipid complexes occurs. Due to
its low molecular weight and relatively good solubility, I-FABP is easily released into the
bloodstream when the intestinal epithelial membrane is damaged and is rapidly cleared by
the kidneys (half-life is 11 min) [66]. Therefore, its presence can be measured in urine or
plasma. The most common methods for determining I-FABP are enzyme immunoassay
methods (ELISA). The physiological level of I-FABP reflects the exchange rate of intestinal
epithelial cells [67], while an elevated level of I-FABP may indicate damage to the intestinal
barrier [68]. Numerous studies have indicated that I-FABP can be considered a marker
of epithelial cell damage. Increased levels of I-FABP in the urine have been found in
people suffering from intestinal ischemia, systemic inflammatory response syndrome or
necrotizing enterocolitis [67,69]. Due to the diversity of FABPs depending on the tissue
from which they originate, the measurement of individual proteins in urine and/or plasma
can be a valuable tool in locating tissue damage.

5. Principles of Polyphenols Action on the Gut Barrier

Dietary modification affects significantly the microbial ecosystem, which can influence
the intestinal barrier [70,71]. For instance, it was reported that the Western diet aggravates
the integrity of the gut barrier via modifications of the bacterial ecosystem, while individu-
als on the Mediterranean diet, rich in fruits, vegetables and unrefined cereals were found to
have intact intestinal barriers [70]. The metabolites suggested to be involved in this process
are short-chain fatty acids (SCFA), such as acetic, butyric, propionic and valeric acids, which
are suggested as important factors in the functioning of the epithelium [72]. Recently, an
increasing interest in the role of phenolic compounds, which are also consumed in large
quantities in the Mediterranean diet, is observed in the gut barrier integrity [73,74].

The hypothesis about the involvement of phenolic compounds on the gut barrier
results from the antioxidant and anti-inflammatory properties of these compounds. Since
phenolic compounds are capable to downregulate inflammatory genes such as NF-κβ,
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reduce the production of cytokine production and promote the internal antioxidant ca-
pacity [75], it can be assumed that phenolic compounds can locally reduce inflammation.
The NF-κβ signalling is strongly connected with cytokines (which activate the NF-κβ) and
the gut barrier functions (by TJ impairment) [76]. Other signalling pathways, which are
affected by phenolic compounds and can influence the gut barrier are various kinases,
which are regulators of epithelial cells, and TJ expressions. Some phenolic compounds were
found to inhibit different kinases involved in the phosphorylation of proteins involved
in gut barrier functioning, such as protein kinase C (PKC) and myosin light-chain kinase
(MLKC) [75,77].

Moreover, phenolic compounds were repeatedly reported to modulate the intestinal
microbiota [76,78,79]. This two-way interaction not only facilitates the metabolism of
phenolic compounds but also phenolic compounds can stimulate the growth of beneficial
intestinal bacteria [78,79]. The derivatives originating from phenolic compounds microbial
metabolism may not only affect backwards the bacteria but can also influence the signalling
pathways [80]. Another potential way of action is the role of phenolic compounds in the
metabolism of other molecules present in a colon, including SCFA, sterols and products of
bacterial metabolism, which exhibit pro- or anti-inflammatory properties [81].

6. Effect of Resveratrol on the Gut Barrier

6.1. In Vitro Studies

The main evidence about the potential positive effects of resveratrol for the gut barrier
is based on the in vitro studies, which were focused on the changes in the regulatory
pathways. The most commonly used cell line was Caco-2 [82–85] and intestinal porcine
enterocytes (IPEC-J2) [86,87]. The intestinal permeability in these studies was assessed by
the measurement of transepithelial electrical resistance (TEER) across the cellular monolayer
and by the measurement of the expression of the genes and corresponding proteins.

Carasco-Pozo et al. [82] reported that phenolic compounds applied in the Caco-2
cells with indomethacin-induced disruption of epithelial integrity were able to reverse the
functioning of the layer. Among the analysed compounds, quercetin was the most efficient,
followed by epigallocatechin gallate and resveratrol. Only rutin was found to be neutral on
the cell integrity. In another study, resveratrol was applied in 1, 10 and 20 μM in Caco-2
cells treated with hydrogen peroxide to induce hyperpermeability and oxidative stress [83].
The authors found that resveratrol increased the epithelial expression and phosphorylation
of ZO-1 and occludins with the increasing dose of polyphenol. Additionally, resveratrol
protected Caco-2 cells from oxidative stress, reducing the accumulation of malonaldehyde
and oxygen species and increasing the expression of enzymes involved in protection against
oxidative stress, such as superoxide dismutase and heme oxygenase-1. 20 μM of resveratrol
was able to block the hydrogen peroxide-induced activation of PKC and phosphorylation
of p38, which had a confirmation in the protein expression assessed by Western blot.

Two studies showed that resveratrol is capable to protect the intestinal barrier from
disruption caused by deoxynivaleron, a mycotoxin produced by Fusarium genera [86,87].
Both these studies showed that resveratrol prevents the deoxynivaleron-induced degrada-
tion of TJ proteins, and decreases TEER and bacteria translocation. The modulation of IL-6
and IL-8 secretion via mitogen-activated protein kinase-dependent pathways was proposed
as a potential route of resveratrol activity.

A recent study evaluated the effect of resveratrol and its metabolites resulting from
microbiota metabolism, namely dihydroresveratrol and 3-(4-hydroxyphenyl)-propionic
acid on the intestinal barrier in LPS-treated Caco-2 cells [85]. It was found that only
resveratrol and 3-(4-hydroxyphenyl)-propionic acid have beneficial effects on the intestinal
barrier by increasing the expression of TJ protein and Muc2, and the molecular mechanism
proposed by authors to be involved is monophosphate-activated protein kinase (AMPK)-
mediated activation of CDX2 and the regulation of the SIRT1/NF-κβ pathway. At the
same time, dihydroxyresveratrol did not show any positive effect on the intestinal barrier.
Another study on the resveratrol derivative was conducted by Jo et al. [84]. The authors
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applied oxyresveratrol to the Caco-2 cells. Oxyresveratrol was found to upregulate the
expression of genes and proteins related to TJ, such as claudin-1, ZO-1 and occludins. The
improvement of the intestinal barrier by oxyresveratrol was associated with the activation
of mitogen-activated protein kinase (MAPK) and PKC pathways.

6.2. Animal Studies

The results obtained in vitro needed confirmation in vivo, especially considering that
resveratrol was applied directly on the cell lines, while in vivo the limited bioavailabil-
ity of phenolic compounds has to be taken into consideration. The majority of studies
were performed with rodents including Wistar and Sprague Dawley rats [83,88–91] and
mice [85,92–98]. One study was performed with ducks [99]. Collectively, animal studies
confirmed the beneficial effect of resveratrol on the gut barrier.

Wang et al. [83] reported that resveratrol restored intestinal integrity in rats with
induced obstructive jaundice. The results of SAT in groups fed with resveratrol were
significantly reduced compared to rats with obstructive jaundice and were closer to the
control group. Moreover, the activity of superoxide oxidase was increasing with increasing
doses of resveratrol (from 10 to 20 mg/kg) and in rats fed with 20 mg/kg was at the same
level as in the control group. In another study, male Sprague-Dawley rats with high-fat
diet (HFD)-induced NASH were fed with resveratrol for six weeks [91]. Resveratrol in-
hibited the development of NASH as well as attenuated the gut microbiota dysbiosis,
colon inflammation and metabolic endotoxemia. An increase in the count of Akkermansia
muciniphila, Ruminococcaceae, Lachnospiraceae, and a decrease in Desulfovibrio was noted in
rats after resveratrol intake. Importantly, resveratrol ingestion led to the upregulation of TJ
expression and decreased intestinal permeability, assessed based on bacterial translocation.
HFD was used also to induce insulin resistance in mice [94]. The authors reported that
resveratrol intake improved the lipid profile parameters in HFD-treated mice, as well as
ameliorated endotoxemia, intestinal barrier dysfunction, glucose intolerance and inflam-
mation. Similar to the previous study, the abundance of Akkermansia was increased after
resveratrol administration. The confirmation of the positive effect of resveratrol on the
gut barrier was found also in a study by Wang et al. [95], who observed the alleviation
in HFD-induced NAFLD, improvement of intestinal barrier functions and gut microbiota
composition after resveratrol intake. The expression of the TJ proteins and the intestinal
mucosa morphology was improved after resveratrol administration, despite the HFD. The
study conducted with cyclophosphamide-induced immunosuppressed mice confirmed
that resveratrol can restore the intestinal microbiota dysbiosis, improve the gut barrier
integrity and upregulate the expression of ZO-1, claudin-1 and occludin [98]. The authors
confirmed that the TLR4-NF-κβ signalling pathway is involved in the resveratrol effect on
the gut barrier. A very recent study by Hao et al. [97] evaluated the effect of resveratrol on
intestinal permeability in mice exposed to aluminium chloride. Aluminium exposure in-
duced depressive-like behaviour and increased intestinal permeability. The administration
of resveratrol decreased depressive symptoms and upregulated the expression of SIRT1,
which was found to reduce inflammation and restore intestinal permeability.

Finally, the study conducted with ducks with LPS-induced intestinal dysfunction
showed that resveratrol in a dose of up to 500 mg/kg alleviated intestinal permeability
established based on the increased expression of TJ genes and proteins [99]. The increasing
dose of resveratrol resulted in the decrease of pro-inflammatory cytokine (IL-6, IL-18, TNF-
α) levels and the expression of genes involved in inflammation (TLR4/NF-κβ signalling
pathway, IKK, TXNIP, NLRP3, Caspase-1, IL-6, IL-18).

Interestingly, a recent study showed that resveratrol can act beneficially not only on
the intestinal epithelium, but can also improve pulmonary epithelium functions. Alharris
et al. [100] evaluated the effect of resveratrol in ovalbumin-induced murine allergic asthma.
Resveratrol intake attenuated allergic asthma, improved pulmonary functions, and reduced
inflammation in the lungs in ovalbumin-treated mice. Moreover, the administration of
resveratrol affected not only the lung but also the intestinal tract. The administration
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of resveratrol led to changes in intestinal microbiota with the enrichment of Bacteroides
acidifaciens and SCFA concentration in the colon.

The assumption about the positive effects of resveratrol on the gut barrier is mainly
based on the gene and protein expression and TEER. More studies with functional tests of
the circulating level of indirect metabolites (see Section 4) need to be performed to show
the effects of the expression modifications.

6.3. Human Studies

To date, there is a limited number of studies on the effect of phenolic compounds on
the gut barrier. Although some studies have been registered in clinical trial databases [74],
the number of available published reports is very low. The MaPLE (Microbiome mAnipula-
tion through Polyphenols for managing Leakiness in the Elderly) project is an example of a
study focused on the interaction between polyphenols, microbiota and gut barrier [101].
The authors reported that 700 mg of total polyphenols daily in a form of three small portions
of selected polyphenol-rich foods daily for 8 weeks reduced the intestinal permeability
expressed as a circulating level of zonulin in the elderly population [102,103]. Notably, the
analysis of intestinal permeability was based on only the level of zonulin, without any
functional tests, such as SAT. To date, despite the successful findings obtained with in vitro
and in vivo studies, no clinical studies were performed aimed to evaluate the effect of
resveratrol on the gut barrier. However, considering the positive effects of resveratrol on in-
flammation [104–106], oxidative stress [105,107] and gut microbiota composition [104,108],
and the involvement of these factors in the gut barrier integrity, it can be assumed that
the positive effect of resveratrol on the intestinal permeability obtained with in vitro and
in vivo studies may be observed also in clinical trials. In addition, the studies using func-
tional tests, not only indirect markers are needed to fully address the integrity of the
gut barrier.

7. Summary and Future Perspectives

To summarize, the current studies showed that phenolic compounds, including resver-
atrol, have a great potential to improve the integrity of the gut barrier. Very promising
studies have been conducted with in vitro and animal models, establishing the expression
of TJ genes and proteins or TEER. Still, more clinical trials must be performed to evaluate
the effect of resveratrol on the gut barrier, especially in individuals with increased intestinal
permeability, using both indirect markers and functional tests. Moreover, considering the
two-way interaction of this phytochemical with microbiota and the important role of gut
microorganisms in the functioning of the intestinal barrier, the interplay between all these
three compartments should be carefully evaluated in future.
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Abstract: Liver fibrosis, a common liver dysfunction with high morbidity and mortality rates, is the
leading cause of cirrhosis and hepatocellular carcinoma, for which there are no effective therapies.
Ivermectin is an antiparasitic drug that also has been showing therapeutic actions in many other
diseases, including antiviral and anticancer actions, as well as treating metabolic diseases. Herein,
we evaluated the function of ivermectin in regulating liver fibrosis. Firstly, carbon tetrachloride
(CCl4)-injected Balb/c mice were used to assess the antifibrosis effects of ivermectin in vivo. Further,
CFSC, a rat hepatic stellate cell (HSC) line, was used to explore the function of ivermectin in HSC acti-
vation in vitro. The in vivo data showed that ivermectin administration alleviated histopathological
changes, improved liver function, reduced collagen deposition, and downregulated the expression
of profibrotic genes. Mechanistically, the ivermectin treatment inhibited intrahepatic macrophage
accumulation and suppressed the production of proinflammatory factors. Importantly, the ivermectin
administration significantly decreased the protein levels of α-smooth muscle actin (α-SMA) both
in vivo and in vitro, suggesting that the antifibrotic effects of ivermectin are mainly due to the pro-
motion of HSC deactivation. The present study demonstrates that ivermectin may be a potential
therapeutic agent for the prevention of hepatic fibrosis.

Keywords: ivermectin; liver fibrosis; hepatic stellate cells; TGF-β1; inflammation

1. Introduction

Liver fibrosis is a type of liver disorder sourced from a variety of chronic liver diseases,
including nonalcoholic fatty liver disease (NAFLD), alcoholic liver disease, hepatitis B or
C virus, and hepatic toxic damage [1,2]. It is mainly characterized by excessive collagen
deposition associated with chronic liver injury and could progress to cirrhosis or hepatocellular
carcinoma [3,4]. Currently, hepatic stellate cell (HSC) activation has been identified as the
primary mechanism for the initiation and progression of hepatic fibrosis, while activated HSCs
could convert into myofibroblasts and produce numerous extracellular matrix proteins [5,6]. As
a worldwide health problem, there is still no effective agent for the treatment of liver fibrosis [7].
Therefore, it is necessary to develop novel therapies for the prevention of liver fibrosis [8].

The avermectins are a class of macrocyclic lactones, which can be naturally produced
by Streptomyces avermitilis [9]. Ivermectin, a derivative of avermectin, is synthesized via the
double-bond hydrogenation of avermectin at the C22–C23 positions, which are mainly com-
posed of two components, 22,23-dihydroavermectin B1a (≥80%) and 22,23-dihydroavermectin
B1b (≤20%) [10]. As an FDA-approved broad-spectrum anthelmintic agent, ivermectin is
one of the most widely used antiparasitic drugs in veterinary and human medicine against
many parasitic diseases, including onchocerciasis, lymphatic filariasis, strongyloidiasis, and
trichinellosis [11,12]. In addition to its antiparasitic effect, ivermectin has also been reported to
have a variety of other pharmacological functions against viral infection, cancer, asthma, and
metabolic diseases [13–15]. The antivirus effects of ivermectin have been found in various fla-
viviruses, including yellow fever virus, tick-borne encephalitis virus, and Japanese encephalitis
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virus [10]. Interestingly, ivermectin also exhibits antiviral activity against SARS-CoV-2, the
coronavirus that causes coronavirus disease 2019 (COVID-19) [16]. The inhibition of NS3
helicase or the suppression of the importin α/β1-mediated nuclear import of viral proteins
may be the antiviral mechanism of ivermectin [17,18]. Numerous studies have revealed the
anticancer effects of ivermectin in a variety of cancers, such as leukemia, esophageal squamous
cell carcinoma, melanoma, and breast cancer [19–22]. A pharmacological study in a mouse
model of allergic asthma revealed the anti-inflammatory activities of ivermectin, suggesting
that this compound may play a protective role in diseases closely related to inflammation [13].
As the progression of various liver diseases, including NAFLD, hepatic insulin resistance,
and liver fibrosis, is closely related to the inflammatory response, ivermectin might play
a beneficial role in liver diseases [23]. It has been reported that ivermectin could regulate
glucose and lipid metabolism and has therapeutic effects on NAFLD. However, it is still
unclear whether it affects the development of liver fibrosis [24,25].

In this study, we investigated the function and potential mechanisms of ivermectin in liver
fibrosis in CCl4-induced fibrotic model mice and in transforming growth factor β1 (TGF-β1)-
stimulated HSCs.

2. Results

2.1. Ivermectin Ameliorated CCl4-Induced Liver Injury in Mice

To explore the contribution of ivermectin to liver fibrosis, we first examined the protec-
tive effects of ivermectin on liver injury in the CCl4-induced hepatic fibrosis model in mice.
As shown in Figure 1, the CCl4 injection caused severe architectural changes in Balb/c
mice, while the ivermectin administration significantly attenuated these histopathological
changes (Figure 1A). Meanwhile, the CCl4-triggered upregulation of the liver index was
markedly decreased after ivermectin treatment (Figure 1B). In addition, a significant eleva-
tion of the activity levels of aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) was observed in the CCl4-treated mice. However, the ivermectin obviously reduced
the increases in AST and ALT (Figure 1C,D). These results demonstrate that ivermectin
could protect mice against CCl4-induced liver injury.

Figure 1. Effects of ivermectin on CCl4-induced hepatic pathological and biochemical parameters
in mice: (A) liver tissues were stained with hematoxylin and eosin (HE) for the histopathological
analysis (original magnifications, ×200); (B) liver index values; (C,D) plasma AST and ALT levels.
Data are expressed as means ± SEM (n = 6–8/group). Note: *** p < 0.001 vs. control group, # p < 0.05,
## p < 0.01 vs. CCl4-treated model group.
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2.2. Ivermectin Inhibits CCl4-Induced Fibrogenesis in Mice

To investigate whether ivermectin could alleviate liver fibrosis in vivo, the collagen
accumulation in the liver from sacrificed mice was detected via Sirius red staining. The
results showed that the collagen deposition was significantly increased, while the iver-
mectin treatment led to a decrease in the fibrotic area (Figure 2A,B). In accordance with the
collagen staining results, the ivermectin also greatly decreased the hepatic hydroxyproline
levels in CCl4-induced fibrosis mice (Figure 2C).

Figure 2. Ivermectin inhibited fibrosis in CCl4-treated mice: (A) Sirius red staining (original magnifi-
cation, ×200) of liver tissues; (B) quantitation of fibrotic areas in the liver; (C) hydroxyproline levels
in the liver. Data are expressed as means ± SEM (n = 6–8/group). Note: *** p < 0.001 vs. control
group, ## p < 0.01, ### p < 0.001 vs. CCl4-treated model group.

2.3. Ivermectin Suppresses Inflammation

Intrahepatic macrophage and various inflammatory factors also play a key role in the devel-
opment of liver fibrosis [26]. To ascertain whether ivermectin treatment affects inflammation in
CCl4-injected mice, macrophage accumulation and the expression of proinflammatory cytokines
were detected. The results showed that in the livers of CCl4 model mice, F4/80, the biomarker
of activated macrophages, was markedly increased, whereas an obvious decrease was detected
in mice that received the ivermectin treatment (Figure 3A,B). Moreover, the CCl4-treated mice
showed significant increases in the expression of interleukin 6 (IL-6), tumor necrosis factor α
(TNF-α), interleukin-1β (IL-1β), monocyte chemoattractant protein-1 (MCP-1), and RANTES
(regulated upon activation, normal T-cell expressed and secreted) compared to control mice.
However, the levels of the above inflammatory mediators were obviously downregulated in
ivermectin-treated mice (Figure 3C–G). Collectively, these data indicated that the inflammatory
response in CCl4 model mice is suppressed after ivermectin treatment.
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Figure 3. Anti-inflammatory effects of ivermectin in liver tissues from mice who received a CCl4
injection: (A) hepatic F4/80 detection via immunohistochemistry (IHC) staining (original magnifica-
tion, ×200) in liver tissues; (B) F4/80-positive area; (C–G) mRNA expression levels of IL-6, TNF-α,
IL-1β, MCP-1, and RANTES in liver tissues. Data are expressed as means ± SEM (n = 6–8/group).
Note: * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control group, # p < 0.05, ## p < 0.01, ### p < 0.001 vs.
CCl4-treated model group.

2.4. Ivermectin Regulates the Expression of Fibrotic Genes

To explore whether fibrosis inhibition in ivermectin-treated mice was associated with
the modulation of fibrotic genes, the mRNA expression levels of α-smooth muscle actin (α-
SMA), connective tissue growth factor (CTGF), collagen type 1 α 1 (Col1α1), collagen type
3 α 1 (Col3α1), and TGF-β1 were examined. As shown in Figure 4, all of the above fibrosis-
related genes were upregulated in CCl4-injected mice. Interestingly, α-SMA, CTGF, and
Col1α1 were markedly downregulated after the ivermectin treatment, while the expression
levels of Col3α1 and TGF-β1 were also reduced but with less significance (Figure 4A–E).
Furthermore, the Western blot results suggested that the Col1α1 and Col3α1 levels were
elevated in CCl4-injected mice and were decreased by the ivermectin treatment, which
validated the real-time PCR data to some extent (Figure 4F).
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Figure 4. Impacts of ivermectin on the CCl4-induced elevation of profibrogenic genes in the liver:
(A–E) mRNA expression levels of α-SMA, CTGF, Col1α1, Col3α1, and TGF-β1 in liver tissues;
(F) protein expression levels of Col1α1 and Col3α1 in the liver. Data are expressed as means ± SEM
(n = 6–8/group). Note: * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control group, # p < 0.05, ## p < 0.01 vs.
CCl4-treated model group.

2.5. Ivermectin Inhibits HSC Activation in the Livers of CCl4-Treated Mice

To evaluate the change of the HSC phenotype in the liver, the expression of hepatic
α-SMA was detected using IHC staining and Western blotting. As shown in Figure 5, the
CCl4-induced model mice treated with ivermectin exhibited significantly decreased α-SMA
expression compared to those mice only treated with the vehicle. These data suggest that
ivermectin inhibits HSC activation in the context of CCl4-induced liver fibrosis.

Figure 5. Effects of ivermectin on HSC activation in the liver in CCl4-treated mice: (A) IHC staining
of α-SMA in the liver; (B) α-SMA-positive areas; (C) the Western blot analysis of α-SMA protein
expression in the liver. Data are expressed as means ± SEM (n = 6–8/group). Note: **** p < 0.0001 vs.
control group, #### p < 0.0001 vs. CCl4-treated model group.
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2.6. Effects of Ivermectin on Cell Viability in CFSC Cells

To assess the cytotoxic effects of ivermectin on HSCs, CFSC (a rat HSC cell line) cells
were incubated with growing doses of ivermectin (3, 6, 12, and 25 μM) or vehicle. The
results showed that the low-dose ivermectin treatment (3 and 6 μM) had no significant
effect on the cell survival, whereas the high-dose ivermectin treatment (12 and 25 μM)
obviously reduced the cell viability (Figure 6).

Figure 6. Impacts of ivermectin on cell viability in CFSC cells: (A) bright-field images of CFSC cells;
(B) cell viability of CFSC cells assessed using a cell counting kit-8 (CCK-8) assay. Data are expressed
as means ± SEM (n = 3). Note: *** p < 0.001.

2.7. Ivermectin Suppresses TGF-β1-Induced HSC Activation In Vitro

To further investigate whether ivermectin could directly regulate HSC activation,
TGF-β1-stimulated CFSC cells were used in this study. As shown in Figure 7, the α-
SMA expression was progressively upregulated in CFSC cells upon TGF-β1 stimulation,
suggesting the activation of HSCs in vitro. However, the ivermectin pretreatment dose-
dependently reduced the TGF-β1-induced elevation of the α-SMA protein levels, revealing
that ivermectin could suppress TGF-β1-induced HSC activation in vitro.

Figure 7. Effects of ivermectin on TGF-β1-induced HSC activation: (A) IHC staining of α-SMA in CFSC
cells that received TGF-β1 stimulation and ivermectin treatment; (B) α-SMA intensity of fluorescence;
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(C) the Western blot analysis of α-SMA protein expression in CFSC cells. Data are expressed as
means ± SEM (n = 3). Note: *** p < 0.001 vs. control group, # p < 0.05, ### p < 0.001 vs. TGF-β1-treated
model group.

3. Discussion

William C. Campbell and Satoshi Ōmura were awarded the 2015 Nobel Prize in
Physiology and Medicine for their discoveries leading to ivermectin [27]. Ivermectin is
a broad-spectrum antiparasitic drug against various nematodes and ectoparasites [15].
Recently, the pharmacological application of ivermectin has been extended to the treatment
of multiple diseases, including cancer, inflammation, and viral infection [28–30]. Some
previous reports have revealed that ivermectin displays glucose- and cholesterol-reducing,
insulin-resistance-improving, and fatty-liver-ameliorating properties in rodents [14,24].
Our present study reveals a previously unrecognized crucial role of ivermectin in atten-
uating liver fibrosis through suppressing HSC activation. In this study, we found that
ivermectin attenuated liver injury, reduced plasma levels of transaminase, suppressed
hepatic accumulation of macrophages, inhibited the production of proinflammatory factors,
and alleviated the expression of fibrotic genes. All of the above data demonstrated the
beneficial effects of ivermectin on liver fibrosis.

As one of the most commonly used inducers of liver fibrosis, CCl4 has hepatotoxicity
and can cause hepatocyte injury [31]. In our present study, severe liver damage was
observed in mice exposed to repeated CCl4 injection, as evidenced by the presence of
parenchymal necrotic zones, inflammatory cell infiltration, and elevated plasma AST
and ALT activities. To our delight, the ivermectin treatment greatly alleviated hepatic
histopathological changes in parallel with the improvement in liver function. Previous
studies have found that a number of fibrogenesis-associated genes are involved in the
occurrence and development of hepatic fibrosis [32,33]. Among these genes, α-SMA is
the most classic biomarker of HSCs activation; CTGF could stimulate the production of
extracellular matrix (ECM) components, while Col1a1 is the most important component of
the ECM [34–36]. Our data revealed that ivermectin administration significantly reduced
α-SMA, CTGF, and Col1α1 expression in CCl4-injected hepatic tissues.

Numerous studies have reported that HSC activation is the key driving factor for
the progression of liver fibrosis [37,38]. In the present study, ivermectin significantly
reduced hepatic α-SMA expression in mice injected with CCl4. The activation of HSC
transdifferentiation in the liver is mainly due to the stimulation of TGF-β1, which is a
member of the TGF-β superfamily and could be synthesized and released from various cell
types during acute and chronic liver injury [39,40]. As a key regulator of liver physiology
and pathology, the TGF-β1 signaling pathway is considered to be an important target for
the treatment of liver fibrosis [41,42]. However, the effect of ivermectin on the expression
of TGF-β1 was not significant in CCl4-induced hepatic fibrosis mice in the present study,
suggesting that the antifibrotic function of ivermectin may be independent of the regulation
of TGF-β1 production. Interestingly, our in vitro study showed that ivermectin could
obviously decrease the protein levels of α-SMA in TGF-β1-stimulated CFSC cells. These
data imply that ivermectin attenuates hepatic fibrosis by suppressing HSC activation.

Ivermectin is known as a macrocyclic lactone with an antiparasitic function [43]. The
macrocyclic lactones include two subfamilies, avermectins and milbemycins [44]. In addition to
ivermectin, the avermectins also include abamectin, doramectin, selamectin, and eprinomectin,
while the milbemycins include milbemycin oxime and moxidectin [45]. These antiparasitics
have a similar structure, containing a 16-membered lactone ring [46–48]. To investigate which
compound exerts the best anti fibrotic activity, we compared the regulatory effects of ivermectin,
abamectin, doramectin, selamectin, moxidectin, and eprinomectin on the activation of HSCs,
and found that ivermectin had the most significant inhibitory effect on the expression of α-SMA
in TGF-β1-treated CFSC cells, indicating that among these macrocyclic lactones, ivermectin
should be the most effective against liver fibrosis (Figure S1).
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Farnesoid X receptor (FXR) is a nuclear receptor that plays a key role in the modulation
of lipids, bile acid, cholesterol, and the glucose metabolism [49,50]. A previous study
identified ivermectin as a ligand for FXR and revealed its function in regulating cholesterol
and glucose homeostasis in an FXR-dependent manner [14]. The nuclear receptor small
heterodimer partner (SHP) is an inductive target of FXR [51,52]. It has been reported
that SHP mediated the protective effect of FXR against liver fibrosis through suppressing
HSC activation [53]. To explore whether the FXR/SHP signaling pathway mediated the
beneficial effect of ivermectin against hepatic fibrosis, we assessed the hepatic expression of
SHP in CCl4-treated mice and found that the CCl4 injection significantly reduced the SHP
mRNA expression. However, the ivermectin administration failed to elevate the expression
of SHP in the liver (Figure S2). Our present data indicated that the protective effect of
ivermectin on hepatic fibrosis may be independent of the FXR signaling pathway.

The accumulating evidence suggests that inflammation could drive the progression
of liver fibrosis [54,55]. An intrahepatic macrophage is closely related to the initiation and
development of liver fibrosis, which could be activated in the case of liver injury and could
further promote the expression and secretion of proinflammatory cytokines, such as IL-6,
TNF-α, and IL-1β, triggering inflammatory responses in the liver [56,57]. Consistent with
previous studies, this study also found that a CCl4 injection in mice significantly increased
the hepatic expression of chemokines including MCP-1 and RANTES, which could recruit
more immune cells into the liver, aggravating the progression of liver fibrosis [58,59].
Ivermectin has been reported to inhibit the infiltration of inflammatory cells and the
expression of cytokines in asthmatic mice [13]. In addition, ivermectin has been shown to
increase the survival rate of lipopolysaccharide-treated mice by suppressing the production
of inflammatory cytokines [60]. Importantly, our present study found that ivermectin
inhibited the number of F4/80-positive macrophages and decreased the expression levels
of IL-6, TNF-α, IL-1β, MCP-1, and RANTES in CCl4-treated mice. These results indicated
that the anti-inflammatory effect of ivermectin may also contribute to its alleviation of
liver fibrosis.

Together, we provide evidence that ivermectin alleviated CCl4-induced liver injury, in-
flammation, and fibrogenesis in mice. The inhibition of TGF-β1-stimulated HSC activation
is the main mechanism underlying the protective effects of ivermectin against liver fibrosis.
These findings demonstrate that ivermectin, which is an FDA-approved drug, maybe a
potential pharmacological agent for the therapy of hepatic fibrosis.

4. Materials and Methods

4.1. Animal Experiments

The Balb/c male mice were 6–8 weeks of age and were acquired from Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). The Animal Ethics and Wel-
fare Committee of Ningbo University approved all animal experiments (Approval No.
NBU20220121). The mice were housed at a controlled temperature range of 20–23 ◦C
and 50–60% humidity with 12 h light/12 h dark cycles and ad libitum access to food and
water. The mice in the control group only received intraperitoneal injections of olive oil
(Sangon Biotech, Shanghai, China). The liver fibrosis model was established via CCl4
(Macklin, Shanghai, China) injection (1 mL/kg body weight, i.p., dissolved in olive oil) for
4 weeks, twice a week, as previously reported [61]. A subset of model mice received daily
intraperitoneal injections of ivermectin (1.3 mg/kg; Macklin, Shanghai, China) or vehicle
during the period of liver fibrosis modeling.

4.2. Cell Culture

CFSC, a rat HSC cell line, was grown in DMEM supplemented with 10% FBS. The cells
were maintained in a cell incubator with 5% CO2 under 37 ◦C. For the cell viability assay,
the CFSC cells were treated with ivermectin (3 μM, 6 μM, 12 μM, 25 μM) for 48 h. For the
HSC activation assay, the CFSC cells were pretreated with ivermectin at concentrations of
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3 μM and 6 μM for 1 h and then treated with TGFβ1 (10 ng/mL; Novoprotein, Shanghai,
China) for another 48 h.

4.3. Histological Assessments

The liver tissues were fixed in a 4% paraformaldehyde (PFA) solution (Solarbio, Beijing,
China) for 24 h at 4 ◦C and then embedded in paraffin (Sigma Aldrich, Shanghai, China).
The paraffin-embedded liver tissues were sectioned (5 μm) and stained with HE to evaluate
histological changes or stained with Sirius red to assess collagen deposition following
standard procedures.

4.4. Immunofluorescence (IF) Analysis

The CFSC cells were fixed with 4% PFA and stained with the mouse anti-α-SMA anti-
body (Sigma Aldrich, Shanghai, China), then stained with the CoraLite594-conjugated goat
anti-mouse IgG (Proteintech, Wuhan, China). The nuclei were counterstained with DAPI
(Solarbio, Beijing, China). A Zeiss Axio Observer 5 microscope (Carl Zeiss, Oberkochen,
Germany) was used for the observations.

4.5. Biochemistry Assay

The levels of AST, ALT, and hydroxyproline were determined using colorimetric
assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the
manufacturer’s protocols.

4.6. IHC Assay

The harvested liver tissue samples were fixed in 4% PFA, embedded in paraffin, and
sectioned to 5 μm for immunohistochemistry. The sections were deparaffinized in xylene
and rehydrated in graded alcohol. Next, antigen retrieval was carried out by heating
sections in citrate buffer for 10 min. Then, the sections were incubated with 0.3% H2O2
for 10 min to block the endogenous peroxidase activity. After blocking with 5% BSA, the
anti-F4/80 antibody (Abcam, Shanghai, China) or anti-α-SMA antibody (Sigma Aldrich,
Shanghai, China) was incubated overnight at 4 ◦C, followed by incubation with HRP-
conjugated secondary antibodies (Proteintech, Wuhan, China) for 1 h. Finally, the sections
were stained with the DAB substrate solution and co-stained with hematoxylin.

4.7. Western Blot Analysis

The protein extracts from liver tissues and CFSC cells were prepared in RIPA lysis
buffer (Beyotime Biotechnology, Shanghai, China) supplemented with protease inhibitor
cocktails (Roche, Shanghai, China). Then, the protein samples were separated using SDS-
PAGE and transferred to PVDF membranes (Merck Millipore, Shanghai, China). After
blocking with 5% skim milk, the membranes were incubated with mouse anti-α-SMA
antibody (Sigma Aldrich, Shanghai, China) or rabbit anti-GAPDH antibody (Proteintech,
Wuhan, China) overnight at 4 ◦C and subsequently incubated with HRP-conjugated goat
anti-mouse IgG or HRP-conjugated goat anti-rabbit IgG (Proteintech, Wuhan, China) for
2 h at room temperature. Finally, the bands were examined with an ECL assay kit (NCM
Biotech, Suzhou, China).

4.8. RNA Extraction, cDNA Synthesis, Real-Time PCR

The total RNA was isolated from liver tissues using a Total RNA Kit (Omega Bio-Tek,
Norcross, GA, USA). The preparation of the cDNA was carried out with a FastQuant cDNA
kit (Tiangen, Beijing, China). The real-time PCR was carried out with SuperReal PreMix
Plus (SYBR Green) (Tiangen, Beijing, China) for the quantification of target gene expression
and normalized to the expression of GAPDH using 2−ΔΔCt method.
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4.9. Statistical Analyses

The statistical analyses were performed with a one-way analysis of variance (ANOVA)
followed by the Tukey multiple comparison test in GraphPad prism 8.3.0 (GraphPad
Software, La Jolla, CA, USA). The data are expressed as the means ± the standard error of
the mean (SEM). Statistical significance was set as p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232416043/s1.
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Abstract: Here, we demonstrated the potential of Cannabis-derived cannabidiol (CBD) and nanosized
selenium (nano-Se) for the modulation of microvascularization and muscle fiber lesions in superficial
breast muscle in C. perfringens-challenged chickens. The administration of CBD resulted in a decreased
number of atrophic fibers (3.13 vs. 1.13/1.5 mm2) compared with the control, whereas nano-Se
or both substances resulted in a decreased split fiber number (4.13 vs. 1.55/1.5 mm2) and in a
lower number of necrotic myofibers (2.38 vs. 0.69/1.5 mm2) in breast muscle than the positive
control. There was a significantly higher number of capillary vessels in chickens in the CBD+Nano-
Se group than in the control and positive control groups (1.31 vs. 0.97 and 0.98, respectively).
Feeding birds experimental diets lowered the activity of DNA damage repair enzymes, including
3,N4-ethenodeoxycytosine (by 39.6%), 1,N6-ethenodeoxyadenosine (by 37.5%), 8-oxo-guanine (by
36.2%), formamidopyrimidine (fapy)-DNA glycosylase (by 56.2%) and human alkyl adenine DNA
glycosylase (by 40.2%) in the ileal mucosa, but it did not compromise the blood mitochondrial oxygen
consumption rate (−2.67 OD/min on average). These findings indicate a potential link between
gut mucosa condition and histopathological changes in superficial pectoral muscle under induced
inflammation and show the ameliorative effect of CBD and nano-Se in this cross-talk due to their
protection from mucosal DNA damage.

Keywords: cannabis; selenium; necrotic enteritis; DNA damage; muscle abnormalities

1. Introduction

Necrotic enteritis (NE), caused by the anaerobic bacterium Clostridium perfringens (or
C. perfringens), is responsible for major economic losses in the poultry industry due to
impaired bird performance and increased morbidity and mortality rates [1]. Due to the ban
on the preventive use of antibiotics and antibiotic growth promoters in the EU (Regulation
(EC) No. 1831/2003), health problems have arisen in broiler chicken flocks, including
an outbreak of Clostridium perfringens infections. The acute form of the disease leads to
increased mortality in broiler flocks [2]. In the subclinical form, there is damage to the
intestinal mucosa caused by C. perfringens, leading to reduced digestion and absorption and
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consequently to lower body weight gain and increased feed conversion ratio. Importantly,
C. perfringens in poultry poses a risk of transmission to humans through the food chain [3].

In recent years, the poultry industry has made significant progress in breeding broiler
chickens, resulting in shorter fattening times and faster weight gain. However, the rapid
growth of birds results in histological and biochemical modifications of the muscle tissue,
the occurrence of myopathies, and ischemic and degenerative changes in the muscles [4].
Histopathological lesions in myopathies include necrosis and atrophy of fibers, split fibers,
giant fibers and connective tissue hyperplasia [5].

With the aim of minimizing the consumption of pharmaceuticals, possibilities have
been sought to replace drugs with health-promoting preparations that are not medicines
but exert similar effects. One bioactive substance that has been looked at in great detail
is cannabidiol (CBD). Research on CBD has discovered a new, so-called endocannabinoid
system, which regulates not only brain function but also the immune system. Studies
examining the effects of cannabinoid-based drugs on immunity have shown that many
cellular and cytokine mechanisms are suppressed by these agents [6]. This leads to the
hypothesis that the aforementioned drugs may be of value in the treatment of chronic
inflammatory diseases [7]. The mechanism underlying CBD action has not yet been fully
elucidated, but it may represent biological activity in the regulation of inflammation
through close affinity to the processes mediating necrosis and intestinal inflammation
in chickens. Since NE is a serious problem in the poultry industry, CBD could be an
interesting solution in prevention strategies. Therefore, additives that can help to improve
birds’ health while maintaining performance indicators are currently of great interest [8].
While it is overall consensus that the abuse of the most abundant bioactive substance
found in Cannabis plants—tetrahydrocannabinol—is usually associated with toxicity to the
host, current findings indicate that CBD, the second active compound in cannabis plants
in terms of abundance (but without psychedelic effects on the host), is one of the most
promising cannabinoids [9,10]. On the other hand, reports indicating CBD toxicity based
on preclinical and clinical studies, as well as experiments involving animals and in vitro
models, also exist [11]. More recently, an increasing body of evidence obtained using
different models has suggested that CBD exposure (depending on dose) may affect the
mitochondrial respiration efficiency of immune cells as well as mitochondrial fission and
fusion, which are of key importance during response to high metabolic stress [12].

Selenium (Se) is another bioactive substance that has caught the attention of poultry
producers. Selenium has been recognized as an essential trace element to animals and
humans that is actively involved in oxidative stress resistance, reproductive performance
and immune function [13]. Selenium is an important antioxidant mineral in animals and is
known to affect feather production and maintain cellular integrity in bird tissues. Various
Se forms are available for supplementation in animal and poultry feeds, e.g., inorganic
sodium selenate (Na2SeO4) and sodium selenite (Na2SeO3) [14,15]. The organic form, such
as that of selenized yeast, is similar to Se compounds found in cereals and feeds. However,
selenium concentrations in feed ingredients vary widely depending on the plant species
and, in particular, the Se status of the soil. Therefore, Se supplementation is necessary
in poultry nutrition to provide a safety margin against its deficiency and to maintain
production efficiency [16]. With the development of nanotechnology, the effect of particles
in “nano” form has begun to be studied. Nanoscale selenium is of great interest as a food
additive, especially for individuals with selenium deficiency, but also as a therapeutic agent
without significant side effects in medicine. The nano form of selenium has attracted even
more attention due to its high bioavailability and low toxicity compared with inorganic
and organic forms, where inorganic compounds are more toxic than organic ones [17].
Studies have demonstrated the antimicrobial and antifungal activity of nano-Se [18]. In the
context of potential bioactivity/toxicity of Se, it was evidenced, using Lilly Laboratories
culture-Porcine Kidney 1 cell lines, that Se produced significant protection against Cd-
induced apoptosis by mediating oxidative stress, which in turn had ameliorative effects on
mitochondrial dysfunction [19]. In another study, it was shown that Se was effective in the
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prevention of mitochondrial damage caused by Adriamycin in Sprague–Dawley rats [20].
Eventually, Se nanoparticles were used to investigate their potential in malignant ascites
treatment using a mouse model. It was revealed that Se could influence mitochondrial
function and induce cell apoptosis [21]. Taken together, the results suggests that both
molecules (CBD and nano-Se) have a close affinity to mitochondrial function; thus, based
on this interaction, their beneficial/toxic effects on the host can be assessed. Nano-Se
can be obtained via chemical synthesis, physical methods or even in a biological way
(green synthesis), using microorganisms or plant extracts, which indeed determine their
biological action to a high extent [22]. Among others, nano-Se obtained via chemical
synthesis seems to be the most suitable component for nutritional applications, because in
this form, it is positively charged, biocompatible, non-immunogenic, nontoxic, pH sensitive
and biodegradable [22].

To date, research has focused on the effects of cannabidiol and nano-selenium on the
improvement of intestinal barrier function and bacterial enzyme activity in chickens. This
study investigated the bioactive properties of CBD and nano-Se in broilers with potential
beneficial effects on gut health and function. Konieczka et al. [8] found that CBD and
nano-Se could modulate the response of chickens to C. perfringens infection, which in
turn may provide time for effective intervention. The beneficial effects of both agents
on host physiology were manifested in supporting intestinal barrier function through
increased expression of genes that control intestinal integrity (tight junction proteins;
TJPs). CBD and nano-Se promoted changes in extracellular bacterial enzyme activity
toward increased energy uptake in challenged chickens but showed no counter-effects on
mediating the host response to infection. Recently, an increasing number of studies have
indicated a close relationship between intestine condition and processes determining the
physicochemical properties of meat in poultry [23–25]. The metabolism of key elements,
including peptides, fatty acids and amino acids, in the host depends to a high extend
on gut barrier function [26]. As reported, both CBD and nano-Se manifest direct and
indirect actions on the same mechanisms of the gut physiological status, particularly the
modulation of gut bacterial composition and activities; thus, we speculated that both CBD
and nano-Se could be more effective in supporting gut integrity and should thus affect
meat properties, especially in challenged birds, as this condition leads to fermentation
disturbance, as proven in various models [27–29]. For instance, chickens challenged with
C. perfringens were shown to have a higher abundance of several foodborne pathogens in
the gut, including C. jejuni, E. coli and L. monocylogenes; this treatment also affected the
transcript levels of many genes regulating host metabolism [30]. In our previous study [31],
in a turkey model, we found that challenging birds with C. perfringens had a significant effect
on the sarcoplasmic protein profile of the breast muscle, indicating a strong association
between C. perfringens infection and the function of glycolytic enzymes in turkeys, which
could lead to significant consequences in cell metabolism [32]. In line with this, [33] showed
a possible linkage between reduced vessel density and ultrastructural alterations in chicken
breast muscle in early-stage wooden breast myopathy development, and the enlargement of
the sarcoplasmic reticulum and greater severity of mitochondrial morphological alterations
due to osmotic imbalance. The authors of [34] reported that skeletal muscles, including
breast muscle, in chickens and turkeys can be affected by C. perfringens due to immune
system failure caused by different stressors. In another report [35], it was shown that
C. perfringens impairs the muscle regeneration process due to induced necrosis via the
disturbance of collagen deposition in injured tissue, alternations in capillary vessels and
nerves in infected muscle, as well as changes in the transcript levels of gene mediators of
the inflammatory response and fibrosis in infected muscle. Both CBD and nano-Se may
have the potential to interact with all of the mentioned pathogenesis factors.

However, the most significant correlation between host intestinal response and meat
quality in chickens was found in our recent study, in which dietary CBD in C. perfrin-
gens-infected chickens reduced meat volatile compound levels correlated with bacterial
activity [36]. In the latter study, we showed that the only group of birds with a differ-
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ent VOC profile (including spoilage markers) was the C. perfringens-challenged group,
indicating a strong impact of C. perfringens infection on meat properties. This could be
attributed to the fact that C. perfringens affects lipid metabolism by downregulating the ex-
pression of fatty acid catabolism-related genes, including peroxisome proliferator-activated
receptor-alpha, carnitine palmitoyl transferase 1 and acyl CoA oxidase 1 [37], which play
important roles in lipid metabolism and thus strongly contribute to meat sensory properties.
Eventually, Bień et al. [38] demonstrated that using different forms of selenium, including
the nanosized form, in chicken diet was effective in the modulation of the fatty acid profile,
and lipid and enzymatic indices of fatty acid metabolism in breast muscle as well as in the
liver in birds.

Corresponding to the above reported findings, the aim of this study was to verify
whether the use of CBD and Se in the form of nanoparticles in the diet of broiler chickens
subjected to necrotic enteritis caused by Clostridium perfringens affected the degree of blood
supply to the superficial breast muscle and the extent of pathological changes. At the same
time, the study verified whether the use of the tested substances in the diet of chickens
exerted toxic effects on selected markers of intestinal barrier function and mitochondria.

2. Results

2.1. Breast Meat Microstructure in Response to Treatment

There was a significantly higher number of capillary vessels in the muscle of chickens
in the CBD + Nano-Se group than in CON and CON positive birds (p < 0.05) (Table 1).
At the time of CBD and nano-Se administration to the chickens, a tendency of improved
microvascularity of the muscle was observed. A lower number of necrotic myofibers
was found in the chicken groups infected with C. perfringens after the addition of both
bioactive substances, as well as selenium nanoparticles alone, compared with the CON
positive group. The smallest number of atrophic fibers was observed in the muscle of
CBD group birds compared with CON. Noteworthy is the number of split fibers, as a
significant increase in the number of these lesions was observed after infecting chickens
with C. perfringens compared with the control group. The administration of CBD, nano-Se
and CBD + nano-Se reduced the extent of splitting compared with the CON positive group
(p < 0.05). There were no differences in the content of giant fibers nor the thickness and
number of fibers among the studied groups of birds (Table 1).

Table 1. Effects of dietary treatments and Clostridium perfringens challenge on the microstructure of
the superficial breast muscle in 35-day-old broiler chickens.

Trait
Group

CON CON Positive CBD Nano-Se CBD + Nano-Se

Number of capillaries per
muscle fiber 0.97 b ± 0.07 0.98 b ± 0.05 1.20 ab ± 0.10 1.11 ab ± 0.09 1.31 a ± 0.12

Number of muscle fibers/1.5 mm2 165.38 ± 5.89 177.75 ± 12.70 165.13 ± 10.07 172.88 ± 7.82 178.13 ± 12.67
Muscle fiber diameter (μm) 48.56 ± 2.99 44.95 ± 5.62 47.59 ± 5.60 48.29 ± 3.10 45.66 ± 6.09

Number of necrotic fibers/1.5 mm2 1.63 ab ± 0.32 2.38 a ± 0.53 1.50 ab ± 0.60 0.38 b ± 0.26 1.00 b ± 0.38
Number of atrophic fibers/1.5 mm2 3.13 a ± 0.79 2.50 ab ± 0.53 1.13 b ± 0.30 2.25 ab ± 0.60 2.50 ab ± 0.42

Number of split fibers /1.5 mm2 2.00 b ± 0.65 4.13 a ± 0.55 1.88 b ± 0.40 1.63 b ± 0.60 1.13 b ± 0.40
Number of giant fibers/1.5 mm2 0.50 ± 0.27 0.63 ± 0.32 0.63 ± 0.32 0.75 ± 0.25 0.25 ± 0.16

CON—untreated control group; CON positive—birds fed a CON diet and challenged with Clostridium perfringens
on days 15, 16, 17 and 18 of age; CBD—CON positive + dietary supplementation with cannabidiol; Nano-Se—
CON positive + dietary supplementation with nano form of selenium; CBD+Nano-Se—CON positive + dietary
supplementation with both additives. ab—statistically significant differences at p < 0.05.

2.2. Gut Barrier Condition as Response to Treatment

The activity of DNA damage repair enzymes in the ileum is shown in Figure 1. etC
repair activity was significantly higher in the CON positive group than in the other groups
(p < 0.001). With respect to the repair activity of the etA enzyme, no significant differences
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were recorded between the CON and CON positive groups, and both groups showed higher
enzyme activity than the Nano-Se and CBD + Nano-Se groups, with activity being higher
in CON positive than in the CBD group (p < 0.001). The activity of the 8oxodG enzyme was
the highest in the CON positive group and did not differ significantly between CON and
CBD, while it was the lowest in the Nano-Se and CBD + Nano-Se groups (p < 0.001). Fpg
activity was the highest in the CON positive group and did not differ significantly among
the CON, CBD and CBD + Nano-Se groups, and it was the lowest in the Nano-Se group
(p < 0.001). The activity of hAAG was significantly lower in the other groups compared
with the CON positive group (p < 0.001).

Figure 1. Excision activity (pmol/h/mg protein) of 3,N4-ethenodeoxycytosine (A), 1,N6- ethen-
odeoxyadenosine (B), 8-oxo-guanine (C), formamidopyrimidine (fapy)-DNA glycosylase (D) and
human alkyl adenine DNA glycosylase (E). CON—untreated control group; CON positive—birds
fed a CON diet challenged with Clostridium perfringens on days 15, 16, 17 and 18 of age; CBD—CON
positive + dietary supplementation with cannabidiol; Nano-Se—CON positive + dietary supplemen-
tation with nano form of selenium; CBD + Nano-Se—CON positive + dietary supplementation with
both additives. a,b,c Different letters represent significant differences (p < 0.001). Error bars represent
mean standard error values for 8 birds in each dietary treatment.

2.3. Oxygen Consumption Rate in Platelet Mitochondria as a Response to Treatments

The rate of oxygen consumption in platelet mitochondria, expressed as a change in
fluorescence signal over time (intensity inversely proportional to the level of extracellu-
lar oxygen), is shown in Figure 2. The results indicate that neither dietary treatments
nor C. perfringens challenge significantly affected the oxygen use of platelet mitochondria
(p > 0.05).
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Figure 2. Oxygen consumption rate in platelet mitochondria expressed as the rate of fluorescence
signal change per minute. CON—untreated control group; CON positive—birds fed a CON diet and
challenged with Clostridium perfringens on days 15, 16, 17 and 18 of age; CBD—CON positive + dietary
supplementation with cannabidiol; Nano-Se—CON positive + dietary supplementation with nano
form of selenium; CBD + Nano-Se—CON positive + dietary supplementation with both additives.
Error bars represent the mean standard errors for 8 birds in each dietary treatment (SEM = 0.318 and
p = 0.250).

3. Discussion

The available literature indicates a positive effect of both CBD [39–41] and nano-
Se [14,16,42,43] on the quality of broiler chicken meat. Studies in rats show that CBD can
provide moderate analgesic and anti-inflammatory effects without suppressing muscle
recovery [44]. Konieczka et al. [8] investigated the activity of cannabidiol derived from
Cannabis sativa and selenium nanoparticles in modulating the host response to challenge
with Clostridium perfringens in broiler chickens under mild infection conditions. It should
be noted that the infected chickens showed no clinical signs, confirming the potential risk
of pathogen transmission into the food chain in the commercial sector. However, both CBD
and nano-Se had a positive effect on chickens’ response to C. perfringens. The beneficial
effect of both agents was manifested in the increased expression of genes determining
intestinal barrier function. Both CBD and nano-Se promoted changes in gut bacterial
enzyme activity to increase energy intake in challenged chickens and enhance potential
collagenase activity. The results of the cited studies prompted the authors to conduct
research concerning the effect of CBD and nano-Se on the microstructure of the breast
muscle of chickens after infection with C. perfringens. There were no differences among
the chicken groups in both the diameter and the number of muscle fibers, which was
also confirmed by previous studies with other bioactive substances administered in feed
and in ovo [5,45–47]. However, differences in muscle blood supply and changes in its
microstructure were observed. There was a tendency of an increasing number of capillaries
after CBD and nano-Se administration, and a significant improvement in blood supply was
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observed after supplying both substances simultaneously. This was also reflected in the
number of pathological changes in the muscle. After the addition of selenium nanoparticles,
as well as both bioactive substances concurrently, decreased muscle fiber necrosis was
observed compared with the CON positive group. Pelyhe and Mézes [48] emphasized the
role of selenium in antioxidant defense systems, as well as the prevention of cell damage in
farm animals, which might explain the lowest number of necrotic fibers in the selenium-
supplemented group. As reported by Bilgili and Hess [49], and Velleman [50], necrosis is
one of the degenerative lesions primarily caused by limited blood supply to the muscle
fiber, which may be associated with fewer capillaries and limited angiogenesis. In addition,
the administration of cannabidiol (CBD group) resulted in a small number of atrophic fibers
in the muscle compared with CON. As is well known, CBD is a phytochemical that shows
a strong potential in the control of neurodegenerative disorders, which are the main cause
of muscle fiber atrophy [51]. However, the number of split fibers deserves attention, as the
administration of CBD, nano-Se and CBD + nano-Se resulted in decreased fiber splitting
compared with the CON positive group (p <0.05) (Table 1). Fiber splitting is a lesion
that requires special attention in the muscles of fast-growing chickens. The longitudinal
splitting of muscle fibers is one of the degenerative changes that may be identified in
transverse sections of muscle tissue. McRae et al. [52] reported that this lesion occurs in
chickens showing myopathic changes as a result of metabolic stress associated with, among
others, the functioning of larger fibers. The study by Bogucka et al. [5,45] also showed a
positive effect of probiotics and synbiotics as additives in the nutrition of broiler chickens
on reducing the degree of muscle fiber splitting, which indicated a significant relationships
between the environment of the digestive tract and the physicochemical properties of breast
muscle in chickens.

In the present experiment, the activity of DNA repair enzymes was studied as a marker
of intestinal barrier condition in relation to dietary treatments. Since DNA repair is an
important risk factor in the etiology of pathogen challenge, it may also serve as a good
indicator of the effectiveness of the treatment efficacy of test substances [53]. One of the
important modulators of DNA changes is oxidative stress resulting from the increased
sensitivity of cells to oxidizing and alkylating agents, which is associated with incomplete
repair of single-strand breaks [54]. To the best of our knowledge, there are no data in the
literature regarding changes in the activity of DNA repair enzymes in chickens infected
with C. perfringens; however, in studies in a rat model challenged with lipopolysaccharide
from S. typhimurium and E. coli, an increased rate of oxidative DNA damage was found
to be originated by either a direct attack of ROS on DNA (8-oxoG) or the adduction of
lipid peroxidation products (εA and εC), as well as a concomitant increase in DNA repair
enzyme activity [55]. For this reason, it can be assumed that they are good markers of the
effectiveness of treatments. Indeed, in our experiment, the repair activity of all enzymes
except for etA was the highest in the CON positive group, indicating an increase in DNA
damage in the ileum caused by C. perfringens compared with the non-infected group. In
contrast, the repair activity in the experimental groups was significantly lower or did not
differ from that in the CON group, suggesting an ameliorating effect of CBD and nano-Se
on DNA damage in intestinal epithelial cells under C. perfringens challenge conditions. We
speculated that both bioactive substances (CBD and nano-Se) could improve the integrity
and function of the ileal barrier, as in a previous study, we showed that both additives
increased the expression levels of TJP genes, including GLP-2, JAM-2, ZO-1 and TLR-4,
in the intestines of C. perfringens-infected chickens [8]. A number of cases has indicated
an association between stress-regulating factors of the host response and meat features,
including myopathies such as white striping, wooden breast and spaghetti meat, which
are associated with breast muscle vascularization and oxygen supply [56]. A report by
Pampouille et al. [57] demonstrated that broiler meat disorders are associated with histo-
logical changes or transcript levels of oxygen carrier genes. Avian breast muscle disorders
have also been linked to genes regulating the transition from the glycolysis pathway to-
wards amino acid catabolism and lipid oxidation for the production of energy [58] and of
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long- medium-chain and monounsaturated fatty acids, as well as lipid metabolism [59,60].
Although these mechanisms are complex and require further research, the present study
contributes to research by reporting the fact that meat vacuolization is affected by intestinal
barrier function.

Here, we used an oxygen consumption assay to investigate whether the bioactive
agents used (CBD and/or nano-Se) exerted a toxic effect. Oxygen consumption assays
allow respiration rates to be determined for the metabolic characterization and assessment
of the toxic effects of treatments on mitochondrial function [61]. Lower extracellular
oxygen levels indicate a higher rate of oxygen consumption in the mitochondria. Since
mitochondria play a key role in the metabolic processes of the entire biological system, their
impairment is the main mechanism of drug-induced toxicity, as has been demonstrated in
various models [62–64]. In a recent study, we measured the rate of oxygen consumption in
platelet mitochondria as an indicator of treatment effect, as this may have implications for
further applications. Blood analysis is an easy-to-use approach; it can, therefore, be used
to assess the effects of dietary treatment in birds [65]. Our findings indicated that neither
CBD nor nano-Se (or their concurrent application) significantly affected mitochondrial
function, as assessed in terms of oxygen consumption. Thus, it can be speculated that oral
administration of CBD and nano-Se did not induce toxicity in birds at the doses tested
under both optimal conditions and C. perfringens-induced inflammation; in particular, it
did not impair platelet function during the inflammatory response to stress stimuli, and it
has been suggested that platelets play a key role during antigen presentation [66,67].

4. Materials and Methods

4.1. Chemical Composition of Hemp Extract and Nano-Selenium

Hemp (Cannabis sativa) panicles were extracted from plants harvested in 2019 at Insti-
tute of Natural Fibers and Medicinal Plants in Poznań, Poland. Plants for the experiment
were cultivated from certified seeds, and all procedures, including either plant cultivation
or the collection of plant material, complied with institutional, national and international
guidelines and legislation. The plants that were used for extract preparation were EU-
registered (Research Centre for Cultivation Testing, Polish National List of Variety (NLI);
Tygra No. R1865) and had a cannabinoid content below 0.2%. The plant material was
collected, cut and dried at room temperature. The hemp extract was obtained at Super-
critical Extraction Department, Institute of New Syntheses Institute, Puławy. Extraction
parameters: pressure, 250 bar; temperature, 60 ◦C; flow rate, 40 kg CO2/kg hemp. Hemp
extract contained 12% CBD, 0.49% tetrahydrocannabinol and 0.38% tetrahydrocannabinolic
acid. The plants used to prepare extracts were registered in the EU (Research Centre for
Cultivation Testing, Polish National List of Variety (NLI); Tygra No. R1865) and had a
cannabinoid content of less than 0.2%. In the present experiment, the desired result of
extraction was to obtain the highest possible concentration of CBD in the extract, which
in consequence increased the content of other cannabinoids in the final extract, including
tetrahydrocannabinol. Therefore, considering the inclusion level (15 g/kg diet) of CBD
extract in the diet, the final concentrations were 0.0735 g of tetrahydrocannabinol per 1 kg
feed and 1.8 g of CBD per 1 kg feed.

Nano-Se obtained through chemical synthesis was used in the form of a nanopowder
with an average particle size of 10–45 nm, specific surface area (SSA) of about 30–50 m2/g
and purity of 99.9%, as declared by the manufacturer (American Elements, Los Angeles,
CA, USA).

4.2. Birds, Treatments and Challenge Model

A total of 360 birds (male broiler chickens of the Ross 308 line), reared from day
1 to 35, were used in the experiment. Chickens, from the first day of rearing, were
placed in collective cages (9 individuals per cage) taking into account the average body
weight. The study design included 5 experimental groups, with 8 replicates (cages) in each
group—9 birds in each replicate. Chickens were fed a complete feed mix for broilers
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divided into 3 feeding periods, starter (days 1 to 7), grower (days 8 to 35) and finisher (days
36 to 42), according to the Ross 308 chicken feeding recommendations [68]. The experiment
used CBD extract obtained from industrial hemp (Cannabis sativa) and/or nano-Se, which
were added to the experimental diets (Table 2).

Table 2. Dietary treatments applied in the chicken experiments.

Treatment CON CON Positive CBD Nano-Se CBD+Nano-Se

Commercial diet for
broiler Ross 308 with no

additives
+ + + + +

C. perfringens Challenge − + + + +

Cannabidiol − − + − +

Nanosized selenium − − − + +
CON—untreated control group; CON positive—birds fed a CON diet and challenged with Clostridium perfringens
on days 15, 16, 17 and 18 of age; CBD—CON positive + dietary supplementation with cannabidiol; Nano-Se—
CON positive + dietary supplementation with nano form of selenium; CBD+Nano-Se—CON positive + dietary
supplementation with both additives.

Birds from groups CON positive, CBD, Nano-Se and CBD+Nano-Se were infected with
Clostridium perfringens on days 15, 16, 17 and 18, according to the methodology reported
previously [8]. Briefly, at 15, 16, 17 and 18 days of age, birds were challenged with 1 mL
(per os, directly into the crop using a probe) of a C. perfringens overnight culture inoculum,
freshly prepared for each subsequent day; bacteria were cultivated anaerobically in sterile
brain heart infusion broth medium (Sigma-Aldrich) containing beef heart (5 g/L), calf
brain (12.5 g/L), disodium hydrogen phosphate (2.5 g/L), D (+)-glucose (2 g/L), peptone
(10 g/L) and sodium chloride (5 g/L) at the temperature of 37 ◦C and were maintained
overnight (14 h) in a jar containing an atmosphere of 10% CO2, 10% H2 and 80% N2.
C. perfringens inoculum was confirmed according to ISO standard 7937:2005 (PN EN ISO
7937, 2005) and contained approximately 108 CFU/mL of C. perfringens type A strain 56
according to a pre-validated protocol [69], while chickens in the non-challenged group
received the same dose of sterilized broth medium. Before C. perfringens challenge, 1 mL
of coccidial cocktail containing Eimeria (E) species (E. acervulina, (5000 oocytes), E. maxima
(3500 oocytes), E. mitis (5000 oocytes), E. praecox (5000 oocytes) and E. tenella (5000 oocytes))
was administered per os to all birds at 14 and 15 days of age to create a favorable intestinal
environment [70] for the development of mild necrotic enteritis caused by C. perfringens
colonization (Laboratorios HIPRA S.A., Spain). The chicken basal diet was composed of
wheat (50.76%), soybean meal (21.76%), triticale (15.54%), fish meal (5.18%) and oilseed
rape meal (4.15%) to create a favorable environment in the digestive tract for C. perfringens
proliferation. The severity of infection in the intestinal tissue was assessed by a veterinarian
based on necrotic lesions typical of C. perfringens. None of the birds showed severe necrosis,
which is usually manifested by confluent necrosis of the mucosa of large parts of the
gut segments, collapse of the intestinal lumen, lack of turgor, thin and fragile intestinal
wall, advanced necrosis of the gut mucosa, and visible multifocal hemorrhage in various
regions [71,72]. The experimental diets were supplemented with CBD at a level of 15 g/kg
feed, while nano-Se was added in the amount sufficient to provide 0.3 mg Se/kg feed.

4.3. Evaluation of the Microstructure of the Breast Muscles of Broiler Chickens

Breast muscle samples were collected from chickens at 35 days of age (n = 8/group).
The histological preparations that were used to evaluate the microstructure of broiler
chicken breast muscles were prepared using the freezing technique. After fixation in liquid
nitrogen (−196 ◦C), superficial breast muscle samples were cut in a cryostat (Thermo
Shandon/Thermo Fisher Scientific, UK) into 10 μm thick sections. The thus-prepared
sections were transferred onto slides and subjected to hematoxylin and eosin (HE) staining
and reaction to alkaline phosphatase present in capillary endothelium. HE staining was
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used to measure muscle fiber diameter and determine the number of normal and altered
fibers. The number of lesions such as necrotic fibers, atrophic fibers, split fibers and
giant fibers was calculated. The alkaline phosphatase method was used to determine the
number of capillaries in the studied muscle. Ten fields of view with the highest number of
vessels, the so-called “hot spots”, were analyzed; subsequently, the number of capillaries
per 1 muscle fiber was calculated (Figure 3). A Nikon Eclipse Ci microscope, equipped
with a Delta Optical DLT-Cam PRO 6.3MP camera and DLT Cam Viewer software, was
used to analyze histological images. Muscle analysis was performed on an area of 1.5 mm2.

A B 

C D 

E F 

N 

GF 

Figure 3. (A) Capillaries (arrows); alkaline phosphatase staining; magnification ×200. (B) Nor-
mal structure of superficial breast muscle. (C) Split fibers (arrows). (D) Atrophic fibers (arrow).
(E) Necrosis (N). (E) Giant fiber (GF). (B–F) hematoxylin and eosin (HE) staining; magnification×200.
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4.4. Assessment of the Activity of DNA Damage Repair Enzymes in the Ileum

The condition of the intestinal barrier was assessed using the repair activity assay
and nicking assay method. On day 23 of age (5 days after the last C. perfringens challenge),
8 birds from each treatment were sacrificed, and ileal samples were collected and fixed.
Briefly, the condition of the intestinal barrier was assessed on the basis of the repair activity
assay with the nicking assay method [55,73] using oligonucleotides (40-mers) containing a
single 3,N4-ethenodeoxycytosine (εC), 1,N6-ethenodeoxyadenosine (εA) and 8-oxo-guanine
(8-oxoG) at position 20 in the sequence 5′-d(GCT ACC TAC CTA GCG ACC TXC GAC
TGT CCC ACT GCT CGA)-3′. Oligonucleotides were obtained from Eurogentec Herstal
(Herstal, Belgium) or Genset Oligos (Paris, France). Understanding the genotoxic proper-
ties of endogenous DNA damage as etheno-DNA adducts, such as 1,N6-ethenoadenine
(εA), 3,N4-ethenocytosine (εC), N2,3-ethenoguanine (εG) and 1,N2-ethenoguanine (εG) and
repair pathways, resulting in oxidative stress response, is fundamental to understand the
mechanisms of diseases associated with chronic inflammation such as cancer, neurodegen-
erative diseases and aging. Due to the large range and pleiotropic effects of these products,
knowledge about their molecular mechanisms of action is still fragmentary [55,73]. The
principle of the nicking assay is based on the cleavage of an oligodeoxynucleotide at the site
of modified bases (exocyclic DNA base adducts) such as etenoadenine (εA), etenocytosine
(εC) and etenoguanine (εG) performed by glycosylases and AP-endonucleases present in
tissue homogenates. The assay monitors the excision of εAde, εCyt and 8oxoG from a 5′-
radiolabeled or phosphorescent synthetic DNA oligodeoxynucleotide performed by DNA
glycosylases contained in tissue extracts, as well as the incision of abasic sites performed
by AP endonucleases such as formamidopyrimidine (fapy)-DNA glycosylase (Fpg) and
human alkyl adenine DNA glycosylase (hAAG) (Scheme 1).

Scheme 1. The nicking assay involves 5 main steps: 1—labeling of oligodeoxynucleotides containing
εA, εC and 8-oxoG; 2—hybridization; 3—excision of εA, εC and 8-oxoG from oligonucleotides
performed by glycosylases present in tissue extracts; 4—separation of reaction products; 5—detection
and quantification of the reaction products. The resulting reaction products were analyzed using
Imane Quant 5.2 and Microcal Origin programs for reaction product quantification. The cleavage
percentage of a known amount of 32P-labeled oligonucleotides relative to the total content was
evaluated and expressed as picomoles of product/hour/microgram of protein.

4.5. Analysis of Mitochondrial Oxygen Metabolism Using the Oxygen Consumption Assay

The rate of oxygen consumption in platelet mitochondria was assessed according
to the previously described protocol [65]. Briefly, whole blood samples (2 mL) were
collected from birds at 23 days of age (8 birds per group) into heparinized tubes. Blood
was subsequently gently mixed to avoid microsphere formation, which could reduce the
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number of platelets and impair the results, and was placed on ice for 2 h to allow the
sedimentation of individual blood cells to be achieved. Once a visible phase boundary
was established, approximately 150 μL of the upper layer containing the platelets was
collected and transferred to new tubes containing 300 μL of 10 mM dimethyl sulfoxide
(DMSO) for cryopreservation. Samples were stored at −20 ◦C for further analyses. Before
the analyses, fixed platelets were centrifuged at 3500× g for 5 min at 2 ◦C to remove
DMSO. Isolated platelets were dissolved in 300 μL of HEPES-buffered Tyrode’s solution
(119 mM NaCl, 5 mM KCl, 25 mM HEPES buffer, 2 mM CaCl2, 2 mM MgCl2 and 6 g/L
glucose, adjusted with NaOH to final pH of 7.4). The extracellular oxygen consumption
rate in platelet mitochondria was measured using a filter-based multi-mode microplate
reader (FLUOstar OPTIMA; BMG Labtech, Ofenburg, Germany) using MitoXpress-Xtra
HS kits (Luxcel Company, Cork, Ireland) according to the manufacturer’s instructions.
Fluorescence intensity was measured at 5 min intervals for 30 min at 37 ◦C in a sealed
environment by applying 100 μL of mineral oil to reduce oxygen exchange. Tyrode’s buffer
with 10 μL of MitoXpress-Xtra HS compound was used as reference. Each sample was
analyzed in duplicate. The rate of fluorescence signal change per minute was calculated for
each 5-minute interval, and the average signal change per minute over the entire 30-minute
period was calculated for each sample.

4.6. Statistical Analysis

The results were subjected to one-way analysis of variance (ANOVA), using STAT-
GRAPHICS Centurion XVI ver. 16.1.03 software. Arithmetic means and standard errors of
the mean (SEMs) were calculated using the aforementioned program. The significance of
the differences among groups was verified with Tukey’s test (HSD). The level of significance
was set at p < 0.05, and data were presented as means± standard errors of the mean (SEMs)
(n = 8 for each group).

5. Conclusions

Our research showed a positive effect of CBD and nano-Se on the microstructure of
the chicken breast muscle after C. perfringens infection. After adding these substances, an
increase in the number of capillaries supplying individual muscle fibers was observed. The
improvement in blood supply could have reduced degenerative changes in the muscles,
i.e., fiber necrosis and splitting. This finding also indicated that a potential link between
the condition of gut mucosa and histopathological changes in superficial pectoral muscle
under induced inflammation may exist, and in this regard, CBD and nano-Se manifest
ameliorative effects due to their protection against mucosal DNA damage. Further research
is needed in this area to elucidate the mechanisms of action of the tested substances on
skeletal muscles.
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Abstract: (1) Exposure of intestinal epithelial cells to heat and hypoxia causes a (heat) stress response,
resulting in the breakdown of epithelial integrity. There are indications that several categories of
nutritional components have beneficial effects on maintaining the intestinal epithelial integrity un-
der stress conditions. This study evaluated the effect of nine nutritional components, including
non-digestible oligosaccharides (galacto-oligosaccharides (GOS), fructo-oligosaccharides (FOS), chi-
tosan oligosaccharides (COS)), antioxidants (α-lipoic acid (ALA), resveratrol (RES)), amino acids
(l-glutamine (Glu), l-arginine (Arg)) and polyunsaturated fatty acids (PUFAs) (docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA)), on heat/hypoxia-induced epithelial injury. (2) Two
human colonic cell lines, Caco-2 and HT-29, were co-cultured and pre-treated with the nutritional
components for 48 h. After pre-treatment, the cells were exposed to heat/hypoxia (42 ◦C, 5% O2)
for 2 h. Epithelial integrity was evaluated by measuring trans-epithelial electrical resistance (TEER),
paracellular Lucifer Yellow (LY) permeability, and tight junction (TJ) protein expression. Heat stress
and oxidative stress levels were evaluated by determining heat-shock protein-70 (HSP-70) expression
and the concentration of the lipid peroxidation product malondialdehyde (MDA). (3) GOS, FOS, COS,
ALA, RES, Arg, and EPA presented protective effects on epithelial damage in heat/hypoxia-exposed
Caco-2/HT-29 cells by preventing the decrease in TEER, the increase in LY permeability, and/or
decrease in TJ proteins zonula occludens-1 (ZO-1) and claudin-3 expression. COS, RES, and EPA
demonstrated anti-oxidative stress effects by suppressing the heat/hypoxia-induced MDA produc-
tion, while Arg further elevated the heat/hypoxia-induced increase in HSP-70 expression. (4) This
study indicates that various nutritional components have the potential to counteract heat/hypoxia-
induced intestinal injury and might be interesting candidates for future in vivo studies and clinical
trials in gastrointestinal disorders related to heat stress and hypoxia.

Keywords: intestinal epithelial cells; hypoxia; heat stress; epithelial integrity; nutritional components;
tight junction

1. Introduction

The homeostasis of the human gastrointestinal (GI) tract is affected by multiple factors,
including changes in diet and internal environment, and exposure to stressors, such as
infectious agents and toxins. Strenuous exercise is an important stressor that predisposes
athletes and other persons to different intestinal disorders [1,2]. During strenuous exercise
such as marathon running and cycling, blood redistribution from the intestine to peripheral
limbs combined with increased body temperature may lead to local hypoxic conditions
and potential heat stress in the GI tract, which results in alterations in the integrity of the
intestinal epithelial barrier [3].

Junctional complexes between adjacent intestinal epithelial cells form the critical
structures responsible for the integrity of the intestinal barrier. This barrier is composed of
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a series of tight junction (TJ), adherens junction (AJ), and desmosome proteins that regulate
paracellular transport and stability and tightness of the epithelium [4]. Our previous study
proved that 2-h exposure to heat (40 or 42 ◦C) and hypoxia (5% of oxygen) significantly
decreased TJ protein expression and disturbed the cellular TJ distribution, while expression
of the AJ protein E-cadherin was enhanced in a co-culture model using two human colonic
epithelial cell lines, Caco-2 and HT-29 [5]. Furthermore, trans-epithelial electrical resistance
(TEER) was decreased, and the epithelial permeability was increased after hypoxia and
heat treatment [5]. A dysfunctional or leaky intestinal epithelial tight junction barrier
allows augmented permeation of luminal antigens, endotoxins, and bacteria into the local
tissues and blood circulation, possibly leading to severe local and systemic inflammatory
conditions [6]. Any intervention, which prevents abnormal expression of TJ/AJ proteins
or restores the epithelial integrity, may contribute to alleviate heat stress (HS)-induced
intestinal injury and associated disorders.

A broad range of nutritional supplements, such as non-digestible oligosaccharides,
polyunsaturated fatty acids (PUFAs), antioxidants, and amino acids, may be effective in
the prevention and treatment of HS-induced intestinal disorders, not only by restoring
the expression of TJ/AJ proteins, but also by modulating immune responses and stress
resilience pathways [3]. Our group demonstrated that galacto-oligosaccharides (GOS) and
α-lipoic acid (ALA) modulate heat shock protein (HSP)-70 expression, the key regulator of
the HS response, in HS-exposed Caco-2 cells and chickens [7–9].

Although the association between exercise-induced heat and enhanced intestinal
permeability is clear [10], the exact mechanism behind the pathology of hypoxia- and
heat-induced epithelial breakdown still needs to be elucidated. The TJ protein claudin-1
can act as a target protein for hypoxia-inducible factors (HIFs) suggesting a direct rela-
tionship between hypoxia and intestinal barrier damage [11]. Additionally, hypoxia and
heat can lead to increased ROS activity and thus cause peroxidative damage to epithelial
cells and is one of the hypotheses proposed so far [11]. A suitable intervention strategy
for this intestinal barrier injury is of great importance. In the present study, we used the
combination of heat stress and hypoxia in an in vitro set up using a well-characterized Caco-
2/HT-29 co-culture model (epithelial cells forming a tight intestinal epithelial barrier com-
bined with mucus-producing cells) mimicking the human intestinal epithelial layer [12,13].
These monolayers were pre-treated with different nutritional components, including GOS,
fructo-oligosaccharides (FOS), chitosan oligosaccharides (COS), ALA, resveratrol (RES),
l-glutamine (Glu), l-arginine (Arg), docosahexaenoic acid (DHA), and eicosapentaenoic
acid (EPA), prior to two hours of heat (42 ◦C) and hypoxia (5% of oxygen) treatment,
followed by measuring markers of intestinal integrity, including TEER, Lucifer Yellow (LY)
permeability, and the expression of TJ proteins. In addition, heat stress and oxidative stress
was measured via determination of HSP-70 and HIF-1α expression levels and products of
lipid peroxidation.

The goal of this study is to explore the possible impact of nutritional components on
altered intestinal barrier function exerted by heat and hypoxia exposure. The outcome of
this study might bring us one step closer to the goal of finding suitable dietary components
for people with gastrointestinal problems that are related to heat stress and hypoxia.

2. Results

2.1. Hypoxia and Heat Exposure in Combination with the Nutritional Components Do Not Affect
the Cell Viability of Caco-2/HT-29 Cell Monolayers

Cytotoxicity of all nutritional components on the Caco-2/HT-29 monolayers was
evaluated in a concentration- and time-dependent manner by using the MTT assay. For
each nutritional component, four biologically relevant concentrations and three time points
(24, 48, and 72 h) were used (Supplementary Figure S1). These results demonstrated that
after 48 h of incubation, none of the selected concentrations of the nutritional compo-
nents used in the following study caused cytotoxicity in the Caco-2/HT-29 monolayers
(Supplementary Figure S1).
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Cytotoxicity of hypoxia and heat exposure in the presence of the promising nutritional
components in Caco-2/HT-29 monolayers was further analyzed through the determination
of LDH release at the end of the exposure time. No significant differences were observed
between the different groups: control versus heat/hypoxia (model) and control versus
model with the nutritional components (Figure 1). The results demonstrated that either
heat/hypoxia exposure alone or combined with 48 h pre-incubation with one of the nutri-
tional components did not result in lethal damage to the Caco-2/HT-29 cell monolayers.

Figure 1. LDH release of Caco-2/HT-29 cell monolayers pre-incubated with GOS, FOS, COS (A),
RES, ALA (B), arginine, and EPA (C) for 48 h then exposed to 2 h of hypoxia and heat treatment.
LDH release into supernatants was assayed using a LDH assay. All values were presented as
means ± SEM (N = 3, n = 2 (GOS, FOS, COS group) and n = 3 (all other groups)). Statistical
differences were analyzed by two-way ANOVA followed by the Bonferroni’s multiple comparison
test. LDH, lactate dehydrogenase; GOS, galacto-oligosaccharides; FOS, fructo-oligosaccharides; COS,
chitosan oligosaccharides; ALA, α-lipoic acid; RES, resveratrol; Arg, l-arginine; EPA, eicosapentaenoic
acid. The detailed raw OD data are listed in Table S1.

2.2. GOS, FOS, COS, Arg, RES, ALA and EPA Prevent the Heat/Hypoxia-Induced TEER
Decrease in Caco-2/HT-29 Cell Monolayers

TEER values are strong indicators of epithelial cell barrier integrity and permeability.
The results showed that after 2 h of hypoxia and heat treatment, TEER values of the
co-culture model decreased significantly, which indicates an increased leakiness of the
monolayer (Figure 2). Forty-eight hours of pre-treatment with GOS (2.5 mg/mL, Figure 2A),
FOS (10 and 20 mg/mL, Figure 2B), COS (2.5 and 5 mL/mg, Figure 2C), RES (25, 50, and
100 μM, Figure 2D), ALA (25, 50, and 100 μM, Figure 2E), Arg (0.5 mM, Figure 2F), and EPA
(12.5, 25, and 50 μM, Figure 2G) prevented the heat/hypoxia-induced TEER decrease. It is
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worth mentioning that after 48 h of pre-treatment, all these nutritional components (and
DHA) already significantly increased the TEER values prior to hypoxia and heat exposure
(Supplementary Figure S2A–C,E,G–I).

Figure 2. Relative TEER values of Caco-2/HT-29 cell monolayers pre-incubated with GOS (A),
FOS (B), COS (C), RES (D), ALA (E), Arg (F), and EPA (G) for 48 h then exposed to hypoxia and
heat treatment (2 h). After heat/hypoxia exposure, TEER values were determined by using an
epithelial volt-ohm meter. All values were presented as means ± SEM (N = 3, n = 3). Same control
and model values were depicted in separate figures for different nutritional components. Statistical
differences were analyzed by two-way ANOVA followed by the Bonferroni’s multiple comparison test.
** p < 0.01, *** p < 0.001, and **** p < 0.0001 versus control; # p < 0.05, ## p < 0.01, and #### p < 0.0001
versus model. TEER, trans-epithelial electrical resistance; GOS, galacto-oligosaccharides; FOS, fructo-
oligosaccharides; COS, chitosan oligosaccharides; ALA, α-lipoic acid; RES, resveratrol; Arg, l-arginine;
EPA, eicosapentaenoic acid. The detailed raw TEER readings are listed in Table S2.

No significant effect was observed in the Glu- and DHA-treated group after heat/
hypoxia treatment (Supplementary Figure S2D,I). Therefore, Glu and DHA-treated groups
were excluded from the subsequent measurements.

2.3. GOS, FOS, COS, ALA, and EPA Decrease the Heat/Hypoxia-Induced Paracellular Lucifer
Yellow Flux in Caco-2/HT-29 Monolayers

The barrier function was also evaluated by the flux of LY (0.4 kD), an indicator of
paracellular permeability, across the epithelial cell layers. After 2 h of hypoxia and heat
exposure, LY flux increased significantly in Caco-2/HT-29 cell monolayer (Figure 3). This
increase in LY flux was attenuated by pre-incubation with GOS (10 mg/mL, Figure 3A), FOS
(20 mg/mL, Figure 3A), COS (5 mg/mL, Figure 3A), ALA (100 μM, Figure 3B), and EPA
(25 and 50 μM, Figure 3C) for 48 h. Although RES and Arg prevented the heat/hypoxia-
induced TEER decrease, these nutritional components did not significantly affect the
increased LY permeability induced by hypoxia and heat exposure.
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Figure 3. Lucifer Yellow flux of Caco-2/HT-29 cell monolayers pre-incubated with GOS, FOS, COS,
(A), RES, ALA (B), Arg, and EPA (C) for 48 h then exposed to hypoxia and heat treatment (2 h). After
hypoxia and heat treatment, Lucifer Yellow was added to the apical compartment, and the fluorescent
intensity of the medium in the basolateral compartment was measured 4 h after application. All
values were presented as means ± SEM (N = 3, n = 2 (GOS, FOS, COS group), and n = 3 (all other
groups)). Statistical differences were analyzed by two-way ANOVA followed by the Bonferroni’s
multiple comparison test. ** p < 0.01 and **** p < 0.0001 versus control; # p < 0.05, ## p < 0.01,
### p < 0.001, and #### p < 0.0001 versus model. LY, Lucifer Yellow; GOS, galacto-oligosaccharides;
FOS, fructo-oligosaccharides; COS, chitosan oligosaccharides; ALA, α-lipoic acid; RES, resveratrol;
Arg, l-arginine; EPA, eicosapentaenoic acid. The detailed fluorescent readings are listed in Table S3.

2.4. GOS, ALA, and EPA Prevent the Heat/Hypoxia-Induced Decrease in ZO-1 Protein Expression
in Caco-2/HT-29 Cell Monolayers

ZO-1, an important TJ protein, is a critical structural protein for maintaining intesti-
nal barrier integrity. The ZO-1 protein expression was investigated in the Caco-2/HT-29
co-cultured monolayers via WB analysis. Two hours of heat and hypoxia exposure sig-
nificantly decreased ZO-1 protein expression (Figure 4). Among all tested components,
5 and 10 mg/mL GOS (Figure 4A), 25–100 μM ALA (Figure 4B), and 25 and 50 μM EPA
(Figure 4C) prevented the heat/hypoxia-induced decrease in ZO-1 expression in the Caco-
2/HT-29 cells. There was no effect of FOS, COS, RES, and Arg on ZO-1 protein expression
in the heat/hypoxia-stimulated Caco-2/HT-29 cell monolayers (Figure 4A–C).
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Figure 4. Relative ZO-1 protein expression level in Caco-2/HT-29 cell monolayers pre-incubated
with GOS, FOS, COS (A), RES, ALA (B), Arg, and EPA (C) for 48 h then exposed to hypoxia and heat
treatment (2 h). ZO-1 protein expression was determined by WB and normalized to β-actin. All values
were presented as means ± SEM (N = 3, n = 2 (GOS, FOS, COS group), and n = 3 (all other groups)).
Statistical differences were analyzed by two-way ANOVA followed by the Bonferroni’s multiple
comparison test. ** p < 0.01 and *** p < 0.001 versus control; # p < 0.05 and ## p < 0.01 versus model.
GOS, galacto-oligosaccharides; FOS, fructo-oligosaccharides; COS, chitosan oligosaccharides; ALA,
α-lipoic acid; RES, resveratrol; Arg, l-arginine; EPA, eicosapentaenoic acid. The original uncropped
bands are included in the Supplementary Materials.

2.5. GOS, FOS, ALA, and EPA Prevent the Heat/Hypoxia-Induced Decrease in Claudin-3 Protein
in Caco-2/HT-29 Cell Monolayers

In addition to ZO-1, CLDN3 is another member of the junctional complex that regulate
paracellular intestinal barrier permeability. The CLDN3 protein expression was exam-
ined in the Caco-2/HT-29 co-cultured monolayers via WB analysis. The results showed
that 2 h of heat and hypoxia exposure significantly decreased ZO-1 protein expression
(Figure 5). Among all tested components, 2.5 and 5 mg/mL GOS (Figure 5A), 10 mg/mL
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FOS (Figure 5A), 25–100 μM ALA (Figure 5B), and 50 μM EPA (Figure 5C) prevented
the heat and hypoxia-induced decrease in CLDN3 expression in the Caco-2/HT-29 cells.
No significant effect was observed for COS, RES, and Arg in regulating CLDN3 protein
expression in this Caco-2/HT29 co-culture model (Figure 5A–C).

Figure 5. Relative CLDN3 protein expression level in Caco-2/HT-29 cell monolayer pre-incubated
with GOS, FOS, COS (A), RES, ALA (B), Arg, and EPA (C) for 48 h then exposed to hypoxia and heat
treatment (2 h). CLDN3 protein expression was determined by WB and normalized to β-actin. All
values were presented as means ± SEM (N = 3, n = 2 (GOS, FOS, COS group), and n = 3 (all other
groups)). Statistical differences were analyzed by two-way ANOVA followed by the Bonferroni’s
multiple comparison test. **** p < 0.0001 versus control; # p < 0.05, ## p < 0.01 and ### p < 0.001 versus
model. GOS, galacto-oligosaccharides; FOS, fructo-oligosaccharides; COS, chitosan oligosaccharides;
ALA, α-lipoic acid; RES, resveratrol; Arg, l-arginine; EPA, eicosapentaenoic acid. The original
uncropped bands are included in the Supplementary Materials.
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2.6. COS, RES and EPA Decrease the Heat/Hypoxia-Induced MDA Production in
Caco-2/HT-29 Monolayers

HIF-1α, a critical regulator of the response to hypoxia, was determined via WB analysis.
Two hours of heat and hypoxia exposure significantly increased the HIF-1α protein expres-
sion in the Caco-2/HT-29 monolayers (Supplementary Figure S3), indicating the occurrence
of hypoxic stress. None of the components in this study affected heat/hypoxia-induced
HIF-1α accumulation (Supplementary Figure S3).

The production of MDA, a biomarker for lipid peroxidation, was used to measure
the cellular level of oxidative stress, as a result of hypoxia and subsequent reoxygenation,
in the Caco-2/HT-29 co-culture model. The results showed that after 2 h of hypoxia
and heat treatment, MDA production was significantly enhanced, indicating that lipid
peroxidation occurred in Caco-2/HT-29 monolayers (Figure 6). Pre-incubation with COS
(2.5 mg/mL, Figure 6A), RES (50 and 100 μM, Figure 6B), and EPA (50 μM, Figure 6C)
for 48 h decreased the heat/hypoxia-induced MDA release compared to the model group.
Contrary to the lower COS concentrations, supplementation of 10 mg/mL COS to the
heat/hypoxia-exposed cells induced MDA production. The studied concentrations of
GOS, FOS, ALA, and Arg did not show a significant effect on heat/hypoxia-induced MDA
production (Figure 6A–C).

2.7. Arg Further Enhances the Heat/Hypoxia-Induced Increase in HSP-70 Protein Expression in
Caco-2/HT-29 Monolayers

HSP-70 performs chaperone functions in protein folding and can protect cells from the
adverse effects of (heat) stress. HSP-70 expression was determined by WB analysis. HSP-70
levels were significantly enhanced after 2 h of heat and hypoxia exposure compared to
control Caco-2/HT-29 monolayers (Figure 7). High concentrations of Arg pre-treatment (1
and 2 mM) further increased HSP-70 expression (Figure 7C). The other nutritional compo-
nents did not significantly alter the heat/hypoxia-induced increase in HSP-70 expression
(Figure 7A–C).

The aforementioned effects of the nine nutritional components on preserving epithelial
integrity, anti-lipid peroxidation, and regulating heat shock response are summarized in
Table 1.

Table 1. The effects of nutritional components on heat/hypoxia-induced intestinal epithelial injury.

GOS FOS COS Glu Arg RES ALA DHA EPA

Preserving epithelial integrity +++ +++ ++ - + + +++ - +++

Anti-lipid peroxidation - - + ND - + - ND +

Regulating heat shock response - - - ND + - - ND -

-, no significant effect was observed; ND, not determined. “Preserving epithelial integrity”: +, significant effect was
observed on TEER values; ++, significant effect was observed on TEER values and LY permeability; +++, significant
effect was observed on TEER values, LY permeability, and TJ protein expression. “Anti-lipid peroxidation”: +,
MDA production was significantly decreased. “Regulating heat shock response”: +, HSP-70 protein expression
was significantly enhanced.
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Figure 6. MDA production of Caco-2/HT-29 cell monolayers pre-incubated with GOS, FOS, COS (A),
RES, ALA (B), Arg, and EPA (C) for 48 h then exposed to hypoxia and heat treatment (2 h). After
hypoxia and heat treatment, MDA in the supernatant was determined by a thiobarbituric acid assay.
All values were presented as means ± SEM (N = 3, n = 2 (GOS, FOS, COS group), and n = 3 (all other
groups)). Statistical differences were analyzed by two-way ANOVA followed by the Bonferroni’s
multiple comparison test. * p < 0.05, *** p < 0.001, and **** p < 0.0001 versus control; # p < 0.05,
## p < 0.01, and ### p < 0.001 versus model. MDA, malondialdehyde; GOS, galacto-oligosaccharides;
FOS, fructo-oligosaccharides; COS, chitosan oligosaccharides; ALA, α-lipoic acid; RES, resveratrol;
Arg, l-arginine; EPA, eicosapentaenoic acid. The detailed raw OD data are listed in Table S4.
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Figure 7. Relative HSP-70 protein expression levels in Caco-2/HT-29 cell monolayer pre-incubated
with GOS, FOS, COS (A), RES, ALA (B), Arg, and EPA (C) for 48 h then exposed to hypoxia and heat
treatment (2 h). HSP-70 protein expression was determined by WB and normalized to β-actin. All
values were presented as means ± SEM (N = 3, n = 2 (GOS, FOS, COS group), and n = 3 (all other
groups)). Statistical differences were analyzed by two-way ANOVA followed by the Bonferroni’s
multiple comparison test. ** p < 0.01 and **** p < 0.0001 versus control; # p < 0.05 and ## p < 0.01 versus
model. GOS, galacto-oligosaccharides; FOS, fructo-oligosaccharides; COS, chitosan oligosaccharides;
ALA, α-lipoic acid; RES, resveratrol; Arg, l-arginine; EPA, eicosapentaenoic acid. The original
uncropped bands are included in the Supplementary Materials.
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3. Discussion

In this study, an in vitro co-culture model comprising two human colonic cell lines,
Caco-2 and HT-29, was used to investigate the effect of nine nutritional components on
heat/hypoxia-induced intestinal epithelial injury by measuring intestinal barrier function,
oxidative stress, and heat shock responses. We have reviewed potential promising nutri-
tional intervention strategies and found evidence that non-digestible oligosaccharides GOS,
FOS, and COS, antioxidants ALA and RES, amino acids Glu and Arg, and PUFAs DHA
and EPA might be potential candidates to prevent HS/hypoxia-induced alterations in the
integrity of the intestinal epithelial barrier and support intestinal homeostasis [3].

Our co-culture model consists of 10% HT-29 cells and 90% Caco-2 cells to simulate
the environment of the human intestine. HT-29 cells are mucus-producing cells and
represent the specialized secretory cells present in the intestinal epithelium, such as Goblet
cells [14]. Goblet cells make up 10–20 percent of total intestinal cells in the epithelium and
produce mucins to form a mucosal layer, which is an important physical and chemical
barrier to preserve intestinal epithelial integrity [15]. The human intestinal absorptive
enterocytes, the Caco-2 cells, form confluent monolayers consisting of well-polarized
columnar cells representing a tight intestinal epithelial barrier [16]. Several previous
studies have examined the optimal Caco-2:HT-29 ratio for in vitro studies mimicking the
in vivo intestinal anatomy and physiology. The physiologically most relevant ratios are
considered between 9:1 and 7:3 (Caco-2/HT-29), where TEER, indicative of the barrier
properties of the monolayer, reached values quite similar to the human intestine [17–19].
Our previous study demonstrated that the addition of 25% HT-29 cells significantly reduced
the TEER values of the Caco-2 monolayer and increased paracellular permeability, while
10% HT-29 cells had no effect on the epithelial integrity compared to only Caco-2 cells. The
monolayer consisting of Caco-2/HT-29 in a 9:1 ratio expressed mucins, TJ/AJs and heat
shock, and oxidative stress-related proteins and genes [5]. Therefore, this Caco-2/HT-29
co-culture model is a valid and versatile model for studying detrimental effects of heat
and/or hypoxia on intestinal barrier function.

3.1. HSP-70, a Key Regulatory Protein in the HS Response Process Induced by Heat and Hypoxia

Generally, environmental heat or strenuous exercise results in vasodilation and blood
re-distribution in the body, leading to hypoxia in different organs and tissues, including the
intestinal epithelium [20]. Two hours of heat/hypoxia exposure resulted in a significantly
increase in HSP-70 (Figure 5) and HIF-1α (Supplementary Figure S3) expression, indicating
the occurrence of heat stress and hypoxia in this Caco-2/HT-29 co-culture model. The
expression of HIF-1α, the key regulator of the cellular hypoxic response, can be upregulated
by heat and is essential for heat acclimatisation [21]. HIF-1α mRNA levels significantly
increased after 5 days of heat stress in the ilea of chickens [8]. On the other hand, hy-
poxia/reoxygenation increased superoxide generation, which induced cellular protein
damage and protein HSP-70 production in Caco-2 cells [22]. Both protective proteins,
HSP-70, and HIF-1α display a (synergistic) regulatory role in the heat shock and oxidative
stress responses, which contribute to an increased resilience to these stressors [3].

In this study, none of the nine nutritional components affected heat/hypoxia-induced
HIF-1α or HSP-70 protein expression, except Arg, which further enhanced the HSP-70
protein expression in heat/hypoxia-stimulated Caco-2/HT-29 cells (Figure 5C). HSP-70
is an important modulator of intestinal epithelial barrier function, performing chaperone
functions and helping to protect cells from the adverse effects of physiological stresses [23].
Our previous study demonstrated that ALA stimulates intestinal epithelial recovery after
heat stress by enhancing HSP-70 expression in Caco-2 cells [9]. Similarly, other studies
proved that enhancement of HSP-70 or administration of exogenous HSP-70 significantly
improved intestinal barrier integrity [24,25]. We show for the first time that the amino
acid Arg contribute to the regulation of HSP-70 expression under hypoxia and hyperther-
mia conditions in the co-culture model, playing a potential modulatory role in the stress
resilience pathways. HS-induced damage within the intestine is a complicated process
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involving a benefit–damage balance and a complex modulatory network. Unfortunately,
the upregulation of HSP-70 did not lead to improved intestinal epithelial integrity, which
might be associated with the inhibition of Glu transport [26,27], as discussed in more
detail below.

3.2. TEER Values and TJ Protein Expression, Indicators of Intestinal Epithelial Barrier Integrity

The hypoxia and heat-induced damage to the small intestinal epithelium is reflected
by decreased TEER and increased paracellular permeability associated with decreased
epithelial TJ protein expression. TJ proteins include claudins, occludins, and zonula
occludens (ZO). Claudins and occludins interact with each other on their extracellular
sides to promote junction assembly, while the ZO family provides intracellular structural
support [28,29]. E-cadherin, the most essential cadherin present on the epithelial surface,
is responsible for AJ formation by connecting to E-cadherin on the neighbouring cell [30].
Destruction and dissociation of epithelial TJ/AJ structures leads to increased leakage of
luminal toxins or bacteria into blood circulation [31]. Therefore, attenuating or preventing
the disruption of TJ/AJ protein breakdown in epithelial cells is critical for increasing
cellular adaptation to hypoxia and heat. Our previous studies proved the beneficial effects
of GOS, antioxidant ALA, and amino acid Arg in maintaining and supporting the intestinal
homeostasis under heat stress conditions in Caco-2 cells [7,9,32].

Here, we observed that seven nutritional components (GOS, FOS, COS, RES, ALA,
Arg, and EPA) prevented the heat/hypoxia-induced TEER decrease (Figure 2). After 48 h of
pre-treatment, all these nutritional components (and DHA) already significantly increased
the TEER values prior to hypoxia and heat exposure (Supplementary Figure S2). These
results indicate that these nutritional components not only “treated” intestinal epithelial
damage after heat/hypoxia exposure, but also exhibited a direct and preventive beneficial
effect on barrier tightness prior to heat/hypoxia exposure.

In agreement with the TEER observations, GOS, FOS, COS, ALA, and EPA also
attenuated the LY paracellular permeability (Figure 3). WB results showed that GOS, FOS,
ALA, and EPA prevented the heat/hypoxia-induced decrease in claudin-3 and ZO-1 TJ
protein expression in Caco-2/HT-29 cells (Figures 4 and 5).

Although the lack of in-depth mechanistic studies, there are some indications how non-
digestible oligosaccharides, such as GOS, FOS, and COS, can reinforce intestinal epithelial
integrity and TJ function. This reinforcing effect is mediated via direct interaction with
epithelial cell receptors, such as Toll-like receptors, via stimulation of intracellular calcium
signalling, via inhibition of pathogen-induced mitogen-activated protein kinase (MAPK)
and downstream pro-inflammatory nuclear factor kappa B (NF-κB) hypersensitivity, or
by promoting TJ re-assembly, for instance via 5′ adenosine monophosphate-activated
protein kinase (AMPK) stimulation [33–37]. The antioxidant ALA preserves intestinal
barrier integrity, in part, by regulating oxidative stress as oxidative stress is associated with
a tyrosine-kinase-dependent dissociation of E-cadherin—β-catenin and occludin—ZO-1
complexes, which leads to barrier integrity loss [38]. The results related to members
of the omega-3 fatty acid family, EPA, and DHA, are in agreement with two studies of
Xiao et al., who showed that EPA is more potent than DHA in protecting against heat-
induced permeability dysfunction and intestinal epithelial TJ damage in Caco-2 cells as
well as in rats [39]. This protective effect of DHA might be related to inhibition of the
necroptosis signalling pathway [40,41]. The improved intestinal barrier function induced
by Arg observed in rats and IEC-6 cells during heat stress might be associated with AMPK
signalling and promoting autophagy [42].

In addition to these direct barrier-protective mechanisms, suppressing local inflamma-
tory responses might also play a role in ameliorating intestinal epithelial injury and enhanc-
ing intestinal barrier function as these nutritional components also demonstrate immune-
regulatory and anti-inflammatory properties [3]. Further research is required to better
understand the regulation of intestinal epithelial integrity by these nutritional components.
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Surprisingly, the lower concentrations of GOS, COS, and Arg were more effective in
preventing the heat/hypoxia-induced TEER decrease as compared to the higher concentra-
tions. The decreased mitochondrial activity (Supplementary Figure S3) and the increased
lipid peroxidation as measured by increased MDA levels in heat/hypoxia-stimulated cells
incubated with the higher COS concentration (10 mg/mL) (Figure 6) might explain this
lower efficacy of 10 mg/mL COS on intestinal epithelial barrier integrity.

The TEER values after GOS incubation were not in agreement with the LY flux data:
the lowest GOS concentration restored the heat/hypoxia-decreased TEER values, while
only the highest GOS concentration attenuated the paracellular LY permeability. Although
these findings are difficult to interpret, TEER measurement is more sensitive as it captures
changes in ionic permeability, implying that a small leakage is sufficient to alter TEER
values [43]. In contrast, the LY flux is only affected when the intestinal epithelial damage is
sufficient to cause leakage of this 0.4 kDa molecule.

Furthermore, our study showed that 1.4 mM to 2.4 mM Arg (including the 0.4 mM Arg
already present in the medium) is not beneficial to heat/hypoxia-induced epithelial barrier
dysfunction in intestinal epithelial cells in contrast to 0.9 mM Arg. Supra-physiological
concentrations of Arg (>10 mM) are reported to be deleterious in the intestine [44,45]. In
almost every cell type, Glu transport is partly inhibited by Arg [27]; therefore, it might
be possible that the high Arg concentrations affect the basic Glu uptake from the culture
medium. Glu is important for maintaining the intestinal mucosal barrier [46,47]. Moreover,
the main glutamine transporter alanine-serine-cysteine transporter 2 (ASCT2) was signifi-
cantly down-regulated in hypoxia-exposed Caco-2 cells [26], and deprivation of glutamine
decreased expression of multiple TJ proteins, including ZO-1, in Caco-2 cells [48]. This
can explain why no significant protective effect was observed in heat/hypoxia-stimulated
Caco-2/HT-29 cells incubated with Glu in the current study (Supplementary Figure S2).
This may also (partly) clarify why high concentrations of Arg induced HSP-70 protein ex-
pression under heat/hypoxia environment, but neither enhanced TEER values nor elevated
tight junction protein expression. These findings point to an extreme narrow therapeutic
window for these nutritional components, which should be further investigated and be
taken into account in future in vivo or clinical studies.

3.3. Oxidative Stress, One of the Sources of Hypoxia and Heat Shock-Induced Tissue Injury

Under hypoxia/reoxygenation and hyperthermia conditions, the oxidative stress
and heat shock responses induce excessive production of reactive oxygen species and
reactive nitrogen species causing (intestinal) inflammation and tissue damage [49]. In
this study, COS, RES, and EPA reversed the heat/hypoxia-induced increase in MDA, a
product of lipid breakdown by oxidative stress, in Caco-2/HT-29 cells, demonstrating
a promising role of these components in combating oxidative stress (Figure 4). COS, as
non-digestible oligosaccharides, exert antioxidative properties, possibly via modulating
the intestinal microbiota composition and subsequently the metabolism of short-chain fatty
acids [3,50–52]. Here, we found that COS act directly as an antioxidant in this intestinal
epithelial co-culture system without the presence of intestinal microbiota.

The polyphenolic compound RES, as an antioxidant, displays a strong antioxidant
and anti-inflammatory capacity [53]. In addition, the PUFA EPA might also act as an
antioxidant as EPA supplementation leads to a substantial antioxidant response, which
might mainly occur via restoring imbalanced endogenous antioxidant moieties [54,55].
The role of oxidative stress in intestinal barrier dysfunction, e.g., following heat/hypoxia
exposure, is well established [56] and therefore, restoring the imbalance of the antioxidative
system by nutritional components might contribute to a stronger intestinal epithelial barrier,
which can more easily deal with the adverse effects of heat/hypoxia.

3.4. Clinical Significance

One quarter to one half of elite athletes suffer from gastrointestinal symptoms, which
may deter them from participating in training and competitive events. Strenuous exercise
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and dehydrated states play an important role in the development of gastrointestinal symp-
toms referred by 70% of the athletes [57]. Recent research suggests that the gut microbiota
may play a role in athlete health and performance [58]. Different studies reported increased
intestinal permeability and/or endotoxemia during strenuous exercise and/or heat stress
in humans [59–61].This is in agreement with the in vitro model described in this study
showing heat/hypoxia-induced intestinal epithelial barrier disruption. Moreover, the
heat/hypoxia-induced increase in HSP-70 protein expression in this Caco-2/HT-29 model
is also in correspondence with several studies showing the upregulation of HSP-70 during
different types of exercise in normal or increased temperatures, suggesting a role of HSP-70
in the cellular heat adaptation to heat acclimatization [62–65].

However, we need to be careful with the translation of this in vitro study using two
intestinal epithelial cell lines to the more complex in vivo situation and ultimately to
future clinic trials. The safety of the multiple nutritional components used in this study
has been evaluated in different clinical trials [66–71], and these compounds are already
available. A systematic review pointed out that in most of the studies probiotics, prebiotics
and synbiotics induce positive health effects in athletes and active individuals, but these
studies are currently limited in number and quality [72]. Our in vitro data suggest that a
combination of non-digestible oligosaccharides (e.g., GOS, FOS), antioxidants (e.g., ALA,
RES) and PUFAs (DHA) might be an interesting preventive (or therapeutic) approach to
counteract heat/hypoxia-induced intestinal damage in humans. The clinical relevance of
these nutritional components, the doses required, and the duration of treatment to exert
potential influences on heat/hypoxia-induced intestinal damage remains to be elucidated.

4. Materials and Methods

4.1. Cell Culture

Caco-2 (HTB-37™, ATCC, Manassas, VA, USA) and HT-29 (HTB-38™, ATCC, Manas-
sas, VA, USA) cells were separately grown in 75-cm2 tissue culture flasks (#430641, Corning,
Corning, NY, USA) at 37 ◦C, 5% CO2, and 90% relative humidity environment. The cells
were sub-cultured at ~90% confluence (∼6 days) by 0.25% trypsin and 0.02% EDTA solution
(#25200056, Thermo Fisher Scientific, Waltham, MA, USA). The DMEM culture medium
(#42430025, Thermo Fisher Scientific), supplemented with 10% fetal calf serum (#10099,
Thermo Fisher Scientific), 1 × non-essential amino acids (#11140035, Thermo Fisher Sci-
entific), 2 mM L-glutamine (#25030081, Thermo Fisher Scientific), and 1% penicillin and
streptomycin (#15140122, Thermo Fisher Scientific), was refreshed every 2 days [5].

4.2. Cell Co-Culture

Caco-2 and HT-29 cells were counted by an automated cell counter (Cellometer Auto
T4, Nexcelom Bioscience, Lawrence, MA, USA), mixed in a ratio of 9:1 (Caco-2: HT-29) and
seeded into the apical chambers of 24-well Transwell™ inserts (#353495, Corning, Corning,
NY, USA) with a final density of 1 × 105 cells/cm2 in each insert. Cells were cultured as
described in Section 4.1 and allowed to grow for 17 days. The medium (300μL in the apical
chamber and 700μL in the basolateral chamber) was refreshed every 2 days. Caco-2 and
HT-29 co-cultures with TEER values > 300 Ω × cm2 which reached a plateau (~17 days
after seeding) were used for further experiments [5].

4.3. Pre-Treatment with the Nutritional Components

Chicory FOS (purity > 97%) were obtained from Orafti (Wijchen, The Netherlands).
GOS (Vivinal® GOS Powder, purity > 70%) produced from lactose were provided by
Friesland Campina (Amersfoort, The Netherlands). COS (purity > 90%) derived from
marine biological sources, such as shrimp and crab shells, were purchased from BZ Oligo
Biotech (Qingdao, China). FOS, GOS, and COS were dissolved in DMEM medium and
sterilized by 0.2 μM pore filters (#431227, Corning, Corning, NY, USA) prior to each
experiment. The acidic pH of the prepared COS solution was adjusted to 7.0 (pH neutral)
with 1 M NaOH. DHA (#D2534, Sigma Aldrich, St. Louis, MO, USA), EPA (#E2011, Sigma
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Aldrich), ALA (#T1395, Sigma Aldrich), and RES (#R5010, Sigma Aldrich, St. Louis, MO,
USA) stock solutions (100 mM) were prepared with 100% ethanol. Arg (#A8094, Sigma
Aldrich) and Glu (#G8540, Sigma Aldrich) stock solutions (400 mM) were prepared with
PBS. The stock solutions were sterilised by 0.2 μM pore filters and kept in −20 ◦C (dark
environment) and dissolved in the culture medium prior to each experiment.

4.4. Hypoxia and Heat Exposure

Hypoxia was induced by using a multi-functional incubator (Galaxy 48R, Eppendorf
AG, Hamburg, Germany) for 2 h. The O2 concentration in the chamber was maintained at
5%, with a residual gas mixture composed of 5% CO2 and balanced N2. For heat exposure,
the environmental temperature was set at 42 ◦C. The relative humidity was kept at 90% as
described before [5].

4.5. Cytotoxicity Assays

Possible cytotoxicity of the nutritional components on the co-cultured cells was evalu-
ated with the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) assay.
At the end of nutritional component pre-treatment (48 h), the cells were refreshed with
medium containing 0.1% (w/v) MTT (#M5655, Sigma-Aldrich, St. Louis, MO, USA) and
incubated for an additional period of 4 h. The amount of violet formazan dye formed from
MTT as a marker of changes in mitochondrial activity is proportional to the amount of
viable cells. The supernatant was carefully removed, and 200 μL DMSO was added to
the cells to terminate the MTT reaction and dissolve the formazan at the end of the 4 h
incubation period. The absorbance (λab 570 nm) of DMSO containing formazan was read
using a microplate spectrophotometer. The group in which all cells were intentionally lysed
by lysis buffer was included as a positive control.

Since hypoxia and heat treatment would interfere with mitochondrial function, cyto-
toxicity of the components after hypoxia and heat treatment was determined via the lactate
dehydrogenase (LDH) production, indicating cytomembrane damage and intracellular
contents release. After exposure to hypoxia and heat, the supernatants were collected and
immediately assayed for cytotoxicity using CytoTox 96® Cytotoxicity Non-Radioactive
Assay kit (Promega, Madison, WI, USA) according to manufacturer’s instructions.

4.6. Trans-Epithelial Electrical Resistance (TEER) Measurement

The cell monolayer integrity was determined by TEER measurement using an epithe-
lial volt-ohm meter (Millicell ERS-2, Merck, Rahway, MJ, USA). The electrodes were placed
into two chambers of each Transwell™ insert. TEER values > 300 Ω × cm2 were regarded
as valid for further permeability studies.

4.7. Lucifer Yellow (LY) Permeability Test

The fluorescent chemical LY (0.44 kDa, L0144, Sigma-Aldrich) was used to measure
the paracellular permeability across the co-culture monolayer. At the end of heat/hypoxia
treatment, 30 μL LY (200 μg/mL) was added into the apical chamber of the Transwell™
inserts. The inserts were kept at 37 ◦C in the dark for 4 h, then the medium from the
basolateral chamber was collected for fluorescent intensity measurements (λex 428 nm,
λem 540 nm) using a fluorometer (Fluoroskan Ascent® FL, Thermo Fisher Scientific). The
fluorescent emission intensity was converted into fluorescein flux per hour by using a
standard curve.

4.8. Lipid Peroxidation Assay

Lipid peroxidation was determined in the supernatant by the reaction of malondi-
aldehyde (MDA) with thiobarbituric acid (TBA) following the instructions of the Lipid
Peroxidation (MDA) Assay Kit (#MAK085, Sigma-Aldrich). The results were presented as
MDA production, indicating oxidative attack and cytomembrane damage.
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4.9. Protein Extraction

For total protein extraction, the cells were lysed using 50 μL Pierce™ RIPA buffer
(#89901, Thermo Fisher Scientific) containing protease inhibitor cocktail (#11836170001,
Roche, Basel, Switzerland). Total protein concentration was assessed and standardized
with Pierce™ BCA Protein Assay Kit according to the manufacturer’s instructions (Thermo
Fisher Scientific). The protein samples used for determining hypoxia-inducible factor-
1α (HIF-1α) expression were preincubated with dimethyloxalylglycine (DMOG; #D3695,
Sigma-Aldrich), a HIF prolyl-hydroxylase inhibitor, which prevents HIF-1α degradation
under normoxic conditions.

4.10. Western Blot (WB) Analysis

Equal amounts (20 μg) of boiled protein samples were separated by electrophoresis
(Criterion™ Gel, 4–20% Tris-HCl, Bio-Rad, Hercules, CA, USA) and electrotransferred
onto Trans-Blot® Turbo™ polyvinylidene difluoride (PVDF) membranes (midi format
0.2 μm, Bio-Rad, Hercules, CA, USA). After being blocked with 5% skimmed milk (in PBS
containing 0.05% Tween-20 (PBST)), the membranes were incubated overnight at 4 ◦C with
the primary antibodies of HSP-70 (1:1000, #C92F3A5, Enzo life science, Bruxelles , Belgium),
HIF-1α (1:2000, #ab113642, Abcam, Cambridge, UK), claudin-3 (CLDN3) (1:1000, #341700,
Invitrogen, Waltham, MA, USA), and ZO-1 (1:500, #339100, Invitrogen, Waltham, MA,
USA). Housekeeping protein β-actin (1:2000, #13E5, Cell Signaling, Danvers, MA, USA)
was also assessed in parallel with each target protein and used for normalization. Thereafter,
the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary
antibodies (1:10,000, Dako, Glostrup, Denmark) for 2 h at room temperature. After being
rinsed with PBST and incubated with ECL detection reagent (#RPN2235, GE Healthcare,
Chicago, IL, USA), the membranes were exposed to ECL imaging system (ChemiDoc MP,
Bio-Rad, Hercules, CA, USA). The optical intensity of the blots was recorded and analyzed
by using Image Lab (version 6.01, Bio-Rad, Hercules, CA, USA) and ImageJ (version 1.80,
NIH, Bethesda, MD, USA) software. Membranes were stripped by using Restore PLUS
Western Blot Stripping Buffer (#46430, Thermo Fisher Scientific) and re-blotted with the
different primary antibodies.

4.11. Statistical Analysis

Results are expressed as means ± SEM of 3 independent experiments (N = 3), each
performed in duplicate or triplicate unless otherwise stated. Statistical analyses were
performed by using GraphPad Prism® (version 9.3.1, GraphPad, San Diego, CA, USA).
Differences between groups were determined by using two-way analysis of variance
(ANOVA), with Bonferroni post-hoc test. Results were considered statistically significant
when p < 0.05.

5. Conclusions

In conclusion, the non-digestible oligosaccharides, especially GOS and FOS, the an-
tioxidant ALA, and the PUFA EPA, exhibited the ability to protect Caco-2/HT29 cells from
heat/hypoxia-induced intestinal injury, as these components preserved TEER values, inhib-
ited paracellular LY permeability and increased tight junction protein expression. Amino
acid Arg acts more like a “double-edged sword” as the beneficial effect of Arg on intestinal
barrier function (TEER) was only confined close to its physiological level, while higher
concentrations further enhanced the heat/hypoxia-induced increase in HSP-70 expression.
Besides the barrier-protective properties of EPA and antioxidant RES under heat/hypoxia
conditions, they also exhibited antioxidative activity. The amino acid Glu and the PUFA
DHA were less effective in mitigating heat/hypoxia-induced intestinal injury in this spe-
cific Caco-2/HT-29 co-culture model. Combinations of non-digestible oligosaccharides
(e.g., GOS, FOS), antioxidants (e.g., ALA, RES), and PUFAs (DHA) might be an interesting
preventive (or therapeutic) approach to combat heat/hypoxia-induced intestinal injury
and could be an important research area for future in vivo studies and clinical trials.
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Abstract: Cell death program of red blood cells (RBCs), called eryptosis, is characterized by activation
of caspases and scrambling of membrane phospholipids with externalization of phosphatidylserine
(PS). Excessive eryptosis confers a procoagulant phenotype and is implicated in impairment of
microcirculation and increased prothrombotic risk. It has recently been reported that cigarette
smokers have high levels of circulating eryptotic erythrocytes, and a possible contribution of eryptosis
to the vaso-occlusive complications associated to cigarette smoke has been postulated. In this study,
we demonstrate how a mixture of plant sterols (MPtS) consisting of β-sitosterol, campesterol and
stigmasterol, at serum concentration reached after ingestion of a drink enriched with plant sterols,
inhibits eryptosis induced by cigarette smoke extract (CSE). Isolated RBCs were exposed for 4 h
to CSE (10–20% v/v). When RBCs were co-treated with CSE in the presence of 22 μM MPtS, a
significant reduction of the measured hallmarks of apoptotic death like assembly of the death-
inducing signaling complex (DISC), PS outsourced, ceramide production, cleaved forms of caspase
8/caspase 3, and phosphorylated p38 MAPK, was evident. The new beneficial properties of plant
sterols on CSE-induced eryptosis presented in this work open new perspectives to prevent the
negative physio-pathological events caused by the eryptotic red blood cells circulating in smokers.

Keywords: cigarette smoke; plant sterols; eryptosis; DISC; caspases; p38 MAPK

1. Introduction

“Tobacco is one of the greatest emerging health disasters in the history of humanity”.
That is the sentence of Dr. Gro Brandtland, then Director General of the World Health
Organization (WHO), in 1998. In 2019, WHO sources say that up to half of tobacco con-
sumers, in all its forms, face death, and that every year, due to the direct use of tobacco
or passive smoking, there are about 8 million deaths. Although tobacco continues to be a
dramatic factor in the development of cardiovascular diseases and dysfunctions, which are
the greatest cause of death in humans, in about twenty years, global tobacco consumption
has fallen by only 4.3% (1397 billion consumers to 1337) [1].

A number of studies correlate cigarette smoke (CS) with dysfunction of endothelial
cells [2], leukocytes [3], and platelet activation [4], as well as increased circulation of
eryptotic RBCs [5] leading to damage of the cardiovascular system. Endothelial dysfunction
is one of the main early pathophysiological biomarkers of smokers [6], and relatively recent
studies show that excessive and dysfunctional eryptosis, or programmed death of red
blood cells (RBCs), is associated with vase-occlusive events and physio-pathogenesis of
the cardiovascular system such as atherosclerosis [7] and atherothrombosis [8,9], as well as
being involved in chronic kidney disease [10] and metabolic syndrome [11]. Eryptosis is one
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of the main ways of death of RBCs, and is characterized by loss of membrane asymmetry
following scrambling of phospholipids with externalization of phosphatidylserine (PS),
membrane shrinkage, membrane blebbing, and activation of proteases involved in cell
death such as caspase 8 and caspase 3 (Figure 1) [12].

 

Figure 1. Synthetic scheme of eryptotic machinery. Sphingomyelinase (SMase), platelet-activating
factor (PAF), phospholipase A2 (PLA2), prostaglandin endoperoxide synthase (PGHS), cyclooxyge-
nase (COX), calcium sensitive non-selective (NSCM), protein kinase C (PKC), FAS-associated via
death-domain (FADD), nitric oxide synthase (NOS), NADPH oxidase (NOX).

In a previous study of our research groups, we have shown that smokers have a
higher level of circulating eryptotic erythrocytes associated with inflammatory status (high
C-reactive protein levels) and RBCs’ oxidative stress (low glutathione levels), suggesting a
further relationship between cigarette smoke and vascular damage [5]. In this regard, we
recently investigated, in isolated human RBCs, the molecular mechanism of the eryptosis
induced by cigarette smoke extract (CSE). The study showed that CSE induces extrinsic
eryptosis where assembly of the death-inducing signaling complex (DISC) is started by
activating p38 MAPK, and followed by overproduction of ceramide and activation of
caspase 8 and caspase 3. In vitro results were reinforced by ex vivo data where RBCs from
smokers report higher levels of caspase 8 and FADD in the DISC, as well as increased
phosphorylation of p38 MAPK than non-smokers [13].

According to the statistical office of the European Union (EUROSTAT), cardiovascular
disease continues to be the main cause of death for humans [14], and it is a main objective
of WHO to reduce deaths from these diseases [1]. Therefore, it is very important to imple-
ment prevention and try to inhibit all possible causes of cardiovascular disease, including
eryptosis. Although efforts have been made to reduce the number of global smokers in
order to reduce care costs and mortality, in recent years, the number of smokers has fallen
by a few million. It is therefore very important and cost-effective to use nutrition to help
reduce the onset of diseases, but above all, as a preventive tool.
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Plant sterols (PtS) are important phytochemicals found in plant foods, and the most
common present in foods are sitosterol, campesterol, and stigmasterol, which account for
about 50–65%, 10–40%, and 0–35% of the total PtS fraction. PtS are well known for their
positive health activities, so their beneficial role has been increasingly consolidated over
the years [15,16]. PtS, naturally occurring mainly in vegetable oils, margarines, and nuts,
are steroids associated with health benefits such as cholesterol-lowering, anti-inflammatory,
and anti-proliferative effects [17]. PtS are normally absorbed with low efficiency, and
different PtS-enriched foods are now commercialized to obtain the recommended daily
quantity for healthy purposes. Previous study showed that four months of consumption of
milk-based fruit beverage enriched with 1.5 g of mixture of plant sterols (MPtS) consisting
of β-sitosterol, campesterol, and stigmasterol (Figure 2), resulted in an increase in serum
concentration of plant sterols up to 22 μM [18]. At nutritional relevant serum concentration,
MPtS was shown to prevent pro-eryptotic and hemolytic effects evoked by oxidative stress
induced by tert-butyl hydroperoxide (tBOOH) in isolated human RBCs [19].

Figure 2. Structure of main dietary plant sterols.

The aim of this work is investigating, for the first time, the potential protective effect
of MPtS, at serum concentration reached after the consumption of PtS-enriched milk-based
fruit beverage, against eryptosis induced by CSE.

2. Results

2.1. MPtS Decreases PS Exposure and Ceramide Production in CSE-Induced Eryptosis

Since CSE-induced extrinsic eryptosis involves DISC in the first hours of treatment [10],
0.4% hematocrit of isolated RBCs were treated for 4 h with 10% CSE and 20% CSE (v/v), with
the absence of treatment or after combination with 22 μM MPtS. Parameters characterizing
eryptosis such as membrane scrambling with PS exposure, ceramide production, and cell
volume variation measured by forward scatter (FS), were evaluated by flow cytometry.
Co-treatment of erythrocytes with 22 μM MPtS, decreased (p < 0.001) the CSE-induced
increase of annexin V-binding fluorescent cells with 20% CSE treatment (5.9% vs. 11%)
and 10% CSE treatment (5.8% vs. 8.8%), reporting values on control levels (Figure 3A).
Treatment of RBCs with only MPtS did not show any increase of PS exposure (4.7% vs. 4.6%).
Likewise, ceramide formation was significantly (p < 0.001) inhibited by MPtS, as shown by
the decrease of cells binding anti-ceramide labeled with fluorescein-5-isothiocyanate (FITC)
probe with 20% CSE treatment (4.4% vs. 13.5%) and 10% CSE treatment (4.4% vs. 9.2%)
(Figure 3B). In addition, FS measurements failed to pick a variation of cell volume with any
treatment (Figure S1C in the Supplementary Materials).
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Figure 3. Mixture of plant sterols (MPtS) inhibits cigarette smoke extract (CSE)-induced eryptosis
with decrease of PS exposure and ceramide production. (A) Percentage of PS-exposing erythrocytes
and (B) ceramide formation in 10% or 20% CSE-treated RBCs incubated for 4 h in the absence or in
co-treatment with 22 μM MPtS measured by flow cytometry. RBCs incubated with Ringer solution
were used as control. Protocol of measurement at Section 4.4. Values are means ± SD of (n = 6)
experiments carried out in triplicate. *** p < 0.001 (ANOVA associated with Tukey’s test).

2.2. MPtS Inhibits CSE-Induced Extrinsic Eryptosis

To assess whether MPtS inhibited CSE-induced extrinsic eryptosis, co-immunoprecipitation
experiments of RBCs treated with either 10% or 20% CSE in the absence or in the presence
of 22 μM MPtS, were performed to assess formation of DISC in the membrane. After
4 h of treatment or co-treatment, the RBCs’ lysates were immunoprecipitated with anti-
FAS antibodies, followed by Western blotting with anti-FAS-associated via death-domain
(FADD) or anti-caspase 8. Both caspase 8 and FADD were found in the immunoprecipitates
of RBCs treated with CSE, in a concentration-dependent manner (Figure 4). Co-treatment
with MPtS, on the other hand, showed an evident decrease almost to reach control levels
(p < 0.001) in the amounts of both proteins analyzed with all the conditions of treatment
(Figure 4B,C). The RBCs treated only with MPtS did not show any significant changes in
the proteins’ asset.
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Figure 4. Mixture of plant sterols (MPtS) inhibits cigarette smoke extract (CSE)-induced extrinsic
eryptosis. (A) Representative images of immunoblotting analysis of caspase 8 and FAS-associated via
death-domain (FADD) after immunoprecipitation with anti-FAS antibody in 10% or 20% CSE-treated
RBCs incubated for 4 h in absence or in co-treatment with 22 μM MPtS. Protocol of analysis at
Sections 4.6 and 4.7. (B,C) densitometric analysis of caspase 8 and FADD levels normalized for FAS.
Values are the means of bands’ densitometry of three separate experiments with comparable results
carried out on the same blood sample. *** p < 0.001 (ANOVA associated with Tukey’s test).

2.3. MPtS Inhibits Caspase 8/Caspase 3 Cleavage and Phosphorylation of p38 MAPK in
CSE-Induced Extrinsic Eryptosis

After treating the RBCs for 4 h, the cell lysates were immunoblotted with anti-caspase
8 or anti-caspase 3. When the RBCs were co-incubated with 22 μM MPtS, there was a signifi-
cant reduction (p < 0.001) in the level of the active fragments of both caspase 8 and caspase 3
(Figure 5C,D), compared to cells treated only with CSE which showed a much higher level
of the cleaved forms. Activation and signaling of the p38 MAP kinase pathway also appears
to be involved in several eryptotic pathways and is characterized by the phosphorylation
of the enzyme. Co-treatment at 4 h with MPtS showed an evident reduction (p < 0.001) in
the phosphorylation of p38 MAPK, both with 10% CSE and 20% CSE treatment, compared
to RBC only treated with CSE at both the concentrations (Figure 5B). RBCs treated only
with MPtS did not report significant changes in the proteins analyzed above.
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Figure 5. Mixture of plant sterols (MPtS) inhibits caspase 8/caspase 3 cleavage and phosphorylation
of p38 MAPK in cigarette smoke extract (CSE)-induced eryptosis. (A) Representative images of
immunoblotting analysis of p-p38 MAPK, cleaved caspase 8 and cleaved caspase 3 in 10% or 20%
CSE-treated RBCs incubated for 4 h in absence or in co-treatment with 22 μM MPtS. Protocol of
analysis at Section 4.7. (B–D) densitometric analysis of p-p38 MAPK, cleaved caspase 8 and cleaved
caspase 3 levels normalized for actin. For (C,D), values are the ratio between cleaved and uncleaved
caspases. Values are the means of bands’ densitometry of three separate experiments with comparable
results carried out on the same blood sample. *** p < 0.001 (ANOVA associated with Tukey’s test).

3. Discussion

In the present study, we have shown that MPtS at 22 μM, used at this concentration as
compatible with nutritional relevant serum concentrations obtained after the consumption
of PtS-enriched milk-based fruit beverage [18], inhibits CSE-induced extrinsic eryptosis.
MPtS counteracts eryptosis with the reduction of the pro-eryptotic bioactive lipid ceramide,
the caspase 8 and caspase 3 proteases activation, the formation of the DISC in membrane
and the phosphorylation of p38 (p-p38) MAPK. All these aspects lead to a reduction of the
externalization of PS which is the key element of the eryptotic RBCs to be recognized by
macrophages and to be removed from the bloodstream [20–22].

Although they represent hallmarks characteristic of the eryptotic process [8,9] changes
in redox balance, intracellular Ca2+ levels and cell volume measured by FS, have not
been observed (Figure S1). Present data confirm what has been observed previously [13].
However, the lack of variation of the FS could be partly attributed to the time of treatment
in our model, since 4 h of treatment under experimental conditions could not be sufficient
to unbalance the cellular volume. In recent work investigating the biochemical pathway
leading to eryptosis in RBC treated with CSE [13] and in line with other studies [23,24],
we have shown that the stimulation of p38 MAPK leads to the assembly of the membrane
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DISC resulting in caspase activation. The mechanism in which this happens is unclear and
deserves to be explored. Our data suggest that MPtS is able to inhibit the eryptotic process
by inhibiting p-p38 MAPK which, as mentioned above, is the initiator of CSE-induced
extrinsic eryptosis. In addition, the chemical-physical properties of PtS, could make them
interact with the cell membrane of RBC going in some way to strengthen the inhibition of
eryptosis avoiding the trimerization of FAS acting on membrane lipids-raft. It is quoted
that MPtS can interact with the pathway involving Apoptosis Signal-Regulating Kinase
1 (ASK1)- MAPK kinases (MKK) 3/6 axis that in different experimental models leads to
the phosphorylation and activation of p38 MAPK [25–27]. These assumptions would be in
line with Zhang et al. [28] and Xu et al. [29] where the PtS like β-sitosterol and ergosterol
appear to have modulated activities of p38 MAPK in gastric epithelial GES-1 and murine
macrophages RAW 264.7 cells. However, to the best of our knowledge, this work is the
first study in which it has been shown the inhibition of eryptosis by plant sterols acting
on the extrinsic death pathway. For nucleated cells, many biochemical mechanisms are
well known, while for anucleate cells such as RBCs, many mechanisms remain unknown or
poorly studied. This study provides many ideas of reflection and deepening to fill the gap
in the pathways shown above.

In conclusion, there are many pharmacological approaches and awareness campaigns
aimed to reducing the harm of smoking. The new beneficial properties on RBC presented
in this work involving plant sterols at nutritional relevant serum concentrations compatible
with their well-known hypocholesterolemic effects, open new perspectives to prevent and
treat part of the negative physio-pathological events caused by the eryptotic red blood cells
circulating in smokers. Further confirmatory in vivo studies are warranted.

4. Materials and Methods

When not specified, all chemicals were purchased from Sigma-Aldrich (Milan, Italy)
and were of the highest purity grade available.

4.1. Preparation of CSE

CSE was prepared by a modification of a methods previously published by Carnevali
et al. [30]. In summary, 3 filtered Marlboro Red cigarettes (Philip Morris USA Inc., Richmond,
VA, USA), each containing 0.8 mg nicotine, 10 mg tar and 10 mg carbon monoxide, were
smoked consecutively through a system with a constant airflow (0.4 L/min) controlled
by a vacuum pump. The smoke was gurgling through 30 mL of Ringer solution pre-
heated to 37 ◦C. The Ringer solution consist of (mM) 125 NaCl, 5 KCl, 1 MgSO4, 32
N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES)/NaOH, 5 glucose, 1 CaCl2,
with a final pH 7.4. Cigarettes were torched up to 3 mm from the start of the filter. To
ensure its sterility CSE was filtered through a 0.22-mm filter (Millipore, Billerica, MA,
USA). This solution was considered to be 100% CSE. Concentration of nicotine, one of
the stable constituents, was assessed by LC–MS analysis carried out using an Ultimate
3000 instrument coupled to a TSQ Quantiva (Thermo Fisher Scientific, San José, CA, USA)
triple-stage quadrupole mass spectrometer. Nicotine mean concentration of four different
CSE preparations was 32.13 ± 1.23 mg/L.

4.2. Preparation of MPtS

The PtS mixture at 22 μM final concentration in Ringer solution compatible with
nutritional relevant serum concentrations obtained after the consumption of PtS-enriched
milk-based fruit beverage, cointain β-sitosterol (13 μM), campesterol (8 μM), and stigmas-
terol (1 μM) and was prepared at 0.2% (v/v) ethanol, as reported in a previous study [18].

4.3. Red Blood Cells and Treatment

Fresh blood samples were collected in tubes coated with lithium heparin or sodium
heparin to inhibit clotting from non-smoking healthy male volunteers (n = 6; age range
25–51 years; normal BMI range) with informed consent, and RBCs were immediately
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isolated by centrifugation (2000× g, 4 ◦C, 20 min) over a Ficoll (Sigma-Aldrich, Milan, Italy,
Cat. No. F5415) gradient [31]. Cells were washed twice in Ringer solution. The cell pellet
aliquots were diluted in order to have a 0.4% hematocrit (HT) in the same simple Ringer
solution (control) or in Ringer containing CSE at appropriate dilutions for the treatment.
RBCs were then incubated at 37 ◦C, 5% CO2 and 95% humidity for 4 h.

The experimental study protocol was approved by the Ethic Committee of Palermo 1,
University Hospital (No. 8-09/2022) and performed in accordance with the Declaration of
Helsinki and its amendments.

4.4. Measurement of PS Externalization

RBCs were washed once in Ringer solution, pH 7.4, and adjusted to 1.0× 106 cells/mL
with binding buffer following the manufacturer’s instructions (eBioscience, San Diego,
CA, USA, Cat No. 88-8005-74). In experiments designed to evaluate the percentage of PS
externalization, suspension of RBCs (100 μL) was incubated with 5 μL of Annexin V-FITC
at room temperature in the dark for 15 min. Subsequently, suspension samples of at least
1.0 × 104 cells were subjected to flow cytometric analysis by Epics XL™, using Expo32
software (Beckman Coulter, Fullerton, CA, USA). The annexin V-fluorescence intensity was
measured in fluorescence channel FL-1 with an excitation wavelength of 488 nm and an
emission wavelength of 530 nm.

4.5. Measurement of Ceramide

Abundance of ceramide levels was measured as follows. Briefly, after treatment,
1.0× 105 erythrocytes were incubated for 1 h at 37 ◦C with 1 μg/mL of a mouse monoclonal
anti-ceramide antibody (Sigma-Aldrich Chemical Co., St. Louis, MO, USA, Cat. No. C8104)
in PBS containing 0.1% bovine serum albumin (BSA). RBCs after two washing steps with
PBS-BSA, were stained for 30 min with 20 μL of a goat anti-mouse, polyclonal, fluorescein
isothiocyanate-conjugated, secondary antibody (Millipore, Billerica, MA, USA, Cat. No.
AQ502F) diluted 1/50 in PBS-BSA in the dark. Finally, erythrocytes were collected by
centrifugation (2000× g, 4 ◦C, 5 min), washed twice, resuspended in PBS and analyzed by
flow cytometer as reported in Section 4.4.

4.6. Immunoprecipitation

RBCs (2.0 × 108 cells) were washed twice with PBS and resuspended in lysis buffer
(20 mM Tris-HCl, pH 7.6, 100 mM NaCl, 10 mM MgCl2, 1% NP-40, 2 mM PMSF, 0.5 mM
DTT and 2 mg/mL lysozyme) containing phosphatase (Roche, Basel, Switzerland, Cat.
No. 4906845001) and protease inhibitors (Roche, Basel, Switzerland, Cat. No. 4693132001).
Whole cell lysates were also sonicated (2 cycles, each for 30 s) with Labsonic LBS1-10
(Labsonic Falc, Treviglio, Italy) and after centrifugation (40,000× g, 4 ◦C, 1 h) were incubated
overnight with mouse anti-FAS antibody (1:200) at 4 ◦C. Supernatants were then incubated
with 20 μL of Protein G PLUS-Agarose (Santa Cruz Biotechnology, Inc., Dallas, TX, USA,
sc-2002) for 3 h at 4 ◦C. Beads were pelleted, washed twice in lysis buffer and finally
proteins were separated by SDS-PAGE for immunorecognition by western blotting [13].

4.7. Western Blotting

After treatment, erythrocytes (2.0 × 108 cells) were washed twice with PBS, resus-
pended in lysis buffer (20 mM Tris-HCl, pH 7.6, 100 mM NaCl, 10 mM MgCl2, 1% NP-40,
2 mM PMSF, 0.5 mM DTT and 2 mg/mL lysozyme) containing phosphatase and protease
inhibitors and sonicated (2 cycles, each for 30 s) with Labsonic LBS1-10 (Labsonic Falc,
Treviglio, Italy). Lysates were clarified by centrifugation (40,000× g, 4 ◦C, 1 h) and super-
natants were collected and stored at−80 ◦C. Bradford protein assay (Bio-Rad, Hercules, CA,
USA, Cat. No. 5000006) was used to quantify the total protein concentration in each sample.
For each sample, equal amounts of proteins were loaded (50 μg/lane), separated on 10%
gel by discontinuous SDS-PAGE and then electrotransferred to a polyvinylidene difluoride
(PVDF) membrane (Millipore, Billerica, MA, USA, Cat. No. IPVH00010). Blots were treated
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with blocking solution (5% nonfat dry milk) and then incubated overnight at 4 ◦C with
primary antibodies (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) in Tris-buffered saline
(TBS; 25 mM Tris, 150 mM NaCl, pH 7.4) containing Tween 20 (1%, v/v) (TBST) and 5%
(w/v) BSA. Mouse monoclonal anti-FADD (Santa Cruz Biotechnology, Inc., Dallas, TX,
USA, sc-271748), anti-FAS (Santa Cruz Biotechnology, Inc., Dallas, TX, USA, sc-74540),
anti-caspase 3 (Santa Cruz Biotechnology, Inc., Dallas, TX, USA, sc-56053), anti-caspase 8
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA, sc-81657), and anti-p-p38 MAPK (Santa
Cruz Biotechnology, Inc., Dallas, TX, USA, sc-166182) primary antibodies were used at
a dilution of 1:200. After washing three times with TBST, immunoblots were incubated
with a 1:2000 dilution of rabbit anti-mouse IgG antibody, horseradish peroxidase (HRP)
conjugated (Sigma-Aldrich Chemical Co., St. Louis, MO, USA, Cat. No. AP160P) for 1 h at
room temperature. Immunoblots were then washed five times with TBST and developed
by enhanced chemiluminescence (Amersham, Milan, Italy, Cat. No. RPN2232). Mouse
monoclonal anti-actin antibody (Santa Cruz Biotechnology, Inc., Dallas, TX, USA, sc-8432)
was used as loading control. Densitometric analysis of protein spots was measured by
Quantity One Imaging Software (Bio-Rad, Hercules, CA, USA, Cat. No. 1708265) and the
results were reported as arbitrary densitometric units normalized to actin [32].

4.8. Statistical Analysis

Results are expressed as mean ± SD of (n = 6) separate experiments in triplicates.
Statistical comparisons were performed by one-way analysis of variance (ANOVA) followed
by Tukey’s correction for multiple comparisons using Prism 8.4 (GraphPad Software Inc.,
San Diego, CA, USA). In all cases, significance was accepted if the null hypothesis was
rejected at the p < 0.05 level.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24021264/s1.
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Abstract: Hyperforin (HPF), the main component responsible for the antidepressant action of
Hypericum perforatum, displays additional beneficial properties including anti-inflammatory, an-
timicrobic, and antitumor activities. Among its antitumor effects, HPF activity on melanoma is poorly
documented. Melanoma, especially BRAF-mutated melanoma, is still a high-mortality tumor type
and the currently available therapies do not provide solutions. We investigated HPF’s antimelanoma
effectiveness in A375, FO1 and SK-Mel-28 human BRAF-mutated cell lines. Cell viability assays
documented that all melanoma cells were affected by low HPF concentrations (EC50% 2–4 μM) in
a time-dependent manner. A Br-deoxy-uridine incorporation assay attested a significant reduction
of cell proliferation accompanied by decreased expression of cyclin D1 and A2, CDK4 and of the
Rb protein phosphorylation, as assessed by immunoblots. In addition, the expression of P21/waf1
and the activated form of P53 were increased in A375 and SK-Mel-28 cells. Furthermore, HPF
exerts cytotoxic effects. Apoptosis is induced 24 h after HPF administration, documented by an
increase of cleaved-PARP1 and a decrease of both Bcl2 and Bcl-xL expression levels. Autophagy
is induced, attested by an augmented LC3B expression and augmentation of the activated form of
AMPK. Moreover, HPF lowers GPX4 enzyme expression, suggesting ferroptosis induction. HPF has
been reported to activate the TRPC6 Ca++ channel and/or Ca++ and Zn++ release from mitochondria
stores, increasing cytosolic Ca++ and Zn++ concentrations. Our data highlighted that HPF affects
many cell-signaling pathways, including signaling induced by Ca++, such as FRA1, pcJun and pCREB,
the expression or activity of which are increased shortly after treatment. However, the blockage of the
TRPC6 Ca++ channel or the use of Ca++ and Zn++ chelators do not hinder HPF cytostatic/cytotoxic
activity, suggesting that damages induced in melanoma cells may pass through other pathways.
Remarkably, 24 h after HPF treatment, the expression of activated forms of the transcription fac-
tors NF-κB P65 subunit and STAT3 are significantly lowered. Several cytosolic (PGM2, LDHA and
pPKM2) and mitochondrial (UQCRC1, COX4 and ATP5B) enzymes are downregulated by HPF
treatment, suggesting a generalized reduction of vital functions in melanoma cells. In line with these
results is the recognized ability of HPF to affect mitochondrial membrane potential by acting as
a protonophore. Finally, HPF can hinder both melanoma cell migration and colony formation in
soft agar. In conclusion, we provide evidence of the pleiotropic antitumor effects induced by HPF in
melanoma cells.

Keywords: St. John’s wort; cell cycle regulation; apoptosis; ferroptosis; autophagy; STAT3; NF-κB;
HIF1α; CREB; metabolism
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1. Introduction

Hyperforin (HPF) is an acylphloroglucinol abundantly present in the apical flowers of
Hypericum perforatum, also known as St. John’s wort (SJW). HPF has been assessed as the
main component responsible for the antidepressant action of SJW extract [1].

Considering many experimental results present in the literature, three distinct modes
of action can be ascribed to HPF. (i) It can activate the transient receptor potential cation
channel (TRPC)-6, resulting in the modulation of synapsis plasticity [2–4]. (ii) It can induce
calcium and zinc release from mitochondria stores, leading to an increase in their cytosolic
concentration [5–7]. (iii) Acting as a protonophore, it can change the pH gradient and
interfere with the driving force across a membrane (especially of the mitochondria) [8,9].
All these mechanisms may contribute to its biological effects, although each may do so
to a different extent, depending on the cell type and the HPF concentrations used [10].
Accordingly, HPF displays a wide spectrum of biological effects besides its antidepressant
activity. In the first studies, HPF has been reported to inhibit the activity of cyclooxygenase-
1, 5-lypoxygenase and prostaglandin E2-synthase-1 [11,12] and to display antibacterial
effects [13]. Subsequently, it was shown that the anti-inflammatory properties of HPF
include its capability, in cells, to regulate gene expression and the activation of several
cytokine-elicited kinases or transcription factors involved in inflammation [7,14–18] (re-
viewed by [19,20]). Other studies highlighted SJW and HPF protective effects against
noxious stimuli in several animal models as well [21–23].

Remarkably, Manna et al. demonstrated that a diet with SJW extract can signifi-
cantly improve the overall survival in a mouse model of azoxymethane-induced colorectal
tumorigenesis [24]. In line with this result, a very large epidemiology study indicated
that continued use of SJW extract is associated with a 65% decreased risk for colorectal
cancer [25], suggesting that it may possess a protective effect in human carcinogenesis
as well.

Importantly, HPF does not possess protective effects only before tumor formation.
When tumor mass has already grown, HPF displays remarkable activity against tumor
progression by downregulating survival signaling and by inducing programmed cell death.
At the beginning of this century, Schempp et al. showed for the first time, in 17 cell lines
from different tumor types, that HPF acts by triggering intrinsic apoptotic cell death and
inhibiting cell proliferation, with half maximal effective concentration (EC50%) from 3 to
15 μM [26]. Again, the same authors assessed that HPF can hinder tumor growth in rats
injected with MT-450 breast carcinoma cells in the absence of any signs of acute toxicity [26].
Subsequently, many studies confirmed the antitumor efficacy of HPF by examining the
molecular targets of its cytotoxic effect.

HPF can affect leukemia cells (reviewed in [27]), such as the human acute promyelo-
cytic leukemia cell line (HL60), by targeting mitochondrial membrane potential [28]. Again,
HPF leads to apoptosis in chronic lymphocytic leukemia cells by inducing the pro-apoptotic
protein Noxa [29]. HPF affects several acute myeloid leukemia (AML) cell lines, as well as
primary cells from AML patients, through different mechanisms including upregulation
of Noxa expression, mitochondrial membrane depolarization, activation of caspases and
inhibition of protein kinase B (AKT) activity [30].

Regarding solid tumors, Hsu et al. showed that HPF can induce apoptosis in glioblas-
toma cells, with EC50% of 5–10 μM, by suppressing the expression of antiapoptotic-related
proteins. Furthermore, they demonstrated that HPF can inactivate epithelial growth factor
receptor (EGFR), extracellular signal-regulated kinases (ERK)1/2, and nuclear factor kappa
B (NF-κB) [31]. HPF can inhibit cyclin D1 expression and can induce the loss of internal
mitochondrial membrane potential in hepatocarcinoma cells [32]; in addition, it can af-
fect tumor growth of non-small-cell lung cancer [33]. HPF decreases bladder cancer cell
survival, with EC50% of 10–20 μM, by increasing reactive oxygen species (ROS), calcium
signaling and apoptosis and by blocking NF-κB activity [34]. Recently, cytotoxicity of HPF
and its derivatives was discovered in colon cancer cells by a mechanism involving the
Wnt/β-catenin signaling pathway [35]. Donà et al. studied the HPF-elicited cytotoxic-
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ity in many human and murine cell lines [36]. They found that HPF decreases ERK1/2
and metalloproteinases activity and affects cell viability at a concentration in the range of
5–20 μM, whereas untransformed endothelial cells were only marginally affected. Impor-
tantly, the authors reported that HPF concentrations 20-fold below the toxicity threshold
were effective in hindering the invasive potential of malignant cells. Moreover, in mice
injected with neoplastic cells, HPF administration reduced tumor growth and metastasis
with persistence of healthy behavior [36].

Regarding melanoma, the HPF molecular mechanism has not yet been investigated,
although its effectiveness in reducing the cell viability of some human or mouse melanoma
cell lines has been previously reported [26,36,37].

Malignant melanoma is an aggressive skin tumor characterized by high metastatic
potential and mortality [38]. In about 40–60% of patients with cutaneous melanoma,
oncogenic mutations in BRAF kinase are found, which drive the constitutive activation
of pro-survival kinases ERK1/2 [38]. Remarkably, patients harboring BRAF mutations
showed poorer prognosis and survival [39]. BRAF inhibitors and mitogen-activated protein
kinase (MEK)-inhibitors therapies are able to improve the lifespan of patients accompanied
with the BRAF-mutated genotype [40]. Unfortunately, the effectiveness of targeted ther-
apy has been shown to be time-restricted because melanoma becomes resistant to these
drugs in a short time [41]. Therefore, new strategies to extend patients’ survival should
be discovered.

In the present work, three BRAF-mutated human melanoma cell lines are tested for
their sensitivity to HPF administration. Data show that all cell lines are significantly affected
by low μM concentration of HPF in contrast to normal human epithelial melanocytes.
In addition, we documented pleiotropic effects by which HPF counteracts melanoma
cell malignancy.

2. Results

2.1. A375, FO-1, SK-Mel-28 and MeWo Melanoma Cell Viability Was Affected by Hyperforin in
a Time- and Concentration-Dependent Manner

To quantify the antitumor effect of HPF on melanoma cells, a sulforhodamine B (SRB)
viability assay was carried out on SK-Mel-28, A375 and FO-1 BRAF-mutated melanoma
cells and on P53-mutated MeWo cells after 24, 48 and 72 h of treatment with 1, 2, 3, 4 and
5 μM HPF. Results shown in Figure 1 reveal an evident time-dependent inhibition of cellular
mass. Indeed, the effective HPF concentration able to achieve 50% cell viability (EC50%) of
untreated cells was in a range from 2 to 4 μM after 48 or 72 h treatments (Figure 1). FO-1
was the most responsive melanoma cell line to HPF administration, with an EC50% of 2 μM
after 72 h, while A375, SK-Mel-28 and MeWo cells displayed an EC50% of about 3–4 μM
(Figure 1).

To investigate whether normal human epithelial melanocytes (NHEM) were affected
by HPF treatment, increasing concentrations of HPF were added to NHEM culture medium
and a cell viability assay was carried out after 24, 48 and 72 h. Results indicate that HPF at
5 μM, the highest concentration used on melanoma cells, reduces NHEM viability by 20%
in comparison to a 70–80% reduction obtained in malignant cell lines (Figure 1).

Therefore, data suggest that HPF affects melanoma cell viability with higher specificity
than normal melanocytes.

2.2. Hyperforin Affects the Morphology of Melanoma Cells

Morphological features acquired by melanoma cells after 24 and 48 h treatment with
low micromolar concentrations of HPF were analyzed by microscopy examination.

Figure 2 shows that HPF can affect the natural shape of A375, FO-1, SK-Mel-28 and
MeWo melanoma cells in 2D culture. Control cells turn out to be well adherent to the
plate except for several cells in division showing rounded and translucent shapes (Figure 2,
CTR). After 24 h treatment with 3 μM HPF, dividing cells as well as the total cell number
were decreased. At 24/48 h after HPF administration, almost all remaining cells had lost
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adherence to the plate and several cells showed blebbing of the plasma membrane, a typical
morphology of cells undergoing late phase of apoptotic cell death (Figure 2). No change in
morphology was detectable in NHEM after 24–48 h of HPF treatment (Figure 2).

 

 

 

Figure 1. Histograms show time- and concentration-dependent reduction in cell viability after
hyperforin treatment. SRB cell viability assay was performed on A375 (orange), FO-1 (grey), SK-Mel-
28 (blue) and MeWo (green) melanoma cells treated with 1 to 5 μM hyperforin (HPF) for 24, 48 and
72 h. HPF induced a time- and concentration-dependent decrease in cell viability, in comparison with
untreated cells (100%). Normal human epithelial melanocytes (NHEM, yellow), treated with HPF for
24, 48 and 72 h, was shown to be less affected by HPF than melanoma cells. Data acquired calculating
the average ± S.D. of values obtained from at least four independent experiments were compared
with the untreated control (* p < 0.05; ** p < 0.01).
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Figure 2. The images show melanoma cell morphological modifications after 24 and 48 h-treatment
with 3 μM hyperforin. Representative images of A375, SK-Mel-28, FO-1 and MeWo melanoma cells
and normal human epithelial melanocytes (NHEM), untreated (CTR) or treated with 3 μM hyperforin
(HPF) for 24 and 48 h. In melanoma cells but not in NHEM, HPF induces a time-dependent decrease
in cell number and a change in cell shape from elongated to round with membrane blebbing. Images
were captured at 20× magnification (5× magnification only for NHEM) with an inverted microscope
(Axio Vert A1, Zeiss, Oberkochen, Germany).

2.3. Hyperforin Inhibits Melanoma Cell Proliferation by Affecting the Expression of Cell
Cycle-Regulating Proteins

SRB results ascertained that HPF can reduce total cell mass in melanoma cells, and
morphological analysis suggested its effect on both cell proliferation and death. In order
to investigate the HPF mechanism of action, we selected the most homogeneous cell lines
presenting the mutation in the BRAF gene to perform all the following experiments.

Firstly, a cell proliferation assay was carried out by measuring Br-deoxy-uridine (BrdU)
incorporation during the cell cycle DNA synthesis (S) phase. A375, FO-1 and SK-Mel-28
melanoma cells were treated with 2, 3 and 4 μM HPF for 48 h. At that time, BrdU was added
to the culture medium and, after 8 h incubation, its incorporation in newly synthesized
DNA was measured.
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As shown in Figure 3A, HPF reduced A375, FO-1 and SK-Mel-28 cell proliferation rates.
This result led us to investigate the underlying molecular mechanisms by immunoblots,
carried out to discover the expression levels of target proteins controlling the cell cycle.

 

Figure 3. Hyperforin slows down melanoma cell proliferation by affecting the expression of several
cell cycle-regulating proteins. (A) BrdU incorporation assay attesting the inhibition of cell proliferation
of 2, 3 and 4 μM HPF on FO-1, A375 and SK-Mel-28 melanoma cell lines. (B) A375, FO-1 and SK-
Mel-28 melanoma cells were treated with increasing concentrations of HPF for 24 h. In the left panel,
representative immunoblots show the expression level of cyclin D1, cyclin-dependent kinase (CDK)-4,
the phosphorylated form of retinoblastoma protein (pRb), total Rb protein, cyclin A2, P21/WAF1
(P21), phospho-Ser15-P53 (pP53), total P53 (P53) and glyceraldeide-3-phosphate dehydrogenase
(GAPDH). On the right, histograms represent the mean values ± S.D. of protein expression level
measured by densitometry deriving from three independent experiments and normalized with
GAPDH expression, whereas pRb and pP53 results were normalized with total Rb and P53 protein
level, respectively. All comparisons were performed vs. each control sample after data normalization;
* p < 0.05; ** p < 0.01.

Cyclin D1 together with cyclin-dependent kinase (CDK)-4 are key regulators of the G1
phase of the cell cycle, and they are considered therapeutic targets in BRAF-mutated can-
cers [42]. Immunoblots showed a concentration-dependent decrease of cyclin D1 and CDK4

208



Int. J. Mol. Sci. 2023, 24, 1263

expression level in melanoma cells treated for 24 h with HPF (Figure 3B). Retinoblastoma
(Rb) protein represents a major G1 restriction point aimed to block cell entry in S-phase.
Cyclin D1/CDK4 activation determines hyperphosphorylation and inhibition of Rb protein,
allowing cell cycle progression [43]. The phosphorylation level of Rb (pRb) was decreased
in a concentration-dependent manner by a 24 h HPF treatment, whereas the total Rb protein
level was unchanged (Figure 3B). Cyclin A2 is highly expressed in the S-phase when it is as-
sociated with CDK2 or CDK1 [44]. In addition to cyclin D1, cyclin A2 expression level was
decreased after 24 h of treatment (Figure 3B). The cell cycle progression inhibitor P21/Waf1
(P21) protein can bind cyclin A2/CDK2 and cyclin D1/CDK4 complexes by hindering
their activity. P21 protein binding makes cyclin D1/CDK4 complex inactive and unable to
phosphorylate Rb protein [45]. Remarkably, P21 expression level was maximally increased
after 24 h treatment in A375 and SK-Mel-28 cell lines (Figure 3B). Tumor suppressor P53 is
a transcription factor able to induce the expression of many genes, including P21 protein,
inhibiting, finally, cell cycle progression [46]. Immunoblots showed an increased expression
of the active form of P53 (phospho-Ser15-P53) in the P53 wild type A375 and SK-Mel-28 cell
lines concomitantly with an increase of P21 expression (Figure 3B). Instead, FO-1 cells ex-
pressed a very low level of P21 and the amount of P53 phosphorylation remains unchanged
until 2 μM HPF, decreasing at higher concentrations (Figure 3B).

In summary, all data suggest a pleiotropic mechanism elicited by HPF able to hinder
cell cycle progression in melanoma cells.

2.4. Hyperforin Induces Apoptotic Cell Death, as Well as Autophagy and Ferroptosis

Morphological analysis of melanoma cells showed several signs of cell death at 24
and 48 h after HPF administration (Figure 2). Therefore, we analyzed some molecular
markers of programmed cell death. The cleaved form of poly (ADP-ribose) polymerase
1 (cleaved-PARP1) is obtained through the activity of caspase 3 or caspase 7 in cells un-
dergoing apoptosis [47,48]. After 24 h of HPF treatment, in all melanoma cell lines, im-
munoblots showed a decrease of bands representing full-length PARP1 expression and
a correspondent increase of higher mobility band displaying cleaved-PARP1 level (Figure 4).
Thereby, data suggest induction of apoptotic cell death in a concentration-dependent man-
ner. Proteins belonging to the B-cell lymphoma 2 (Bcl2) family are regulators of apoptosis.
Bcl2 and Bcl-extra-large (Bcl-xL) are antiapoptotic proteins highly expressed in tumor
cells [49,50]. Immunoblots showed a gradual decrease of both Bcl2 and Bcl-xL expression
levels (Figure 4), explaining in part the high propensity of cells treated for 24 h with HPF
to undergo apoptosis.

Then, the involvement of other types of programmed cell death was investigated.
It has been reported that HPF augments AMP-activated kinase (AMPK) activity either
in normal [51] or in cancer cells [28]. Immunoblot results showed an increase of the
phosphorylated and activated form of AMPK (pAMPK) after 24 h of HPF treatment,
whereas the total level of the kinase was not significantly affected (Figure 4). In agreement
with the increased pAMPK level, acetylCoA carboxylase enzyme (ACC), which is a known
target of AMPK activity, has been found phosphorylated as well (pACC, Figure 4). AMPK is
an activator of mitophagy/autophagy in tumor cells, including melanoma [52]. Therefore,
the expression level of microtubule-associated proteins 1A/1B light chain 3B (LC3B),
a known marker of autophagy, was investigated by immunoblotting. Data show that LC3B
increased after HPF treatment (Figure 4), suggesting activation of autophagy as well.

Glutathione peroxidase (GPX)-4 is an essential regulator of ferroptotic cell death since
its knockdown or its overexpression can induce or antagonize, respectively, this form of
cell death [53,54]. After 24 h treatment with HPF, the expression level of GPX4 enzyme
was significantly reduced (Figure 4). Altogether, these data could suggest a co-presence
of ferroptosis.

Finally, the phosphorylation level of eIF4E-binding protein 1 (4E-BP1) displayed
a decrease, demonstrating that 24 h HPF treatment induces generalized translational
repression in cells (Figure 4).
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Figure 4. Hyperforin affects the expression of several proteins involved in apoptosis, autophagy
and ferroptosis induction. A375, FO-1 and SK-Mel-28 melanoma cells were treated with increasing
concentrations of HPF for 24 h. In the left panel, representative immunoblots show the expression
level of cleaved and uncleaved PARP1, Bcl-extra-large (Bcl-xL), Bcl2, microtubule-associated proteins
1A/1B light chain 3B (LC3B), the phosphorylated form of AMP-activated kinase (pAMPK), total
AMPK, the phosphorylated form of acetylCoA carboxylase (pACC), glutathione peroxidase 4 (GPX4),
the phosphorylation level of eIF4E-binding protein 1 (4E-BP1), total 4E-BP1 and glyceraldeide-3-
phosphate dehydrogenase (GAPDH). On the right, histograms represent the mean values ± S.D.
of protein expression level measured by densitometry deriving from three or more independent
experiments and normalized with GAPDH expression, unless otherwise stated. All comparisons
were performed vs. each control sample after data normalization; * p < 0.05; ** p < 0.01.

2.5. Signaling Pathway Elicited by Hyperforin in Melanoma Cells

After establishing its antitumor activity, the mechanisms involved in the HPF-elicited
cytotoxicity in melanoma cells were investigated.

As already mentioned, it has been reported that HPF acts as a specific activator of Ca++-
channel TRPC6 [2], it induces an increase of cytosolic Ca++ and Zn++ concentrations [5]
and it facilitates proton flux between cell membranes acting as a protonophore [9].

Experiments were performed to verify if the Ca++ channel blocker SKF-96365 (SKF)
could suppress the cytostatic/cytotoxic effects of HPF in melanoma cells. In addition,
BAPTA and TPEN, the cell-permeable chelators of Ca++ and Zn++, respectively, were used to
ascertain whether the blockage of the HPF-elicited Ca++ and Zn++ cytosolic concentrations’
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increase could suppress its antimelanoma activity. Thus, SRB viability assay was carried out
on melanoma cells treated for 72 h with SKF, BAPTA or TPEN alone and in the co-presence
of HPF, at concentrations corresponding approximately to the EC50% value measured
in each cell line. All inhibitors were added to the cell culture medium 10 min before
HPF addition.

The obtained data were very consistent considering the different sensitivity of each
melanoma cell line to HPF.

As shown in Figure 5, the treatment with SKF alone at the lowest concentration used
(1 μM) did not affect cell viability. Furthermore, SKF administration in association with HPF
was not able to revert the cytostatic/cytotoxic activity of this acylphloroglucinol. Instead,
the use of higher SKF concentrations alone (2.5 and 5 μM) induced a noticeable reduction
of cell viability after 72 h of treatment. Remarkably, at these doses, HPF in association with
SKF can increase, rather than hinder, its harmful effect in all melanoma cell lines (Figure 5).

  

 

Figure 5. Histograms show the reduction in cell viability in presence of SKF, BAPTA and TPEN
administered alone or in co-presence of hyperforin. SRB cell viability assay was performed on
FO-1, SK-Mel-28 and A375 melanoma cells after 72 h of treatment with SKF-96365, an inhibitor of
Ca++-channel transient receptor canonical (TRPC)-6, or BAPTA-AM, a cell-permeable Ca++ chelator,
or TPEN, a Zn++ chelator. The co-treatment was performed with each inhibitor singly, combined with
HPF used at 2 μM for FO-1 and at 4 μM for A375 and SK-Mel-28 cells, accordantly with each EC50%
value previously documented. Data acquired calculating the average ± S.D. of values were obtained
from at least four independent experiments.

Again, cell viability was slightly affected by 1, 2.5 or 5 μM of BAPTA or by 1 or 3 μM
of TPEN administered singly to the culture medium. Moreover, the co-presence of HPF
with BAPTA or TPEN did not block the HPF cytostatic/cytotoxic effect (Figure 5).

Thus, for a longer time of treatment (72 h), data show that the antimelanoma activity
of HPF was maintained even in the presence of either a TRPC6 blocker or a Ca++ or
Zn++ chelator.

In addition to its effect on TRPC6 channel activity, HPF could affect the expression
level of the TRPC6 channel. Immunoblotting data showed that TRPC6 protein level was
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unchanged after 24 h treatment with HPF (Figure 6). In cells treated with HPF, SKF or both
compounds for a short time (2 h), TRPC6 expression was unchanged as well (Figure 6).
Data suggest that TRPC6 was not overexpressed after HPF treatment.

 

 

 

 

 

Figure 6. Hyperforin affects the expression levels of key proteins involved in signaling. (A) Represents
immunoblots showing the expression level of TRPC6 in A375, FO-1 and SK-Mel-28 melanoma cells
treated for 2 h with HPF, SKF, or both compounds. (B) Represents immunoblots showing the
expression level of Fos-related antigen 1 (FRA1), the phosphorylated form of proto-oncogene c-Jun
(pcJun) and of cyclic AMP response-element binding protein (pCREB), and total CREB in melanoma
cells treated for 2 h with 0, 2 and 3 μM HPF concentrations. On the right, histograms represent the
mean values ± S.D. of protein expression levels measured by densitometry deriving from three
independent experiments and normalized with GAPDH expression, unless otherwise stated. All
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comparisons were performed vs. each control sample after data normalization; * p < 0.05; ** p < 0.01.
(C) Represents immunoblots showing the expression level of key proteins belonging to several
signaling pathways activated in melanoma cells after 24 h HPF treatment. In particular, the expression
of TRPC6, pCREB, total CREB, FRA1, pcJun, the phosphorylated form of protein kinase B (pAKT),
total Akt, the phosphorylated form of extracellular signal-regulated kinases (ERK), total ERK, the
phosphorylated form of signal transducer and activator of transcription 3 (STAT3), total STAT3,
the phosphorylated form of nuclear factor kappa B P65 subunit (pP65 NF-κB), total P65 NF-κB
and GAPDH. On the right, histograms represent the mean values ± S.D. of protein expression
levels measured by densitometry deriving from three independent experiments and normalized. All
comparisons were performed vs. each control sample after data normalization; * p < 0.05; ** p < 0.01.

At the molecular level, in different cancer models, several reports attested that many
signaling pathways are affected by HPF administration (reviewed in [55]). Gibon et al. [7]
reported that, in some tissues, HPF promotes the activation of the transcription factor cyclic-
AMP response element-binding protein (CREB). In agreement with these previous data, in
all the analyzed melanoma cell lines, 2 and 24 h after HPF administration, immunoblots
showed a concentration-dependent increase of the phosphorylated and activated form
of CREB (pCREB), whereas total CREB expression was unchanged or even decreased
(Figure 6B,C).

After short time treatments, HPF was also able to increase the expression of proteins
belonging to the transcription factor complex activating protein-1 (AP1). Immunoblots
showed that HPF concentration dependently increases Fos-related antigen 1 (FRA1) ex-
pression and the phosphorylated and activated form of the proto-oncogene cJun (pcJun)
(Figure 6B). However, after 24 h treatment, FRA1 and pcJun expression were decreased in
a concentration-dependent manner in all the tested cell lines (Figure 6C).

Merhi et al. showed [30] a suppression of protein kinase B (AKT) activity in human
myeloid cells at HPF concentrations similar to those used in the present work, whereas
Hsu et al. proved that HPF can inhibit the extracellular signal-regulated kinases (ERK)-
1/2 activity in glioblastoma cells [56]. Regarding pERK1/2 and pAKT, which are both
constitutively active in the BRAF-mutated melanoma cell lines, no different expression
levels were found at short times (not shown) and after 24 h treatment in A375 and SK-Mel-
28 cells (Figure 6C). In FO-1 cells only, a reduction of pERK1/2 level was found 24 h after
HPF administration (Figure 6C).

Key transcription factors largely involved in pro-survival signaling in melanoma are
signal transducer and activator of transcription (STAT)-3 [57] and nuclear factor-kappa B
(NF-κB) [58], which were shown to be activated by phosphorylation in melanoma cells.
After 24 h of treatment, HPF concentration dependently decreased the expression levels of
phospho-Ser475 of P65-NF-κB subunit and phospho-Tyr705 of STAT3, while total P65 and
total STAT3 protein levels were unchanged (Figure 6C).

2.6. Metabolic Effects of Hyperforin in Melanoma Cells

Cancer cells are able to reprogram their metabolism by switching from the mitochon-
drial oxidative pathway (OXPHOS) to glycolytic anaerobic metabolism and vice versa [59].
The transcription factor hypoxia-inducible factor (HIF)-1α, among others, can control sev-
eral enzymes regulating metabolic flux [59]. Firstly, we measured the HIF1α expression
level after 24 h of HPF treatment. HIF1α protein level was decreased in all melanoma
cells (Figure 7). Consistently, some cytosolic enzymes, such as lactate dehydrogenase A
(LDHA), phosphoglucomutase 2 (PGM2) and the phosphorylated form of pyruvate kinase
M2 (pPKM2) were downregulated (Figure 7).
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Figure 7. Hyperforin affects the expression levels of key proteins involved in cytosolic and mito-
chondria metabolic pathways. Represented immunoblots show the expression level of key proteins
involved in melanoma cells metabolism after 24 h HPF treatment. In particular, the expression
of hypoxia-inducible factor (HIF)-1α, lactate dehydrogenase A (LDHA), phospho-gluco-mutase2
(PGM2), the phosphorylated form of pyruvate kinase M2 (pPKM2), peroxisome proliferator-activated
receptor-gamma coactivator (PGC)-1α, c1 subunit of the ubiquinol cytochrome c reductase (UQCRC1),
ATP synthase F1 subunit β (ATP5B), cytochrome c oxidase subunit IV (COX4) and GAPDH. On
the right, histograms represent the mean values ± S.D. of protein expression levels measured by
densitometry deriving from three independent experiments and normalized. All comparisons were
performed vs. each control sample after data normalization; * p < 0.05; ** p < 0.01.

Thus, expression levels of mitochondrial key proteins were measured. The expression
level of peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1α, which
is a transcription factor stimulating mitochondria biogenesis, was decreased after 24 h
treatment with HPF, as well as the expression of c1 subunit of the ubiquinol cytochrome
c reductase (UQCRC1) and ATP synthase F1 subunit β (ATP5B). The protein level of the
cytochrome c oxidase subunit IV (COX4) was increased 30 min after HPF addition (not
shown), but its expression decreased after 24 h (Figure 7).

In summary, the expression levels of proteins regulating both cytosolic and mitochon-
drial metabolism are lowered by HPF treatment in all melanoma cells.
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2.7. Hyperforin Affects the Rate of Cell Migration of FO-1 and SK-Mel-28 Melanoma Cells and It
Hinders the Ability of Melanoma Cells to Form Colonies in Soft Agar

The wound healing assay is widely used to measure cell migration. The method
is based on quantifying the rate at which cells can close an artificial scratch created in
a confluent cell monolayer.

Figure 8 shows the ability of 2 and 3 μM HPF to slow down the migration rate of FO-1
and SK-Mel-28 melanoma cells. Instead, HPF did not delay the wound healing closure of
the A375 cell line, although it decreased the density of cells filling the wound in comparison
with the untreated sample (Figure 8).

 

 

 

Figure 8. Hyperforin concentration dependently affects cell mobility and inhibits soft agar colony
formation in melanoma cell lines. Top, wound healing assay attesting the inhibition of cell mobility
by 2 and 3 μM HPF in FO-1 and SK-Mel-28 melanoma cells but not in A375 cell line. Images were
recorded with an inverted microscope (Axio Vert A1, Zeiss, Oberkochen, Germany). The images
were analyzed quantitatively using ImageJ computing software (NIH Image, Bethesda, MD, USA).
Bottom, images of colonies taken from representative experiments of colonies formed in soft agar.
Representative images showing growth and density of colonies were taken by an inverted microscope
(5×magnification). * p < 0.05; ** p < 0.01.
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To investigate if HPF can inhibit melanoma cell growth in an anchorage-independent
manner, a soft agar colony formation assay was performed. Both 1 and 2 μM HPF can
decrease the number and dimension of colonies formed in soft agar after 14–21 days of
culture (Figure 8).

3. Discussion

HPF is the principal and active component of SJW extract, commonly used as an antide-
pressant medicament by many people around the world. In addition to this proven effect,
SJW extract and HPF display additional beneficial properties including anti-inflammatory,
antimicrobic and antitumor activities (reviewed by [19,20,55]). The large HPF bioavailabil-
ity, the persistence of its protective benefits and the absence of adverse effects makes this
compound suitable for both tumor prevention [25,60] and treatment [55].

Among the studies that investigate the antitumor activity of HPF, its mechanism
of action on melanoma cells is poorly documented. Melanoma is still a high-mortality
tumor type and the therapies currently available are not conclusive [38]. Therefore, we
investigated HPF effects on three melanoma cell lines harboring the dangerous but frequent
mutation in the BRAF gene, which makes downstream proliferative signaling pathways
constitutively active [38,40]. The HPF antimelanoma activity was also documented on
a BRAF wild-type but P53-mutated MeWo melanoma cell line.

Independently of their mutations, all melanoma cell lines tested were very responsive
to the damaging effects of HPF, as their viability was affected by EC50% HPF concentrations
in the range of 2–4 μM (Figure 1), lower than those previously registered in many other
non-melanoma tumor cells [26,34–36,56]. Subsequently, we investigated the mechanism of
HPF antimelanoma activity on the three BRAF-mutated cell lines.

In A375, FO-1 and SK-Mel-28 cells, HPF displays cytostatic activity hindering cell
cycle progression, as demonstrated by the lower BrdU incorporation in comparison with
untreated control cells (Figure 3A). HPF seems to move towards several targets in the
cell cycle because it turns out to be able to decrease cyclins D1 and A2 and CDK4 protein
expression (Figure 3B). These results are in line with the findings of Liu et al. [34], who
registered a suppression of cyclin D1 expression in a human bladder cancer cell line. It
is very significant that the activation of the cyclin D1/CDK4 complex passes through the
G1/S checkpoint by triggering hyperphosphorylation of the Rb protein [43]. Notably, pRb
expression level is concentration-dependently decreased by HPF, despite a stable total Rb
protein level (Figure 3B), suggesting an early blockage of the cell cycle. In addition, HPF
inhibits the expression of cyclin A2 that acts downstream of the G1/S checkpoint. At the
same time HPF, driving a maximal induction of P21/Waf1 expression, would provide for
a generalized blockage of all the phases of the cell cycle, since P21 can inhibit, in addition to
the cyclin D1/CDK4 complex, the activity of cyclin E/CDK2, cyclin A2/CDK2 and cyclin
B/CDK1 complexes [45]. P21 expression can be elicited in a P53-dependent or independent
manner [46]. We found, indeed, a concomitant increase of P53 phosphorylation level
in A375 and SK-Mel-28 but not in FO-1 melanoma cells. The activation of AMPK by
phosphorylation, as we showed in Figure 4, can also participate in P21 induction, as
previously reported by Ma et al. and Petti et al. [61,62].

In addition to cell cycle arrest, HPF induces a cytotoxic effect in melanoma cell lines,
visible through cellular morphology analysis which highlighted several signs of cell death
at both 24 and 48 h after treatment (Figure 2). Immunoblots showed a concentration-
dependent increase of the cleaved PARP1 band and a concomitant decrease of its full-length
band, in all BRAF-mutated melanoma cell lines (Figure 4). This evident marker of apoptotic
cell death was accompanied by a decrease in expression levels of the antiapoptotic proteins
Bcl2 and Bcl-xL (Figure 4). Many other authors reported that apoptosis is induced by HPF
in different tumor types, with mechanisms involving other pro- or antiapoptotic effector
proteins [29,30,32,56], or by mediating the Bcl2/Bcl-xL axis [63,64].

We also showed autophagic cell death, the marker of which, LC3B, was affected by HPF
treatment (Figure 4). This result is in line with both the increase of AMPK phosphorylation
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(Figure 4), an autophagy activator, and with data reported by Wiechmann et al., obtained
in HL60 leukemic cells [28]. In a non-tumor context, HPF was recently reported to trigger
thermogenesis in adipose tissue by activating autophagy via AMPK [51]. Notably, activated
AMPK can inhibit the mechanistic target of the rapamycin (mTOR) complex, blocking
the phosphorylation of its downstream substrate 4E-BP1, leading to protein synthesis
repression [65]. Indeed, we found a hypo-phosphorylated 4E-BP1, which is unable to
promote protein synthesis (Figure 4).

One novelty is the possible involvement of another form of regulated cell death,
called ferroptosis, characterized by lipid peroxidation induced mainly by free iron. The
principal molecular maker of ferroptosis is the antioxidant enzyme GPX4, whose de-
pletion allows death process. Indeed, GPX4 knockdown triggers cell death accompa-
nied by lipid peroxidation [53,54]. Treatment with HPF for 24 h decreased GPX4 ex-
pression level in a concentration-dependent manner (Figure 4). Although the involve-
ment of ferroptosis needs further investigation, we could hypothesize that, after HPF-
elicited depolarization of the mitochondrial inner membrane triggered by its activity as
a protonophore, mitophagy/autophagy can be induced to remove injured mitochondria.
Mitophagy/autophagy is reported to increase free iron through ferritin degradation, subse-
quently eliciting ferroptosis [66]. Indeed, the knockdown of ATG5, which is indispensable
for autophagy, inhibits ferroptosis as well [54,66]. In this manner, autophagy and ferropto-
sis can both be induced in the same cell. Data suggest that HPF induces not only apoptosis
but also other regulated cell deaths, such as autophagy and ferroptosis, with a mechanism
that will be deeply investigated in the future.

For its extreme lipophilicity (XlogP 9.6), HPF does not need any membrane receptor to
enter cells. Nevertheless, we considered the possibility that HPF’s antitumor effect could
depend on the binding and subsequent activation of the TRPC6 Ca++ channel, as previously
reported by other authors [2–4]. The co-presence of Ca++ channel inhibitor SKF was not
able to hinder the cytotoxic effects of HPF (Figure 5). In addition, TRPC6 expression level
was not affected by HPF, both at early and late times of treatment (Figure 6). TRPC6 is a
channel that allows Ca++ entry in cells. As reported by Shekhar et al. [67], the transcription
factor CREB is a calcium sensor that can be activated by phosphorylation on its Ser133.
Effectively, pCREB expression was increased by HPF in a concentration-dependent manner,
whereas the expression of total CREB was unchanged or even decreased (Figure 6). These
data are consistent with an HPF Ca++ dependence in our cell models, although these events
do not hinder the antimelanoma effects of this natural compound. Recently, Scheuble
et al. [68] reported that HPF stimulates the activity of the transcription factor AP1 via
TRPC6. Indeed, in all melanoma cell lines, two components of AP1 complex, FRA1 and
the phosphorylated and active form of cJun (pcJun), increased their expression at early
times after HPF administration (Figure 6). Subsequently, the expression of both FRA1
and pcJun were strongly decreased (Figure 6), suggesting that the activation occurred but
was transient.

Cytosolic concentrations of calcium and zinc can be increased by TRPC6-elicited
calcium influx or by releasing them from the mitochondria stores, another recognized
property of HPF [5–7]. The co-treatment of HPF with BAPTA and TPEN, able to chelate
intracellular Ca++ and Zn++, respectively, did not hinder the ability of HPF to affect cell
viability (Figure 5).

Thus, other signaling pathways have been investigated. The activation of kinases
ERK1/2 and AKT is very important for allowing a high rate of cell proliferation, especially
in BRAF-mutated melanoma cells. BRAF- and MEK-inhibitors are highly effective targeted
drugs in melanoma therapy, but they can induce drug resistance both in vitro and in
patients [41]. As expected, A375, FO-1 and SK-Mel-28 cell lines showed activated pro-
survival kinases ERK1/2 and AKT in control cells. In contrast with data obtained in other
tumor cells [30,56], HPF cannot decrease the activity of these kinases, at least not with
24 h of treatment (Figure 6). The exception is the FO-1 cell line, in which only pERK1/2
expression was decreased.
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HPF, instead, can block the activity of two transcription factors involved in the pro-
survival signaling pathways NF-κB and STAT3.

We and other authors have previously reported that HPF and SJW extract had the
ability to hinder NF-κB activation [33,34,56,69,70]. Many data demonstrate that NF-κB can
be a specific target for counteracting melanoma progression [58]. Indeed, BMS-345541,
a selective inhibitor of NF-κB, is known to induce an in vitro inhibition of cell proliferation
and induction of apoptosis in three melanoma cell lines [71]. Constitutive activation of
STAT3 plays a vital role in the development of melanoma [72]. Remarkably, in a melanoma
mouse model, the silencing of STAT3 expression can reverse the malignant phenotype [73].
Tyr705 phosphorylation of STAT3 is an activating event since it allows STAT3 translocation
into the nucleus. HPF can block STAT3 tyrosine phosphorylation in all the BRAF-mutated
melanoma cell lines after 24 h treatment without affecting the total STAT3 protein level
(Figure 6). In a cancer context, no data are available in the literature on STAT3 and HPF.
Recently, Zhang et al. [74] reported that STAT3 inhibition is involved in the protective
mechanism of HPF against psoriasis, and we previously demonstrated that the impediment
of STAT3 transcriptional activity, elicited by SJW extract pre-treatment, can protect mice
lungs injured by carrageenan [75]. Considering that many activation-signaling pathways
converge on STAT3, such as EGFR, vascular endothelial growth factor, interleukin 6, focal
adhesion kinase, proto-oncogene tyrosine kinase Src and others, we can state that STAT3 is
an important target in melanoma therapy, and its blockage by HPF could be a crucial event
among all the effects triggered by this natural compound.

Since HPF has been reported to affect mitochondrial membrane potential by acting
as a protonophore [9], we investigated its effect on the expression of mitochondrial en-
zymes of the electron transport chain and of some enzymes belonging to the glucose
metabolic pathway.

PGC1α is a transcription factor activating mitochondria biogenesis, but its expression
is significantly reduced in the presence of HPF (Figure 7). The expression level of several key
members of internal mitochondrial membrane functional complexes is similarly lowered,
such as complex III (UQCRC1) and complex IV (COX4) components and the subunit β of
ATP synthase (ATP5B) (Figure 7). All data are also in line with a possible dysfunction of
the electron transport chain and the oxidative phosphorylation. Remarkably, the intrinsic
apoptotic pathway is triggered by mitochondria membrane permeabilization. Moreover, in
cells treated with HPF, studies that measured both apoptosis activity and mitochondrial
membrane potential found a negative correlation among them [26,28,30,32,63]. The low
expression levels of mitochondrial membrane functional proteins could be part of a general
mechanism by which HPF leads to a drop in mitochondrial potential and functionality.

Despite the activation of AMPK, some cytosolic enzymes of glucose metabolism
decreased their expression with the HPF treatment. LDHA, PGM2 and the phosphorylated
form of pyruvate kinase M2, the level of which is high in tumor cells, are all less expressed
(Figure 7). Indeed, the expression of HIF1α, a master activator of glucose metabolism, is
strongly inhibited by HPF (Figure 7).

Finally, a wound healing assay and colony formation in soft agar demonstrated the
ability of HPF to reduce cell mobility and colony growth in melanoma cell lines (Figure 8).
This could suggest that HPF is able to counteract the metastatic potential of melanoma cells,
as has been reported for other tumor cells [36,76,77].

4. Materials and Methods

4.1. Cell Cultures

A375 (CRL-1619) and FO1 (CRL-12177) melanoma cell lines (ATCC, Manassas, VA,
USA) were cultured at 37 ◦C in a humidified atmosphere of 5% CO2, in the presence of
high glucose Dulbecco’s modified Eagle Medium (DMEM, Gibco, BRL Invitrogen Corp.,
Carlsbad, CA, USA), supplemented with 10% heat-inactivated fetal bovine serum (FBS;
Gibco, BRL Invitrogen Corp., Carlsbad, CA, USA) and with 1% antibiotic antimycotic
solution (Gibco, BRL Invitrogen Corp., Carlsbad, CA, USA).
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SK-Mel-28 (HTB-72), MeWo (HTB-65) melanoma cell lines and normal human epi-
dermal melanocytes (NHEM, PCS-200-013) (ATCC, Manassas, VA, USA) were grown in
Roswell Park Memorial Institute 1640 medium (RPMI-1640, Gibco, BRL Invitrogen Corp.,
Carlsbad, CA, USA) under the previously described conditions.

4.2. Melanoma Cell Treatments

Hyperforin-DCHA (AG-CN2-0008, AdipoGen Life Sciences, Fuellinsdorf, Switzerland)
was dissolved in 100% dimethyl sulfoxide at a concentration of 5 mM. Many aliquots
of the stock solution were stored at −20 ◦C, protected from the light. Cell lines were
treated with different HPF concentrations (range 0.5–10 μM). At the end of each treatment,
different types of assays were performed. Images of cells after 24 or 48 h of treatments
were captured at 20× magnification with an inverted microscope (Axio Vert A1, Zeiss,
Oberkochen, Germany). The TRPC6 Ca++ channel blocker, SKF 96,365 (CAY-10009312,
Cayman Chemical, Ann Arbor, MI, USA) was used, as well as the chelators of Ca++ and
Zn++, respectively, BAPTA-AM (CDX-B0285, Biomol, Hamburg, Germany) and N,N,N,N,-
tetrakis(2-pyridylmethyl) (TPEN) (Sigma-Merck, Milan, Italy).

4.3. Cell Viability Assay

A375, FO1, SK-Mel-28 and NHEM cells were seeded in 96-well plates (A375:
3.0 × 103 cells/well; FO1, SK-Mel-28, MeWo and NHEM: 6.0 × 103 cells/well). After
24 h, cells were treated with different concentrations of HPF and incubated for 24, 48 and
72 h. At the end of each treatment, cells were fixed by adding 25 μL/well of 50% (w/v)
trichloroacetic acid directly into the culture medium. Plates were incubated at 4 ◦C for 1 h,
washed 4 times with ddH2O and dried at room temperature (RT). Staining was performed
by adding 50 μL/well of 0.04% (w/v) sulforhodamine B (SRB) sodium salt solution (Sigma-
Aldrich, Milan, Italy). After 1 h incubation at RT, plates were rinsed with 1% acetic acid
and air-dried. SRB was solubilized in 10 mM Tris base solution, pH 10.5 and Abs 540 nm,
measured in the plate reader TECAN NanoQuant Infinite M200 Pro (Tecan Group Ltd.,
Männedorf, Switzerland). Six replicates for each condition/data point were performed.

4.4. Br-deoxy-Uridine Cell Proliferation Assay

Cell proliferation was assessed with a colorimetric immunoassay based on the mea-
surement of Br-deoxy-uridine (BrdU) incorporation during DNA synthesis. A375, FO1 and
SK-Mel-28 cells were cultured in a 96-well plate as previously described, and after 24 h,
incubated with or without HPF. After 48 h of treatment, the cells were incubated for 8 h with
BrdU labelling solution (BrdU Cell Proliferation Kit, Roche, Merck, Milan, Italy), and then
fixed with 200 μL/well of fix/denaturing solution for 30 min at RT. After washing 3 times,
the peroxidase goat anti-mouse IgG conjugate was added, and the plate was incubated for
90 min at RT. Three washes were performed again, then 100 μL/well of TMB peroxidase
substrate solution was added and plates were incubated at RT until color development was
sufficient for photometric detection (5–30 min). Then, the absorbance of the samples was
measured at Abs 370 nm (reference wavelength: approx. 492 nm) in a Tecan NanoQuant
Infinite M200 Pro plate reader (Tecan Group Ltd., Männedorf, Switzerland). After many
measurements at various time points (e.g., 5, 10 and 20 min), the reaction was stopped
with 25 μL/well of 1 M H2SO4 and was measured in a plate reader at 450 nm (reference
wavelength: 690 nm).

4.5. Total Protein Extracts

Cells were seeded in 6 cm Petri dishes (A375: 150 × 103 cells/dish; FO1 and SK-Mel-
28: 300 × 103 cells/dish). After 24 h, cells were treated or not treated with increasing
concentrations of HPF, alone or in presence of SKF, BAPTA and TPEN inhibitors. Af-
ter 2 and 24 h of treatment, cells were scraped using warm 1× sample buffer (2% SDS,
10% glycerol, 50 mM Tris-HCl, 1.75% β-mercaptoethanol and bromophenol blue) and
boiled at 99 ◦C for 10 min. Total protein extracts were kept at −80 ◦C until use.
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4.6. Western Blot Analysis

Protein extracts were electrophoresed in a 10–12% polyacrylamide SDS-PAGE. Proteins
were then transferred to a polyvinylidene difluoride membrane (PVDF, Merck-Millipore,
Milan, Italy) and membranes were blocked at RT with TBST (10 mM Tris-HCl pH 7.5,
100 mM NaCl, 0.1% Tween 20) containing 5% milk for 1 h. Thereafter, they were incubated
on a shaker overnight at 4 ◦C, with a 5% BSA solution containing the primary antibody
against AMPK (#2532, 1:1000), Bcl-2 (#15071, 1:1000), GAPDH (#2118, 1:1000), LDHA (#3582,
1:2000), pACC (Ser79) (#11818, 1:1000), pAKT (Thr308) (#13038, 1:1000), pAMPK (Thr 172)
(#2531, 1:1000), pERK (#9101, 1:1000), pP53 (#9286, 1:1000), pP65-NF-κB (Ser 536) (#3033,
1:1000), pRb (#8516, 1:2000), Rb (#9309, 1:2000), pSTAT3 (#9145, 1:2000) (Cell Signaling Tech-
nology, Danvers, MA, USA); AKT (GTX121937, 1:4000), ATP5B (GTX132925, 1:3000), CDK4
(GTX102993, 1:3000), COX4 (GTX114330, 1:3000), CREB (GTX112846, 1:3000), Cyclin A2
(GTX103042, 1:3000), Cyclin D1 (GTX108624, 1:10000), ERK1/2 (GTX134462, 1:10000), FRA1
(GTX134242, 1:4000), HIF1α (GTX127309, 1:3000), LC3B (GTX127375, 1:2000), P21/Waf1
(GTX629543, 1:3000), p4EBP1 (GTX133181, 1:6000), 4EBP1 (GTX116315, 1: 4000), P65-NF-κB
(GTX102090, 1:3000), PARP1 (GTX628836, 1:3000), pcJun (GTX133873, 1:3000), pCREB
(GTX130379, 1:3000), PGM2 (GTX119168, 1:3000), pPKM2 (GTX133886, 1:3000), STAT3
(GTX104616, 1:3000), TRPC6 (GTX113859, 1:3000), UQCRC1 (GTX630393, 1:1000) (Gene-
tex, Alton Parkway, Irvine, CA, USA); GPX4 (67763-1, 1:3000) (Proteintech, Manchester,
UK); P53 (sc-263, 1:3000) (Santa Cruz Biotechnology, Dallas, TX, USA); PGC1α (PA5-38022,
1:1000) (Invitrogen, Thermo Scientific, Waltham, MA, USA); and Bcl-xL (ab77571, 1:1000)
(Abcam, Cambridge, UK). Then, membranes were washed 3 times with TBST buffer for
30 min and incubated for 1 h with a horseradish peroxidase-conjugated secondary anti-
body (anti-rabbit or anti-mouse, 1:6000-1:4000, Cell Signaling Technology, Danvers, MA,
USA). Membranes were washed again 3 times for 30 min with TBST buffer. The expres-
sion of each protein was normalized with GAPDH protein level unless otherwise stated.
Immuno-detection was carried out with an ECL kit (Merck-Millipore, Milan, Italy) and the
chemiluminescence signals were visualized with ChemiDoc (Bio-Rad, Hercules, CA, USA).

4.7. Wound-Closure Cell Migration Assay

A375, FO1 and SK-Mel-28 cell migration was assessed by performing the wound-
closure cell migration assay also known as a scratch test. Cells were seeded in a 12-well plate
(A375: 150 × 103 cells/well, FO1 and SK-Mel-28: 4 × 105 cells/well). Once the cells had
reached confluence, the wells were washed twice with PBS and once with complete medium.
Then, the monolayers were scratched with a sterile pipette tip. To remove detached cells,
wells were washed with a complete medium and refilled with fresh complete medium
with or without HPF added. The cells were incubated for 24 h at 37 ◦C, in a humidified
atmosphere with 5% CO2. Images of cell movement were captured every 4 h using an
inverted microscope (Axio Vert A1, Zeiss, Oberkochen, Germany). The acquired images
were further quantitatively analyzed by using ImageJ computing software, MRI Wound
Healing Tool.

4.8. Colony Formation Assay in Soft Agar

Anchorage-independent growth of A375, FO-1 and SK-Mel-28 melanoma cells was
analyzed by colony formation in soft agar, as previously described [78]. Firstly, the bottom
layer of 6 well-plates was filled with 1% low gelling temperature agarose (Sigma-Merck,
Milan, Italy) dissolved in 2× DMEM, 20% FBS and 2% antibiotic, antimycotic solution.
Thereafter, 0.6% low gelling temperature agarose dissolved in 2× DMEM, 20% FBS and 2%
antibiotic, antimycotic solution, together with treated or not-treated cells (5000 cells/well)
was placed over the 1% agarose layer. An amount of 100 μL–200 μL of fresh media were
added to every well twice a week. After 15–21 days, the cell colonies that were formed
were observed under an inverted microscope (Axio Vert A1, Zeiss, Oberkochen, Germany).
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4.9. Statistics

All the results are reported as a mean value ± standard deviation (S.D.). Differences
were analyzed with GraphPad Prism statistical program, using an unpaired, two-tailed
Student’s t-test. A p-value less than 0.05 (*) or less than 0.01 (**) was considered to be
statistically significant. For each type of experiment, a minimum of 3 independent biological
replicates were performed. The normal distribution of data was tested using the Shapiro–
Wilk test.

5. Conclusions

In conclusion, HPF was shown to be a potent natural compound able to hinder
the expression and function of different key proteins involved in pro-survival and pro-
metastatic signaling of BRAF-mutated melanoma cells.

This study, far from being comprehensive, aims to provide evidence of pleiotropic
effects of this interesting natural compound in highly malignant melanoma cells, in order to
identify possible molecular mechanisms that will be studied more thoroughly in the future.

Additionally, an overview of HPF’s mechanism of action in melanoma cells can pave
the way for further studies to associate HPF with conventional antitumor drugs seeking
synergistic effects.
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Abstract: Selenium (Se) is a naturally occurring metalloid element essential to human and animal
health in trace amounts but it is harmful in excess. Se plays a substantial role in the functioning of the
human organism. It is incorporated into selenoproteins, thus supporting antioxidant defense systems.
Selenoproteins participate in the metabolism of thyroid hormones, control reproductive functions
and exert neuroprotective effects. Among the elements, Se has one of the narrowest ranges between
dietary deficiency and toxic levels. Its level of toxicity may depend on chemical form, as inorganic and
organic species have distinct biological properties. Over the last decades, optimization of population
Se intake for the prevention of diseases related to Se deficiency or excess has been recognized as a
pressing issue in modern healthcare worldwide. Low selenium status has been associated with an
increased risk of mortality, poor immune function, cognitive decline, and thyroid dysfunction. On the
other hand, Se concentrations slightly above its nutritional levels have been shown to have adverse
effects on a broad spectrum of neurological functions and to increase the risk of type-2 diabetes.
Comprehension of the selenium biochemical pathways under normal physiological conditions is
therefore an important issue to elucidate its effect on human diseases. This review gives an overview
of the role of Se in human health highlighting the effects of its deficiency and excess in the body.
The biological activity of Se, mainly performed through selenoproteins, and its epigenetic effect is
discussed. Moreover, a brief overview of selenium phytoremediation and rhizofiltration approaches
is reported.

Keywords: selenium; selenoproteins; selenium deficiency; human diseases; epigenetics;
phytoremediation; rhizofiltration

1. Introduction

Selenium (Se) is a trace mineral, ubiquitously occurring in the environment that
is of fundamental importance to human health. Initially regarded as a toxic element,
its role as an essential element in the body was not established until 150 years after its
discovery in 1957, when Klaus Schwartz and Calvin Foltz recognized it as a substance
responsible for preventing lesions in the liver, blood vessels, and muscles in rats and
chickens [1,2]. Since then, its impact on the human body and the mechanisms involved
have been thoroughly investigated, being the link between Se deficiency, as well as its excess,
and disease occurrence an important aspect. Despite its very low level in humans, Se plays
an important and unique role among the trace essential elements being the only one for
which incorporation into proteins is genetically encoded, as the constitutive part of the 21st
amino acid, selenocysteine. In the form of selenocysteine, it is present in the active centers of
Se-dependent enzyme (glutathione peroxidases, thioredoxin reductases, and iodothyronine
deiodinases). Proteins having at least one selenocysteine residue in their structure are called
selenoproteins that perform many important physiological roles, their main function being
the maintenance of the redox balance in cells [3]. Data from mainly murine and cell-based,
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but also some human studies, show that Se supplementation modifies epigenetic marks.
Conceivably, this occurs through DNA methyltransferase inhibition by Se and its interaction
with one-carbon metabolism [4]. Adequate levels of Se are functionally important for
several aspects of human biology including male reproductive biology, endocrine system,
muscle function, central nervous and cardiovascular systems, and immunity [5]. Prolonged
Se deficiency in human organisms leads to serious diseases, since it adversely affects the
cardiovascular system functioning, and can be a direct cause of myocardial infarction. The
best-known endemic diseases caused by Se deficiency, otherwise known as “geochemical
diseases”, are Keshan and Kashin-Beck [6]. Low levels of Se in the body are also responsible
for impaired fetal development, infertility in men [7], and increased risk of suffering from
asthma because of the reduction in antioxidant defense and the decrease in glutathione
peroxidase (Gpx) activity [8]. There is also evidence that Se deficiency weakens the immune
system [9] and affects the proper functioning of the nervous system [10]. The main natural
source of Se is food where it can exist in inorganic (such as selenates or selenites) and
organic forms (selenomethionine, SeMet, and selenocysteine, SeC) [11]. Se deficiency,
which affects about one billion people in the world, is due to its insufficient consumption.
This factor mainly depends on the geographical area and correlates with the low content
of this microelement in the soil, being climate-soil interaction as the main controlling
factor [12]. According to World Health Organization (WHO) standards, the recommended
dose of Se for adults is 55 μg/day, while the maximum tolerable adult intake without
side effects is set at 400 μg/day [13]. Recently the reference values for Se intake have
been revised, using the saturation of selenoprotein P (SePP) in plasma as a criterion for the
derivation of such values [14]. The integration of selenium-rich food into the diet represents
a meaningful measure to avoid deficiency; however, supplemental intake beyond the
amounts needed for the full expression of selenoproteins potentially increases health risks
therefore, it is not recommended. Excessive supplementation or a diet rich in products
with a high content of Se may result in poisoning. In Venezuela, the consumption of
the fruit of the species Lecythis ollaria which accumulates huge amounts of Se (7–12 g
Se/kg of dry matter) caused acute Se poisoning with hair loss, diarrhea, and emesis [15].
Se toxicity depends on its chemical form, besides ingested dose, interactions with other
dietary components, and physiological condition of the body. The inorganic forms of Se
exhibit higher toxicity than the organic ones. Inorganic Se has a prooxidant effect on thiols,
producing free oxygen radicals (ROS), while organic forms are excreted more easily [16].
Acute Se poisoning is difficult to diagnose since its symptoms are rather non-specific. These
include hypotension, tachycardia, and neurological disorders such as tremor and muscle
contractions [17]. Chronic Se toxicity, otherwise known as selenosis, is characterized by
hair loss, changes, and fragility of fingernails, skin rash, joint pain, tooth decay, and a
specific garlic odor in the exhaled breath due to the presence of the volatile compound
dimethyl selenide [18]. Furthermore, a recent study showed the link between increased
Se intake and the risk of type 2 diabetes mellitus [19]. Plants can absorb, assimilate, and
accumulate Se in leaves and roots. The capability of plants to take up a substantial amount
of Se is now being utilized to remove excess Se from contaminated areas in a process
known as ‘phytoremediation’. Phytoremediation of Se-contaminated soils can be a non-
polluting and cost-effective way to remove Se that might otherwise be leached out of
the soil by excessive irrigation or rainwater to contaminate groundwater, surface waters,
or drainage waters [20]. The efficiency of phytoremediation may be greatly increased
through the application of recent technological advances in plant breeding, and genetic
engineering, and by manipulation of agronomic practices. With this review, we aim to
underline the role of Se in the modulation of numerous biological effects, mainly performed
through selenoproteins, along with its epigenetic effect. Furthermore, the most recent line
of evidence concerning the human health effects of selenium is summarized highlighting
the effects of its deficiency and excess in the body which represent the key issue currently
at the forefront of this research.
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2. Selenium Chemistry

Se is a chemical element with atomic number 34 and an atomic weight of 78.96 (Table 1).
Se is a nonmetal with properties between sulfur and tellurium (elements above and below
in the periodic table) and belongs to the main Group 16 (IV A). Se is a constituent of rare
minerals, including crookesite [Cu7(Tl,Ag)Se4], berzelianite (Cu2Se), tiemannite (HgSe),
antimonselite (Sb2Se3) [21,22], and it is obtained during the electrolytic refining of copper.
Se was discovered in 1817 by J.J. Berzelius, who was working with sulfuric acid. Berzelius
was intrigued by a red sediment collected at the bottom of the container in which the
sulfuric acid was prepared. Se is present in different allotropes (gray, red and black) that
interconvert with temperature changes and on the rate of temperature change. Prepared
in a chemical reaction, selenium is present as an amorphous brick-red powder; rapidly
melted, it forms black vitreous beads. Black selenium is a brittle and lustrous solid. The
structure of the black form of selenium is irregular and consists of polymeric rings with
more than 1000 atoms per ring. Upon heating, it softens and about at 180 ◦C converts to
gray. Gray selenium is the most stable and dense form with a chiral hexagonal crystal lattice
consisting of a helical polymeric chain and behaves as a semiconductor with an appreciable
photoconductivity. Selenium resists oxidation by air and it is not attacked by oxidizing
acids, while with strong reducing agents it forms polyselenides (Sen)2–. Natural selenium
has five stable isotopes (74Se, 76Se, 77Se, 78Se, and 80Se); of which the most abundant isotopes
are 80Se and 78Se (50% and 23.5%. natural abundance, respectively). Sixteen radioactive
isotopes have been synthesized by irradiating selenium nuclei with neutrons. 79Se occurs in
very little quantities in uranium ores as a product of nuclear fission; it emits beta particles
forming 79Br with a half-life of 3.27 × 105 years. 82Se has a half-life of 9.2 × 1019 years
and emits double beta particles forming 82Kr. It is an extremely rare element; in fact, it is
the 59th most common in the Earth’s crust. The average selenium content in the Earth’s
crust is about 50 μg/kg, and its concentration in different geographic regions (China,
Japan, Russia, Canada, USA) varies from 10 to 2000 μg/kg [15]. In Europe, the major
producers of selenium are Finland, Belgium, Germany and England. Se is present in the
atmosphere as a component of the volcanic activity and burning of fossil fuel [23]. Se and
its inorganic compounds can be found in several geographical sites, such as the lithosphere,
hydrosphere, atmosphere, and biosphere. Its chemical form depends on pH and redox
properties of the soil, absorption and deposition effects, and biological processes in the
presence of microorganisms [24]. Se is present in all living organisms (humans, animals,
and plants) as inorganic and organic compounds. The inorganic forms are elementary
selenide (Se2–), selenite (SeO3

2–), and selenate (SeO4
2–); while the main organic compounds

are selenomethionine, selenocysteine, methylselenocysteine, selenocystathionine (Table 2)
and proteins containing these amino acids. Plants can absorb and transform inorganic
and organic Se forms. The amounts of Se in plants are determined by the type of soil and
its pH and salinity, levels in the soil, temperature, and amount of precipitation [25,26].
The mechanisms of intestinal absorption of Se are different in relation to its chemical
form. Selenite is absorbed by simple diffusion, while selenate is imported by a cotransport
sodium/selenate, OH– antiporter. Se-containing aminoacids are absorbed by Na-dependent
aminoacid transport [27]. Some elements (sulfur, lead, arsenic, calcium, and iron) decrease
the uptake of selenium. Indeed, Fe3+ precipitates Se to an inassimilable complex form;
sulfur decreases the absorption of selenium by steric competitiveness.
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Table 1. Chemical and physical properties of selenium.

Atomic number
Atomic weight

Electronic configuration
Melting point
Boiling point

Density at 20 ◦C
Covalent radius

Van der Waals radius
Heat of fusion (gray)
Heat of vaporization

Pauling electronegativity number
First ionization energy

Second ionization energy
Third ionization energy

Fourth ionization energy
Standard potential

Allotropes
Mohs hardness

Cristal structure (gray)
Oxidation states

34
78.96 u

[Ar] 3d104s24p4

221 ◦C
685 ◦C

4.81 g/cm3

120 ± 4 pm
190 pm

6.69 KJ/mol
95.48 KJ/mol

2.55
941.0 KJ/mol

2045.0 KJ/mol
2973.0 KJ/mol
4144.0 KJ/mol
0.823 V (VI/IV)
Gray, Red, Black

2.0
Hexagonal
−2, 0, 2, 4, 6

Table 2. Organic forms of selenium.

Molecular Structure Name

α-Keto-γ-methylselenobutyrate

 

β-Methylselenopyruvate

Dimethyldiselenide

 Dimethylselenide

Selenomethionine

Selenocysteine

Selenocystine
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Table 2. Cont.

Molecular Structure Name

Methylselenocysteine

Selenocystathionine

3. Selenium Uses and Applications

In nature, Se is found in sulfide ores of copper, lead, nickel, gold, and silver. Se is
commonly produced from selenide in many sulfide ores of copper, nickel, and lead. It
is also obtained as a byproduct from the anode mud of copper electrolytic refineries in
the proportion of 5 to 25%. Se can be extracted from sludge with the process of roasting
with sod crystal or with sulfuric acid treatment. The largest commercial use of selenium
(about 50%) is for the production of glass. Selenite (SeO3

2–) and selenate (SeO4
2–) sodium

compounds are used in the production of glasses to give them a pink or red color and
to hide the green tint that arises in the presence of iron impurities [28]. Se is used as a
pigment also for ceramics and plastics. Furthermore, Se is used in photocells, solar cells,
and photocopiers. The lithium-selenium battery is in electric vehicles one of the most
promising systems for energy storage. It is an alternative to lithium-sulfur batteries with a
good advantage of high electrical conductivity and better electrochemical performance [29].
It has been found that the use of Se as fertilizer nullifies the accumulation of lead and
cadmium in lettuce. In low doses, Se has shown a beneficial effect on plant resistance to
various environmental stress such as drought, UVB, soil salinity, and hot temperatures [30].
Se can also be used to reduce the transmission of sunlight in glass giving it a bronze tint. Se
converts light to electricity (photovoltaic action) and has a photoconductive action (electrical
resistance decreases with an increase in illumination). Organoselenium compounds are
used as a catalyst in some chemical reactions such as selenocyclization, oxyselenenylation,
oxidation, and reduction [31]. As a catalyst, it has the advantages of mild conditions, low
cost, and it can be recycled and used more and more times. In metallurgy, Se is used
to prepare alloys to provide resistance to corrosion and oxidation of metals. It is used
for the vulcanization of rubber, for the preparation of pharmaceutical products, and for
veterinary uses. Se is involved in the preparation of dietary supplements, and in the
treatment of seborrheic dermatitis and dandruff; 75Se is applied and used as a gamma
source in industrial radiography of welds for steel thickness over 5 mm [32]. 75Se is utilized
also in biochemistry to follow the metabolism of selenocysteine and selenoproteins [33].

4. Selenium in Human Health and Diseases

Humans and animals require Se in trace quantities, being a component of the amino
acid selenocysteine present in the active site of the enzymes. At high concentrations,
it becomes toxic since it replaces sulfur in enzymes. Se participates in many metabolic
processes in the human and animal bodies. In the immune system, Se stimulates the
activity of immune cells such as helper T, cytotoxic T, and Natural Killer (NK) [34]. In
the human body, selenium deficiency can cause or induce diseases such as Keshan and
Kashin-Beck diseases [35]. Furthermore, Se deficiency is associated with muscle necrosis,
hypothyroidism, cardio-cerebrovascular disease, male infertility, increased incidence of
various cancer, and an improved immune system [21,36]. Se deficiency has supposed to

229



Int. J. Mol. Sci. 2023, 24, 2633

be linked also to infections such as Coronavirus disease 2019 (COVID-19) and acquired
immune deficiency syndrome (AIDS) [37]. The Institute of Medicine (USA 2000) has pro-
posed for adult humans a recommended dietary allowance of 55–75 μg/day. Unfortunately,
the diet of about one billion people lacks sufficient Se for their good health [35,38]. A
large part of dietary selenium in human beings derives directly and indirectly from plants
and vegetables (The occurrence of Se in food products has been reported in Table 3). Se
levels in soil generally reflect its presence in food; consequently, the lack of this element
in human consumption is usually attributed to crop production in geographical areas
with low selenium content, and to the amount that edible plants can extract from this
soil [21,35,39]. On the other hand, excessive dietary selenium intake may impose risks
and damage on human health. The symptoms of selenosis in humans include garlicky
breath, dermatitis, hair and fingernail loss, acute respiratory distress, myocardial infarction,
and renal failure [21,35,36,40]. The loss of human hair and nails was observed with a very
high dietary selenium intake of 2000 μg/day in people of Enshi (Hubei, China) [41,42].
Se, as an antioxidant agent, shows great potential for redox regulation and the mainte-
nance of cellular homeostasis and metabolism [43]. In recent years, the primary role of
an excess of reactive oxygen species in the complex pathogenesis of metabolic diseases
has been unveiled [44]. Recently, several studies have reported that serum Se status is
related to the risk of metabolic diseases therefore, Se supplementation has supposed to be
a promising approach in patients with low Se levels. Moreover, the crucial role of Se in
chronic metabolic diseases, including cardiovascular disease [45], type 2 diabetes mellitus
(T2DM) [46], and nonalcoholic fatty liver disease (NAFLD) [47] has been reported. Several
prospective investigations have declared the association between Se level and coronary
heart disease (CHD) risk and outcomes. These studies indicate an inverse correlation
between Se plasma levels and CHD risk and suggest that moderate Se supplementation
may be beneficial in preventing CHD risk. However, the preliminary results of studies
conducted on animal models may not truly reflect the effectiveness of Se supplementation
in preventing or treating CHD [48]. Se has been reported to play a significant role in glucose
and lipid metabolism. Recent studies indicate that high levels of Se are associated with
insulin resistance and dyslipidemia. A large cross-sectional study of 8198 rural Chinese
reported that serum Se levels were positively correlated with total cholesterol, triglyceride,
high-density lipoprotein, and low-density lipoprotein levels, and elevated serum Se levels
were related to an increased risk of dyslipidemia [49]. On the other hand, a cross-sectional
analysis of 4339 participants found that Se levels were positively associated with insulin
resistance and blood glucose; indeed, a 10 μg/L increase in Se was associated with a 1.5%
increase in insulin [50]. Based on the role of Se in glucose metabolism and antioxidant
defense, Se may be involved in the pathogenesis of type 2 diabetes mellitus (T2DM). Several
studies have reached a consensus that high Se exposure is a risk factor for T2DM however,
the relationship between dose and effect in observational studies, and its specific role and
mechanism have yet to be fully elucidated [50–53]. NAFLD, the most common cause of
liver disease worldwide, is a complex disease that is modulated by numerous mechanisms,
including metabolic factors. Some injurious processes, such as oxidative stress contribute to
liver damage. Due to the role of Se in lipid metabolism and antioxidant defense, extensive
evidence has suggested that Se may contribute to the development of NAFLD. Several
animal studies have indicated that Se exposure could induce increased serum liver enzyme
levels, the activation of Kupffer cells, and higher hepatic insulin resistance and triglyceride
levels in animals, suggesting that Se exposure may be associated with the development
of NAFLD [54]. In contrast, Reja et al. reported an inverse relationship between serum
Se levels and the risk of advanced liver fibrosis, indicating that Se may be beneficial for
the prevention of liver fibrosis in the development of NAFLD [55]. Therefore, whether Se
levels are positively or negatively associated with NAFLD risk in humans remains unclear
and research opinion regarding the protective action of Se in NAFLD remains inconsistent.
Several recent manuscripts reviewed the antioxidant role of nutritional supplementation
of selenium in the management of major chronic metabolic disorders including hyperlipi-
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demia and hyperglycemia, highlighting the complex physiological role of Se [43,56,57].
Although the role of Se in metabolic diseases remains unclear, the antioxidant activity
of Se in the pathogenesis of diseases cannot be ignored, and the molecular mechanisms
underlying these paradoxical effects need to be further explored. Therefore, the relationship
between Se status and various health outcomes, especially in metabolic diseases, requires
close attention.

Table 3. Selenium content in food products according to reference [1].

Food Selenium Content (μg/g) References

Yeast 500–4000 [18,58,59]
Brazil Nuts 0.2–512 [60]
Beef Kidney 1.45 [61]

Liver 0.3–0.4 [62]
Beef 0.01–0.73 [59,63]
Fish 0.06–0.63 [59,61,64,65]

Bread 0.09–0.20 [64,66]
Eggs 0.09–0.25 [59,63,67]

Chicken 0.15 [64]
Pork 0.27–0.35 [64,66]

Broccoli 0.012 [63]
Milk 0.01–0.06 [64,65]

Chocolate 0.04 [59,61,63–65]

5. Biosynthesis of Selenocysteine and Selenoproteins

Se is an essential trace element to human health whose beneficial effects are mostly
due to its incorporation in the form of selenocysteine (SeC) into a group of proteins called
selenoproteins. SeC (considered as a 21st amino acid) is a functional analog of cysteine
in which the sulfur atom is replaced by a selenium one. Selenoprotein biosynthesis is a
complex process. Since there is no free SeC in the body, its synthesis occurs on specific tRNA
(selenocysteinyl tRNASeRSeC) with the UCA anticodon complementary to the UGA stop
codon as represented in Figure 1 [27,68]. SeC is incorporated into proteins via tRNASerSeC

that decodes the UGA codon as selenocysteine instead of a stop codon [69–71]. In eukary-
otes, the synthesis of SeC begins so that seryl-tRNA synthetase charges tRNASerSeC with
serine in the presence of ATP. Subsequently, the hydroxyl mojety of serine is phosphorylated
by O-phosphoseryl-tRNA kinase (PSTK) in the presence of ATP; finally, O-phosphoseryl
tRNASerSeC is substituted by Se atom in the presence of seleno phosphate and the enzymes
seleno phosphate synthetase 2 (SPS2) and selenocysteinyl-tRNA synthase (SepSerS) (see
Figure 1) [70,72]. The selenocystenyl tRNASerSeC read UGA codon and is used for the inte-
gration of SeC into the amino acid sequence forming selenoprotein. SeC is encoded by the
UGA codon, one of the three stop codons necessary for ending the polypeptide chain. The
UGA codon encodes selenoprotein only in the presence of SeC insertion sequence (SECIS)
element, and protein factors including the SECIS binding protein 2 (SBP2) [73–75], which is
a nuclear protein, although it functions as a SECIS binding protein 2 in the cytoplasm [76].
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Figure 1. Selenoprotein biosynthesis pathway. SerRS catalyzes the reaction between tRNASerSec

and Ser in the presence of ATP to yield Ser-tRNASerSec, which in turn is phosphorylated in the
presence of ATP and PSTK to give O-phosphoseryl- tRNASerSec. Thus, O-phosphoseryl- tRNASerSec

is replaced by Se in the presence of selenophosphate and SepSerS to synthesize Sec-tRNASerSec.
Sec-tRNASerSec is transferred to the ribosome thanks to SECIS and SBP2. Finally, the UGA codon is
recognized as the Sec integration codon into the amino acid sequence of selenoprotein. Abbreviations:
SeC = Selenocysteine; SerRS = Seryl-tRNA synthetase; mRNA = messenger RNA; rRNA = ribosomal
RNA; PSTK = O-phosphoseryl tRNA kinase; SPS2 = selenophosphate synthetase 2; SepSerS = O-
phosphoseryl tRNA: selenocysteinyl tRNA synthase; SECIS = SeC Insertion Sequence; SBP2 = SECIS
Binding Protein 2.

6. Selenoproteins and Selenoenzymes

Se is incorporated as SeC into proteins and 25 selenoproteins and selenoenzymes
have been identified in humans. These proteins include enzymes such as five glutathione
peroxidases (GPX), three iodothyronine deiodinases, three thioredoxin reductases, se-
lenophosphate synthetase 2, methionine sulfoxide reductase B1 and selenoproteins F, H, I,
K, M, N, O, P, S, T, V, and W [77,78]. Glutathione peroxidase, iodothyronine deiodinase,
and thioredoxin reductase are the best-known and the more important selenoenzymes.
Among the selenoproteins, glutathione peroxidases are a family of mammalian antioxidant
enzymes. Their most important functions are to reduce the hydrogen peroxide to water
and lipid hydroperoxides to corresponding ethers in the intracellular and extracellular
compartments. These enzymes have glutathione (GSH) as a cofactor, and, in turn, GS-SG
(the oxidized form of GSH) is reduced by glutathione reductase [79]. In humans, five GPXs
(GPX1-GPX4, and GPX6) contain selenocysteine in the catalytic site, while other GPXs,
including GPX5, GPX7 and GPX8, contain a cysteine residue. GPX1 is expressed in the
lungs, kidneys, liver, and erythrocytes [80]. GPX2 is localized in the gastrointestinal-specific
tissue; it is also present in other tissues, such as lung, liver, and skin. GPX3 is a glycosylated
enzyme secreted in the plasma and extracellular fluid; its enzymatic activity is commonly
used to evaluate the levels of Se in the organism. Strong activity of GPX4 is deserved in the
testes. GPX4 has been found in mitochondria, cytoplasmic, and nuclear cellular compart-
ments [81]. This enzyme is particularly active during cellular differentiation in embryonic
development and in spermatogenesis [5]. Finally, GPX6 is found only in embryonic tissues.
The three iodothyronine deiodinases (DIOs) are integral membrane proteins; DIO1 and
DIO3 are plasma membrane proteins [82], while DIO2 is localized in the endoplasmic
reticulum (ER) membrane. All these three DIOs participate in oxidoreduction enzymatic
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reactions with SeC residue in the catalytic site. These three enzymes are active in thyroid
hormone metabolism by activating (DIO1 and DIO2) or inactivating (DIO3) tetraiodotyro-
nine (T4), triiodothyronine (T3), and reverse-triiodothyronine (rT3) (Figure 2). Three DIOs
exhibit different tissue distributions; indeed, DIO1 is present in the thyroid, liver, kidneys,
and pituitary gland, while DIO2 is expressed in the thyroid, central nervous system, and
skeletal muscle. Finally, DIO3 is present in the embryonic and neonatal tissues, uterus, and
central nervous system. These thyroid hormones regulate also lipid metabolism, thermoge-
nesis, and growth [83]. Three thioredoxin reductase (TrxR1, TrxR2, and TrxR3) are known,
they are selenoproteins with the SeC at the penultimate position at the C-terminal end of the
enzymes [84]. TrxR1 and TrxR2 are found in the cytoplasm and mitochondria, respectively,
while TrxR3 is localized in testes [85]. Each monomer of these enzymes includes a FAD
prosthetic group, an NADPH binding site, and a redox active disulfide site. During the
reaction, the electrons are transferred from NADPH and FAD to the disulfide active site of
TrxR, which reduces the various substrates as in Figure 3. TrxR reduces oxidized thiore-
doxin that provides a reducing equivalent to the disulfide bond of thioredoxin reductase,
ribonucleotide reductase, thioredoxin peroxidase, and some transcription factors acting as a
cell growth factor in DNA synthesis [5]. Many other substrates have been identified for this
reductase, such as lipoic acid, lipid hydroperoxides, Ca-binding proteins, and glutaredoxin
2 [5]. Selenophosphate synthetase 2 (SPS2) catalyzes the synthesis of selenophosphate
(Figure 1) in the presence of ATP, which transfer a phosphoryl group to hydrogen selenide
(HSe–). Selenoprotein P is a very abundant glycoprotein in plasma and is formed by two
domains: the C-terminal very rich in selenocysteine (10 residues) and the N-terminal, larger
than the C-terminal. It is also present in the liver, brain, and testes [86]. The high level
of selenocysteine suggests that it can play an important role in selenium transport and
storage in tissues [87]. Selenoprotein P has antioxidant properties and helps to eliminate
peroxynitrite formed in the reaction of superoxide and nitric oxide.

Figure 2. Deiodinases and metabolism of thyroid hormones. DIO2 deiodinase converts T4 into T3.
DIO3 deiodinase mediates inner-ring deiodination of T4 or T3 to form the inactive metabolites rT3 and
T2, respectively. Abbreviations. T4: thyroxine or 3,3′,5,5′-tetraiodotyronine; T3: 3,3′,5-triiodotyronine;
rT3: reverse-3,3′,5′-triiodotyronine; T2: 3,3′-diiodotyronine.
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Figure 3. Reactions and functions of TrxR. (A) NADPH + H+ catalyzed in the presence of TrxR the
reaction of Trx (Ox) into Trx(Red) to reduce ascorbate (Ox) into ascorbate (Red). (B) Reduced Trx sup-
plies reducing equivalents to break down H2O2 to H2O in the presence of Trx peroxidase (a); reduced
Trx in the presence of ribonucleotides reductase reduces ribonucleotides to deoxiribonucleotides for
DNA synthesis (b); Trx (Red) provides reducing equivalent for transcription factors resulting in their
increased binding to DNA leading to altered gene transcription (c); reduced Trx increase cell growth
(d). Abbreviations: NADP+: Nicotinamide Adenine Dinucleotide Phosphate; NADPH: Nicotinamide
Adenine Dinucleotide Phosphate (reduced form); Trx: thioredoxin; Trx (Ox): thioredoxin oxidized;
Trx (Red): thioredoxin reduced; TrxR: thioredoxin reductase.

7. Selenium Deficiencies in Food: Keshan and Kashin–Beck Diseases

Keshan disease is a juvenile cardiomyopathy with pulmonary edema caused by a
combination of both a nutritional deficiency of the essential mineral Se and a mutated
strain of the Coxsackie B virus [88,89]. The name of the disease derives from Keshan
County of Heilongjiang province, Northeast China, where the symptoms were first noted:
precordial oppression and pain, nausea and vomiting (yellowish fluid), and myocardial
necrotic lesions. Afterwards, these symptoms were found prevalently in a region extending
from northeast to southwest China, where the soil is deficient in Se. Keshan disease may
lead to cancer, hypertension, strokes, and, in addition, eczema, psoriasis, arthritis, and
cataracts. Supplementations with Se reduce these conditions. In regions in which Se is
present in low amounts, human beings can increase their intake of selenium with food,
such as Brazil nuts, onions, canned tuna, beef, cod, turkey, chicken breast, eggs, cottage
cheese, oatmeal, white or brown rice, and garlic. Moreover, human beings must be advised
to have a diet rich in selenium that includes seafood and meats (kidney and liver). Onions,
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mushrooms, broccoli, tomatoes, and radishes are good sources of selenium if the soil,
in which they are cultivated, contains it. Moreover, vitamin E deficiency is considered
to have a relationship with the occurrence of Keshan disease, thus it is recommended
to take vitamin E along with Se. Kashin-Beck disease is also due to the deficiency of
Se and involves children between 5 and 15 years old living in areas with low Se levels.
Kashin-Beck disease is a chronic osteochondropathy (disease of bones), mainly distributed
from Northeastern to Southwestern China; other affected areas are Southeast Siberia and
North Corea. Se and iodine have been considered the major nutritional deficiencies of
this disease [90,91]. Furthermore, other causes of Kashin-Beck disease include mycotoxins
trichotecene, produced by fungi (Alternaria sp. and Fusarium sp.), that contaminate barley
grain in the diet, and fulvic acid in drinking water. Morning stiffness joints, limited
motion in many joints of the body, disturbances of flexion and extension of the elbow,
and enlarged interphalangical joints can be included among the symptoms of this disease.
There are several Se supplements for treating Kashin-Beck disease in children, such as
sodium selenite, sodium selenite, and vitamin E, sodium selenite and vitamin C, selenium
salts, and selenium-enriched yeast. All these types of supplementations are highly effective
compared to placebo/no treatment in treating Kashin-Beck disease in children. However,
the content of Se must be strictly controlled to prevent harmful health effects, since Se in
high doses may be poisoning [92].

8. Selenium Epigenetics: DNA, Histones, and Micrornas

There has been increased concern surrounding exposure to heavy metals (Cd, Cr,
Hg, Fe, Ni, Pb) due to the evolving understanding of their role in the development of
cancer [93–95]. Furthermore, the interaction between metalloids, such as Se and As, and
the human body is correlated with the risk of lung, liver, urinary tract, kidney, and prostate
cancers [96–99]. The essential trace element Se influences gene expression via different
epigenetic pathways. Epigenetics refers to alterations in gene expression without involving
any change in the DNA sequence but modifying the structural organization of chromatin.
The mechanisms that mediate epigenetic regulation of gene expression are DNA hypo- or
hyper-methylation, post-translational modifications of histone tail, and small non-coding
RNA molecules (microRNA, miRNA). Eukaryotic DNA is packaged in the form of chro-
matin with the nucleosomes as a basic repeating unit. Each nucleosome is formed from 147
DNA base pairs wrapped around histones H2A, H2B, H3, and H4, which aggregate each
other forming the histone octamer. The N-terminal end of these histones may undergo a
variety of post-translational modifications promoted by specific enzymes with covalent re-
actions of acetylation and deacetylation, methylation and demethylation, phosphorylation,
citrullination, sumoylation, biotinylation and ubiquitination processes. These reactions
influence the chromatin structure facilitating gene transcription or its inhibition. DNA
methyltransferases, histone methyltransferases, histone acetyltransferases, and histone
deacetylases are the enzymes implicated in epigenetic mechanisms [94,95,97,100]. Dietary
Se affects covalent reactions of DNA methylation and demethylation as well as histone
methylation and demethylation, acetylation, and deacetylation. Se exerts its effects via
the methionine-homocysteine cycle (one-carbon cycle) [4] (Figure 4). In this cycle, me-
thionine is converted, in the presence of ATP and methionine adenosyltransferase (MAT),
to S-adenosyl methionine (SAM), which is utilized as a methyl donor for methylation
reactions of cytosine fifth carbon to 5-methylcytosine in DNA, and Se to dimethylselenide
and dimethyldiselenide. During these methylation processes, SAM is transformed to S-
adenosylhomocysteine which, in turn, is converted to homocysteine in the presence of the
enzyme hydrolase (HY). Moreover, in this cycle, the methylation process of homocysteine
to methionine takes place [101]. DNA methylation status is dependent on dietary intake
of folate and vitamin B12, involved in the one-carbon cycle. The covalent methylation
of DNA, in the presence of DNA methyltransferase and SAM, involves the transfer of a
methyl group to the cytosine forming 5-methylcytosine; moreover, 5-methylcytosine can be
actively or passively demethylated. Arai and coauthors [102] treated murine embryonic
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stem cells with Se supplementation at concentrations found in human maternal serum.
These authors found that Se induced a reversible alteration of the cell heterochromatin
status and decreased the DNA methylation level in the Aebp2 gene (a component of the
epigenetic regulator polycomb repression complex) and Piekle2gene (related to neural
differentiation) without acting on the cell potential to form embryonic bodies. To test if
Se affects the reaction of DNA methylation and the gene regulation, Uthus et al. [103]
use a methylation array in the human epithelial Caco-2 cells (immortalized cell line of
colorectal adenocarcinoma cells). DNA from cells grown with 250 nM methylselenocys-
teine solutions was incubated with methylation-binding protein labeled with biotin and
then hybridized to the methylation array. DNA genes with methylated promoters will
produce higher chemiluminescence than those genes without a methylated promoter. The
methylation reaction of the von Lippel–Lindau tumor gene suppressor, among the genes
profiled, was decreased, and that this results in the downregulation of this tumor sup-
pressor. de Miranda and collaborators [104] in their study demonstrate that methylselenic
acid (MSA) and selenite are promoting anti-breast cancer, acting in a dose-dependent
manner on MCF-7 human breast adenocarcinoma cells, and showing modulation of DNA
methylation and histone post-translation covalent modification. MSA (2 μM) and selenite
(8 μM) altered epigenetic marks involving decreased expression of DNMT1 and histone
modification. In particular, MSA decreased trimethylation reaction on H3K9 (H3K9me3)
and increased the acetylation reaction of H4K16 (H4K16ac), while selenite acted decreasing
the H4K16ac histone mark [104]. The H3 and H4 histone tails undergo post-translational
covalent reactions that include methylation, acetylation, phosphorylation, ubiquitination,
and sumoylation. The acetylation of the N-terminal lysine residue is a major histone
modification involved in transcription, chromatin structure, and DNA repair. Histones
acetylation and deacetylation are reactions allowed by histone acetyltransferases and his-
tone deacetylases (HDAC). Histones are also methylated on arginine and histidine residues.
Methylation, unlike acetylation, does not alter the charge of the histone molecules. In
the acetylation reaction, in the presence of acetyl coenzyme A, an acetyl group is trans-
ferred on the –NH3+ of the N-terminal lysine residue of histones that loses its ability
to bind the DNA-negative phosphate group. This process releases negative charges of
the phosphate groups of DNA, destabilizing the compact DNA-histone structure, and
leading to a relaxed chromatin structure. Lee and collaborators [105] found that organose-
lenium compounds, such as methylselenocysteine and selenomethionine (Table 2), are
metabolized to HDAC inhibitors in human prostate cancer cells (LNCaP cells). The seleno-
compounds methylselenocysteine and selenomethionine undergo transamination reaction
in the presence of the enzymes glutamine transaminase K and aminoacid oxidase producing
β-methylselenopyruvate and α-keto-γ-methylselenobutyrate, that are structurally similar
to butyrate, a known HDAC inhibitor. These selenoketoacids decreased HDAC activity
and increased the level of histone H3 acetylation in LNCaP cells. In a paper by Narayan
and coauthors it has been shown, that in the presence of selenite and selenomethionine,
the acetylation reaction of histone H4 (H4-K5, H4-K8, H4-K12, and H4-K16) was decreased
in murine RAW 264.7 cells, macrophages and COX-2 promoter [106]. Finally, small non-
coding microRNAs (miRNAs) are single-stranded, and are formed by 25–30 nucleotides.
They play a central role in cell differentiation and proliferation and are involved in the
post-transcriptional regulation of proteins expression binding to complementary target
messenger RNA (mRNA) and silencing their translation, also reducing expression through
induced decapping and deadenylation [107,108]. miRNAs are subjected to a covalent
methylation modification (6-methyladenosine; 6MeA) and demethylation coordinated by
methyltransferases and demethylases. Maciel-Dominguez and coauthors [109] studied the
effect of Se on the gene expression of miRNA. Caco-2 cells were grown in Se-deficient or
Se-supplemented medium [109]. After 72 h, RNA was extracted and subjected to microar-
ray analysis (737 microRNA). Among 145 miRNA expressed in Caco-2 cells, 12 miRNA
showed altered expression after Se-depletion. In the same study, the authors found that
the expression of 50 mRNA was altered after Se depletion, and several mRNAs were
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targeted by the Se-responsive miRNA. MicroRNA-185, whose expression was silenced after
Se-depletion, was confirmed to regulate the expression of glutathione peroxidase 2 (GPX-2)
and selenophosphate synthetase 2 (SPS-2). SPS-2 contributes to selenoprotein biosynthesis
machinery. In a recent study, Matouskova et al. predicted several miRNAs as putative
regulators of many glutathione peroxidases [110]. Moreover, miRNA-185 is a target of
Se, since it has been found as a tumor suppressor in ovarian, breast, prostate, and gastric
cancer [111,112]. In hepatocarcinoma cell lines, Se treatment modulated miRNA-544a
expression interacting with selenoprotein K [113]. Xiang et al., treating LNCaP (Limph
Node Carcinoma of the Prostate, androgen-sensitive human prostate adenocarcinoma) cells
with 1.5 μM selenite for one week, found an important reduced HDAC activity and, at the
same time, an increase of H3-K49 acetylation [114]. Telomeres are sequences at both the
end of eukaryotic chromosomes. Human telomeres end is formed of about 100 base pairs
of repeated sequences (TTAGGG)n; in mammals, n is generally ten of thousand. The end of
the linear chromosomes is not replicated by DNA polymerase, but a special mechanism, in
the presence of the enzyme telomerase, adds telomeres to chromosome ends. In the absence
of this mechanism, telomeres could be shortened progressively with cell divisions. In any
case, the telomere length is an important strategy to prolong life and to act against free
radicals and aging. In 2004 Liu et al. showed that sodium selenite (2.5 μmol/L) prolongs
life and anti-aging enhancing the activity of telomerase and length of telomere of human
hepatocytes L-02 [115]. Furthermore, sodium selenite at a relatively high level (10 μmol/kg)
increased the activity and the expression of telomerase in rat hepatocites [116].

Figure 4. One-carbon metabolism cycle: DNA methylation and Se metabolism. Abbreviations:
MAT: Methionine Adenosyl Transferase; MS: Methionine Synthase; MT: Methyl transferase; DNMT:
DNA Methyl Transferase; HY: Hydrolase; MTHFR: Methylene Tetra Hydro Folate Reductase;
PP: Pyrophosphate; P: phosphate.

9. Phytoremediation and Rhizofiltration

Anthropogenic activities (industrialization, mining, cement plants, and burning coal
to produce energy) and natural activities (seepages and weathering from rocks, volcanic
activity, and forest fires) are the major causes of the presence of toxic metals in the envi-
ronment [117]. Toxic heavy metals are not degradable and their accumulation in the soil
and water can contaminate drinking water, v and fruits with deleterious effects on human
health. Physical, chemical, and biochemical approaches for heavy metals removal from
water and soil are expensive and invasive and do not provide solutions to this problem.
It is not yet clear, whether Se is essential and important for vegetation growth; however,
plants are able to absorb and accumulate Se in roots and leaves. The capacity of plants to
uptake Se is utilized to remove this element from contaminated soils and water [94,95,97].
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This process is termed phytoremediation and its popularity is increasing as a low-cost
and friendly technology for remediating contaminated environments (soils, groundwater
and surface water). Among different phytoremediation strategies, the processes of phy-
tovolatilization, phytoextract,tion and rizhofiltration are well known. With the process of
phytovolatilization, green plants are able to absorb inorganic Se and release it into the atmo-
sphere as volatile selenocompounds, which are less toxic than original inorganic forms. It
has been demonstrated that the volatile Se compound dimethyldiselenide (DMDSe, Table 2)
is released by Astragalus bisulcatus and Astragalus Racemosus, while broccoli (Brassica ol-
eracea) release dimethylselenide (DMSe, Table 2) from their leaves [118]. These organic
selenocompounds are almost 600 times less toxic than elemental Se. The capability of
different plant species in volatilizing selenium has been reported, showing that A. bisulca-
tus and B. oleracea have the highest rates of volatilization followed by tomatoes (Solanum
lycopersicum), tall fescue (Festuca arundinacea) and alfalfa (Medicago sativa). Broccoli and
cabbages (B. oleracea) are capable of volatilize daily at a Se quantity of 10g/ha [119,120]. In
plants, Se detoxification takes place by methylation of selenocysteine and selenomethionine
(Table 2) in the presence of the enzyme selenocysteine methyltransferase and S-adenosyl
methionine (SAM) [121,122]. Among different crops grown on selenite silty soil, Indian
mustard (Brassica juncea), corn (Zea mays), rice (Oriza sativa), and wheat (Triticum aestivum)
proved a good tolerance to Se in the phytoextraction process. The Se accumulation in
this plant was 104.8 mg/kg in Indian mustard, 76.9 mg/kg in rice, and 18.9 mg/kg in
wheat [123]. The highest accumulation of Se for Heliantus annuus, Gaillardia aristata, Calen-
dula officinalis, Tagetes erecta, Coreopis gladiate, and Helichrysum orientale make these flowers
potentially attractive for phytoextraction from seleniferous soils [124]. The great advantage
obtained by using flowers in the phytoextraction process derives from the consideration
that they do not become part of the food chain of humans and animals. Rhizofiltration is
another remediation process of absorption and concentration of contaminants from aquatic
environments into the roots and shoots of both aquatic and land plants [125,126]. For the
making of this method, plants are grown on the contaminated site (in situ) or they are
grown off-site and later introduced to the contaminated aquatic ecosystems environment
(ex situ). Rhizofiltration can treat the agricultural runoff, industrial discharge, and acid
mine drainage released as a result of anthropogenic activities. Contaminants are absorbed
through plant roots until saturation is reached, and finally, the plants are harvested with
their roots. The plant species such as iris-leaved rush (Juncus xiphioides), cattail (Typha
latifolia), hydrilla (Hydrilla verticillata), dotted duckweed (Landoltia punctata), common reed
(Phragmites australis) and saltmarsh bulrush (Scirpus robustus) have given great results for
Se rhizofiltration in wetlands.

10. Conclusions

Se is considered an essential trace element of fundamental importance for human
health and its multifaceted aspects have attracted worldwide clinical and research interest
in the last few decades. It is very important to maintain an adequate level of Se since both
deficiency and excess are dangerous for human health. However, the crucial factor is that
this micronutrient has a narrow range of safety. Indeed, while additional Se intake may
benefit people with low status, those of adequate-to-high status may be affected adversely
and should not take selenium supplements. Se performs its biological activity mainly
through selenoproteins which are responsible for thyroid hormone management, fertility,
the aging process, and immunity, and which play a key role in the maintenance of a redox
balance in cells. Several studies have shown the interference of Se with epigenetic marks
that are associated with the risk of diseases, or predict them. This is a relatively new field of
the investigation thus, a detailed and comprehensive understanding of epigenetic processes
elicited by Se is required to clarify and predict its impact on health outcomes. Se has been
shown to act as anticarcinogenic in experimental settings and also in some human studies;
however further extensive research in this field is necessary to determine the exact involved
mechanisms. In this context, uncovering the putative roles of miRNAs as mediators of
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Se-dependent tumor protection against malignant transformation could be an interesting
area of future studies.
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Abstract: Hydrogen sulfide (H2S) has been shown to act as both anti-inflammatory and pro-inflammatory
mediators. Application of H2S donors generally protects against inflammation; however, experimental
results using mice lacking endogenous H2S-producing enzymes, such as cystathionine γ-lyase (CTH)
and mercaptopyruvate sulfurtransferase (MPST), are often contradictory. We herein examined two types
of model hapten-induced inflammation models, colitis (an inflammatory bowel disease model of mu-
cosal immunity) and contact dermatitis (a type IV allergic model of systemic immunity), in CTH-deficient
(Cth–/–) and MPST-deficient (Mpst–/–) mice. Both mice exhibited no significant alteration from wild-type
mice in trinitrobenzene sulfonic acid (Th1-type hapten)-induced colitis (a Crohn’s disease model) and
oxazolone (Th1/Th2 mix-type; Th2 dominant)-induced colitis (an ulcerative colitis model). However,
Cth–/– (not Mpst–/–) mice displayed more exacerbated phenotypes in trinitrochlorobenzene (TNCB;
Th1-type)-induced contact dermatitis, but not oxazolone, at the delayed phase (24 h post-administration)
of inflammation. CTH mRNA expression was upregulated in the TNCB-treated ears of both wild-type
and Mpst–/– mice. Although mRNA expression of pro-inflammatory cytokines (IL-1β and IL-6) was
upregulated in both early (2 h) and delayed phases of TNCB-triggered dermatitis in all genotypes, that
of Th2 (IL-4) and Treg cytokines (IL-10) was upregulated only in Cth–/– mice, when that of Th1 cytokines
(IFNγ and IL-2) was upregulated in wild-type and Mpst–/– mice at the delayed phase. These results
suggest that (upregulated) CTH or H2S produced by it helps maintain Th1/Th2 balance to protect
against contact dermatitis.

Keywords: contact dermatitis; cystathionine γ-lyase; cytokine; hydrogen sulfide; inflammatory
bowel disease; mercaptopyruvate sulfurtransferase; systemic immunity; Th1/Th2 balance; trini-
trochlorobenzene; ulcerative colitis

1. Introduction

Inflammatory bowel disease (IBD) is a serious chronic condition of the colon and small
intestine associated with severe pain, bleeding, and diarrhea, comprising two common
forms: Crohn’s disease (CD) and ulcerative colitis (UC) [1]. CD is characterized by patchy
lesions, potentially scattered in any area of the gastrointestinal tract, and transmural
inflammation involving all bowel wall layers that leads to fibrosis, stricture, and fistula [2].
UC is characterized by mucosal inflammation from the rectum and continuously extends
to the proximal colon [3]. Although both environmental and genetic factors, as well as
several inflammatory mediators (cytokines and chemokines), have been implicated in their
pathogenesis [2,4,5], the underlying molecular mechanisms are not yet fully elucidated.

Several clinical studies have suggested that colonic luminal hydrogen sulfide (H2S),
with levels regulated by sulfate-reducing bacteria or colonic enzymes, such as H2S-producing
enzymes, cystathionine γ-lyase (CTH; also known as CSE), and mercaptopyruvate sulfur-
transferase (MPST; 3-MST), and H2S-degrating thiosulfate sulfurtransferase (TST; rhodanese)
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could be implicated in the IBD pathogenesis, especially UC [6,7]. Several experimental find-
ings show that H2S (or its effects via persulfidation/polysulfidation [8,9]) plays important
(patho)physiological roles in the neuronal, cardiovascular, and endocrine systems, as well as
inflammation; importantly, exogenous/endogenous H2S could act as both anti-inflammatory
and pro-inflammatory mediators, like a coin with two sides, perhaps depending on its doses
or circumstances [10–12]. Therefore, this study examined the regulatory roles of CTH and
MPST in experimental colitis induced by different model haptens, trinitrobenzene sulfonic
acid (TNBS) and oxazolone, as mucosal immunity models [13], and experimental contact
dermatitis induced by trinitrochlorobenzene (TNCB) and oxazolone, as systemic immu-
nity models, using the previously established CTH-deficient (Cth–/–) and MPST-deficient
(Mpst–/–) mice [14,15].

Contact dermatitis is the most common inflammatory condition caused by the expo-
sure to exogenous substances that elicit skin and/or mucous membrane inflammation, and
is estimated to affect 15–20% of the adult general population throughout a lifetime [16,17].
Although the therapeutic efficacy of H2S is expected for skin diseases [18], allergic contact
dermatitis from diallyl trisulfide, a fast H2S donor, has been reported [19]. We herein found
that Cth–/– and Mpst–/– mice and wild-type (WT) mice have similar responses to both
TNBS- and oxazolone-induced colitis; however, Cth–/– mice displayed the most severe
phenotype in TNCB (not oxazolone)-induced contact dermatitis.

2. Results

2.1. Normal Responses of Cth–/– and Mpst–/– Mice in TNBS or Oxazolone-Induced Colitis

Experimental colitis was induced by the initial topical sensitization, followed by rectal
administration of TNBS (as a Th1/Th17-associated CD model [20]; Figure 1A) or oxazolone
(as a Th1/Th2-associated UC model [20]; Figure 1E) in adult male WT, Cth–/–, and Mpst–/–

mice. All TNBS-treated groups displayed granulomatous ulcers in the colonic lumens
(Figure 1B), which resemble CD phenotypes [2], and thus, had higher Wallace scores than
the respective vehicle-treated groups (Figure 1C), similar in all genotypes. Histological
analyses of hematoxylin/eosin (HE)-stained sections revealed transmural inflammation
that extends into the muscular layers of the colon (Supplementary Figure S1), similar
to higher Ameho scores (Figure 1D), in all TNBS-treated groups. Challenges with the
oxazolone challenge caused more superficial ulcers (like UC patients [3]) that continue from
the anuses to the colonic lumens (Figure 1F) in all three genotypes. Oxazolone treatment
also increased Wallace scores (Figure 1G) and induced extensive erosive inflammation
(Supplementary Figure S2), resulting in increased inflammation scores to the equivalent
levels in the three genotypes (Figure 1H).

Figure 1. Cont.

245



Int. J. Mol. Sci. 2023, 24, 2659

Figure 1. Two types of hapten-induced mouse IBD models: trinitrobenzene sulfonic acid (TNBS)-
induced Crohn’s disease-like model (A–D) and oxazolone (Oxa)-induced ulcerative colitis-like
model (E–H). (A,E) Experimental Design. Adult male wild-type (WT), CTH-deficient (Cth–/–), and
MPST-deficient (Mpst–/–) mice were sensitized on the (dorsal or abdominal) skin and then (7 days
later) challenged per rectum with those haptens. (B–D) Typical pictures of colonic lumens (B), Wallace
scores (C), and Ameho scores (D), obtained with histological examination of colonic sections (Supple-
mentary Figure S1) at day 3 after the TNBS challenge. (F–H) Typical pictures of colonic lumens (F),
Wallace scores (G), and inflammation scores (H), obtained with histological examination of colonic
sections (Supplementary Figure S2) at day 2 after the Oxa challenge. Data are the mean ± standard
derivation (SD) with sample numbers in parentheses. Differences between non-sensitized (vehicle
alone) and pre-sensitized (with hapten) are significant in a Mann–Whitney U test at ** p < 0.01 and
*** p < 0.001 (C,D,G,H). Bars indicate 1 cm (B,F).

2.2. Exacerbated TNCB (not Oxazolone)-Induced Contact Dermatitis in Cth–/– Mice

Experimental contact dermatitis was induced by the initial sensitization of TNCB
or oxazolone on the abdominal skin, followed by the elicitation with the same hapten
on one of the ears and the vehicle on another ear (Figure 2A), as models, to evaluate
Th1- and Th1/Th2 mix-type allergic responses, respectively [21]. The elicitation response
can be divided into two phases: the early phase at 2 h and the delayed phase at 24 h,
after the challenge [21]. Allergic responses caused by TNCB-induced acute ear thickening
after 2 h, followed by the delayed responses with additional thickening after 24 h in
all three genotypes, although Cth–/– mice exhibited more severe thickening than WT
and Mpst–/– mice at the delayed phase (Figure 2B–D). Closer examination of HE-stained
sections revealed that TNCB induced acanthosis (epidermal hyperplasia; black arrowheads
in Figure 2F,J) and spongiosis (red arrowheads in Figure 2F,J) in both WT and Mpst–/– mice,
but induced immune cell infiltration only in Cth–/– mice (green arrowheads in Figure 2H).
However, acanthosis and immune cell infiltration (especially lymphocyte and granule
cell infiltration into the dermis) were more pronounced, whereas spongiosis was rather
inconspicuous in Cth−/− mice (Figure 2G,H).

Immunostaining of ear sections revealed the most massive infiltration of CD4-positive
T cells (Figure 3A,C), CD8-positive T cells (Figure 3B,D), and myeloperoxidase (MPO)-
positive neutrophils (Figure 3A,B,E) in Cth−/− mice, compared to WT and Mpst–/– mice.
Acute allergic responses (within 2 h) were not observed with oxazolone treatment, although
the levels of their delayed responses (at 24 h) were comparable to those with TNCB and
equivalent among the three genotypes (Figure 4A). HE staining revealed similar levels
of acanthosis, dermal spongiosis, and immune cell infiltration in the three genotypes
(Figure 4B–H).
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Figure 2. Trinitrochlorobenzene (TNCB)-induced contact dermatitis. (A) Experimental design. Adult
male wild-type (WT), CTH-deficient (Cth–/–), and MPST-deficient (Mpst–/–) mice were sensitized on
the skin and then (7 days later) challenged with TNCB on single ear (another ear with the vehicle) to
examine Th1-type allergic responses. (B–J) Increased thickness of the ear (ear swelling = thickness
difference between the TNCB-treated right ear and the vehicle-treated left ear) at 2 h and 24 h
after the challenge (B) and their typical section images of HE-stained sagittal sections (C,D) with
magnified images (E–J). Data are the mean ± SD (sample numbers). Differences are significant
between the groups at each point by a one-way analysis of variance (ANOVA) with Tukey’s multiple
comparison test; ** p < 0.01 (B). Black bars indicate 100 μm (C,D), and blue bars indicate 50 μm (E–J).
SC, stratum corneum; Epi, epidermis; Der, dermis; and Car, cartilage (E). Black arrowheads indicate
TNCB-induced acanthosis (F,H,J); blue and green arrowheads indicate parakeratosis and immune
cell infiltration, respectively (H); and red arrowheads indicate spongiosis (F,I).
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Figure 3. Immunohistochemical analysis of ear sagittal sections at 24 h after the trinitrochlorobenzene
(TNCB) challenge. (A) Coimmunostaining with anti-CD4 antibody (green), anti-myeloperoxidase
(MPO) antibody (red), and NucBlue (to stain nuclei, blue). White and yellow arrowheads indicate
CD4+ cells and MPO+ cells, respectively. (B) Coimmunostaining with anti-CD8α antibody (green),
anti-MPO antibody (red), and NucBlue (blue). Light blue and yellow arrowheads represent CD8+

and MPO+ cells, respectively. SC, stratum corneum; Epi, epidermis; Der, dermis; and Car, cartilage
in (A,B). (C–E) Distribution density of CD4+ (C), CD8+ (D), and MPO+ (D) cells per 100 μm2. Data
are the mean ± SD (sample numbers). Differences between groups in each time point are significant
by a one-way ANOVA with Tukey’s multiple comparison test at * p < 0.05 and *** p < 0.001 (C–E).
White bars indicate 25 μm (A,B).
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Figure 4. Oxazolone-induced contact dermatitis. Adult male wild-type (WT), CTH-deficient (Cth–/–),
and MPST-deficient (Mpst–/–) mice were sensitized on the skin and then (7 days later) challenged
with oxazolone (Oxa) on a single ear (another ear with the vehicle) to examine Th1/Th2-type allergic
responses. (A) Increased ear thickness (the difference between oxazolone-treated right ear and
vehicle-treated left ear) at 2 h and 24 h after oxazolone challenge. Data are the mean ± SD (sample
numbers). (B–H) Typical section images of HE-stained sagittal sections of ears at 24 h after oxazolone
challenge (B) with their magnified images (C–H). SC, stratum corneum; Epi, epidermis; Der, dermis;
and Car, cartilage in (A,B). Black arrowheads indicate oxazolone-induced acanthosis, whereas red
arrowheads indicate spongiosis (D,F,H). Bars indicate 100 μm (black, B) or 50 μm (blue, C–H).

2.3. CTH mRNA Induction in the Delayed Phase of TNCB-Induced Contact Dermatitis

Quantitative reverse transcription-polymerase chain reaction (RT-PCR) analyses re-
vealed no level changes in both CTH and MPST mRNA in the TNCB- and vehicle-treated
ears of WT, Mpst–/– (without Mpst), and Cth–/– mice (without Cth) at the early phase (2 h)
(Figure 5A,B). However, at the delayed phase (24 h), CTH mRNA was upregulated in the
TNCB-treated ears of WT and Mpst–/– mice, whereas MPST mRNA was downregulated in
the TNCB-treated ears of WT and Cth–/– mice (Figure 5C,D), suggesting protective roles of
CTH against the delayed phase of TNCB-induced contact dermatitis. MPST downregula-
tion was also found in the delayed phase (not the early phase) of oxazolone-treated ears of
WT and Cth–/– mice (but not significant in Cth–/–) (Figure 5E,F); therefore, MPST mRNA
downregulation may not be implicated in the disease condition.
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Figure 5. Expression levels of CTH and MPST mRNAs in the ear during hapten-induced contact
dermatitis. The total RNA was extracted from each ear at 2 h (A,B) or 24 h (C–F) after trinitrochloroben-
zene (TNCB; A–D) or oxazolone (Oxa; E,F) challenge. CTH (A,C,E) and MPST (B,D,F) mRNA levels
were normalized by the housekeeping HPRT1 mRNA levels, and the relative expression versus
vehicle-treated wild-type samples were calculated. Data are the mean ± SD (sample numbers) in
parentheses. Differences are significant by a one-way ANOVA with Tukey’s multiple comparison test
at *** p < 0.001. ND, not detectable.

2.4. Marked Induction of Pro-inflammatory/Th2 Cytokine mRNA in the Delayed Phase of
TNCB-Induced Contact Dermatitis in Cth–/– Mice

RT-PCR analyses revealed mRNA upregulation of pro-inflammatory cytokines, inter-
leukin 1 beta (IL-1β), interleukin 6 (IL-6), and TNFα (but not significant), without apparent
mRNA alterations in cytokines that regulate T-cell differentiation, such as interferon gamma
(IFNγ), interleukin 2 (IL-2), interleukin 4 (IL-4), tumor growth factor beta (TGFβ), inter-
leukin 17 (IL-17), and interleukin 10 (IL-10), in the early phase of TNCB- and vehicle-treated
ears of all genotypes (Supplementary Figure S3; except for slight IL-4 mRNA upregulation
in Cth–/– mice). In contrast, at the delayed phase, mRNA upregulation of IL-1β and IL-6
was the most pronounced and that of Th2 cytokines (IL-4 and IL-10) was only observed
in the TNCB-treated ears of Cth–/– mice (Figure 6A–I). In the TNCB-treated ears of WT
and Mpst−/− mice, Th1 cytokines (IFNγ and IL-2) expression was somewhat upregu-
lated (Figure 6D,E, respectively), whereas that of Th2 cytokine IL-4 was downregulated
(Figure 6F), supporting TNCB as a Th1-type inflammation-inducing hapten. Conversely,
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such changes were not apparent in Cth–/– mice (Figure 6D–F). Both TGFβ and IL-17 mRNA
were not upregulated in TNCB-treated ears of all genotypes (Figure 6G,H, respectively),
and therefore, Th17 responses may not be involved. RT-PCR analyses also revealed mRNA
upregulation of pro-inflammatory cytokines (IL-1β and IL-6) and some Th1 or Th2 cy-
tokines (IFNγ, IL-4, and IL-10), but not that of IL-2, TGFβ, and IL-17, at the delayed phase
of oxazolone-induced contact dermatitis, similar within the three genotypes (Figure 7A–I).

Figure 6. Expression levels of various cytokine mRNAs in the ear during trinitrochlorobenzene
(TNCB)-induced contact dermatitis at 24 h after the challenge. IL-1β (A), IL-6 (B), TNFα (C), IFNγ (D),
IL-2 (E), IL-4 (F), TGFβ (G), IL-17 (H), and IL-10 (I) mRNA levels were normalized by the house-
keeping HPRT1 mRNA levels, and the relative expression versus vehicle-treated wild-type samples
were calculated. Data are the mean ± SD with sample numbers in parentheses. Differences are
significant by a one-way ANOVA with Tukey’s multiple comparison test at * p < 0.05, ** p < 0.01, and
*** p < 0.001 versus vehicle-treated samples of each genotype; † p < 0.05, †† p < 0.01, and ††† p < 0.001
between genotypes.
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Figure 7. Expression levels of various cytokine mRNAs in the ear during oxazolone (Oxa)-induced
contact dermatitis at 24 h after the challenge. IL-1β (A), IL-6 (B), TNFα (C), IFNγ (D), IL-2 (E), IL-4 (F),
TGFβ (G), IL-17 (H), and IL-10 (I) mRNA levels were normalized by the housekeeping HPRT1 mRNA
levels, and the relative expression versus vehicle-treated wild-type samples were calculated. Data
are the mean ± SD with sample numbers in parentheses. Differences are significant by a one-way
ANOVA with Tukey’s multiple comparison test at * p < 0.05, ** p < 0.01, and *** p < 0.001 versus
vehicle-treated samples of each genotypes; †† p < 0.01 and ††† p < 0.001 between genotypes.

3. Discussion

The first quarter of a century has passed since the first identification of H2S as the
signaling gaseous molecule; to date, >60,000 publications (in PubMed) have reported its
versatile roles in regulating neural, cardiovascular, and endocrine systems, as well as inflam-
mation (reviewed in [10,22]). Notably, H2S could function as either an anti-inflammatory
or pro-inflammatory mediator [10–12]. H2S is apt to show anti-inflammatory effects at rela-
tively low or physiological concentrations, whereas it exerts pro-inflammatory effects when
the tissues/cells are exposed to high concentrations or under particular disease conditions,
such as some types of inflammation [10–12]. Although applications of the so-called H2S
donors generally exert anti-inflammatory, cytoprotective, and antioxidant effects in the
cells and animals [10], they often result in enhanced inflammation [23]. Indeed, our Cth–/–

mice displayed the systemic resistance against caerulein-induced acute pancreatitis [24],
cecal-ligation and puncture-induced sepsis [25], and acute renal ischemia/reperfusion
injury and its associated inflammatory responses [26], suggesting the pro-inflammatory
roles of endogenous H2S produced by CTH at those inflammation loci.

As for experimental colitis, H2S donor application has been shown to alleviate DSS-
induced colitis in mice [27,28] and rats [29], and TNBS-induced colitis in mice [30] and
rats [31,32]. DSS-induced colitis is one of the most commonly used IDB models to evaluate
drug candidates because this model can be easily induced by administering DSS by drink-
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ing water, although this model is fundamentally different from hapten-induced colitis [13].
Treatment with a nonspecific CTH inhibitor propargylglycine exacerbated DSS-induced col-
itis in mice [33], and mRNA expression of three H2S-producing enzymes (CTH, MPST, and
cystathionine β-synthase [CBS]) and H2S production was upregulated in the colon mucosa
in the experimental colitis of mice/rats [29,33–35]. Cth–/– mice of different origins were
more susceptible to DSS-induced colitis [28] and dinitrobenzene sulfonic acid (DNBS [TNBS
analog]; single intracolonic administration)-induced colitis [36], whereas Mpst–/– mice of
a different origin [37] were more vulnerable to both TNBS- and DSS-induced colitis [35].
In this study, both Cth–/– and Mpst–/– mice (on the same C57BL/6J background) did not
show significantly altered responses to TNBS and oxazolone (Figure 1A–F). Discrepancies
between these studies could be attributable to the differences of experimental procedures,
stimulants (DSS, DNBS, or TNBS), administration routes (oral or per rectum), a single
administration or the challenge after sensitization, and fasted or not before the challenge.

On the other hand, the aberrant H2S metabolism has been involved in the pathogenesis
of various skin diseases, including vascular disorders, pigmentation disorders, melanoma,
ulcers, and psoriasis [18]. Psoriasis, which is characterized by hyper-proliferative ker-
atinocytes and auto-reactive immune cells, was associated with low serum levels of H2S
and high IL-6, IL-8, and TNFα [38]. H2S donor application to mice alleviated chemically
induced itch [39], promoted skin wound healing via oxidative stress inhibition and vascular
endothelial growth factor enhancement [40], and improved diabetic wound healing by
inhibiting NETosis and NETs release [41]. In contrast, the mean disulfide levels were found
to be significantly higher in the rosacea patients than in the control group [42], and the
serum levels of H2S were significantly higher in atopic dermatitis patients compared to
healthy controls [43]. Based on those somewhat contradictory findings, hapten-induced
contact dermatitis (also referred to as contact hypersensitivity) was first investigated in
Cth–/– and Mpst–/– mice as another inflammation model of the systemic immunity. Ex-
perimental contact dermatitis consists of the early phase dominated by complement and
innate immune cells and the delayed phase governed by adaptive immune cells, such as
CD4+ T cells (Th1 and Th2 cells), CD8+ T cells (Tc1 cells), and B cells, as a typical type IV
allergic response [44,45].

Our Cth−/− mice (but not Mpst–/– mice) displayed higher sensitivity against TNCB
at the delayed inflammation phase, as revealed by ear thickening (Figure 2B,D,H), in-
filtration of CD4+ and CD8+ T cells and MPO+ neutrophils (Figure 3A–E), and mRNA
induction of pro-inflammatory cytokines (IL-1β and IL-6) and Th2-type cytokines (IL-4
and IL-10) (Figure 6A,B,F,I). Conversely, both Cth–/– and Mpst–/– mice did not display
marked alteration from WT mice in oxazolone-induced contact dermatitis at the delayed
phase (Figure 4A–H) and mRNA upregulation of cytokines in all phases (Figure 7A–I).
Notably, CTH mRNA was upregulated, whereas MPST mRNA was downregulated at the
delayed phase of TNCB-treated ears (Figure 5C,D), when CTH mRNA upregulation was
not observed in the early phase of TNCB-treated ears (Figure 5A) and the delayed phase of
oxazolone-induced ears (Figure 5E), and MPST mRNA downregulation, was evident in the
delayed phase of oxazolone-induced ears (Figure 5F).

These results suggest that CTH in the ear protected against the delayed phase of TNCB-
induced inflammation by suppressing Th1-to-Th2 shift, whereas CTH deletion in mice
exacerbated the inflammation by Th1/Th2 imbalance. Because acute ear canal responses
to passive cutaneous anaphylaxis were equivalent between WT, Cth–/–, and Mpst–/– mice
in our previous study [15], CTH or H2S might play more roles in the antigen-specific
delayed phase of inflammation, rather than the antigen nonspecific early phase that mainly
involves innate immune cells [46]. Pro-inflammatory M1 macrophages are activated by Th1
cytokines, whereas anti-inflammatory M2 macrophages are activated by Th2 cytokines. H2S
produced by CBS has been shown to suppress the polarization of mouse primary microglia
(macrophages in the brain) toward M1 phenotypes [47]. H2S regulated the expression
of methylcytosine dioxygenases Tet1/Tet2 to promote regulatory T-cell differentiation in
immune cells, and H2S deficiency led to systemic autoimmune disease [48]. Therefore, H2S
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produced by CTH could help maintain the Th1/Th2 balance against challenges with the
specific model hapten (TNCB) in this study.

Hyperhomocysteinemia (a highly elevated blood homocysteine level) should also be
considered in Cth–/– mice; total serum homocysteine levels are 83.6 ± 18.6 μM (n = 5) and
5.78 ± 1.22 μM (n = 10) in WT mice, and 5.90 ± 2.05 μM (n = 7) in Mpst–/– mice [15]. Ele-
vated blood homocysteine levels are an independent risk factor for cardiovascular diseases
and the risk of hyperhomocysteinemia is significantly higher in patients with IBD [49].
Diet (high methionine)-induced hyperhomocysteinemia exacerbated DSS-induced colitis in
rats [50], and homocysteine promoted CD4+ T cell differentiation (lamina propria lympho-
cytes in the colonic mucosa of Wistar rats) into Th17 cells [51]. As for the skin, patients with
psoriasis have significantly higher serum homocysteine levels [52], although the relation-
ship between homocysteinemia and contact dermatitis remains unknown. Therefore, the
exacerbated phenotypes in TNCB-induced contact dermatitis may not be solely attributable
to H2S deficiency in Cth–/– mice.

In conclusion, we have found that CTH plays important roles in protecting against
contact dermatitis, induced by the specific model hapten (TNCB but not oxazolone). In
this study, endogenous H2S produced by CTH could act as a specific anti-inflammatory
mediator. Our previous study demonstrated the altered serum amino acid profiles in Cth–/–

and Mpst–/– mice [15], and further studies are warranted to explain the complex and often
opposing roles of H2S in inflammatory responses.

4. Materials and Methods

4.1. Animals

C57BL/6J inbred strain (C57BL/6JJcl; CLEA Japan, Tokyo, Japan) were used as WT
mice. Cth+/− mice were generated by homologous recombination in embryonic stem
cells and blastocyte injection, and backcrossed for 12 generations to C57BL/6JJcl [14].
Mpst+/− mice were generated using CRISPR/Cas9 technology on fertilized C57BL/6JJcl
embryos by Setsurotech Inc. (Tokushima, Japan) [15]. Heterologous mice were bred to
obtain homozygous mice, and these mice (8–22-week-old males) were used for comparative
analyses on the same C57BL/6JJcl background. Preoperatively, mice were housed in an
air-conditioned room (23 ± 1 ◦C, 55 ± 5% humidity), kept in a 12 h dark/light cycle, and
allowed free access to a CE-2 standard dry rodent diet (CLEA Japan) and water. Before the
surgeries, mice were anaesthetized with isoflurane inhalation.

4.2. Hapten-Induced Colitis

Hapten-induced experimental colitis was established as IBD models in mice. Adult
male mice (aged 7–21 weeks) were anesthetized with isoflurane and sensitized by the
topical application of 150 μL of 1% (v/v) TNBS (Sigma-Aldrich, Burington, MA, USA; cat no.
P2297) in the vehicle (acetone-olive oil, 4:1 [v/v]) to the shaved dorsal skin (1.5 × 1.5-cm2)
between the shoulders. After 7 days, mice were weighed, anesthetized with isoflurane, and
administered (~30 s) with 100 μL of 50% ethanol (vehicle) or 2.5% (w/v) TNBS in the vehicle,
per rectum, using a 3.5-Fr. catheter system (Nippon Sherwood Medical Industries, Osaka,
Japan). Mice were also sensitized by topical application of 150 μL of 3% (w/v) oxazolone
(Sigma-Aldrich; cat no. 862207) in ethanol to the shaved ventral skin (2 × 2-cm square).
After 7 days, they were weighed, anesthetized with isoflurane, and administered (~30 s)
with 100 μL of 50% ethanol (vehicle) and or 1% (w/v) oxazolone in the vehicle, per rectum,
using a 3.5-Fr. catheter system. After the administration, mice were kept upside-down for
30 s to prevent backflow. Mice were weighed daily and sacrificed at day 3 (for TNBS) or
day 2 (for oxazolone), post-administration. The colons, including rectums, were quickly
removed from the anesthetized mice, measured for their lengths, washed in saline, spread
inside-out on a black paper, and examined for macroscopic lesions using the Wallace score,
which scores on a scale from 0 to 10 based on the following criteria: hyperemia, bowel wall
thickening, and the extent of ulceration and inflammation [53]. Then, the colon was fixed
in either 10% formalin, dehydrated in an ascending ethanol series (from 75% to 100%), and
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then xylene, and embedded in paraffin. About 3-μm sections were cut, deparaffinized,
and stained with HE. TNBS-induced colitis was examined using the Ameho score [54].
Oxazolone-induced colitis was examined using the inflammation score defined in this
study to evaluate tissue anomaly with reference to Bendtsen et al. [55]. The anomaly
in the mucosal surface (epithelial cell loss, depletion of mucin producing goblet cells,
and/or reduction of tubular density) was defined as ulcer, and scores of 0–3 (0 = no change,
1 = mild, 2 = moderate, and 3 = general) were given by one person. Similarly, anomalies
in the mucosal intrinsic layer (immune cell filtration) and submucosal layer (edema) were
independently defined and scored 0–3 each. Thus, the maximum inflammation score is
summed up to 9 (Figure 1H).

4.3. Hapten-Induced Contact Dermatitis

Hapten-induced contact dermatitis was examined for contact hypersensitivity. Adult
male mice (7–21 weeks) were anesthetized with isoflurane and sensitized by the topical
application of 100 μL of 7% (v/v) TNCB (Tokyo Chemical Industry, Tokyo, Japan) in acetone-
olive oil (4:1, v/v) to the shaved abdomen (approximately 2 cm2). After 7 days, mice were
challenged with 10 μL of 1% TNCB in acetone-olive oil (9:1, v/v) onto each side of the
left ear, and the right ear was administered with the vehicle alone. The ear thickness was
measured using a digital SMD-565J-L thickness gauge (Teclock, Nagano, Japan) before
the induction (T0), and at 2 h (T1) and 12 h (T2) after the induction. The ear swelling (μm
thickness) was calculated as (T1 or 2−T0 of the left ear)–(T1 or 2−T0 of the right ear). After
24 h measurement, the entire pinna was collected and weighed. The ear was cut lengthwise
into two pieces; one was fixed in 10% formalin for hematoxylin-eosin staining of paraffin
sections and one for mRNA expression assays. Mice were also sensitized with 100 μL of
3% oxazolone in ethanol and then (5 days later) challenged with 10 μL of 1% oxazolone
in ethanol.

4.4. Immunohistochemistry

Paraffin sections were deparaffinized with xylene and ethanol, antigen-activated in
Immunosaver (Fujifilm-Wako, Osaka, Japan) at 98 ◦C for 45 min, and then blocked with 5%
normal donkey serum in phosphate-buffered saline-0.5% Tween 20. Sections were incu-
bated with goat anti-myeloperoxidase (MPO) polyclonal antibody (1:500; Santa Cruz; cat
no. sc-16129), rabbit anti-CD4 (BLR167J) monoclonal antibody (1:500; Bethyl Laboratories,
Waltham, MA, USA; cat no. A700-167-T), or rabbit anti-CD8 alpha (BLR173J) monoclonal
antibody (1:500; Bethyl Laboratories; cat no. A700-173-T) in Can Get Signal A (Toyobo,
Osaka, Japan) as the primary antibody, and donkey anti-rabbit IgG conjugated Alexa 488
(1:500; Invitrogen, Waltham, MA, USA) and donkey anti-goat IgG conjugated Alexa 568
(1:500; Invitrogen) was used in the blocking solution as the secondary antibody. Sections
were sealed with ProLong Glass Antifade Mountant with NucBlue Stain (ThermoFisher
Scientific, Waltham, MA, USA) and observed by a BZ-9000 microscope (Keyence, Osaka,
Japan) equipped with Nikon objectives.

4.5. Quantitative RT-PCR

The total RNA was isolated from the tissues using a TRI reagent (Molecular Research
Center, Cincinnati, OH, USA), and cDNA was synthesized using a ReverTra Ace qPCR
RT Master Mix with random hexamers (Toyobo). Quantitative real-time PCR assay was
performed using THUNDERBIRD qPCR Mix (Toyobo) with a CFX Connect Real-Time
PCR Detection System (Bio-Rad). Primers were designed using the Primer3 program
(https://primer3.ut.ee, accessed on 1 January 2020) (Supplementary Table S1). The cycling
conditions consisted of initial denaturation at 95 ◦C for 10 s, followed by 50 cycles of 95 ◦C
for 5 s and 60 ◦C for 30 s.
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4.6. Statistical Analyses

Data were expressed as mean ± SD with sample numbers in parentheses. Statistical
comparison was performed by a Mann–Whitney U test or a one-way analysis of variance
(ANOVA) with Tukey’s multiple comparison test using Prizm 5 software (GraphPad,
San Diego, CA, USA). All p-values of <0.05 denoted a significant difference.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24032659/s1.
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Abstract: Atherogenesis leads to the development of atherosclerosis, a progressive chronic disease
characterized by subendothelial lipoprotein retention and endothelial impairment in the arterial wall.
It develops mainly as a result of inflammation and also many other complex processes, which arise
from, among others, oxidation and adhesion. Cornelian cherry (Cornus mas L.) fruits are abundant in
iridoids and anthocyanins—compounds with potent antioxidant and anti-inflammatory activity. This
study aimed to determine the effect of two different doses (10 mg and 50 mg per kg of body weight,
respectively) of iridoid and anthocyanin-rich resin-purified Cornelian cherry extract on the markers
that are important in the progress of inflammation, cell proliferation and adhesion, immune system
cell infiltration, and atherosclerotic lesion development in a cholesterol-rich diet rabbit model. We
used biobank blood and liver samples that were collected during the previous original experiment.
We assessed the mRNA expression of MMP-1, MMP-9, IL-6, NOX, and VCAM-1 in the aorta, and the
serum levels of VCAM-1, ICAM-1, CRP, PON-1, MCP-1, and PCT. The application of the Cornelian
cherry extract at a dose of 50 mg/kg bw resulted in a significant reduction in MMP-1, IL-6, and
NOX mRNA expression in the aorta and a decrease in VCAM-1, ICAM-1, PON-1, and PCT serum
levels. The administration of a 10 mg/kg bw dose caused a significant decrease in serum ICAM-1,
PON-1, and MCP-1. The results indicate the potential usefulness of the Cornelian cherry extract in
the prevention or treatment of atherogenesis-related cardiovascular diseases, such as atherosclerosis
or metabolic syndrome.

Keywords: Cornelian cherry; iridoids; anthocyanins; atherosclerosis; atherogenesis; inflammation;
oxidation; adhesion

1. Introduction

The search for new, effective, and safe therapies is a consistent task in medicine.
Despite continuous scientific progress in the diagnosis and treatment of many medical
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conditions, the use of more and more advanced pharmaceuticals, and the growing aware-
ness of the pathogenesis and treatment of various diseases, there is still a need for new
specifics that will meet emerging therapeutic challenges. This especially applies to condi-
tions commonly referred to as civilization diseases, the prevalence of which is increasing,
with widespread intensity in new groups of patients, e.g., they appear in a spiral number
of cases in younger people, and the financial and social costs of treating these diseases are
starting to burden national health systems. Such conditions can result, to a greater or lesser
extent, from an incorrect lifestyle, primarily a small amount of physical activity and an
incorrect (Western) diet rich in simple sugars and cholesterol—i.e., atherosclerosis, type 2
diabetes, or metabolic syndrome.

Atherosclerosis is a progressive chronic disease characterized by subendothelial
lipoprotein retention and endothelial impairment in the arterial wall. It is considered
one of the most important types of arteriosclerotic vascular diseases [1]. Atherosclerosis
develops mainly as a result of inflammation but also from many other complex processes,
which arise from, among others, oxidation and adhesion. Pro-oxidant substances, in gen-
eral, may be divided into reactive oxygen species (ROS) and reactive nitrogen species (RNS).
ROS contributes to several aspects of atherosclerosis development, including endothelial
cell dysfunction, immune cell recruitment and activation, stimulation of inflammation,
and smooth muscle cell migration and proliferation. In addition, they are involved in
low-density lipoprotein (LDL-C) oxidative modification, the inactivation of nitric oxide,
and the modulation of redox-sensitive signaling pathways [2].

The nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOX) family
is considered a major source of ROS in eukaryotic cells [3,4]. The correct production
of NOX isoforms fulfills multiple processes that are important for normal physiology,
but its up-regulation is involved in many different pathologies, including atherosclerosis,
cancer, and neurodegenerative diseases [5]. NOX enzymes occur in macrophages, vascular
smooth muscle cells (VSMCs), and endothelial cells, and are involved in smooth muscle
cell proliferation, the production of ROS/RNS, and low-density lipoprotein oxidation [6].
The production of ROS in the blood vessels is essential for redirecting the bloodstream to
the most active tissues and thus maintaining vascular homeostasis. On the other hand, the
overproduction of ROS contributes to the development of cardiovascular diseases such
as hypertension, atherosclerosis, diabetes, hypertrophy, and cardiac arrest [3]. VSMCs,
the most predominant component cells of the blood vessel wall, play a pivotal role in
regulating vascular function [7]. LDL-C oxidation and proinflammatory cytokines, such
as TNF-alpha, IL-1, IL-4 or IL-6, and IFN-gamma, may induce endothelial dysfunction,
migration, and the proliferation of smooth muscle cells, the emergence of foam cells, and the
expression of leukocyte and monocyte adhesion molecules, primarily vascular cell adhesion
molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and E-selectin [6].
These molecules form an integrated system that transports leukocytes and monocytes into
the vascular wall, promotes their accumulation in the vascular wall intima, and contributes
to the development of atherosclerotic plaques [8]. Afterward, monocytes are differentiated
into macrophages through chemotactic proteins, mainly monocyte chemotactic protein-1
(MCP-1) [9].

Matrix metalloproteinases (MMPs) are part of a large family of zinc-dependent en-
dopeptidases. The major role of MMPs is to degrade and deposit structural proteins within
the extracellular matrix (ECM). The production of MMPs is stimulated mainly by oxidative
stress, various growth factors, and inflammation. The up- or down-regulation of MMPs
can be conducive to vascular diseases, such as hypertension or atherosclerosis, and leads
to subsequent ECM remodeling. In atherosclerosis, MMPs are primarily implicated in
atherosclerotic plaque formation and instability and in promoting the migration and pro-
liferation of smooth muscle cells [10–12]. Moreover, the degradation of native collagen
induced by MMPs augmentation results in decreased resistance of the vessels to various
stresses, including mechanical damage and intimal thickening [13,14].
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Human serum paraoxonase-1 (PON-1) is a calcium-dependent hydrolytic enzyme
primarily synthesized in the liver. It is an antioxidant protein protecting high-density
lipoproteins from oxidation [15,16]. This HDL-associated enzyme can hydrolyze oxidized
LDL-cholesterol (ox-LDL), thereby exhibiting potential antiatherosclerotic properties.

One of the raw materials of natural origin that can provide compounds that are po-
tentially effective in the prevention and treatment of atherosclerosis is Cornelian cherry
(Cornus mas L.) fruits, which are rich in substances from the group of polyphenols, flavonoids,
anthocyanins, and iridoids [17–26]. Compounds from these groups are widely known for
their potential antioxidant and anti-inflammatory effects.

Our previous work proved that Cornelian cherry extract is an efficacious therapeutic
agent in a cholesterol-rich diet rabbit model. We have shown, among others, the positive
impact of the extract on the levels of triglycerides and adipokines, PPAR alpha and gamma
expression in the aorta, and LXR expression in the liver, as well as on the reduction of the
intima/media ratio in the thoracic and abdominal aorta [27]. In this study, and continuing
the evaluation of this potentially effective natural remedy, we focused more on assessing
the influence of the extract on the inflammatory aspect of atherosclerosis. This study aimed
to determine the effect of two different doses (10 mg or 50 mg per kg of body weight,
respectively) of iridoid and anthocyanin-rich resin-purified Cornelian cherry extract on the
markers important in the progression of inflammation, cell proliferation, immune system
cells infiltration, and atherosclerotic lesion development in a cholesterol-rich diet rabbit
model. We assessed the levels of the above-mentioned markers: the mRNA expression of
MMP-1, MMP-9, IL-6, NOX, and VCAM-1 in the aorta, the serum concentrations of VCAM-
1, ICAM-1, PON-1, and MCP-1, and classic inflammation markers, such as C-reactive
protein (CRP) and procalcitonin (PCT).

2. Results

We have studied the effects of the oral administration of resin-purified Cornelian
cherry extract in a cholesterol-rich diet rabbit model on mRNA expression of MMP-1,
MMP-9, IL-6, NOX, and VCAM-1 in the aorta. Additionally, we have indicated the levels
of VCAM-1, ICAM-1, CRP, PON-1, MCP-1, and PCT in the serum.

2.1. Assessment of MMP-1, MMP-9, IL-6, NOX, and VCAM-1 mRNA Expression in the Aorta by
Real-Time PCR

When compared to the baseline, feeding a cholesterol-rich diet caused a significant
increase in the CHOL group compared to the P group in MMP-1 (p = 0.006), MMP-9
(p < 0.001), NOX (p = 0.023), and VCAM (p = 0.002) expressions. In the assessment, the IL-6
upregulation in the CHOL group was also observed but to a lesser extent (p = 0.056). In
the case of groups receiving the extract compared to the P group, significant increases in
the expression of the tested substances were observed in the following samples: MMP-1 (a
relevant difference in EXT 10 group, p = 0.019), MMP-9 (EXT 10 and EXT 50, respectively
p < 0.001 and p = 0.034) and VCAM (EXT 10 and EXT 50, respectively p < 0.001 and
p = 0.033). It is worth noticing that the determination of MMP-9 and VCAM expression
in the EXT 10 group showed higher levels than in the CHOL group compared to the P
group, while in the remaining cases, the increases were lower than those recorded in the
CHOL group.

When compared to the CHOL group, significant positive changes were observed in
the EXT 50 group in three out of the five analyses. The relevant decreases in expression
levels concerned MMP-1 (p = 0.005), IL-6 (p = 0.029), and NOX (p = 0.001). Although in the
MMP-9 and VCAM-1 assay, the statistical analysis did not show significance; a noticeable
favorable decrease in the EXT 50 group was observed. However, when comparing the
results of the EXT 10 group with the CHOL group, no relevant differences were obtained,
and the assessed levels were, as mentioned earlier, in some cases higher and, in other cases,
lower than in the CHOL group. The outcomes of the mRNA expression of MMP-1, MMP-9,
IL-6, NOX, and VCAM in the aorta testing are presented in Table 1 and Figure 1.
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Table 1. mRNA expression of MMP-1, MMP-9, IL-6, NOX, and VCAM-1 in the aorta. Values are
presented as mean ± SD.

Group MMP-1 MMP-9 IL-6 NOX VCAM-1

P 1.365 ± 0.918 1.082 ± 0.430 1.099 ± 0.400 1.153 ± 0.543 1.076 ± 0.429

CHOL 3.333 ± 2.709 3.556 ± 1.688 1.623 ± 0.921 1.971 ± 1.140 2.663 ± 0.787

EXT 10 3.017 ± 1.613 3.969 ± 1.287 1.125 ± 0.363 1.580 ± 0.995 2.807 ± 1.148

EXT 50 1.337 ± 0.885 2.470 ± 2.316 1.021 ± 0.606 0.757 ± 0.528 2.122 ± 1.872

SIMV 5 0.702 ± 0.335 0.773 ± 0.153 1.344 ± 0.518 0.553 ± 0.384 0.662 ± 0.266

 
(a) (b) 

 
(c) (d) 

Figure 1. Cont.
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(e) 

Figure 1. mRNA expression of MMP-1, MMP-9, IL-6, NOX, and VCAM-1 in the aorta. (a) MMP-1,
(b) MMP-9, (c) IL-6, (d) NOX, and (e) VCAM-1. P—standard chow; CHOL—standard chow + 1%
cholesterol; EXT 10—standard chow + 1% cholesterol + Cornelian cherry extract 10 mg/kg bw; EXT
50—standard chow + 1% cholesterol + Cornelian cherry extract 50 mg/kg bw; SIMV 5—standard
chow + 1% cholesterol + simvastatin 5 mg/kg bw Values are presented as mean ± SD. * p < 0.05 vs. P.
** p < 0.05 vs. CHOL.

2.2. Assessment of VCAM-1, ICAM-1, CRP, PON-1, MCP-1, and PCT Serum Levels by ELISA

When compared to the baseline, feeding a cholesterol-rich diet caused a significant
increase in the CHOL group compared to the P one in VCAM-1 (p < 0.001), ICAM-1
(p < 0.001), CRP (p < 0.001), PON-1 (p < 0.001), MCP-1 (p = 0.032), and PCT (p = 0.002)
groups, i.e., in the serum levels of all the ELISA-assessed compounds. In the groups
receiving the extract, the levels were also elevated compared to the P group but, in the vast
majority of cases, they were lower than in the CHOL group. The only exception was the
VCAM-1 concentration in the EXT 10 group, which was slightly higher than in the CHOL
group. Significant increases in the serum levels of the tested substances were observed
in the following samples: VCAM-1 (a relevant difference in EXT 10 and EXT 50 group,
respectively p < 0.001 and p = 0.026), CRP (EXT 10 and EXT 50, respectively p = 0.014 and
p = 0.005), PON-1 (EXT 10, p = 0.038), and PCT (EXT 10, p = 0.018).

When compared to the CHOL group, it was possible to notice a particularly positive
effect regarding the administration of the Cornelian cherry extract on the serum levels of
ICAM-1 and PON-1, where relevant differences were noted for both applied doses. The
following statistical analysis results were obtained for ICAM-1: EXT 10—p = 0.006 and EXT
50—p = 0.036; for PON-1: EXT 10—p = 0.010 and EXT 50—p < 0.001. In the case of VCAM-1,
MCP-1, and PCT, a significant reduction in the serum concentration was obtained in one of
the extract doses, with 50 mg/kg bw twice and 10 mg/kg bw once. The specific values of
the analysis results in comparison to the CHOL group are as follows: VCAM-1 (EXT 50,
p = 0.003), MCP-1 (EXT 10, p = 0.019), and PCT (EXT 50, p = 0.043). Only in the CRP study
were no significant differences observed; however, the levels of this compound in the extract
groups were noticeably lower, with a greater decrease in the EXT 10 group compared to the
CHOL group. The outcomes of the ELISA assessment of VCAM-1, ICAM-1, CRP, PON-1,
MCP-1, and PCT serum levels are presented in Table 2 and Figure 2.
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Table 2. Serum levels of VCAM-1, ICAM-1, CRP, PON-1, MCP-1, and PCT by ELISA method. Values
are presented as mean ± SD. VCAM-1, ICAM-1, CRP, PON-1, and PCT concentrations are expressed
as ng/mL and MCP-1 as pg/mL.

Group VCAM-1 ICAM-1 CRP PON-1 MCP-1 PCT

P 6.490 ± 0.923 0.381 ± 0.123 6.241 ± 3.039 20.700 ± 1.828 137.949 ± 34.880 0.750 ± 0.331

CHOL 8.421 ± 0.644 0.557 ± 0.121 14.734 ± 5.797 25.135 ± 1.868 180.805 ± 51.942 1.585 ± 0.524

EXT 10 8.532 ± 0.931 0.424 ± 0.064 11.720 ± 4.535 22.660 ± 1.880 133.751 ± 36.279 1.358 ± 0.649

EXT 50 7.310 ± 0.801 0.458 ± 0.059 12.568 ± 5.080 21.114 ± 1.904 150.531 ± 49.552 1.068 ± 0.665

SIMV 5 7.630 ± 0.648 0.405 ± 0.122 9.239 ± 5.052 19.684 ± 2.643 132.770 ± 41.303 0.850 ± 0.539

(a) (b) 

 
(c) (d) 

Figure 2. Cont.
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(e) (f) 

Figure 2. Serum levels of VCAM-1, ICAM-1, CRP, PON-1, MCP-1, and PCT by ELISA method.
(a) VCAM-1, (b) ICAM-1, (c) CRP, (d) PON-1, (e) MCP-1, and (f) PCT. P—standard chow;
CHOL—standard chow + 1% cholesterol; EXT 10—standard chow + 1% cholesterol + Cornelian
cherry extract 10 mg/kg bw; EXT 50—standard chow + 1% cholesterol + Cornelian cherry extract
50 mg/kg bw; SIMV 5—standard chow + 1% cholesterol + simvastatin 5 mg/kg bw Values are
presented as mean ± SD. * p < 0.05 vs. P. ** p < 0.05 vs. CHOL.

3. Discussion

In this study, we examined a cholesterol-fed rabbit model and the effects of administer-
ing two doses (10 mg/kg bw or 50 mg/kg bw) of resin-purified Cornelian cherry (Cornus
mas L.) extract on the mRNA expression of MMP-1, MMP-9, IL-6, NOX, and VCAM-1 in the
thoracic aorta and the serum levels of VCAM-1, ICAM-1, CRP, PON-1, MCP-1, and PCT,
which represent the compounds that may loom large in the pathogenesis and progress of
atherosclerotic lesions. The main conclusion of our study is that oral administration of
resin-purified Cornelian cherry extract has a positive, lowering impact on various markers
that are important in the progression of inflammation, cell proliferation and adhesion,
immune system cell infiltration, and atherosclerotic lesion development, which may con-
tribute to the limitation of the pathogenesis and development of atherogenesis-related
cardiovascular diseases, such as atherosclerosis or metabolic syndrome. The key findings
are that Cornelian cherry extract, particularly at a dose of 50 mg/kg bw, significantly
reduces the mRNA expression of MMP-1, IL-6, and NOX in the aorta and decreases the
serum levels of VCAM-1, ICAM-1, PON-1, MCP-1, and PCT. These findings allow us to
better understand the beneficial influence of Cornelian cherry extract on the formation of
atherosclerotic changes, which we reported on in our previous studies [27].

Metalloproteinases that play a key role in atherosclerotic plaque vulnerability and
rupture are, i.a., MMP-1 and MMP-9 [28]. Butoi et al. [29] found that crosstalk between
macrophages and smooth muscle cells precisely enhances the expression of MMP-1 and
MMP-9. One of the functions of MMPs is the generation of matrices—peptides originating
from the fragmentation of extracellular matrix proteins. Matrikines can substantially
impact inflammatory processes and atherosclerosis development due to their ability to alter
cellular migration, chemotaxis, and mitogenesis. Both MMP-1 and MMP-9 (also MMP-2,
MMP-8, and MMP-12) regulate, among others, the elastin peptide (val-gly-val-ala-pro-gly
matrikine) [30]. Elastin peptide may stimulate the enhancement of vascular intimal wall
thickness and wall diameter [31,32]. Moreover, Hu et al. proved that MMP-1 levels are
positively correlated with the occurrence of cardiovascular and cerebrovascular events in
the course of carotid atherosclerosis [33].
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In our study, we observed an increase in the expression of MMP-1 and MMP-9 mRNA
in the aorta in the CHOL group, which is consistent with the data described above,
as well as a decrease in the expression level of MMP-1 and MMP-9 in the case of the
50 mg/kg bw dose application, with a statistically relevant difference in the MMP-1 level.
However, in the case of a dose of 10 mg/kg bw, there was a slight mitigation (MMP-1) and
a slight enhancement (MMP-9) in expression compared to the CHOL group. It appears
that these relatively small disparities can be considered as within the statistical error, and it
is allowed to assume that the lower dose of the extract is too small to obtain a noticeable
effect on the expression level of the enzymes tested. On the other hand, the higher dose
of the extract reduces the occurrence of the factors generating an increase in the level of
metalloproteinases, i.e., oxidative stress or inflammation, thus demonstrating a beneficial
effect on the development and stability of atherosclerotic lesions resulting from a diet
rich in cholesterol. Most of the studies conducted so far on the impact of the extract or
active compounds obtained from the genus Cornus on metalloproteinases mainly concern
MMP-3 and MMP-13 [34–37], and a diminution in the expression of these enzymes was
also observed; ergo, our results are consistent with the earlier outcomes, concomitantly
expanding the knowledge on this subject.

As for the adhesion molecules tested, we observed the mitigation of expression of
VCAM-1 in the aorta (dose of 50 mg/kg bw) and the depletion of VCAM-1 (dose of
50 mg/kg bw) and ICAM-1 (both the dose of 10 mg/kg and 50 mg/kg bw) concentrations
in the serum. Interestingly, we noted a slight augmentation of VCAM-1 expression in
the aorta and serum concentration in the case of the 10 mg/kg bw dose of the extract
(which additionally confirms the consistency of the results received) and the concomitantly
stronger beneficial effect of this dose on ICAM-1 serum concentration. This variable impact
of the 10 mg/kg bw dose on both of the adhesion molecules requires further research.
However, it can be overall admitted that Cornelian cherry extract reduces the levels of
VCAM-1 and ICAM-1. Similar results were obtained in a human model by Kang et al. [38]
with cornuside—an iridoid glucoside isolated from the fruits of Cornus officinalis, where
the suppression of both molecules was also observed. It is worth mentioning that, in a
review of the available literature, we found only this one study assessing the effect of the
raw materials obtained from the genus Cornus on VCAM-1 and ICAM-1.

During one of the initial phases of atherosclerosis, the recruitment of inflammatory
cells from the circulation and their transendothelial migration was observed. Cellular adhe-
sion molecules, which appear on the vascular endothelium and the circulating leukocytes
in response to various inflammatory factors, play a major role in this process. Both VCAM-1
and ICAM-1 induce the potent adhesion of inflammatory cells to the surface of blood
vessels. The expression of these molecules is, consequently, apparent in atherosclerotic
plaques [9]. VCAM-1 expression is enhanced in endothelial cells under proinflammatory
conditions, as observed in the early stages of atherosclerosis [39]. Moreover, VCAM-1
may be associated with the severity of atherosclerosis and the prediction of cardiovascular
disease [8]. Similarly, although ICAM-1 is constitutively present in endothelial cells, its
expression is significantly enhanced in inflammatory conditions by proinflammatory cy-
tokines. The endothelial expression of ICAM-1 is increased in atherosclerotic tissue and
animal models of atherosclerosis. Elevated levels of the circulating or soluble form of
ICAM-1 are observed in various body fluids in patients with atherosclerosis, heart failure,
coronary artery disease, and transplant vasculopathy. ICAM-1 directly contributes to in-
flammatory responses within the blood vessel wall by increasing endothelial cell activation
and augmenting atherosclerotic plaque formation [40]. It also plays an essential role in the
regulation of vascular permeability [41].

In our previous work [27], we reported that a diet rich in cholesterol results in an
increase in PPAR-alpha and PPAR-gamma expression in the aorta, and feeding the Cor-
nelian cherry extract lowers the levels of expression of both of these transcription factors.
Currently, we proved that the expression of VCAM-1 in the aorta and serum concentrations
of VCAM-1 and ICAM-1 also decreased from the use of the extract. Meanwhile, Wei
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et al. [1] informed that VCAM-1-targeted and PPAR-delta-agonist-loaded nanomicelles had
a suppressing effect on apoptosis and the migration of oxidized LDL-C-induced human
aortic vascular smooth muscle cells. It can therefore be hypothesized that the application of
Cornelian cherry extract may be, to a certain extent, a comparable and valuable alternative
to the above therapeutic approach, as well as a natural and feasibly cheaper treatment
option for compounds obtained using synthetic or biotechnological methods, which are
based on curative effects on the expression levels of receptors from the PPAR group and
adhesion molecules, including VCAM-1.

In the reported study, we measured the expression levels in the aorta of IL-6, which
belongs to proinflammatory and proatherogenic cytokines [42]. The administration of
Cornelian cherry extract at a dose of 50 mg/kg bw caused a relevant reduction in Il-
6 expression compared to the CHOL group. Interestingly, the level of IL-6 in the EXT
50 group turned out to be lower than in the positive control, i.e., the SIMV 5 group. This is
a very favorable alteration as an elevated level of IL-6 is associated with cardiovascular
risk [43,44]. It was proven that IL-6 signaling has a causative role in atherothrombosis [45].
A diminution in IL-6 level was also observed in at least a few other studies, but these
mainly concerned Cornus officinalis rather than Cornus mas [46–50].

Chronic inflammation is a major contributor to age-related atherosclerosis. This may
result from the associated increase in the aging of adipocytes in the bone marrow accom-
panied by an elevation of proinflammatory cytokines, including IL-6, and the synergy
between the myeloid cells of the immune system and the vasculature via IL-6 signaling.
Currently, the clinically approved agents that target this pathway (such as anti-IL-6 thera-
pies) are already available and could reduce the risk of cardiovascular disease in elderly
people [51,52]. Due to its ability to reduce the level of IL-6 expression, Cornelian cherry
extract may constitute a valuable supplement for such therapy.

One of the most important reactive oxygen species that produce enzymes is the NOX
group. In physiological conditions, NOX presents a low basal activity in blood vessels [53].
The augmentation of NOX-derived ROS is mainly caused by cytokines, growth factors,
or high glucose levels and plays a key role in the pathogenesis of atherosclerosis [3]. In
our study, we observed a significant increase in the level of NOX expression in the aorta
in the CHOL group compared to the P group. Expression levels were lower in the extract
groups, with the EXT 50 group noting a relevant difference compared to the CHOL group
and similar to that observed in the simvastatin group. The fundamental NOX feature is the
generation of reactive oxygen species in the vascular cells and in the circulating immune
cells interacting with the blood vessels. While the physiological production of NOX-derived
ROS contributes to the maintenance of vascular homeostasis, the hyperactivity of NOX
triggers oxidative stress. In atherosclerosis, lipid peroxidation induced by activated NOX is
highly deleterious and expands the free radical reactions [54,55].

Iridoids and anthocyanins possess considerable antioxidant activity. It is both indirect,
through the stimulation of the antioxidant defense system, and direct, through the removal
of reactive oxygen species. As for NADPH oxidase, it was shown that iridoids might
modulate the AMPK/NOX4/PI3-K/AKT pathway, and anthocyanin metabolites may
alter NOX activity in the endothelium [24]. The elevated level of LDL-C often observed
in the course of atherosclerosis results in the increased binding of LDL-C and increased
uptake by cell surface LDL receptors and may be responsible for the direct activation of
NOX. NOX-generated superoxide stimulates lipid endocytosis, thus promoting plaque
formation [3]. Therefore, it can be hypothesized that one of the factors that contributed to
the diminished NOX expression in the extract groups was the lower LDL-C concentration
when compared to the CHOL group, showed in our previous report [27]. The limited
activity of NOX enzymes could have contributed to a reduction in ROS production, which
may be confirmed by the favorable changes observed in the case of other markers, directly
or indirectly, dependent on oxidative stress, as described in this article.

In two different studies of the active ingredients isolated from Corni fructus by
Park et al., a positive impact on NOX levels was confirmed. 7-O-galloyl-D-sedoheptulose
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reduced the renal protein expression of NOX-4 and one of the subunits of NADPH
oxidase-p22(phox) [56], while the administration of loganin led to a significant decrease
in the expression of both NOX-4 and p22(phox) in the liver of diabetic db/db mice [57].
Comparable results were obtained among others by Lee et al. [58], Chen et al. [59], and
Fang et al. [60].

Although the C-reactive protein (CRP) level enhances after various unspecific inflam-
matory stimuli, it is also considered one of the leading biomarkers of cardiovascular risk
prediction [45]. Concomitantly, it is ambiguous to state whether CRP itself plays any causal
role in atherogenesis [61]. In the CHOL group, we noted a significant increase in serum
CRP level compared to the P group. In the groups fed with the extract, the CRP concentra-
tions were slightly lower (and lesser in the EXT 10 group), but were still essentially higher
compared to the control group. Thus, a certain positive trend of extract administration
can be noticed, but the final result obtained in our model is relatively modest. Similarly,
no significant differences in C-reactive protein levels between the studied groups were
determined in the Cornus mas randomized controlled trial [62].

A variety of studies have been performed to investigate the clinical relevance of
PON-1 in cardiovascular disease, diabetes, cancer, or neurologic diseases; however, the
received data are still insufficient and, in some cases, contradictory [63]. Nonetheless,
Kunutsor et al. [64] stated that there is an approximately log-linear inverse association
between PON-1 activity and CVD risk, which is partly dependent on HDL-C levels. Addi-
tionally, Gautier et al. recently confirmed the association between an increase in HDL-C
level and PON-1 activity and a decrease in lipid oxidation markers [65].

In the assessment of serum PON-1 level, we obtained a significant reduction in the
extract-fed groups compared to the CHOL group (greater in the EXT 50). It is worth
noting that, while in the case of the EXT 10 group, the measured level was still essentially
higher than in the control group, the concentration of PON-1 in the EXT 50 group was
comparable to that determined in the P group. In a previous study, we found that there is a
noticeable dose-dependent impact of Cornelian cherry extract on cholesterol fraction levels
(reduction in LDL-C and augmentation of HDL-C), although these changes, at least in the
doses applied, are not statistically significant compared to the CHOL group. Nevertheless,
they constitute the starting point for the assessment of serum PON-1 concentration in the
present study, and the obtained results are a logical consequence of the earlier ones. A more
substantial increase in HDL-C was observed in the case of a 50 mg/kg bw dose translates
into the greater activity of HDL-associated PON-1, which results in a boost in LDL-C
hydrolysis and a more significant reduction in its level in the serum. To our knowledge, to
date, only one study of the effects of Cornus mas on PON-1 has been carried out and resulted
in the opposite to our outcomes [66]. This supports the above-mentioned statement about
the insufficient and contradictory data on PON-1 and the necessity for further research.

For the monocyte chemotactic protein-1 MCP-1, we noted lower serum levels than
in the CHOL group for both doses of the extract, and interestingly, the difference was
significant in the EXT 10 group. It is also worth mentioning that the MCP-1 level obtained
in EXT 10 group was almost identical to that in the positive control group, SIMV 5. MCP-
1, also referred to as chemokine (C-C motif) ligand 2 (CCL2), is expressed by mainly
inflammatory and endothelial cells [67]. This chemokine regulates monocyte chemotaxis
and T-lymphocyte differentiation and plays a crucial role in the pathogenesis of various
inflammatory diseases, atherosclerosis, and cancer [68]. Its level is upregulated as a result
of proinflammatory stimuli and the tissue injury associated with atherosclerotic lesions [67].
According to one of the recent studies on inflammatory atherosclerosis pathogenesis,
isolated human monocytes, via trained immunity induced by the primary stimulation of
ox-LDL during secondary stimulation with agonists of toll-like TLR2 and TLR4 receptors,
showed an increase in the production of proinflammatory cytokines such as TNF-alpha,
interleukins -6, -8, and -18 and precisely the MCP-1 chemokine [69].

The explanation for the beneficial effect of the extract on the level of MCP-1 may be due
to the fact that it is rich in compounds from the anthocyanin group. Anthocyanins mediate
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the redox state and inflammation via various pathways. One of the most important factors
is the elevation of the Nrf2 factor, the nuclear factor erythroid 2-related factor 2. It is an
inducible, specific transcription factor that is a key regulator of many antioxidant responses.
The Nrf2 factor contributes, among others, to a reduction in MCP-1 levels [24,70]. Other
available reports on the impact of compounds or derivatives acquired from the Cornus
genus are consistent with our results and confirm the MCP-1 lowering effect [38,49,57,71,72].
A separate matter is the fact that, in our study, the lower dose of the extract appeared to
be more effective. Whether the obtained outcome is either a result of the adopted model,
e.g., its length, feeding pattern, or the laboratory animals used, or results directly from the
doses of the extract applied is an issue that certainly requires additional clarification.

Procalcitonin (PCT) is considered a classic marker of inflammation and is, therefore,
useful in determining the pathogenesis of atherosclerosis as an inflammatory-grounded
disease. We observed a significant increase in PCT levels in the CHOL group compared to
the P group. In the EXT 10 group, the augmentation was also significant, but in the EXT
50 group, we noted a relevant decrease in PCT levels compared to the CHOL group. Under
physiological conditions, procalcitonin is a precursor of calcitonin, i.e., a thyroid hormone
involved in the regulation of calcium and phosphate metabolism in the body. However,
PCT also plays a very important role in pathological conditions, being a sensitive marker of
inflammation. In the course of an inflammatory reaction, procalcitonin is synthesized, i.a.,
by macrophages, monocytes, and hepatocytes; therefore, the evaluation of its level may be
a relatively simple way of assessing the presence of inflammation in the body. Procalcitonin
is suggested to be a useful marker for the assessment of inflammation related to atheroscle-
rosis or metabolic syndrome and a risk factor for future cardiovascular events [73,74]. It
is associated with several other established cardiovascular risk factors, such as C-reactive
protein, hypertension, diabetes, and renal function, which limits the value of PCT as an
independent cardiovascular risk predictor. PCT is also inversely correlated with HDL-C
levels [75]. Additionally, procalcitonin concentration may be a useful instrument for assess-
ing carotid wall thickening and stenosis in ischemic stroke and also the severity of coronary
artery disease (CAD) [73,76].

As mentioned, the use of PCT as an individual marker for the assessment of car-
diovascular diseases is limited; therefore, the determination of another classical marker
of inflammation, for example, CRP, is often performed as well. Interestingly, the level
of procalcitonin is usually elevated at earlier stages of pathogenesis than in the case of
CRP [77,78]. This may explain the results we obtained: a more significant difference in
the levels of PCT than CRP as the 60-day model of feeding with a cholesterol diet and
administration of Cornelian cherry extract can be considered relatively short when con-
sidering the development of chronic inflammatory diseases such as atherosclerosis, and
it can be discussed as a limitation of the experiment. However, to our knowledge, this is
the first study to assess the effect of Cornus-derived products on PCT levels, so despite
its limitations, it is certainly an important step forward in broadening the knowledge in
this aspect.

Another examination constraint worth mentioning is the application of two doses
of the extract, which in the case of assessing as many parameters as there were in the
described study, limits to a certain extent the possibility of a proper dose-dependence
determination in comparison to, for example, using three doses. On the other hand, the
strength of our study is that we assessed the impact of Cornelian cherry extract on the
parameters for which there are relatively few reports or no reports at all. In addition, we did
not observe any side effects during the experiment, which, combined with a relatively large
number of significant changes in the levels of parameters evaluated, presents Cornelian
cherry extract as a promising therapeutic alternative in the prevention and treatment of
atherogenesis-related diseases.
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4. Materials and Methods

4.1. Animal Model

In the current study, we used biobank blood and liver samples that were collected
during the original experiment described in our previous article [27]. A total of 50 sexually
mature male New Zealand rabbits aged 8 to 12 months were used in the 60-day experi-
ment. The animals were housed in individual chambers with temperatures maintained at
21–23 ◦C. After four weeks of acclimatization and observation, the rabbits were randomly
divided into 5 groups of 10 animals. The animals in group P were fed the standard chow
for rabbits. Animals in other groups: CHOL, EXT 10, EXT 50, and SIMV 5 were fed with
the standard chow enriched with 1% cholesterol. During the experiment, rabbits had free
access to drinking water and received the same daily portion of chow (40 g/kg). Once daily,
in the morning, for the consecutive 60 days of the study, the following substances were
administered orally to the rabbits: groups P and CHOL—normal saline solution, group
EXT 10—Cornus mas L. extract 10 mg per kg bw, group EXT 50—Cornus mas L. extract
50 mg per kg bw, and group SIMV 5—simvastatin 5 mg per kg bw as a positive control.
The feeding schema is presented in Table 3.

Table 3. Experimental groups and the feeding schema used in the experiment.

Group Chow Dose of Tested Substance

P standard chow none
(normal saline solution)

CHOL standard chow
+1% cholesterol

none
(normal saline solution)

EXT 10 standard chow
+1% cholesterol

Cornelian cherry extract
10 mg/kg bw

EXT 50 standard chow
+1% cholesterol

Cornelian cherry extract
50 mg/kg bw

SIMV 5 standard chow
+1% cholesterol simvastatin 5 mg/kg bw

Blood samples were taken from each animal at the beginning and the end of the
experiment from the marginal vein of the ear or the saphenous vein. At the end of the
study, the rabbits were put under terminal anesthesia. The aortas were harvested afterward
and cleaned, then frozen and stored at −70 ◦C pending further analysis.

4.2. Plant Materials and Preparation of Extract

The research material was resin-purified Cornelian cherry fruit extract (Cornus mas L.).
Fruits were collected at the Arboretum and the Institute of Physiography in Bolestraszyce,
Poland. Before analysis, fruits were stored at−20 ◦C. The herbarium specimen (BDPA 3967)
was authenticated and deposited at the Herbarium of the Arboretum and the Institute of
Physiography in Bolestraszyce, Poland.

Frozen ripe Cornus mas L. fruits were ground and heated for 5 min at 95 ◦C with Ther-
momix (Vorwerk, Wuppertal, Germany). The pulp was cooled to 40 ◦C and depectinized
at 50 ◦C for 2 h by adding 0.5 mL of Panzym Be XXL (Begerow GmbH & Co., Darmstadt,
Germany) per 1 kg. After depectinization and pitting, the pulp was pressed in a laboratory
hydraulic press (Zodiak, SRSE, Warsaw, Poland). The pressed juice was then filtered and
passed through an Amberlite XAD-16 resin column (Rohm and Haas, Chauny Cedex,
France). The impurities were rinsed with distilled water, while the pigments and iridoids
were eluted with 80% ethanol. The eluate was concentrated under a vacuum at 40 ◦C. The
solvent was evaporated using Rotavapor (Unipan, Warsaw, Poland). The concentrated dye
and iridoid extract was purified with ethyl acetate to remove nonpolar impurities and other
flavonoids. The purification procedure was repeated three times. A sample of the purified
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compounds was concentrated under a vacuum at 40 ◦C and lyophilized (Alpha 1-4 LSC,
Christ, Germany) [79].

The main active ingredients of the obtained extract were iridoids, anthocyanins, phe-
nolic acids, and flavonols. The quantitative composition of compounds in the EXT was
determined by the HPLC-PDA method [80] and presented in our previous study [27].

4.3. RNA Isolation, Reverse Transcription, and Assessment of mRNA Expression of MMP-1,
MMP-9, IL-6, NOX, and VCAM-1 in the Aorta by Real-Time PCR

Total RNA was isolated from studied tissue samples with RNeasy Fibrous Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s protocol. To eliminate genomic
DNA contamination, on-column DNase digestion was performed using RNase-Free DNase
Set (Qiagen, Hilden, Germany). Quantity and purity of RNA samples were assessed by
measuring the absorbance at 260 and 280 nm with a NanoDrop1000 spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA). First-strand cDNA was synthesized using
the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA,
USA) as described in the protocol. The mRNA expression of MMP-1, MMP-9, IL-6, NOX,
and VCAM-1 was determined by quantitative real-time PCR with 7500 Real-Time PCR
System and Power SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the reference gene. The
reactions were performed with RT2 qPCR Primer Assays (Qiagen, Hilden, Germany) for
rabbit MMP-1 (PPN00411A), MMP-9 (PPN00307A), IL-6 (PPN00115A), NOX (PPN00200A),
VCAM-1 (PPN00241A), and GAPDH (PPN00377A). All the reactions were performed in
triplicates under the following conditions: activation of the polymerase at 50 ◦C for 2 min,
initial denaturation at 94 ◦C for 10 min, and 40 cycles of denaturation at 94 ◦C for 15 s
followed by annealing and elongation at 60 ◦C for 1 min. The specificity of the PCR was
determined by melt–curve analysis for each reaction. The relative mRNA expression of the
examined factors was calculated with the ΔΔCt method.

4.4. Quantification of Serum Levels of VCAM-1, ICAM-1, CRP, PON-1, MCP-1, and PCT by
Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA method was used in the evaluation of serum levels of VCAM-1 (Rabbit VCAM-1
ELISA kit, CSB-E10092Rb, Cusabio Technology LLC, Houston, TX, USA), ICAM-1 (ELISA
kit for Rabbit ICAM-1, ERB0114, Fine Test, Wuhan Fine Biotech Corp., Wuhan, China), CRP
(C Reactive Protein Rabbit ELISA Kit, AB157726-1X, Abcam, Cambridge, UK), PON-1 (Elisa
kit PON1 Rabbit, E0011Rb, Bioassay Technology Laboratory, Shanghai, China), MCP-1
(ELISA kit for Rabbit MCP-1, ERB0074, Fine Test, Wuhan Fine Biotech Corp., Wuhan,
China) and PCT (ELISA kit for Rabbit PCT, ERB0144, Fine Test, Wuhan Fine Biotech Corp.,
Wuhan, China). All tests were performed according to the manufacturer’s instructions. All
concentrations were expressed as ng/mL or pg/mL.

4.5. Statistical Analysis

Parametric data were expressed as mean ± standard deviation (mean ± SD). The sta-
tistical analysis was conducted using Statistica v. 13.3 software (TIBCO Software Inc., Palo
Alto, CA, USA). One-way analysis of variance (ANOVA) with least significant difference
(LSD) Fisher’s post hoc test was performed for a comparison between multiple groups. The
p-values < 0.05 were considered statistically significant. Graphical representations of the
statistical data were created using the Statistica v. 13.3 software (TIBCO Software Inc., Palo
Alto, CA, USA).

5. Conclusions

The application of the iridoid and anthocyanin-rich resin-purified Cornelian cherry
extract in a cholesterol-rich diet rabbit model resulted in a significant reduction in MMP-1,
IL-6, and NOX mRNA expression in the aorta and a decrease in VCAM-1, ICAM-1, PON-1,
MCP-1, and PCT serum levels, especially in the case of the 50 mg/kg bw dose. The results
obtained, in conjunction with no observed side effects, indicate the potential usefulness of
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the Cornelian cherry extract either in the prevention or treatment of atherogenesis-related
cardiovascular diseases, such as atherosclerosis or metabolic syndrome.
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Szeląg, A.; et al. Cornelian cherry consumption increases the L-arginine/ADMA ratio, lowers ADMA and SDMA levels in the
plasma, and enhances the aorta glutathione level in rabbits fed a high-cholesterol diet. J. Funct. Food. 2017, 34, 189–196. [CrossRef]
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77. Kraśniak, A.; Drozdz, M.; Pasowicz, M.; Chmiel, G.; Kowalczyk-Michałek, M.; Szumilak, D.; Podolec, P.; Klimeczek, P.;
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Abstract: A new flexible germacranolide (1, lobatolide H) was isolated from the aerial parts of
Neurolaena lobata. The structure elucidation was performed by classical NMR experiments and DFT
NMR calculations. Altogether, 80 theoretical level combinations with existing 13C NMR scaling factors
were tested, and the best performing ones were applied on 1. 1H and 13C NMR scaling factors were
also developed for two combinations utilizing known exomethylene containing derivatives, and the
results were complemented by homonuclear coupling constant (JHH) and TDDFT-ECD calculations
to elucidate the stereochemistry of 1. Lobatolide H possessed remarkable antiproliferative activity
against human cervical tumor cell lines with different HPV status (SiHa and C33A), induced cell
cycle disturbance and exhibited a substantial antimigratory effect in SiHa cells.

Keywords: natural product; stereochemistry; NMR shift parameter development; DFT calculations;
ECD calculations; antiproliferative activity; antimigratory effect

1. Introduction

Sesquiterpene lactones (SLs) constitute a large and diverse group of biologically ac-
tive plant specialized metabolites that have been identified in several plant families. The
greatest numbers are found in the family Asteraceae with over 3000 reported different
structures [1–3]. They are primarily classified on the basis of their carbocyclic skeletons.
From over 40 structural types of sesquiterpene lactones known to date, the most widespread
are germacrane, guaiane, eudesmane, and pseudoguaiane [4]. An important structural fea-
ture of the SLs is the presence of a γ-lactone ring containing in many cases an α-methylene
group. The biological activity (e.g., cytotoxic [1,5–8], anti-inflammatory [2,9–11]) of SLs is
mainly due to the presence of this structural element [12–14]. Furthermore, there are also
reports on neuroprotective [15,16], antimicrobial [17] or antiparasitic [18,19] activities of
SL derivatives.

Neurolaena lobata (L.) R.Br. ex Cass. (Asteraceae) is a perennial plant occurring mainly
in Central and South America. It is a rich source of SLs; previously 24 sesquiterpenes,
among them 22 SLs having germacranolide, seco-germacranolide, furanoheliangolide and
eudesmanolide skeletons were isolated from the aerial parts of the plant. Several of them
possessed remarkable antiproliferative and anti-inflammatory activities [20–24].

Int. J. Mol. Sci. 2023, 24, 5841. https://doi.org/10.3390/ijms24065841 https://www.mdpi.com/journal/ijms276
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Although DFT NMR calculations of 1H and 13C chemical shifts and the associated sta-
tistical methods [25,26] are a powerful tool which allowed the structure elucidation [27–30]
or even structure revision [31–34] of a large number of natural and synthetic derivatives,
they have several limitations [26,33,35,36]. Regardless of one’s aims to apply a scaling
factor approach or an inner reference approach, for a successful determination of the
relative/absolute configuration, the difference between the experimental values of the
sample and computed data of the correct isomer should be small, while the wrong isomers
should show larger differences from the experimental data. It is known that some atoms or
groups can cause large deviations in the computed values, preventing a good reproduction
of the experimental NMR data in the vicinity [37,38]. If there is no chirality center next
to the problematic atom or group, one can neglect the highly affected atoms, which is
usually applied for the training sets, too [27]. If the problematic region is far from the
chirality center(s) to be determined, even truncated models can be applied for the NMR
calculations [28,29,39]. There are, however, a few examples in the literature, where even
for rather problematic cases, such as halogen atoms, well performing scaling factors could
be prepared [40]. Exomethylene groups are less problematic than halogen atoms, but still
capable of exerting a distortion of several ppm, which is comparable with the difference
between the possible stereoisomers and, hence, thwarts a safe assignment [24,41,42]. For
example, in our previous study on lobatolide derivatives, the 13C NMR chemical shift
data of lobatolide A could be well reproduced, but for most of the other exomethylene
containing lobatolides, large differences were found in the vicinity of the exomethylene
group preventing utilization of the calculated NMR scaling factors in structure elucida-
tion [24]. Since a large number of level combinations with NMR scaling factors are already
available in the literature [27,43], and for some of them, even exomethylene containing
derivatives were considered in the training set [41], we hoped to find a few well applicable
combinations for germacranolides including the novel flexible natural product (1). On
the other hand, the vast majority of the combinations found in the literature apply B3LYP
or other classical functionals for DFT optimization, and almost all combinations were
prepared for gas-phase optimized conformers [44]. These combinations can work well for
rigid molecules, but for open chain compounds or macrolides with high flexibility they can
be problematic [45,46]. To this end, we developed scaling factors by applying the ωB97XD
long-range corrected hybrid functional [47,48] for geometry optimization both in vacuo
and with SMD (solvation model based on density) for chloroform.

2. Results and Discussion

Multistep chromatography of the dichloromethane-soluble phase of the methanolic ex-
tract prepared from the aerial parts of N. lobata resulted in the isolation of a pure compound
(1, Figure 1). The structure elucidation of 1 was carried out by one- and two-dimensional
NMR spectroscopy (1H–1H COSY, HSQC, HMBC and NOESY) and HRESIMS experiments
and TDDFT-ECD calculations.

 

Figure 1. Structures of the novel compound (1) and the known NMR test compounds (2, volenol, and
3, 8β-isovaleroyloxyreynosin) isolated from N. lobata. Blue indicates the problematic chirality centers.
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Compound 1 (lobatolide H) was isolated as a yellow gum with [α]27
D + 31 (c 0.1,

CHCl3). Its HRESIMS displayed a quasi-molecular ion peak at m/z 349.2012 [M + H]+

(calcd. for 349.2010), indicating the molecular formula C20H28O5. The 1H and 13C NMR
spectra of 1 showed the presence of an isovaleroyl group (Table 1). Additionally, the
1D and 2D NMR spectra (Figures S1–S6) exhibited that this compound is very similar to
the germacranolide-type sesquiterpene lactone 2α-hydroxy-8β-isovaleroyloxycostunolide,
isolated previously from Helianthus gracilentus (Asteraceae) [49]. The 13C NMR data of the
two compounds were completely in agreement. Only two differences could be detected
between the two compounds. Firstly, the positions of the double bonds differ. These were
present at C-3–C-4 and C-9–C-10 in 1, but at C-4–C-5 and C-1–C-10 in 2α-hydroxy-8β-
isovaleroyloxycostunolide. Secondly, the orientation of OH-2 group in 1 differs from the
proposed α-orientation of this substituent in case of the costunolide derivative. The position
of the double bond was proved by 1H-1H COSY correlations. The 1H-1H COSY spectrum
defined two structural fragments with correlated protons: –CH2-CH(OH)-CH= (A) (δH
2.72, 2.07, 4.75, 5.25) (C-1–C-3) and –CH2–CH(OR)–CH(R)–CH(OR)–CH= (B) (δH 2.76, 2.32,
5.76, 2.93, 5.50, and 4.98) (C-5–C-9). These two structural parts, tertiary methyls (δH 1.79
and 1.53), and quaternary carbons (δC 135.1, 136.4, 142.7, and 169.4) were connected by
inspection of the HMBC correlations. The two- and three-bond correlations between the
quaternary carbon C-4 and H-2, H-5a, H-6, and H-15; between C-10 and H-1a, H-1b, H-8,
and H-14; and between C-7 and H-13a, H-13b revealed the presence of a germacranolide-
3,9-diene structure substituted with a hydroxy group at C-2, and an isovaleroyloxy group
at C-8.

Table 1. 1H and 13C NMR data of compound 1 in CDCl3 (δ in ppm, mult. J in Hz).

Position 1H 13C

1a 2.72 dd (11.0, 5.9) 48.6
1b 2.07 m
2 4.75 td (9.8, 5.9) 69.2
3 5.25 d (9.8) 133.9
4 - 135.1
5a 2.76 dd (14.3, 5.1) 44.0
5b 2.32 dd (14.3, 1.6)
6 5.76 brd (5.1) 70.8
7 2.93 d (7.9) 52.9
8 5.50 t (9.9, 7.9) 75.3
9 4.98 brd (9.9) 129.3
10 - 142.7
11 - 136.4
12 - 169.4

13a 6.30 d (3.2) 121.2
13b 5.60 d (3.2)
14 1.79 s 18.7
15 1.53 s 20.0

8-iVal
1′ - 171.8
2′ 2.15–2.17 m (2H) 43.3
3′ 2.05 m 25.4
4′ 0.92 d (6.2) 22.3
5′ 0.90 d (6.3) 22.3

The β-orientation of the 2-OH and 8-isovaleroyl group was indicated by the NOE
correlations between H-2/H-1a, H3-14; H3-14/H-1a, and H-8; and H-8/H-2. The E con-
figuration of the olefinic bonds was demonstrated by the NOESY cross-peaks between
H-14/H-1α and H-9/H-1β, and between H-15/H-2α and H-3/H-1β. All the above data
suggested lobatolide H to have the structure 1.
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Although NOE correlations work well in smaller rings, for flexible systems or macrolides
one should be careful with the interpretations to avoid misassignments [24,50,51]. Therefore,
we tested a large number of available DFT NMR methods, developed parameters for two
combinations and augmented the NMR studies with TDDFT-ECD calculations to verify the
stereochemistry of 1. To help the reader navigate between the tested and developed NMR
chemical shift scaling factor combinations, we named approach A the test of three known DFT
combinations on lobatolide H (1), which we used successfully lately on various heterocycles,
including lobatolides A and B [24,28,29,52,53]. In approach B we tested 80 available combina-
tions first on the known derivative volenol (2, step 1), and then the best performing ones on
8β-isovaleroyloxyreynosin (3, step 2) and 1 (step 3). In approach C we developed chemical
shift scaling factors for two further combinations based on eleven exomethylene containing
derivatives and tested them for 2, 3 and 1.

Approach A

Since in our previous work we could predict the 13C chemical shifts of lobatolides A
and B with a good approximation but encountered problems for other lobatolide deriva-
tives [24], we tested three DFT combinations with available scaling factors on 1, namely,
the mPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p) [27], the mPW1PW91/6-311+G(2d,p)
SMD/CHCl3//B3LYP/6-31+G(d,p) [27] and the mPW1PW91/6-311+G(2d,p) SMD/CHCl3//
mPW1PW91/6-311+G(2d,p) SMD/CHCl3 [54] combinations, which were successfully utilized
by us for other derivatives, recently [28,29,52,53]. The absolute configuration of the C-6, C-7
and C-10 chirality centers seems to be biosynthetically conserved in lobatine and related
derivatives if applicable; thus, four possible diastereomers of 1 were considered with different
configurations at the C-2 and C-8 chirality centers, namely, (2R,6R,7S,8R)-1, (2R,6R,7S,8S)-1,
(2S,6R,7S,8R)-1 and (2S,6R,7S,8S)-1. The experimentally most plausible isomer, (2S,6R,7S,8R)-
1, was denoted as isomer 1, (2R,6R,7S,8R)-1 as isomer 2, (2R,6R,7S,8S)-1 as isomer 3 and
(2S,6R,7S,8S)-1 as isomer 4. The results obtained at the three combinations were contradictory
(Tables 2 and S3–S5). While the mPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p) level
suggested isomer 2, the mPW1PW91/6-311+G(2d,p) SMD/CHCl3//B3LYP/6-31+G(d,p)
level gave similarly good results for isomer 1 and isomer 2, and only isomer 4 yielded
a considerably higher mean absolute error (MAE) value. The mPW1PW91/6-311+G(2d,p)
SMD/CHCl3//mPW1PW91/6-311+G(2d,p) SMD/CHCl3 level gave similar results to
mPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p), preferring isomer 2 and rating isomer 1

the second best. The DP4+ [26] results suggested isomer 2 with two combinations and isomer

1 with 1 combination as the most plausible structure, but in the latter case, both isomer 2 and
isomer 3 had considerable possibilities. It is important to note here, that ECD calculations
allow exclusion of isomer 3 (vide infra).

Table 2. MAE and DP4+ results calculated from the 13C isotropic shielding constants of the four
possible diastereomers of 1 vs. the experimental data of the naturally occurring 1 determined by
three usually well performing combinations of theoretical levels.

NMR Level//DFT Optimization Level
MAE (Isomer 1; Isomer 2; Isomer 3,

Isomer 4)
sDP4+ (Isomer 1; Isomer 2; Isomer 3,

Isomer 4)

mPW1PW91/6-311+G(2d,p)//B3LYP/6-
31+G(d,p) 2.32; 2.10; 2.57; 2.49 5.28%; 93.00%; 0.25%; 1.47%

mPW1PW91/6-311+G(2d,p)
SMD/CHCl3//B3LYP/6-31+G(d,p) 2.06; 2.07; 2.16; 2.34 55.91%; 30.41%; 12.46%; 1.22%

mPW1PW91/6-311+G(2d,p)
SMD/CHCl3//mPW1PW91/6-311+G(2d,p)

SMD/CHCl3
2.15; 1.89; 2.38; 2.41 3.40%; 96.26%; 0.19%; 0.16%

Approach B

Parallel with approach A, we also performed a three-step test for a large number
of DFT combinations with available NMR chemical shift parameters. In the first evalua-
tion step, 79 combinations were selected from the CHESHIRE Chemical Shift Repository
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database as of 5 October 2018 [27,43,44,55–57]. Basically, all combinations were selected
with available 13C NMR scaling factors that were developed with reference to experi-
mental data measured in CDCl3 and either in gas-phase or based on Gaussian 09 solvent
model calculations. (Solvent model implementations in previous versions of the soft-
ware package were different; therefore, parameters developed with earlier versions are
not comparable with calculations obtained by more recent versions). The scaling factors
found in the CHESHIRE database are usually developed on a larger set of small, rigid
but diverse organic compounds (e.g., a few dozens in Tantillo et al. [27] and Pierens [43]
works). Since the CHESHIRE database did not contain the third combination applied in
approach A, we supplemented the 79 combinations with the mPW1PW91/6-311+G(2d,p)
SMD/CHCl3//mPW1PW91/6-311+G(2d,p) SMD/CHCl3 method. Thus the 80 combi-
nations in total (see Table S1 in the Supplementary Materials) were tested for volenol (2)
in the first step. The initial 24 MMFF conformers of (1R,5S,6S,7S,10R)-2 were optimized
independently at all the given DFT optimization levels (Tables S30–S37) and chemical
shifts were computed at the corresponding NMR levels with the GIAO method [58]. The
resulting values were Boltzmann averaged and corrected according Equation 1 utilizing
the corresponding scaling factors (Table S1). The resulting computed 13C NMR chemical
shift values were compared with the experimental values of 2 [24,59]. Mean absolute error
(MAE) values were calculated from the absolute differences of the calculated and experi-
mental data (see Table S2 in the Supplementary Materials), and the methods were ranked
according to their MAE values while taking also the maximum absolute errors (Δδmax)
into account. The best performing four combinations were chosen for the second eval-
uation step, namely, mPW1PW91/6-31G(d)//M06-2X/6-31G(d), mPW1PW91/6-31G(d)
SMD/CHCl3//M06-2X/6-31G(d), M06/6-31G(d)//B3LYP/6-31+G(d,p) and OPBE0/6-
31G(d)//B3LYP/6-31+G(d,p). It is interesting to note, that none of the three combinations
of approach A were among the best ones for 2.

δ = (Intercept − σ)/−Slope (1)

In the second evaluation step, the four best performing combinations of the first step
were tested for 8β-isovaleroyloxyreynosin (3) that contains two exomethylene moieties,
one in a five-membered and one in a six-membered ring. Since 3 contains a chirality center
at C-8 with the same substitution pattern as 1 and C-8 was one of the problematic chirality
centers in 1, we aimed to differentiate the two C-8 epimers with the four NMR combinations.
The calculations were performed similarly to 2 for the 65 and 92 initial MMFF conformers
of (1R,5S,6R,7R,8R,10R)-3 and (1R,5S,6R,7R,8S,10R)-3, respectively. The resulting MAE
and DP4+ values indicated the mPW1PW91/6-31G(d) SMD/CHCl3//M06-2X/6-31G(d)
and the M06/6-31G(d)//B3LYP/6-31+G(d,p) methods to be better than the other two
(Tables 3 and S6–S9). The mPW1PW91/6-31G(d)//M06-2X/6-31G(d) combination, which
is similar to mPW1PW91/6-31G(d) SMD/CHCl3//M06-2X/6-31G(d) but lacks the solvent
model in the NMR calculation step, showed less difference between the epimers, while
the last OPBE0/6-31G(d)//B3LYP/6-31+G(d,p) combination yielded much larger MAE
values than the others. Here we want to note that the DP4+ method was developed
for 24 combinations utilizing only the B3LYP and mPW1PW91 functionals with various
basis sets, and application of the method for chemical shifts calculated at considerably
different combinations can be misleading [26,35]. Therefore, the DP4+ values of all other
combinations are shown only for information and where contradictory, the MAE values
should be considered.

In the third step, the best performing two combinations of step 2 were applied for
the above four isomers of 1. While the mPW1PW91/6-31G(d) SMD/CHCl3//M06-2X/6-
31G(d) combination showed the best agreement for isomer 1, it rated isomer 2 and isomer

3 with similar MAE values the second best. The M06/6-31G(d)//B3LYP/6-31+G(d,p)
method rated isomer 4 and isomer 2 similarly good and yielded considerably higher MAE
values for isomer 1 and isomer 3 (Tables 4, S10 and S11).
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Table 3. MAE and DP4+ results calculated from the 13C isotropic shielding constants of the 8-epimers
of 3 vs. the experimental data of naturally occurring 3 determined by the four best performing
combinations of theoretical levels.

NMR Level//DFT Optimization Level MAE [(8R)-Epimer; (8S)-Epimer] sDP4+ [(8R)-Epimer; (8S)-Epimer]

mPW1PW91/6-31G(d)//M06-2X/6-31G(d) 1.63; 1.68 (69.35%; 30.65%)
mPW1PW91/6-31G(d)

SMD/CHCl3//M06-2X/6-31G(d) 1.40; 1.54 (93.58%; 6.42%)

M06/6-31G(d)//B3LYP/6-31+G(d,p) 1.68; 2.01 (99.13%; 0.87%)
OPBE0/6-31G(d)//B3LYP/6-31+G(d,p) 1.93; 2.35 (99.79%; 0.21%)

Table 4. MAE and DP4+ results calculated from the 13C isotropic shielding constants of the four
possible diastereomers of 1 vs. the experimental data of naturally occurring 1 determined by the two
best performing combinations of theoretical levels.

NMR Level//DFT Optimization Level
MAE (Isomer 1; Isomer 2; Isomer 3,

Isomer 4)
sDP4+ (Isomer 1; Isomer 2; Isomer 3,

Isomer 4)

mPW1PW91/6-31G(d)
SMD/CHCl3//M06-2X/6-31G(d) 2.42; 2.59; 2.62; 2.85 (90.66% 3.14% 5.16% 1.04%)

M06/6-31G(d)//B3LYP/6-31+G(d,p) 3.12; 2.83; 3.19; 2.76 (2.54%; 69.71%; 9.58%; 18.17%)

Approach C

The contradictory results indicate that flexibility of 1 can play a significant role in
the low reproducibility of the chemical shift values. If we consider the widely avail-
able or the tested 80 combinations, it is obvious that almost all of them use classical
(mostly B3LYP) functionals for DFT geometry optimization, and there is only one combina-
tion (mPW1PW91/6-311+G(2d,p) SMD/CHCl3//B3LYP/6-31+G(d,p) SMD/CHCl3) [27]
in the CHESHIRE chemical shift database which also applies a solvent model for the
optimization level [44]. The additionally tested functional (mPW1PW91/6-311+G(2d,p)
SMD/CHCl3//mPW1PW91/6-311+G(2d,p) SMD/CHCl3) was not part of the database,
perhaps due to the very limited reference compound set utilized for creating the chemical
shift parameters [54]. Although for small and rigid molecules, which usually constitute
the reference set of the NMR scaling parameters, the available level combinations seem to
be sufficient, for flexible molecules, however, better performing functionals and consid-
eration of the solvent effect also for the DFT optimization can be crucial to obtaining the
low-energy conformers and estimate their Boltzmann populations correctly. To this end,
we selected the ωB97XD functional [40,47,48] for DFT optimization level both in vacuo
and with SMD solvent model for chloroform, and combined it with the well performing
mPW1PW91 functional as an NMR calculation level with the same or no solvent model
as in the corresponding DFT optimization step (Tables S38 and S39). As reference set,
we have chosen 11 exomethylene containing molecules with different flexibilities (2, 4–
13, Figures 2 and S14) [23,24,59–71]. One of the molecules contained no chirality centers
(12), one had only one chirality center (13), while the relative or absolute configuration of
the others was known from the literature, secured by X-ray measurements, synthetic or
biosynthetic considerations.

As Figure 3 shows, the computed 13C NMR data shows an excellent correlation with
the experimental chemical shift data for the reference set at both level combinations. On
the other hand, larger deviations were observed for the 1H shift values of a few protons in
both cases. We investigated the most discordant cases, such as H-7 of 2, H-2 of 5, H-13a
and b of 9 or H-4 of 4, but no better assignments could be found than those described in
the literature. Unfortunately, some of these hydrogens are connected to a chirality center,
which limits the application of the 1H chemical shift data as a solid proof. Accordingly,
we will rely more on the better performing 13C parameters and the corrected shift values
obtained by these if the results are contradictory.
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Figure 2. Structures of the compounds considered only in the reference set of the novel NMR shift
methods: 3-deoxy-1,2;5,6-di-O-isopropylidene-3-C-methylene-α-D-ribo-hexofuranose (4), methyl 5-
deoxy-2,3-O-isopropylidene-β-D-erythro-pent-4-enofuranoside (5), bicyclomycin (6), 1α,4β-dihydroxy-
8α-acetoxy-guaia-2,10(14),11(13)-triene-6,12-olide (7), mexicanin I (8), neurolenin A (9), swinhoeisterol
F (10), lobatolide A (11), 3-methylenecyclopent-1-ene (12), 4-isopropyl-1-methyl-3-methylenecyclohex-
1-ene (13).

Figure 3. Correlation plots for computed 13C and 1H NMR data for the reference set: (a) 13C gas
phase, (b) 13C SMD, (c) 1H gas phase and (d) 1H SMD.

The novel parameters were first tested back on 2 (Figure S11). The calculated chemical
shifts of most carbons both in the gas phase and the SMD combination showed close
agreement with the experimental values (Tables 5 and 6). Only the exomethylene carbons
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exhibited larger deviations. However, most importantly, the carbons in the vicinity of the
exomethylene moiety showed good correlation with the experimental data. The MAE
values derived from the difference of the experimental and the computed 1H chemical
shift data are relatively small (0.18 and 0.19), but larger differences were found for the H-3,
H-8 and H-9 hydrogens, and H-7 showed a particularly large difference as this hydrogen
was one of the most problematic in the reference set already (see Tables S12 and S13 in the
Supplementary Materials).

Table 5. Test of the mPW1PW91/6-311+G(2d,p)//ωB97XD/6-31+G(d,p) level 13C parameters for 2.

Numbering δExp (ppm) δCalc (ppm) Δδ (ppm)

C-1 79.28 78.78 0.50
C-2 32.17 31.26 0.91
C-3 35.34 36.89 1.55
C-4 146.48 152.97 6.49
C-5 56.15 56.06 0.09
C-6 67.25 64.33 2.92
C-7 49.59 48.55 1.04
C-8 18.43 19.65 1.22
C-9 36.55 35.90 0.65

C-10 41.93 44.33 2.40
C-11 26.26 27.81 1.55
C-12 21.32 19.60 1.72
C-13 16.44 15.72 0.72
C-14 11.82 10.57 1.25
C-15 108.03 105.99 2.04

MAE N/A N/A 1.67

Table 6. Test of the mPW1PW91/6-311+G(2d,p) SMD/CHCl3//ωB97XD/6-31+G(d,p) SMD/CHCl3
level 13C parameters for 2.

Numbering δExp (ppm) δCalc (ppm) Δδ (ppm)

C-1 79.28 77.99 1.29
C-2 32.17 31.72 0.45
C-3 35.34 36.68 1.34
C-4 146.48 152.90 6.42
C-5 56.15 55.65 0.50
C-6 67.25 64.65 2.60
C-7 49.59 48.49 1.10
C-8 18.43 19.48 1.05
C-9 36.55 35.92 0.63

C-10 41.93 44.70 2.77
C-11 26.26 28.01 1.75
C-12 21.32 19.80 1.52
C-13 16.44 15.27 1.17
C-14 11.82 11.13 0.69
C-15 108.03 104.29 3.74

MAE N/A N/A 1.80

Thereafter, the novel chemical shift parameters were also tested on the two above
epimers of 3 (Figures S12 and S13). The computed 13C chemical shift data obtained with
both the novel in vacuo and SMD level parameters favored the (1R,5S,6R,7R,8R,10R)-3
epimer, but the solvent model calculations showed substantially larger difference between
the isomers and smaller MAE for the correct one (Tables 7, S14 and S15). In contrast to 2, the
results of the 1H NMR chemical shift calculations at both levels gave excellent agreement
for almost all protons of the correct isomer, and higher differences were found for some
characteristic protons in the vicinity of the epimeric center in the wrong stereoisomer (see
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Tables S16 and S17 in the Supplementary Materials). That is, both the carbon and proton
results favored the correct (1R,5S,6R,7R,8R,10R)-3 epimer at both novel combinations
of levels.

Table 7. MAE and DP4+ results calculated from the 13C isotropic shielding constants of the 8-epimers
of 3 vs. the experimental data of naturally occurring 3 determined by the two novel combinations.

NMR Level//DFT Optimization Level MAE [(8R)-Epimer; (8S)-Epimer] sDP4+ [(8R)-Epimer; (8S)-Epimer]

mPW1PW91/6-311+G(2d,p)//ωB97XD/6-
31+G(d,p) 1.82; 1.87 (66.38%; 33.62%)

mPW1PW91/6-311+G(2d,p)
SMD/CHCl3//ωB97XD/6-31+G(d,p) SMD/CHCl3

1.60; 1.91 (99.26%; 0.74%)

Finally, the initial 133, 124, 252 and 201 MMFF conformers of the four possible stereoiso-
mers of 1 were also re-optimized at the ωB97XD/6-31+G(d,p) and ωB97XD/6-31+G(d,p)
SMD/CHCl3 levels (Figures S7–S10). NMR shift data were calculated for the conformers
above 1% Boltzmann distribution at the mPW1PW91/6-311+G(2d,p) and mPW1PW91/6-
311+G(2d,p) SMD/CHCl3 levels, respectively, and corrected with the novel parameters. The
13C data obtained at both combinations of levels favored isomer 1 (Tables 8, S18 and S19),
while the 1H data suggested isomer 2 (see Tables S20 and S21 in the Supplementary Mate-
rials). As indicated above, the DP4+ statistical analysis gave unexpected results in contrast
to the MAE values similar to the second combination in Table 3, due to the large differ-
ence in the combinations the method was originally developed for, and thus, the sDP4+
percentages were neglected.

Table 8. MAE results calculated from the 13C isotropic shielding constants of the four possible
diastereomers of 1 vs. the experimental data of naturally occurring 1 determined by the two
novel combinations.

NMR Level//DFT Optimization Level MAE (Isomer 1; Isomer 2; Isomer 3, Isomer 4)

mPW1PW91/6-311+G(2d,p)//ωB97XD/6-31+G(d,p) 2.33; 2.48; 2.58; 3.11
mPW1PW91/6-311+G(2d,p)

SMD/CHCl3//ωB97XD/6-31+G(d,p) SMD/CHCl3
2.26; 2.42; 2.48; 3.23

Coupling constant calculations

To verify the result of the 13C data, homonuclear coupling constants were also cal-
culated with the last SMD combination for key protons in the macrolide ring of the two
favored stereoisomers (isomer 1 and isomer 2), and compared with the experimental values
(Table 9). The results significantly preferred isomer 1 in line with the 13C calculations

of approach C. Especially J1aH-2H and J2H-3H showed large differences between the cal-

culated data of the two isomers and also in comparison with the experimental values,

where isomer 1 reproduced the experimental data well. This also leads to the conclusion
that the calculations better reproduced the conformation of the western part of the molecule
than the eastern part, and that macrocycles are still a tough target to study even with
otherwise well performing DFT functionals. At the suggestion of one of the reviewers, we
tested the J-DP4 method [72] for the coupling constant data of the two isomers, resulting
in a 98.21% probability for isomer 1. However, we have to indicate that similarly to the
DP4+ method there are differences in the applied level and the level the method was
developed for.
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Table 9. Comparison of the experimental and computed coupling constant values of isomer 1 and
isomer 2 of 1 vs. the experimental data of naturally occurring 1 determined by the mPW1PW91/6-
311+G(2d,p) SMD/CHCl3//ωB97XD/6-31+G(d,p) SMD/CHCl3 level. Jin indicates the coupling
constant data of isomer n.

Coupling Atoms JExp (Hz) Ji1 (Hz) Ji2 (Hz) ΔJi1 ΔJi2

1aH-2H 5.90 6.62 0.93 0.72 4.97
2H-3H 9.80 10.08 6.51 0.28 3.29

5aH-6H 5.10 6.58 2.82 1.48 2.28
7H-8H 7.90 4.33 3.28 3.57 4.62
8H-9H 9.90 7.36 8.73 2.54 1.17

MAE 1.72 3.27

TDDFT-ECD calculations

To elucidate the absolute configuration and further verify the NMR results, TDDFT-ECD
calculations [73–75] were performed on the MMFF conformers of the four possible isomers
of 1. The initial conformers were re-optimized at the CAM-B3LYP/TZVP [76] PCM/MeCN
level (Table S40) and rotatory strength values were computed at four different levels similarly
to the recently described lobatolides [24]. While the Boltzmann average for three isomers
(isomer 1, isomer 2 and isomer 4) gave acceptable agreement with the experimental ECD
spectrum (the high wavelength n-π* transitions were reported to be hard to reproduce in
several cases in the literature [77,78]), isomer 3 showed a mirror-image relationship (Figure 4).
That is, assuming homochirality with the known lobatolides at the conserved chirality centers
C-6 and C-7, isomer 3 can be excluded as a possible isomer, and accepting the results of the
novel NMR combinations and the coupling constant calculations, the homochiral nature of 1
with the known lobatolides can be verified. Based on the above-described NMR and ECD
calculations, the (2S,6R,7S,8R) absolute configuration was assigned for 1.

Figure 4. Comparison of the experimental ECD spectrum of 1 with the calculated spectra obtained
at various levels of theory for the (a) 16 low-energy CAM-B3LYP/TZVP PCM/MeCN conformers
of isomer 1, (b) 10 low-energy CAM-B3LYP/TZVP PCM/MeCN conformers of isomer 2, (c) 22
low-energy CAM-B3LYP/TZVP PCM/MeCN conformers of isomer 3, and (d) 25 low-energy CAM-
B3LYP/TZVP PCM/MeCN conformers of isomer 4.
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Antiproliferative activity

The antiproliferative activity of compound 1 was tested on three cervical cancer
cell lines of different human papilloma virus (HPV) of different status (HeLa, SiHa, and
C33A) and on non-cancerous (NIH/3T3 (mouse embryonic fibroblast) and MRC-5 (human
fibroblast)) cell lines. Cisplatin was used as a positive control. Lobatolide H (1) showed
remarkable growth-inhibitory effects against SiHa (IC50 2.82 μM) and C33A (IC50 4.43 μM)
cells, whereas it exerted weak activity against HeLa (IC50 16.62 μM) cell line (Table 10).
These results were comparable to that of the reference agent cisplatin. According to the
calculated IC50 values on the two non-cancerous fibroblast cell lines, cancer selectivity could
be determined. The best selectivity was obtained in the case of the Siha cells (SI = 5.26).

Table 10. Antiproliferative activity (IC50 values) of compound 1. The selectivity indices (SI) were
calculated as the ratio of the IC50 value in the non-tumor cells and the IC50 in the cancer cell lines.
The compound’s activity towards cancer cells is considered as strongly selective if the selectivity
index (SI) value is higher than 6, moderately selective if 3 < SI < 6, slightly selective if 1 < SI < 3, and
non-selective if SI is lower than 1.

Compound
IC50 Values (μM)

[95% CI]
HeLa C33A SiHa NIH-3T3 MRC-5

1
16.62

[14.55–18.99]
4.43

[3.62–5.43]
2.82

[2.40–3.32]
13.05

[11.44–14.90]
14.82

[13.90–15.80]

cisplatin 12.14
[10.18–14.46]

5.85
[5.37–6.38]

4.29
[3.72–4.95]

5.49
[4.76–6.35]

5.17
[3.88–6.89]

SI for 1
NIH-3T3/cell line 0.79 2.95 4.63

SI for 1
MRC-5/cell line 0.89 3.35 5.26

The most sensitive SiHa cell line was chosen to further investigate the possible mech-
anisms behind the antiproliferative effects, and cell-cycle analysis was performed. The
cell-cycle analysis showed only slight differences in the distribution of cell cycle phases
compared with the untreated control cells. After 24 h, 3 μM of compound 1 elicited a
significant depression in the S phase population with no relevant change in other cell
phases. After a longer exposure (72 h), the sub G1 population had grown significantly but
to a modest extent when treated with 3 μM (Figure 5).

Figure 5. Cont.
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Figure 5. Cell cycle distributions of SiHa cells after treatment with compound 1 for 24 (upper panel)
or 72 h (lower panel). Distribution of cell populations in different cell cycle phases. * and ** indicate
p < 0.05 and p < 0.01, respectively, by means of one-way ANOVA followed by Dunnett’s post hoc test.

Based on the results of the antiproliferative assay, compound 1 was additionally
investigated for its antimetastatic activity. A wound healing assay was performed on the
SiHa cell line in 1.5 μM and 3.0 μM concentrations.

Treatment with compound 1 resulted in no significant reduction in the migration of
cervical cancer cells (Figure 6). A longer exposure, however, elicited a substantial and
concentration-dependent decrease in the closure of the cell-free area, which indicates the
inhibition of migration of the treated cells.

Figure 6. Wound healing assay. Effect of compound 1 on the migration of SiHa cancer cells after 24 and
48 h of incubation (left and right upper panels, respectively). ** and *** indicate p < 0.01 and p < 0.001,
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respectively, by means of one-way ANOVA followed by Dunnett’s post hoc test. Lower panel:
representative images of reduced wound healing at 0, 24 and 48 h post-treatment.

3. Materials and Methods

3.1. General Procedures

The high-resolution MS spectra were acquired on a Thermo Scientific Q-Exactive Plus
orbitrap mass spectrometer equipped with an ESI ion source in positive ionization mode.
The samples were dissolved in MeOH. Data acquisition and analysis were accomplished
with Xcalibur software version 2.0 (Thermo Fisher Scientific). A Bruker Avance DRX 500
spectrometer (500 MHz (1H) and 125 MHz (13C)) was used for recording the NMR spectra.
The signals of the deuterated solvent CDCl3 were taken as the reference. 2D NMR data were
acquired and processed with standard Bruker software TopSpin 3.6.1. Gradient-enhanced
versions were used in the 1H–1H COSY, HSQC and HMBC experiments. Optical rotations
were determined in CHCl3 by using a Perkin-Elmer 341 polarimeter. UV and ECD spectra
were recorded on a JASCO J-810 spectropolarimeter.

For column chromatography (CC), polyamide (MP Polyamide, 50–160 μm, MP Biomed-
icals, Irvine, CA, USA) and silica gel (Kieselgel 60, 63–200 μm, Merck, Darmstadt, Germany)
were used. Preparative thin-layer chromatography (prep. TLC) was carried out using RP-18
(F254s, Merck) pre-coated plates.

3.2. Plant Material

Neurolaena lobata (L.) R.Br. ex Cass. (Asteraceae) was collected by R. Diaz, and R.
O. Frisch (Institute for Ethnobiology, Playa Diana, GT-170 San José/Petén, Guatemala),
in the flowering period, in the area of the Chakmamantok rock formation (16 59′16′′ N,
89 53′45′′ W) in San José, Guatemala. A voucher specimen (No. 813) has been deposited at
the Herbarium of Department of Pharmacognosy, University of Szeged, Szeged, Hungary.

3.3. Extraction and Isolation

The dried and ground material from the aerial parts of the plant (3.00 kg) was perco-
lated with MeOH (50 L) at room temperature. The extract was concentrated under reduced
pressure and solvent–solvent partition was performed with 5 × 1 L petroleum ether (A),
5 × 1 L of CH2Cl2 (B), and finally with 5 × 1 L of EtOAc (C). The CH2Cl2 phase (95.4 g)
was separated on a polyamide column (287 g) with mixtures of MeOH and H2O (1:4, 2:3,
3:2 and 4:1, 3 L of each) as eluents to afford seven fractions (BI–BVII). Fraction BIII (7.6 g)
obtained from the polyamide column with MeOH–H2O (3:2) was subjected to silica gel
VLC, using a gradient system of cyclohexane–EtOAc–EtOH (from 30:5:0 to 30:30:2) to yield
10 fractions (BIII/1–10). Fraction BIII/8 (0.6 g) was rechromatographed on VLC with a
gradient system of cyclohexane–EtOAc–EtOH (from 3:1:0 to 30:30:3) and 10 subfractions
(BIII/8/1–10) were obtained. Purification of subfraction BIII/8/8 by preparative RP-TLC
(MeOH–H2O 7:3) resulted in the isolation of compound 1 (28.7 mg).

3.4. Physical Characteristics of the New Compound

Lobatolide H (1): a yellow gum; [α]27
D +31 (c 0.1, CHCl3); UV (MeCN, λmax (nm)) 204sh,

<190; ECD (MeCN, λ (nm) (Δε), c 6.65 × 10−4 M): 263 (-0.87), 219 (+10.73), 206sh (+6.41);
1H NMR and 13C NMR data, see Table 1; HRESIMS m/z 349.2012 [M + H]+ (calcd. for
C20H29O5, 349.2015).

3.5. Computational Section

Mixed torsional/low-mode conformational searches were carried out by means of the
Macromodel 10.8.011 software using the MMFF with an implicit solvent model for CHCl3
and applying a 21 kJ/mol energy window [79]. Geometry re-optimizations of the resul-
tant conformers (CAM-B3LYP/TZVP PCM/MeCN for the ECD calculations, ωB97XD/6-
31+G(d,p) in vacuo and ωB97XD/6-31+G(d,p) SMD/CHCl3 for the novel NMR param-
eters, see Table S1 for tests of the 80 NMR combinations), TDDFT-ECD (B3LYP/TZVP
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PCM/MeCN, BH&HLYP/TZVP PCM/MeCN, CAM-B3LYP/TZVP PCM/MeCN and
PBE0/TZVP PCM/MeCN), and DFT-NMR calculations (mPW1PW91/6-311+G(2d,p) in
vacuo and mPW1PW91/6-311+G(2d,p) SMD/CHCl3 for the novel NMR parameters, see
Table S1 for test of the 80 NMR combinations) were performed with the Gaussian 09 pack-
age [80–82]. ECD spectra were generated as sums of Gaussians with 3000 cm−1 width at
half-height, using dipole-velocity-computed rotational strength values [83]. Computed
NMR shift data were corrected with the scaling factors listed in Table S1 or determined
in the current work. Boltzmann distributions were estimated from the DFT energies.
Visualization of the results was performed by the MOLEKEL 5.4 software package [84].

3.6. Antiproliferative MTT Assay

The antiproliferative effects of the isolated compounds were determined in vitro using
SiHa (HPV 16+), HeLa (HPV 18+), and C33A (HPV negative) human cervical cell lines,
and NIH-3T3 mouse embryonic and MRC-5 human fibroblast cells by means of the MTT
([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]) assay. Briefly, a limited
number of human cancer cells (5000/well for the SiHa and HeLa cells, 10,000/well in the
case of C33A cells) were seeded onto a 96-well microplate and became attached to the
bottom of the well overnight. On the second day of the procedure, the test substances
were added in two concentrations (10.0, 30.0 μM) in order to obtain preliminary data and
then the compounds were applied in serial dilutions (the final concentrations were 0.1,
0.3, 1.0, 3.0, 10.0 and 30.0 μM). After an incubation period of 72 h, the living cells were
assayed by the addition of 20 μL of 5 mg/mL MTT solution. After a 4 h incubation, the
medium was removed, and the precipitated formazan was dissolved in 100 μL/well of
DMSO during a 60 min period of shaking. Finally, the reduced MTT was assayed at 545 nm,
using a microplate reader. Untreated cells were taken as the negative control, and cisplatin
(Ebewe Pharma GmbH, Unterach, Austria) was used as a reference active compound. All
the cell lines were purchased from the European Collection of Cell Cultures (Salisbury, UK).
Stock solutions (10 mM) of the tested compounds were prepared with DMSO. The highest
DMSO concentration (0.3%) of the medium did not have any substantial effect on the cell
proliferation. All in vitro experiments were carried out on two 96-well dishes with at least
five parallel wells [24,85].

3.7. Cell Cycle Analysis by Flow Cytometry

Cellular DNA content was determined by means of flow cytometric analysis, using a
DNA-specific fluorescent dye, propidium iodide (PI). The SiHa cells were seeded in 6-well
plates and cultured overnight. The cultured cells were treated with various concentrations
(1.5 or 3.0 μM) of the tested compound for 24 h or 72 h. The medium was then removed, and
the cells were washed with phosphate-buffered saline (PBS) and trypsinized. The harvested
cells were suspended in medium and centrifuged at 1500 rpm for 15 min at 4 ◦C. The
supernatant was then removed and the cells were resuspended in 1 mL of PBS. After the
second centrifugation, 1 mL of−20 ◦C 70% EtOH was added dropwise to the cell pellet. The
cells were stored at −20 ◦C until DNA staining. On the day of measurement, the samples
were washed with PBS and suspended in 1 mL of DNA staining buffer containing PI,
ribonuclease-A, Triton-X and sodium citrate. After incubation for 1 h at room temperature,
protected from light, the samples were analyzed with a Partec CyFlow instrument (Partec
GmbH, Münster, Germany). For each experiment, 20,000 events were counted, and the
percentages of the cells in the different cell-cycle phases (subG1, G1, S and G2/M) were
determined by means of ModFit LT software 3.3.11 (Verity Software House, Topsham, ME,
USA) [86–88].

3.8. Wound Healing Assay

In order to assess the antimetastatic activity of the tested compound, a wound healing
assay was performed. The assay was performed with specific wound healing assay cham-
bers (Ibidi GmbH, Martinsried, Germany). SiHa cells were collected and 35,000 cells were
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seeded into both chambers of the insert. The cells were left to attach to the plate surface
during an overnight incubation at 37 ◦C in 5% CO2 atmosphere and then the inserts were
removed. Cell debris was removed by a washing step with PBS. Test compounds were
added to the wells in increasing concentrations in 2% FBS containing medium for 24 and
48 h. Migration of the cells into the wound site was visualized by a phase-contrast inverted
microscope (Axiovert 40, Zeiss, Thornwood, NY, USA). The images were taken with CCD
camera at defined intervals and the migration of the cells was calculated as the ratio of
wound closure using ImageJ software 1.53a [89].

3.9. Statistical Analysis

Statistical analysis of the obtained data was performed by analysis of variance (ANOVA)
followed by Dunnett’s test. All analyses were performed with GraphPad Prism 5 (GraphPad
Software; San Diego, CA, USA).

4. Conclusions

A new flexible, biologically active germacranolide (1, lobatolide H) was isolated from
the aerial parts of Neurolaena lobata. In order to elucidate the relative configuration of the
two problematic chirality centers, a large number of known NMR shift parameters with
the corresponding theoretical level combinations were tested, and novel parameters were
also developed. Although several methods were found among the existing ones which
performed well for the rigid test molecules, also verifying the relative configuration of 3 at
C-8 that was recently found to be problematic with standard DFT-NMR methods [24], the
flexibility of 1 required the development of novel combinations with newer DFT functionals
and solvent models, also in the geometry optimization step. The novel 13C parameters
combined with the coupling constant and TDDFT-ECD calculations allowed elucidation
of the relative and absolute configuration of 1. This example is a warning that similar to
ECD [74,90], one should be careful with the DFT optimization level applied for NMR shift
calculations of flexible compounds (Tables S22–S29). A novel type functional and solvent
model or an independent verification of the results is recommended, if possible. Concerning
the anticancer properties of 1, the antiproliferative action determined on cervical cancer cells
is comparable to that of the reference agent cisplatin with less pronounced action against
non-cancerous cells. The modest treatment-related change in the cell-cycle distribution of
the exposed cells provides limited information on the mechanism of the action, but the
increase in the hypodiploid (sub G1) population indicates induction of apoptosis. Moreover,
the compound inhibits the migration of SiHa cells in a concentration-dependent way, which
may be the base of its antimetastatic action.
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Abstract: Galactooligosaccharides (GOS) are one of the most important functional oligosaccharide
prebiotics. The surface display of enzymes was considered one of the most excellent strategies
to obtain these products. However, a rough industrial environment would affect the biocatalytic
process. The catalytic process could be efficiently improved using biofilm-based fermentation with
high resistance and activity. Therefore, the combination of the surface display of β-galactosidase and
biofilm formation in Pichia pastoris was constructed. The results showed that the catalytic conversion
rate of GOS was up to 50.3% with the maximum enzyme activity of 5125 U/g by screening the
anchorin, and the number of the continuous catalysis batches was up to 23 times. Thus, surface
display based on biofilm-immobilized fermentation integrated catalysis and growth was a co-culture
system, such that a dynamic equilibrium in the consolidated integrative process was achieved. This
study provides the basis for developing biofilm-based surface display methods in P. pastoris during
biochemical production processes.

Keywords: yeast surface display; Pichia pastoris; biofilm; galactooligosaccharides; β-galactosidase

1. Introduction

Galactooligosaccharides (GOS) are functional oligosaccharides with a molecular struc-
ture consisting of one to seven galactose groups attached to a galactose or glucose molecule,
i.e., Gal-(Gal) n-Glc/Gal (n = 0–6) [1]. GOS are an excellent source of nutrients and
could be an effective proliferation factor for beneficial bacteria such as Bifidobacterium and
Lactobacillus acidophilus in the human intestinal tract, which could improve the functions
of digestion and absorption of the intestinal tract of infants and children. Moreover, there
are trace amounts of GOS found in animal milk and human breast milk [2]. Hence, GOS
were approved to be added to infant formula as important nutrients. Lactose was generally
used as the substrate for the industrial production of GOS, which was catalyzed by the
trans-glycosylation of β-galactosidase [3]. In nature, microorganisms such as Aspergillus
oryzae [4], Bacillus circulans [5], Bifidobacterium infantis [6], and Kluyveromyces lactis [7] are
reported to have β-galactosidase glycosyltransferase activity [8,9]. In particular, the im-
mobilized β-galactosidase from A. oryzae is relatively inexpensive and readily available,
with the high specificity and trans-glycosylation activity, as well as being reusable and
continuous, compared to the free enzyme [4,10]. However, the deficiencies such as the loss
of enzyme activity and the isolation and purification of products have limited the progress
of the traditional immobilized enzyme catalysis of β-galactosidase.

Int. J. Mol. Sci. 2023, 24, 6507. https://doi.org/10.3390/ijms24076507 https://www.mdpi.com/journal/ijms295



Int. J. Mol. Sci. 2023, 24, 6507

Surface display has gained worldwide attention as an available strategy for circum-
vention of the above deficiency during its green and efficient process [11]. The surface
display of enzymes could save the steps of enzyme extraction and purification and the
overall cost. For instance, the surface display of α-galactosidase derived from Aspergillus
niger was carried out in Pichia pastoris for isomaltooligosaccharide (IMO) production from
30% maltose feedstock with the conversion rate of approximately 49% and three repeated
catalysis cycles [12]. Hence, we used the surface display technique of P. pastoris in this
study because it has well-established protein folding and secretory expression mechanisms.
It can perform many of the post-translational modifications found in eukaryotes and is a
good host choice due to its ease of handling, rapid reproduction, and high expression of
heterologous proteins.

However, environmental stress on the cells and cell autolysis in the fermentation broth
could result in reducing enzyme activity and catalytic efficiency in surface-displayed strains.
To address this issue, biofilm-based immobilized fermentation has been proposed as an
alternative to free-cell fermentation owing to advantages such as the protection provided
by the multicellular aggregate matrix, enhanced cell viability, and repeated use of the
cells [13]. Moreover, these cell cultures are adapted to adverse external environments such
as high osmolarity, heat shock, oxidative stress, and nutrient deficiencies [14]. Based on this,
some microorganisms such as Clostridium acetobutylicum, Escherichia coli, and Saccharomyces
cerevisiae were used for immobilized batch or continuous (repeated-batch) fermentation
effectively [15–20]. More specifically, we aimed to understand the effects of cell wall
proteins, adhesion factors, and signaling molecules on biofilms [21,22]. For example,
we previously identified the biofilm-related gene PAS_chr1-3_0226 (Gene ID: 8196458) in
P. pastoris, which encodes a GPI protein with high homology to GAS1p in S. cerevisiae [23],
that was anchored to the cell surface and could counteract intracellular pressure and
maintain normal cell morphology [24]. After the knockout of PAS_chr1-3_0226, the results
showed increased levels of chitin and the greater resistance to lysozyme, suggesting the
gene was associated with cell adhesion [25]. Gene knockout was shown to enhance the
efficiency of surface display in P. pastoris; therefore, we selected this gene for studies related
to biofilm and surface display.

In this study, we aimed to solve the potential deficiency of biofilm-immobilized fer-
mentation and surface display methods by addressing the problem of reduced enzyme
activity and catalytic efficiency together. To achieve this, genetic engineering was per-
formed on P. pastoris to knock out the PAS_chr1-3_0226 gene and enhance biofilm formation
(Figure 1). Then, biofilm-based immobilized fermentation was constructed by using cotton
fiber material as the carrier. In addition, the screenings of different anchorins resulted in
the increased efficiency of the β-galactosidase surface-displayed strain. The combination of
the surface-displayed system and biofilm-immobilized fermentation enabled continuous
(repeated-batch) catalysis, which significantly shortened the catalytic cycle and improved
production efficiency. Here, we successfully demonstrated for the first time the efficient bio-
chemical production of GOS using biofilm-immobilized surface-display enzyme catalysis
in industrial conditions.
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Figure 1. Biofilm-based biocatalysis for surface-displayed strains in dynamic growth and catalytic
GOS production. (a) A schematic illustration of construction for the knockout of PAS_chr1-3_0226
and biofilm formation in P. pastoris. (b) The DNA components of the surface-displayed plasmids
used in this study and a schematic diagram of the yeast surface display.

2. Results and Discussion

2.1. The Impact of PAS_chr1-3_0226 Gene Deletion on Biofilm Formation in P. pastoris

In this study, the gene PAS_chr1-3_0226 was deleted from the P. pastoris GS115 genome
by homologous recombination. The knockdown effect on the biofilm was observed by
significantly darker crystalline violet staining in the Δ0226 strain when compared to that
of the WT strain (Figure 2a). Readings were taken at OD570, where the biofilm of Δ0226
increased by 56% (Figure 2b), while the YPD medium was slightly better than the fermen-
tation medium for biofilm production. We also observed that when the Δ0226 strain was
grown on YPD plates, there was little effect on its growth (Figure 2c).

 

Figure 2. The impact of the knockout of PAS_chr1-3_0226 gene on biofilm formation and cell adhesion.
(a) GS115 and GS115-Δ0226 strains were cultivated in 96-well plates for 72 h and tested for adhesion
ability. Free cells were removed and washed twice with PBS buffer and stained with 0.1% crystal
violet. The samples were washed repeatedly with water, lysed with glacial acetic acid, and then
photographed. (b) Adhesion expressed as the optical density at 570 nm (OD570) of solubilized crystal
violet in acetic acid. Data are reported as the means and standard deviation of three independent
experiments. The p-values were computed using Student’s t-test (*** p < 0.001). (c) Growth of GS115
and GS115-Δ0226 on YPD at an OD600 = 1 and used to make 10−1, 10−2, and 10−3 gradient dilutions
in sterile water. (d) Standard plate-wash assay of GS115 and GS115-Δ0226.
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The cell infestation ability assay was used to observe the ability of the recombinant
strains to adhere to the YPD plates. The WT strains had a flat and smooth surface after
rinsing and left little residue on the plates. Whereas, the recombinant strains all had a
thick wall around the edges of the cells, with the GS115-Δ0226 strain showing a significant
retention effect on the plates. The infection range of strain Δ0226 on the plate was larger
than that of the WT strain, indicating that gene knockout improved the ability of infection
(Figure 2d). This result was consistent with the tendency of biofilm formation in 96-well
plates, suggesting that GS115-Δ0226 has a facilitative effect on the growth of biofilms.

2.2. Biofilm Formation on Carriers and Cell Morphological Changes

To further explore the amount of biofilm formation, the carriers were removed after
fermentation of 24 h, the surface medium and free cells were removed with PBS, and
the biofilms were fixed with 2.5% glutaraldehyde and immediately freeze-dried before
observation with SEM. A few cells could be seen on the carrier of the WT strain but they did
not form clusters (Figure 3a(II,V)), while the GS115-Δ0226 strain had significantly enhanced
biofilm formation and the adsorption on the vector increased, with clusters of cells forming
the biofilm (Figure 3a(III,VI)). These results further demonstrated that the Δ0226 strain had
a facilitative effect on biofilm formation. The enhanced ability of biofilm formation laid the
foundation for the strategy of biofilm-based surface display.

Figure 3. SEM (a) and TEM (b) images of cells after 48 h of fermentation. (a) The biofilm formation on
the cotton fibers of the control, GS115 wild type, and GS115-Δ0226. The observation scale was 10 μm
in I to III and 5 μm in IV to VI. The deletion of PAS_chr1-3_0226 could enhance biofilm formation.
(b) The microstructure of cell morphology of GS115 wild type and GS115-Δ0226. WT was normal
with smooth surface, while strain Δ0226 was rough and the specific surface area was increased. The
observation scale was 2 μm in I to II and 500 nm in III to IV.
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In order to investigate the microstructure changes of cell morphology, a TEM test was
carried out. Generally speaking, the beta-1,3-glucanosyltransferase encoded by PAS_chr1-
3_0226 was required for cell wall assembly in Pichia pastoris [24,26]. The results of TEM
showed that the morphology of WT was normal with a smooth surface (Figure 3b(I,III)).
Meanwhile, the substances similar to biofilm matrix were observed on the surface of strain
Δ0226 (Figure 3b(II,IV)). These results were consistent with the conclusion that the deletion
of PAS_chr1-3_0226 could enhance biofilm formation in Figure 2. The surface of strain
Δ0226 was rough and the specific surface area was increased, which could be beneficial to
form more anchorin on the surface of the cell wall in the following surface display.

2.3. Construction of Strains for Surface Display

The β-galactosidase surface display system was constructed from three different
anchorins with the P. pastoris methanol-inducible plasmid pPIC9K, which contained an
α-signal peptide (Figure 1). The active center of β-galactosidase is in the C-terminus and
therefore, β-galactosidase was fused to the C-termini of the anchorins Pir1p, Aga2p, and
Flo1p. In order to prevent the signal peptide of the protein from being excised by the
signal peptidase during cellular secretion, the signal peptide of both was removed. The
terminator of the anchorins was also removed and a FLAG tag was added in front of the
terminator of lacA for subsequent immunofluorescence and flow cytometry detection. All
three recombinant strains were constructed successfully.

2.4. Expression of Surface-Displayed β-Galactosidase

The β-galactosidase in situ staining kit was used to verify the successful expression of
β-galactosidase on the cell surface using X-Gal as a substrate, in which a dark blue product
was observed as shown in Figure 4a. We could see the darkest blue color in sample III,
indicating that strain Δ0226-Pir1p-lacA had the higher expression of β-galactosidase.

 

Figure 4. Expression and enzyme activity of surface-displayed β-galactosidase in P. pastoris.
(a) β-galactosidase expression in (I) Δ0226-Aga2p-lacA, (II) Δ0226-Flo1p-lacA, (III) Δ0226-Pir1p-lacA,
and (IV) the control. The darker the color of the sample, the higher the expression of β-galactosidase.
(b) Enzyme activity was determined by adding 200–1200 μL oNPG to precipitate to determine the
optimum substrate concentration. (c) The enzyme activities of precipitate by the strains Δ0226-Pir1p-
lacA, Δ0226-Flo1p-lacA, and Δ0226-Aga2p-lacA. (d) The enzyme activity of supernatant by the free
expression of WT-lacA and the three surface-displayed strains.
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2.5. Enzyme Activity of Surface-Displayed β-Galactosidase

β-Galactosidase is an extracellular enzyme that is secreted out of the cell to the su-
pernatant. Whereas, to achieve the surface display of β-galactosidase, it should stay on
the cell surface. The effect of different substrates on enzyme activity was first screened
by measuring the enzyme activity of the precipitate. The highest enzyme activity was
measured when 800 μL oNPG was added to the sample, reaching 1828 U/g enzymatic
activity (Figure 4b). Therefore, 800 μL oNPG was selected for the subsequent enzyme
activity assays to determine whether the cell surface and supernatant had enzymatic ac-
tivity. Subsequently, the samples of 1 mL were taken every 24 h to react in a water bath at
pH 6.0 and 50 ◦C. The enzyme activity was determined in the precipitate and supernatant
of the surface-displayed strains compared with that of the free type strain. The enzyme
activity of the precipitate was defined by U/g, whereas that of the supernatant was defined
as U/mL. We found that the Δ0226-Pir1p-lacA precipitate had the highest enzyme activity
(5125 U/g) of the strains measured; however, Δ0226-Flo1p-lacA and Δ0226-Aga2p-lacA
had relatively weak enzyme activities of 3389 U/g and 2643 U/g, respectively (Figure 4c).
We also found that the enzymatic activity of Δ0226-Pir1p-lacA, Δ0226-Flo1p-lacA, and
Δ0226-Aga2p-lacA was higher than that of WT-Pir1p-lacA, WT-Flo1p-lacA, and WT-Aga2p-
lacA, indicating that the surface display efficiency was increased in the Δ0226 knockout
strain, which allowed for more anchorin expression on the cell wall of P. pastoris (Figure S1).
This result was consistent with those of the in situ staining experiments, so we selected the
Δ0226-Pir1p-lacA strain with the highest enzyme activity for subsequent experiments.

We also performed free expression of β-galactosidase as a supernatant enzyme ac-
tivity control. When we measured the supernatant enzyme activity of the recombinant
surface-displayed strains and the free type strain, we found that the free expressed enzyme
activity reached a maximum of 206 U/mL at 96 h, while the highest enzyme activity of all
recombinant surface-displayed strains was 18 U/mL at 144 h (Figure 4d), which was much
lower than the free expression. This result suggested that most of the surface-displayed
enzyme was on the cell surface and only a minimal amount was present in the supernatant,
probably due to the natural lysis of the cells and the release of some of the enzymes into
the fermentation broth.

2.6. Verification of Surface-Displayed β-Galactosidase by Immunofluorescence Microscopy and
Flow Cytometry

A 24 bp FLAG tag (DYKDDDDK) was added in front of the target protein β-galactosidase
terminator to accurately localize the fusion protein within the cell in immunofluorescence
(IF) experiments. The results of immunofluorescence microscopy further confirmed that
the fusion protein localized to the surface of P. pastoris. Fluorescence microscopy showed
that the cell surface emitted a visible signal (Figure 5a(IV)), whereas the no fluorescence
was observed in the control (Figure 5a(I)), indicating that the flag tag on β-galactosidase
successfully bound to the antibody and glowed under FITC excitation light successfully.
Flow cytometry showed that a significant rightward shift in the strain Δ0226-Pir1p-lacA
in the peak plot of the cytometry histogram compared to the control. Meanwhile, an
increase in fluorescence intensity and a high display efficiency of 80.63% were detected.
This experiment had demonstrated that the fusion proteins with high fusion efficiency were
covered on the surface of P. pastoris (Figure 5b).

2.7. Characterization of Surface-Displayed β-Galactosidase Activity

We next tested the effect of different temperatures, pH, and metal ions on the relative
activity and thermal stability of surface-displayed β-galactosidase. The surface-displayed
β-galactosidase activity was highest at 50 ◦C and reached 94.2% and 75.9% at 60 ◦C and
70 ◦C (Figure 6a), respectively. This was similar to that of A. oryzae and B. coagulans
reported by Gerhartz et al. [27,28], but 10 ◦C higher than the optimum reaction temperature
of the immobilized enzyme previously reported by Matella et al. [29]. As the temperature
continued to increase, the relative activity of surface-displayed β-galactosidase decreased,
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indicating a loss of enzyme activity. In particular, the thermostability of the surface-
displayed β-galactosidase was important in the catalytic process. The enzyme was most
stable at 50 ◦C and 40 ◦C; after 120 min at 50 ◦C, it maintained 84.6% of the enzyme activity.
However, at temperatures above 60 ◦C, the enzyme activity dropped abruptly and was
almost inactive (Figure 6d).

Figure 5. The characterization of β-galactosidase by (a) immunofluorescence microscopy and (b) flow
cytometry in WT-lacA and Δ0226-Pir1p-lacA strains. (a) Panels I and IV show representative im-
munofluorescence micrographs of the free expression WT-lacA and surface-displayed strain Δ0226-
Pir1p-lacA using FITC excitation wavelengths; II and V show the visible light images, and III and
VI are merged composites of the visible light and FITC excitation images. All micrographs shown
were taken at 1000× magnification and at the same angle. Scale bar = 10 μm. (b) Flow cytometry
histograms reflect the fluorescence signal of the surface-displayed strain, with the x-axis indicating
fluorescence intensity and the y-axis indicating the cell count. Red arrow: the peak shifted to the right
indicated that the efficiency of surface display reached 80.63%.

The maximum enzymatic activity of β-galactosidase was demonstrated at pH 5.0 and
was maintained at 93.5% and 68.6% at pH 6.0 and pH 7.0, respectively. The enzyme activity
dropped sharply when was below pH 5.0 and above pH 7.0, such that the maximum
activity was only 19.8% (Figure 6b). Although the optimal enzyme activity was achieved
at pH 5.0, it was decreased to 36.5% after 120 min. As shown in Figure 6e, pH 6.0 was the
most stable. Hence, it was chosen as the catalytic pH. The optimum pH for β-galactosidase
was similar to that of the genetically recombinant strains studied by Katrolia et al. [30] and
Lite et al. [31]. This indicated that either too high or low a pH had a significant effect on the
enzyme displayed on the surface. We found that the half-life of the surface-display enzyme
was still above 70% enzyme activity at 24 h, indicating its stability and role in later catalysis
events (Figure 6f).

301



Int. J. Mol. Sci. 2023, 24, 6507

 

Figure 6. The characterization of surface-displayed β-galactosidase enzyme activity. (a) The influence
of temperature on the relative activity of recombinant strain. (b) Effect of pH on the relative activity
of recombinant strain. (c) Effect of exogenous addition by different concentrations of metal ions at
5 mmol/L, 25 mmol/L, and 50 mmol/L on the relative activity of recombinant strain, calculated
assuming 100% enzyme activity without the addition of metal ions. (d) The surface-displayed enzyme
was maintained at 40–80 ◦C for 120 min and the relative enzyme activity was measured every 30 min.
(e) The surface-displayed enzyme was maintained at pH 4.0–7.0 for 120 min and the relative enzyme
activity was measured every 30 min. (f) The surface-displayed enzyme was held at pH 6.0 and 50 ◦C
for 24 h and sampled at intervals to measure the enzyme activity. Calculations assumed 100% activity
at 0 h.

Metal ions can change the ionic strength of solutions, which in turn affects the ion-
ization of amino acids and can change the protein structure. In addition, metal ions can
affect the active site of enzymes, thereby affecting the enzymatic reaction. We found that
different concentrations of metal ions had little effect on overall enzyme activity, where
Ca2+, Mn2+, and Na+ at 5, 25, and 50 mmol/L all promoted enzyme activity (Figure 6c).
Indeed, low concentrations of Mg2+ promoted enzyme activity, while high concentrations
of Mg2+ slightly inhibited enzyme activity. Zn2+, Co2+, Fe3+, Cu2+, and Fe2+ had inhibitory
effects on enzyme activity, with Zn2+, Fe3+, and Cu2+ having the most significant inhibitory
effect on enzyme activity. These results indicated that some metal ions such as Ca2+, Mn2+,
and Na+ can act as cofactors of β-galactosidase to enhance its activity, while others such as
Cu2+ and Fe3+ can induce structural changes in the enzyme that inhibit its activity.

2.8. Optimizing the Process of Increasing GOS Yields

To ensure that the free and immobilized surface-display cells had the same amount
of enzyme, both dry cells need to be weighed. The dry weight of the free cells was
0.92 g/100 mL and the immobilized cells was 1.72 g/100 mL, suggesting the amount
of enzyme added for catalysis was 1.87-fold higher than that of the immobilized cells
(Figure 7a). Cells in biofilm-based fermentation could produce more products during the
same incubation time. Moreover, the biofilm-immobilized fermentation process maintained
the cell activity, slowed down cell degradation, and improved catalytic efficiency.
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Figure 7. Optimization of GOS production and cell reuse times. (a) Comparison of immobilized and
free cell dry weights. Data are reported as the means and standard deviation of three independent
experiments. The p-values were computed using Student’s t-test (*** p < 0.001). (b) Effect of lactose
concentration and catalytic time on GOS production by the surface-displayed strains. GOS production
was increased in a lactose concentration-dependent manner, with the highest production of 251 g/L
GOS at 500 g/L lactose (50.3% yield), before a sudden drop in production at concentrations above
500 g/L lactose. The optimal production time for GOS was 12 h, after which the yield stabilizes.
(c) Influence of different volumes of BMMY medium on GOS yield in multi-batch catalysis. A total of
4 catalysis batches were conducted, with the highest catalytic efficiency starting in the third batch
with 20% BMMY. Adding more than 20% BMMY negatively impacted GOS yield. (d) Number of
reuses in the free cell catalysis. (e) Number of reuses in the immobilized cell catalysis. When the GOS
yield drops to a certain level, the immobilized cells were resuscitated for 48 h and before catalysis
was resumed.

β-galactosidase could convert the high concentration of lactose substrate into GOS.
Therefore, the initial lactose concentration is an important factor that affects the production
of GOS. The reaction was carried out at 50 °C at lactose concentrations of 300–600 g/L,
which showed that at higher concentrations of lactose, GOS production increased continu-
ously with the highest yield achieved at a lactose concentration of 500 g/L. This suggested
that the glycosyltransferase activity increased with increasing concentrations of lactose
substrate. As the lactose concentration rose, the conversion rate slowly decreased. The
lactose was not completely soluble, which could have affected the final trans-glycosylation
reaction. The yield of the product was measured by sampling the liquid phase every 3 h,
and the yield increased steadily during the first 12 h before it reached a maximum of
251 g/L at 12 h (Figure 7b), with a conversion rate of 50.3%. No significant change in yield
was observed with an increasing reaction time, so 500 g/L for 12 h was used as the optimal
experimental condition.

Different volumes of BMMY medium were added to the catalytic reaction to observe
which condition ensured the growth of cells without affecting the catalytic activity. Lactose
was added in citrate buffer at 20%, 50%, 80%, and 100% of BMMY medium and re-added
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every 12 h to observe the effect of GOS yield in four consecutive batches. The GOS
yield was higher with citrate buffer and 20% BMMY, where the yield was almost the
same as that collected from the first two batches of catalysis, while the third batch the
GOS yield was slightly higher in a system with 20% BMMY medium than in the citrate
buffer (Figure 7c). This result showed that adding 20% BMMY medium ensured that
cells remained enzymatically active during growth. The catalytic efficiency was inhibited
when more than 20% of the volume of BMMY was added, presumably due to competition
between growth and enzyme catalysis. Therefore, a buffer that was 20% of the volume of
BMMY medium was used as the buffer.

2.9. Free and Immobilized Cell Biocatalytic GOS Production

Immobilized cotton fiber material was selected as the carrier [21]. Immobilized cells
and free cells catalyzed 500 g/L of lactose at 40 ◦C. The product yield was measured using
HPLC. After each batch of reaction, the buffer was removed and fresh culture with lactose
was added. The number of reusable batches was recorded.

High concentrations of lactose led to trans-glycosylation reactions in which glucose,
galactose, transferred disaccharides, trisaccharides, and tetrasaccharides were produced.
Table 1 shows that in the first batch of catalysis, there was almost no difference between
the yields of free and immobilized cells, with immobilization slightly higher than that of
free cells. The highest proportion of GOS trisaccharides, which accounted for 23.6% of
the composition, was the same as found by Gao Xin et al. [32]. Moreover, when the free
cells were reused 8 times, the GOS yield dropped to 75%; the first 4 batches maintained a
yield above 90%, whereas, the 5th batch showed reduced enzyme activity and the yield
dropped more rapidly (Figure 7d). The immobilized cells were reused 10 times, which
was 2 times more than the free cells, demonstrating that the addition of 20% BMMY could
maintain cell activity and slow down enzyme activity loss. When the yield was dropped
to 71%, the carriers were taken out and the fresh medium was added to reaction for 48 h
to restore cell viability. A second catalysis was then conducted, which was stopped when
the yield dropped to 73% at the end of the 7th batch and the recovery was continued for
48 h. A total of 6 catalysis repeats was achieved at 3rd batch, of which the recovery was
stopped once the yield was dropped to 63%. The immobilized cells maintained catalytic
activity for a total of 23 times in 3 batches, which is 15 times more than free cells (Figure 7e).
The catalytic time and efficiency were both important aspects in the industrial production
process. A total of 120 h of growth time was needed for every batch in free fermentation
with 8 catalytic repeats. Although 120 h of growth time was still needed in the initial
immobilized fermentation, the next growth time was instead a time of 48 h with the total
of 23 catalytic times in 3 batches. The productivity of immobilized and free fermentation
were 0.44 g/L/h and 0.33 g/L/h, respectively, showing how the production efficiency was
significantly improved. Furthermore, the dry weight of immobilized fermentation cells was
nearly twice than that of the free type, which is a great advantage in industrial production
that was achieved. Overall, biofilm-based biocatalysis using surface display obtained a
higher efficient productivity of GOS, shortened culture time, and the persistent cell activity.

Table 1. Analysis of reaction products.

Yield of GOS (%)
Time-Space Yields

of GOS (g/L/h)

Lactose Glucose Galactose
Transfer

Disaccharide
Trisaccharide Tetrasaccharides GOS

Free surface-
displayed enzyme 34.2 ± 0.2 10.6 ± 0.3 6.6 ± 0.6 15 ± 0.2 24.6 ± 0.1 9 ± 0.2 48.6 ± 0.6 0.33 a

Immobilized surface
-displayed enzyme 33.8 ± 0.2 9.8 ± 0.2 6 ± 0.3 18.1 ± 0.1 23.6 ± 0.2 8.6 ± 0.1 50.3 ± 0.3 0.44 b

a: Total GOS production: 3934.5 g, catalytic volumes: 24 L, total time: 504 h. b: Total GOS production: 3613.7 g,
catalytic volumes: 23 L, total time: 354 h.

304



Int. J. Mol. Sci. 2023, 24, 6507

3. Materials and Methods

3.1. Strains and Plasmids

P. pastoris GS115 was selected for this study. The gene lacA (GenBank: FM955406.1) coded
β-galactosidase, which was synthesized by Tsingke Biotechnology Co., Ltd. (Beijing, China).
The anchorins Pir1p, Aga2p, and Flo1p were all derived from S. cerevisiae S288c [33–35]. The
plasmids were derived from the P. pastoris inducible plasmid pPIC9K and the expression
plasmid pPICZαA. pPIC9K was used for the construction of surface-display strains and
pPICZαA was used for the knockdown of the gene PAS_chr1-3_0226 (Table 2).

Table 2. Strains and plasmids used in this study.

Strains or Plasmids Relevant Characteristics Sources

Strains
Escherichia coli DH5α Stored in our lab

GS115 P. pastoris Stored in our lab
GS115-Δ0226 P. pastoris with the deletion of PAS_chr1-3_0226 This study
GS115-lacA lacA comes from Aspergillus oryzae BK03 This study

Δ0226-Pir1p-lacA Pir1p comes from S. cerevisiae S288c This study
Δ0226-Aga2p-lacA Aga2p comes from S. cerevisiae S288c This study
Δ0226-Flo1p-lacA Flo1p comes from S. cerevisiae S288c This study

Plasmids
pPIC9K Resistance to Ampicillin Stored in our lab

pPICZαA Resistance to Bleomycin Stored in our lab

3.2. Media and Growth Conditions

The host for the molecular manipulation in this study was E. coli DH5α, which
was grown in LB medium composed of yeast extract (5 g/L), peptone (10 g/L), and
NaCl (5 g/L). P. pastoris was cultured in Yeast Extract Peptone Dextrose (YPD) medium
composed of yeast extract (10 g/L), peptone (20 g/L), and glucose (20 g/L). Solid me-
dia were prepared in all cases by adding 1.5% (w/v) agar. Buffered Minimal Glycerol
YP (BMGY) medium was composed of yeast extract (10 g/L), peptone (20 g/L), biotin
(0.0004 g/L), 10% glycerol, K2HPO4·3H2O (3 g/L), KH2PO4 (11.8 g/L), and Yeast Nitro-
gen Base (13.4 g/L) (YNB). Buffered Minimal Methanol Medium (BMMY) was composed
of yeast extract (10 g/L), peptone (20 g/L), biotin (0.0004 g/L), K2HPO4·3H2O (3 g/L),
KH2PO4 (11.8 g/L), YNB (13.4 g/L), and methanol (AR, 5 mL/L. The initial pH was
adjusted to 6.5 ± 0.2.

3.3. Construction of Gene Knock-Out and Surface-Displayed Strains

The homologous recombination was selected for the construction of a P. pastoris GS115
strain mutant as previously described [36]. The fragment of bleomycin was amplified
by PCR using BleoR-F/R primers with the pPICZαA plasmid as a template. Similarly,
the upper and lower homology arms (500 bp) of PAS_chr1-3_0226 were obtained using
primers from the genome of P. pastoris GS115. The sequences of primers are listed in
Table 3. The PAS_chr1-3_0226 gene in the GS115 genome was replaced by the gene of
bleomycin successfully.

The encoding genes of anchorin Pir1p, Aga2p, and Flo1p were amplified by PCR from
S. cerevisiae S288c with the fusion of the lacA gene, which was inserted into the pPIC9K
plasmid. Competent cells of GS115-Δ0226 were prepared using the sorbitol method, and
then the recombinant plasmids were electroporated into GS115-Δ0226 strain.
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Table 3. Primers used in this study and their sequences.

Primer Name Primer Sequence Source

Δ0226-UP-F CCTAGTGATTCCTGTGATGTATTCACGGCTGCGCAAAACT This work
Δ0226-UP-R GCTATGGTGTGTGGGGGATCATTTTGATTATCTTTGTGAG This work

Δ0226-DOWN-F GCTCGAAGGCTTTAATTTGCGCGGTTCACATTAATTAAAG This work
Δ0226-DOWN-R AAATTTAAAGAGATGCGAAACTTGACAGCTTGAGCGTGAC This work

BleoR-F CTCACAAAGATAATCAAAATGATCCCCCACACACCATAGC This work
BleoR-R CTTTAATTAATGTGAACCGCGCAAATTAAAGCCTTCGAGC This work

Pir1p-UP AAAGAGAGGCTGAAGCTTACGTATATGCTCCAAAGGACCC This work
Pir1p-DOWN CCAGAACCACCACCACCGAATTCACAGTTGAGCAAATCGA This work

lacA-UP GCTCAACTGTGAATTCGGTGGTGGTGGTTCTGGTGGTGGTGGA
TCTGGTGGTGGAGGTTCTTCTATTAAGCATAGA This work

lacA-DOWN TTAATTCGCGGCCGCCCTAGGTTACTTATCATCATCATCCTTGTA
ATCGTAAGCACCCTTTCTT This work

FS-UP TACGTAGCCACAGAGGCGTGCTTACCAGCAGGCCAGAGGAAAA This work
FS-DOWN GAATTCAGAGCTGGTGATTTGTCCTGAAGATGATGATGAC This work
Aga2p-UP AAAGAGAGGCTGAAGCTTACGTACAGGAACTGACAACTAT This work

Aga2p-DOWN CCAGAACCACCACCACCGAATTCAAAAACATACTGTGTGT This work
Δ0226-UP100 bp TGAGACACATTTAACCATCGC This work

The lacA-UP redlined section is a 45 bp linker, and the lacA-DOWN redlined section is a 24 bp FLAG tag.

3.4. Characterization of Biofilm Formation
3.4.1. Biofilm Formation on Plastics

A crystal violet (CV) assay was performed to measure biofilm formation with minor
modifications [37]. Yeast strains were grown in YPD and fermentation liquid media
overnight at 30 ◦C with 150 rpm. After collection, washing, and discarding supernatant, the
cells were resuspended in YPD and fermentation medium at an OD600 = 1. Cell suspensions
(20 μL) were transferred to a 96-well microtiter plate (Corning, Kennebunk, ME, USA)
containing 180 μL medium per well. The plate was then incubated for 72 h at 30 ◦C.
Four replicate wells were used for each treatment. The biofilm-containing wells were
washed twice with 200 μL PBS to remove free cells, after which the biofilms were stained
with 200 μL 0.1% CV solution for 15 min at room temperature (about 25 ◦C), followed by
repeated washing of the wells with PBS. Then, 200 μL 33% acetic acid was added to each
well and the plate was incubated at room temperature for 20 min with slight shaking to
elute the CV. Finally, the absorbance was measured at 570 nm using a microplate reader
(SpectraMax® iD5; Molecular Devices, San Jose, CA, USA).

3.4.2. Cell Growth and Infiltration Capacity Analysis

P. pastoris strains were grown in YPD at 30 ◦C for 2 days. After collection, washing
and discarding supernatant, the cells were resuspended in YPD at an OD600 = 1 and used
to make 10−1, 10−2, and 10−3 gradient dilutions in sterile water. Each dilution (1 μL) was
then dropped on YPD agar and incubated for 24 h at 30 ◦C.

The GS115 and GS115-Δ0226 strains were isolated in 5 mL/50 mL centrifuge tubes and
cultured overnight at 30 ◦C and 250 rpm. The optical density of the strains was measured
with a UV spectrophotometer and diluted to OD600 = 1 in YPD. A total of 10 μL was cultured
in a YPD plate at 30 °C for 3–4 days. The cultured strains were slowly washed with running
water until the cells could not be eluted and observed to remain on the medium [38].

3.4.3. Characterization of Scanning Electron Microscopy and Transmission
Electron Microscopy

The GS115 and GS115-Δ0226 strains were incubated in BMMY fermentation medium
on cotton fiber material for 24 h. After immobilization, the carriers were removed and
cut into suitable-sized squares and repeatedly rinsed 2–3 times with PBS buffer to ensure
that no medium or yeast remained on the surface of the carriers. Immediately afterward,
the samples were fixed in 2.5% glutaraldehyde with triton for 30 min at room tempera-
ture, and then washed 2–3 times with PBS and placed in a −80 ◦C freezer before they
were dried overnight in a freeze drier (Labconco, Fort Scott, Kansas, USA). Freeze-dried
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samples were sputter-coated with gold and observed with a scanning electron microscope
(TM3000, Hitachi, Tokyo, Japan) and transmission electron microscope (HT7820, Hitachi,
Tokyo, Japan) [13].

3.5. Surface-Displayed β-Galactosidase Assay
3.5.1. β-Galactosidase In Situ Staining Assay

An in situ β-galactosidase staining kit is a tool for the in situ staining of cells for
β-galactosidase detection. The mutant strains were induced with methanol in BMMY
medium for 48 h. Then, the fermentation broth was centrifuged at 6000 rpm for 5 min to
remove the supernatant. The cells were washed twice with PBS and centrifuged again to
remove the supernatant. An aliquot of 500 μL staining solution (Beyotime Biotechnology
Co., Ltd., Shanghai, China) was added to each 1.5 mL centrifuge tube. The cells were
incubated at 50 ◦C until the color stabilized and the cell morphology was observed under
an optical microscope.

3.5.2. β-Galactosidase Enzyme Activity

The enzymatic activity of β-galactosidase was determined as described previously [32].
The P. pastoris GS115 strain and the positive transformants were incubated overnight in
5 mL YPD, which was then used to inoculate 25 mL BMGY in conical flasks. These cultures
were incubated at 30 ◦C for 21–24 h until OD600 = 2–6. The supernatants were removed
by centrifugation at 6000 rpm for 5 min, and the precipitate was washed twice with sterile
water before it was transferred to 100 mL BMMY. The enzyme activity was measured every
24 h by taking 1 mL of the solution after the expression was induced with 1% methanol.

The enzyme activity was measured by hydrolysis of o-nitrophenyl-β-galactoside
(oNPG). The different volume of oNPG liquid was added to the precipitate of 1 mL to deter-
mine enzyme activity. The extract was centrifuged to remove the supernatant, and the cells
were washed twice with PBS to remove any residual supernatant. A total of 1.2 mL citrate
buffer at pH 6.0 and 800 μL 20 mmol/L oNPG were added to the bacterial precipitate and
incubated in a water bath at 50 ◦C for 10 min. After the reaction, 1 mL of 1 mol/L Na2CO3
was added to inactivate the enzyme. The o-nitrophenol (oNP) was observed at 420 nm. One
unit of enzyme activity was defined as hydrolyzing 1 μmol oNPG to oNP per minute.

3.5.3. Immunofluorescence Microscopy and Flow Cytometry Analysis

To verify β-galactosidase display on the surface of P. pastoris, the recombinant strains
were observed under an immunofluorescence microscope (Mshot, MF52-N, Guangzhou,
China) and with flow cytometry (CytoFLEX, Beckman Coulter, Bria, California, USA). After
120 h of methanol-induced fermentation, 1 mL cells were collected by centrifugation at
6000 rpm for 5 min, washed three times with PBS (pH 7.4), and suspended in PBS containing
2% BSA (pH 7.4). Then, 1 μL FLAG-tagged mouse monoclonal antibody (1:100) was added
to a suspension of 200 μL. After incubation for 3 h at 37 ◦C and shaking at 60 rpm, the cells
were washed three times with PBS and suspended in PBS containing 2% BSA. Then, 1 μL
FITC-labeled goat anti-mouse IgG antibody (1:500) was added to the cells and incubated
for 3 h at 37 ◦C with shaking at 60 rpm. The cells were washed again with PBS three times
and observed under an immunofluorescence microscope. Additionally, 200 μL cells were
filtered through a 600 mesh sieve (aperture is 0.025 mm) to disperse the cell clusters, and
the samples were measured with a flow cytometer. We collected 10,000 cells for the assay
using an excitation light wavelength was 488 nm, and the channel signal was recorded [39].

3.5.4. Enzymatic Properties of β-Galactosidase

One milliliter of cells was collected after 72 h of induced expression, centrifuged at
6000 rpm for 5 min to remove the supernatant, and the cells were washed three times with
PBS. To investigate the effect of temperature on enzyme activity, 800 μL 20 mmol/L oNPG
and pH 6.0 citrate buffer was added for 10 min at 30–80 ◦C. The β-galactosidase enzyme
activity was measured at 420 nm at the end of the reaction. To investigate the effect of pH
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on enzyme activity, the reaction was conducted in a 50 ◦C water bath at pH 3.0 to 9.0. The
same number of cells were taken and held at 40–70 ◦C and pH 4.0–7.0 for 120 min, with
samples taken every 30 min to measure the enzyme activity. Samples were also taken at
the optimum temperature and pH to measure the activity and half-life of the enzyme. In
addition, 5 mmol/L, 25 mmol/L, and 50 mmol/L Na+, Ca2+, Mg2+, Fe2+, Fe3+, Mn2+, Co2+,
Cu2+, and Zn2+ were added to pH 6.0 buffer and the enzyme activity of β-galactosidase
was measured after 10 min of reaction at 50 ◦C in a water bath.

3.6. Free and Immobilized Fermentation for GOS Synthesis

The dry weight of the cells at the end of fermentation was measured to ensure unifor-
mity in the experiment. For cells on immobilized carriers, 100 mL carriers and free cells
at the end of fermentation was washed twice with PBS buffer, centrifuged at 6000 rpm
for 5 min, dried at 105 ◦C, and weighed. To determine the optimum substrate concentra-
tion and reaction time for GOS production by fermentation, concentrations ranging from
300–600 g/L lactose were made in citrate buffer (pH 6.0). The substrate was catalyzed at
40 ◦C by strain Δ0226-Pir1p-lacA. The samples were taken every 3 h. The GOS, glucose,
galactose, and lactose content were analyzed using HPLC.

In order to optimize the catalytic process and verify whether the cells could achieve
growth and catalysis at the same time, citrate buffer (pH 6.0) and 20–100% BMMY (pH 6.0)
were added to the buffer. After 4 batches of catalysis, the production of GOS and enzyme
activity of the cells were tested. The number of reused free and immobilized cells was
examined using the same catalytic system, to which the lactose substrate was re-added
every 6 h to determine the lactose conversion rate. When the catalytic efficiency of the
immobilized cells dropped below 70%, the immobilized carriers were placed back into a
fresh medium to recover, then taken out to continue catalysis. This cycle was repeated
several times until the catalytic effect was greatly reduced. The total time–space yield of
free and immobilized cells was calculated as follows:
1© Free cells (g/L/h) = Total production of GOS

Total cell growth time+catalytic time

2© Immobilized cells (g/L/h) = “Total production of GOS”
“Total cell growth time+resuscitation+catalytic time”

3.7. The Methods of Product Detection

The analysis of glucose, galactose, and GOS was performed on an Agilent 1260
Infinity II RID instrument and an Aminex HPX-87H analytical HPLC column at 60 ◦C with
5 mmol/L H2SO4 as the mobile phase and a flow rate of 0.4 mL/min.

4. Conclusions

The biofilm-based fermentation of P. pastoris was developed by using the advantages
of biofilm formation. Knocking out the cell wall protein gene PAS_chr1-3_0226 successfully
enhanced biofilm formation, which provided excellent growth conditions for the cells to
maintain high activity during prolonged fermentation, which was applicable to continuous
(repeated-batch) fermentation. In addition, the optimal surface-displayed strains with
anchorin were selected based on strain GS115-Δ0226, with the enzyme activity of 5125 U/g
and 23 repeats of continuous catalysis batches. This could improve catalytic efficiency and
repeated batches compared with the free fermentation. A co-culture system integrated
catalysis and growth, so that a dynamic equilibrium in the consolidated integrative process
was achieved. These results indicated that biofilm-based fermentation using surface display
will be of great value for immobilized GOS production. Overall, this study provides a
reference for the development of more biofilm-based surface display methods in P. pastoris
for biochemical production processes.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms24076507/s1.
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Abstract: The present study was conducted to investigate the effects of dietary fish oil replacement
with a mixture of vegetable oils and probiotic supplementation on plasma biochemical parameters,
oxidative stress, and antioxidant ability of Seriola dumerili. Specimens with an initial weight of
175 g were used. Four feeds were formulated with 0% (FO-100), 75% (FO-25), and 100% (FO-0 and
FO-0+ with the addition of Lactobacillus probiotics) substitution of fish oil with a mixture of linseed,
sunflower, and palm oils. After 109 days, no significant differences were observed in the activity of
antioxidant enzymes in the liver, foregut, and hindgut, only glucose-6-phosphate dehydrogenase
activity in the liver was higher in the fish fed the FO-100 diet than in those fed the FO-0 diet. No
significant differences were observed in the total, reduced, and oxidized glutathione and the oxidative
stress index in the liver. In addition, lipid peroxidation in the liver and red muscle values were higher
in the fish fed the FO-100 diet than in the fish fed the FO-0+ diet, however, the foregut of the fish fed
the FO-100 diet presented lower values than that of the fish fed the FO replacement diet, with and
without probiotics. There were significant differences in cholesterol levels in the FO-100 group; they
were significantly higher than those observed with the fish diets without fish oil. To sum up, fish
oil can be replaced by up to 25% with vegetable oils in diets for Seriola dumerili juveniles, but total
fish oil substitution is not feasible because it causes poor survival. The inclusion of probiotics in the
FO-0+ diet had no effects on the parameters measured.

Keywords: fish oil replacement; Seriola dumerili; greater amberjack; antioxidant enzymes; blood
parameters; fish health

1. Introduction

In recent years, a large number of studies has focused on replacing fish oil (FO) in
aquafeeds using fats or oils from plant or animal sources [1]. Nevertheless, high FO
substitution in aquafeeds without compromising fish performance and health remains a
challenge, especially in carnivorous species. Due to their low price and high and constant
market availability, vegetable oils (VO) have been traditionally presented as the main option
to solve the dependence on FO for aquafeeds, further contributing to more environmentally
sustainable aquafeeds [2]. Furthermore, partial FO replacement with a mixture of VO
sources allows for a reduction of FO dependency in fish [3–6]. Nevertheless, some VOs are
rich in n-6 and n-9 fatty acids, mainly linoleic acid (18:2n-6) and oleic acid (OA, 18:1n-9), but
lack n-3 long-chain polyunsaturated fatty acids (LC-PUFA), which are essential to achieve
optimal fish growth [7]. Further, lack of n-3 might trigger negative effects on feed utilization,

Int. J. Mol. Sci. 2023, 24, 6768. https://doi.org/10.3390/ijms24076768 https://www.mdpi.com/journal/ijms311



Int. J. Mol. Sci. 2023, 24, 6768

induce inflammatory reactions, and depress oxidative capacity and, consequently, may
reduce fish survival [8–10].

High dietary FO replacement has been linked to several side effects on fish health and
stress [11–13] depending on the level of FO replacement, alternative oils included in the
diet, dietary fatty acid profile, and fish species. An imbalance of n-3/n-6 LC-PUFAs triggers
a stress response via altered eicosanoid production [9]. In addition, previous studies also re-
ported negative effects in fish feed VOs, such as an increase in plasma cortisol levels [14] and
a high hepatic triacylglycerol level [15]. Continuous cortisol secretion to the bloodstream
has negative effects on fish feed intake, alters lipid and protein metabolism, and induces
immunosuppression, increasing susceptibility to pathogens and infection [14,16,17].

On the other hand, the improvement of fish health through optimum nutrition is
mandatory in smart aquaculture. In this sense, additives such as probiotics have been
included in diets to counterbalance the negative effects caused by FO substitution, resulting
in the strengthening of the immune system [18,19], nutrient digestibility [20], and increased
fish stress resistance and survival [21].

FO substitution caused the alterations of the activities of digestive enzymes, antioxi-
dant enzymes and the integrity of the mucosal barrier as well as in the intestinal microbiota,
which participates and plays a key role in the recovery process [22–24]. Therefore, one of
the strategies to palliate the alterations in intestinal health is to add a probiotic in the diet to
improve the digestive process and fish health [22,25]. In aquaculture, the use of probiotics
is very important as they colonize the intestinal mucosa and can displace pathogens and
thus improve the health of the fish. This is an important aspect to better cope with the
occurrence of diseases, especially in fish fed FO-free diets [26].

The greater amberjack (Seriola dumerili) is an excellent candidate for aquaculture
diversification due to its higher growth as compared to other Mediterranean species and
excellent sensory properties [6]. As marine fish have adapted to be fed high-lipid diets
formulated with FO as the main lipid source, when dietary FO is substituted by vegetable
oils, aspects such as immunological status, health, and welfare should be considered as
they may be compromised [27–29].

Thus, this study aims to assess the effect of fish oil replacement with vegetable oils
in diets for Seriola dumerili juveniles and its possible relation to oxidative stress alteration
and health as well as to evaluate the potential benefits of Lactobacillus brevis and L. buch-
neri in fish fed with a complete FO replacement diet in different parameters to measure
oxidative stress.

2. Results

2.1. Oxidative Status

Diet composition did not affect the oxidative stress enzyme activity in the liver and
intestines except for glucose-6-phosphate dehydrogenase, where activity was higher in
the liver in the FO-100 group and lower in the FO-0 group (Table 1). The dietary inclusion
of probiotics in the FO-0 diet increased the glucose-6-phosphate dehydrogenase activity,
which showed no differences compared to the other groups.

Table 1. Antioxidant enzyme activities 1 in the liver, foregut, and hindgut of Mediterranean yellowtail
(Seriola dumerili) fed the experimental diets for 109 days.

Diets

FO-100 FO-25 FO-0 FO-0+

Catalase
Liver 808 ± 97.1 695 ± 125.9 596 ± 90.4 746 ± 137.5

Foregut 65.8 ± 13.27 72.8 ± 14.07 64.0 ± 14.07 42.3 ± 15.05
Hindgut 26.6 ± 12.15 30.5 ± 14.94 37.7 ± 11.50 12.0 ± 15.30

Superoxide dismutase
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Table 1. Cont.

Diets

FO-100 FO-25 FO-0 FO-0+

Liver 127 ± 18.8 152 ± 18.8 121 ± 18.8 141 ± 91.8
Hindgut 74.7 ± 15.75 77.5 ± 19.42 56.5 ± 15.03 39.9 ± 19.22

Glutathione reductase
Liver 12.4 ± 0.749 12.0 ± 0.764 13.3 ± 0.746 11.6 ± 0.765

Foregut 58.6 ± 8.56 55.5 ± 8.56 42.5 ± 8.56 30.0 ± 10.48
Hindgut 24.0 ± 2.98 23.3 ± 3.70 25.2 ± 2.80 22.0 ± 4.05

Glutathione peroxidase
Liver 50.6 ± 5.87 55.8 ± 7.66 58.2 ± 5.49 52.9 ± 7.98

Foregut 435 ± 70.1 443 ± 70.1 324 ± 70.1 289 ± 79.4
Hindgut 154 ± 22.0 144 ± 22.0 126 ± 25.4 116 ± 20.7

Glucose-6-phosphate
dehydrogenase

Liver 98.6 ± 11.89 a 88.4 ± 15.35 ab 54.7 ± 11.16 b 93.0 ± 15.19 ab

Foregut 6.42 ± 1.40 5.24 ± 1.48 6.04 ± 1.40 4.03 ± 1.71
Hindgut 2.00 ± 0.595 2.85 ± 0.557 3.36 ± 0.557 2.40 ± 0.525

1 Enzyme activities expressed as U/mg protein−1 for catalase and superoxide dismutase and mU/mg protein−1

for glutathione reductase, glutathione peroxidase, and glucose-6-phosphate dehydrogenase. Values represent the
mean ± standard error (n = 9). Different superscript letters indicate significant differences between the treatments
(p < 0.05), Bonferroni test.

No differences were observed in the liver for the total, reduced, or oxidized glutathione
levels and for the oxidative stress index (Table 2). On the other hand, lipid peroxidation
(expressed as nmols MDA per gram of tissue) was affected by diet composition in the
liver, foregut, and red muscle (Table 3). In the liver, MDA was higher in the control group
(FO-100) than in the FO-0+ group, while the opposite was observed in the foregut. In red
muscle, MDA levels were higher in the fish fed FO-100 diets than in those fed the FO-0 and
FO-0+ diets.

Table 2. Total glutathione (tGSH), reduced glutathione (GSH), oxidized glutathione (GSSG) and oxida-
tive stress index (OSI) in the liver of Mediterranean yellowtail (Seriola dumerili) fed the experimental
diets for 109 days.

Diets

FO-100 FO-25 FO-0 FO-0+

tGSH (nmol g−1 tissue) 1254 ± 92.8 1161 ± 84.7 936 ± 92.8 1025 ± 92.8
GSH (nmol g−1 tissue) 1211 ± 91.8 1125 ± 83.8 914 ± 91.8 987 ± 91.8
GSSG (nmol g−1 tissue) 43.3 ± 6.26 35.5 ± 5.72 22.0 ± 6.26 37.7 ± 6.26

GSH/GSSG 44.4 ± 14.4 51.9 ± 14.4 72.6 ± 14.4 27.1 ± 17.1
OSI (%) 7.09 ± 1.14 6.28 ± 1.04 4.52 ± 1.14 7.44 ± 1.14

Values represent the mean ± standard error (n = 9).

Table 3. Lipid peroxidation levels (nmols MDA/g−1 tissue) in the liver, foregut, hindgut, white
muscle, and red muscle of Mediterranean yellowtail (Seriola dumerili) fed the experimental diets for
109 days.

Diets

FO-100 FO-25 FO-0 FO-0+

Liver 14.2 ± 0.949 a 11.8 ± 0.837 ab 11.3 ± 0.837 ab 10.7 ± 0.837 b

Foregut 10.8 ± 1.86 b 12.6 ± 2.36 ab 11.7 ± 1.72 ab 18.2 ± 2.44 a

Hindgut 11.0 ± 1.59 12.5 ± 1.59 12.6 ± 1.50 11.4 ± 1.59
White muscle 7.74 ± 1.33 6.25 ± 1.54 7.28 ± 1.33 7.15 ± 1.33
Red muscle 8.44 ± 0.468 a 7.18 ± 0.505 ab 5.90 ± 0.438 b 6.16 ± 0.413 b

Values represent the mean ± standard error (n = 9). Different superscript letters indicate significant differences
between the treatments (p < 0.05), Bonferroni test.

313



Int. J. Mol. Sci. 2023, 24, 6768

2.2. Blood Parameters

As FO substitution increased, the cholesterol level reduced, and was significantly
lower in the fish fed the diets deprived of fish oil than in the control (Table 4). No further
differences were observed regarding the other parameters measured.

Table 4. Hematological parameters of Mediterranean yellowtail (Seriola dumerili) fed the experimental
diets for 109 days.

Diets

FO-100 FO-25 FO-0 FO-0+

Hemoglobin (g/dL) 10.1 ± 0.56 9.56 ± 0.63 9.85 ± 0.46 9.10 ± 0.50
RBC 1 (number × 106/μL) 2.59 ± 0.38 2.46 ± 0.44 2.66 ± 0.38 2.52 ± 0.41

Hematocrit (%) 30.4 ± 6.00 32.1 ± 6.95 30.9 ± 6.08 29.6 ± 6.42
Glucose (mg/dL) 97.3 ± 14.2 129.1 ± 12.0 97.2 ± 12.0 88.4 ± 12.5

Cholesterol (mg/dL) 168.2 ± 7.40 a 151.4 ± 7.40 ab 128.4 ± 7.40 b 124.4 ± 7.40 b

Triglycerides (mg/dL) 105.8 ± 7.06 103.8 ± 6.54 107.6 ± 6.54 106.6 ± 6.54
LDH 2 (U/L) 16,278 ± 3241.6 10,210 ± 2873.4 7049 ± 2981.9 12,155 ± 2873.4

Cortisol (μg/dL) 10.8 ± 5.14 13.9 ± 5.70 10.4 ± 5.30 13.8 ± 5.57
1 Red blood cells; 2 lactate dehydrogenase. Values represent the mean ± standard error (n = 14). Different
superscript letters indicate significant differences between the treatments (p < 0.05), Bonferroni test.

3. Discussion

Previous studies in fish reported an improvement of antioxidant defenses when the
level of marine fatty acids was increased in the diet for seabream [30], and likewise, n-3
HUFA levels influenced the antioxidant capacity of juvenile black seabream, increased
n-3 HUFA levels in the diet lead to increased MDA content in the liver and serum [31].
Further, fish oil replacement with vegetable oils can negatively affect lipid peroxidation
and oxidative stress, which could lead to impaired membrane function and the reduction
of endogenous antioxidant enzyme activity in fish [32]. For instance, in a previous study
with Nibea coibor [33], it was observed that both SOD and CAT activities increased as the
levels of fish oil substitution increased, being higher in fish fed a palm oil diet rather
than a fish oil diet. Furthermore, in Oncorhynchus mykiss broodstock [34], SOD and GPX
increased with increasing levels of fish oil substitution with vegetable oils. In the same
study, liver CAT activity followed a negative relationship with FO substitution. During the
last few years, measures have been sought to increase the antioxidant defense activity in
different fish species. Among them, microbial feed additives showed promising effects on
the antioxidant enzyme activity [35].

Nevertheless, in the present study, no significant differences in oxidative stress pa-
rameters were found despite the different dietary marine fatty acids in the diets, though a
tendency to decrease the antioxidant enzyme activity as fish oil substitution increased was
noticed, suggesting a detriment of oxidative defenses. This trend was statistically significant
only for liver glucose-6-phosphate dehydrogenase (G6PD) activity. The major physiological
role of G6PD is to produce NADPH [36], crucial for reductive biosynthesis [37] required
to renew reduced glutathione (GSH), preserve the integrity of cell membrane sulfhydryl
groups, and detoxify hydrogen peroxide and oxygen radicals in cells [38]. Nevertheless,
the differences in G6PD were only observed in the fish fed the FO-0 diet, although the
highest mortality was in the fish fed the FO-0+ diet.

MDA levels indirectly reflect the antioxidant capacity and the overall oxidative status
of fish [39]. In the present study, the oxidation status was different depending on the tissue
studied. Lipid peroxidation levels were higher in the FO-100 diet in the liver and red
muscle than in the other tissues examined. These findings agree with observations in black
sea buckthorn (Acanthopagrus schlegelii): increased MDA content along with an increase
in dietary long-chain polyunsaturated fatty acids levels (n-3 LC-HUFAs) [31]. Previous
studies demonstrated that excess n-3 LC-PUFAs in the liver are more likely to cause lipid
peroxidation [40].
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Comparing FO-0 with FO-0+, no significant differences were found, the CAT and SOD
enzyme activities increased and the decrease in MDA concentrations in the liver in the
fish fed FO-0+ may suggest a slight improvement in the antioxidant capacity of the fish.
Similar results to those were found in common carp [41] in which probiotics increased
CAT and SOD activity, as well as antioxidant capacity. Furthermore, in Pangasianodon
hypophthalmus [42], they found that the addition of probiotics caused an increase in digestive
enzymes and enzyme activity. However, in these studies, the difference was notable
between the diets containing the probiotic and the control. In our study, the poor effect of
probiotics could be due to the fact that the probiotic species were not the most suitable for
Seriola dumerili or because the concentration of probiotics was not adequate.

The MDA contents of the liver and muscle of the fish fed with high levels of vegetable
oils significantly decreased, as previously reported in other species [43–45], but in the
case of the liver, this decrease was only observed when the probiotic was added. To
the best of our knowledge, this is the first study that reports the antioxidant capacity of
Lactobacillus as a probiotic in diets with high fish oil replacement, but the results are not
conclusive as the oxidative status levels in response to the dietary inclusion of probiotics
were tissue-dependent.

Probiotics in fish should produce metabolites with antioxidative abilities such as
glutathione, folate, and butyrate [35]. These processes could positively influence the
antioxidant capacity. However, the specific roles of each probiotic species and their effects
on antioxidant capacity in fish need further study.

Blood metabolites have been widely used to provide information on the nutritional
status and health of fish [46–48]. Hematological parameters can be considered good indica-
tors of changes in fish. Situations of anemia, nutritional deficiencies or malnutrition affect
hematocrit values [5]. To our knowledge, no previous studies assessed blood parameters
in response to fish oil substitution in diets for greater amberjack. In this study, except for
cholesterol, blood parameters were not affected by diet composition. Plasma cholesterol
significantly decreased with the increase in vegetable oils in the diets. Similar results have
been found in other species when fish oil was substituted with vegetable oils, for instance,
in sea bass D. labrax and black sea bream Acanthopagrus schlegeli [49,50]. This was expected
as VOs are rich in phytosterols which reduce cholesterol levels [51,52].

The hemoglobin and hematocrit values were lower than those observed in another
study in the same species [53], probably due to the differences in fish weight (136 g
compared to the 422 g average weight in the present experiment). This has also been noticed
in other fish species, such as siluroid (Heteropneustes fossilis) [54], where the erythrocyte and
leucocyte counts and hemoglobin concentration are higher in smaller fish and decrease as
the animal grows and the hematocrit values and the mean corpuscular volumes decrease
with the increase in fish weight.

In this study, plasma triglycerides levels are within the range reported for greater
amberjack under good nutritional status [53]. Plasma cortisol, LDH, and glucose variations
can be related to differences in diet composition and physiological changes related to stress.
In the present study, no differences among treatments were observed in these parameters.
This is similar to what was observed in S. quinqueradiata [55] juveniles fed diets where
fish oil was replaced by a vegetable oil. Increases in glucose and cortisol levels normally
appear as a response to chronic stress in fish. In our study, the addition of probiotics caused
an increase in cortisol and a decrease in glucose in the groups without FO in the diet,
therefore, probiotics had no stress-mitigating effect according to the parameters studied in
the blood. This is different from the results obtained in many studies in which the addition
of probiotics reduced the stress in fish [35,56–59]. The lack of differences in these plasma
parameters also indicates that the fish were not suffering from stress related to diet.

The results of this study indicate that full substitution of fish oil for vegetable oils does
not significantly affect the Seriola dumerili oxidative stress. The inclusion of a Lactobacillus
probiotic in the diet with complete FO replacement did not have positive effects on oxidative
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stress, and no significant differences were found in antioxidant enzyme activity, lipid
peroxidation, or hematological parameters.

4. Materials and Methods

4.1. Fish and Experimental Diets

Greater amberjack juveniles (Seriola dumerili) (160 ± 5.3 g) were obtained from Futuna
Blue SA (Cádiz, Spain) and moved to Universitat Politècnica de València facilities. Before
starting the experiment, the animals were acclimatized to the laboratory conditions for one
month and fed a standard feed (52% protein and 15% lipids).

After acclimatization, 25 fish (175 g ± 3.62 g) per tank were randomly distributed
in 12 tanks, three per diet, with a capacity of 1750 L. The fish were fed until appar-
ent satiation, twice daily (9:00 a.m.–16:00 p.m.), six days a week, for 109 days. The
photoperiod was natural, and all the tanks had similar light conditions. Water tem-
perature was maintained between 17.0 ◦C and 19.1 ◦C, salinity—around 30 ± 1 g/L−1,
oxygen level—6.7 ± 0.04 mg/L−1, and pH—between 7.5 and 7.8. Ammonium, nitrite, and
nitrate levels were maintained at 0.18± 0.07, 0.37± 0.05, and 93.2± 6.88 mg/L−1, respectively.

Four isoproteic (52% crude protein) and isolipidic (15% crude lipids) feeds were
formulated (Table 5): a control diet (FO-100) without FO substitution, a diet with 25% of
FO (FO-25), and another diet without FO inclusion (FO-0). FM provided 3% of CL in all
diets. Additionally, a fourth diet was prepared (FO-0+), with the same formulation as FO-0
but adding Lactobacillus brevis and L. buchneri (5.0 × 107 UCF g−1) with a mix of 50% of
each species as probiotic bacteria.

Table 5. Formulation (g/kg−1) of the experimental diets. Feed ingredients and proximate composition.

FO-100 FO-25 FO-0 1

Ingredients (g/kg)
Fish meal 350 350 350

Wheat 100 100 100
Defatted soybean meal 185 185 185

Iberian meat meal 110 110 110
Fish oil 95 24 0

Linseed oil – 28 38
Sunflower oil – 21 28

Palm oil – 22 29
Multivitamins and minerals mix 2 20 20 20

Analyzed composition (% dry weight)
Dry matter (%DM) 89.3 89.7 89.4

Crude protein (%CP) 52.2 52.5 52.1
Crude lipid (CL) 14.5 14.4 14.4

Ash (%) 7.3 9.1 7.4
EPA (% total FA) 5.8 4.3 2.8
DHA (% total FA) 13 7.6 4.3

1 The FO-0+ diet details are not shown in the table because it had the same ingredients as FO 0 except for
the addition of probiotics Lactobacillus brevis and Lactobacillus buchneri (concentration of 5 mL per each 500 g).
2 Vitamins and minerals mixture (g/kg−1): premix, 25; Hill, 10; DL-a-tocopherol, 5; ascorbic acid, 5; (PO4)2Ca3,
5. Pre-mixture composition: retinol acetate, 1,000,000 IU/kg−1; calcipherol, 500 IU/kg−1; DL-a-tocopherol, 10;
menadione sodium bisulfite, 0.8; thiamine hydrochloride, 2.3; riboflavin, 2.3; pyridoxine hydrochloride, 15;
cyanocobalamin, 25; nicotinamide, 15; pantothenic acid, 6; folic acid, 0.65; biotin, 0.07; ascorbic acid, 75; inositol,
15; betaine, 100; 12 polypeptides.

4.2. Diets’ Hemical Analysis

Diets’ chemical analyses were carried out in the Animal Science Technology at Univer-
sitat Politècnica de Valencia. The fatty acid composition was analyzed by gas chromatogra-
phy on a FINNIGAN FOCUS 6C chromatograph (AI 3000) after direct synthesis of methyl
esters (FAME) prepared according to O’Fallon [60]. Dry matter (105 ◦C to constant weight),
ash (by incineration at 550 ◦C to constant weight), fat (Ankom XT10 extraction system), and
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protein content (Dumas method) were determined according to the AOAC [61]. The Dumas
method consists in the transformation of nitrogen into the gaseous state by calcination and
its determination by thermal conductivity using a LECO CN 628 protein analyzer. All the
analyses were performed in triplicate.

4.3. Enzyme Activity and Lipid Peroxidation Determination in Muscle, Liver, and Intestines

At the end of the experiment, liver, foregut, and hindgut samples of three fish per
tank (nine fish per group) were collected and immediately frozen using liquid nitrogen
and stored at –80 ◦C for later analysis. Muscle was also collected; red muscle was carefully
dissected from white muscle, and both tissues were immediately frozen with liquid nitrogen
and stored at −80 ◦C for later analysis.

Liver and intestine samples were diluted 1:9 and 1:4, respectively, and homogenized
at pH 7.8 in an ice-cold 100 mM Tris HCl buffer containing 0.1 mM EDTA and 0.1% (v/v)
Triton X-100. Homogenates were centrifuged at 30,000× g for 30 min at 4 ◦C and the
resulting supernatants were separated into aliquots and stored at –80 ◦C for further enzyme
assays. All enzyme activities were measured at 37 ◦C on a Multiskan GO microplate reader
(Model 5111 9200; Thermo Scientific, Nanjing, China).

Glucose-6-phosphate dehydrogenase (G6PDH; EC 1.1.1.49) activities were assayed as
described in [62]. Enzyme activities were determined by monitoring changes in NADH or
NADP absorbance at 340 nm.

Oxidative stress enzymes were assayed as follows: superoxide dismutase (SOD;
EC 1.15.1.1) activity was measured at 550 nm by the ferricytochrome C method using
xanthine/xanthine oxidase as a source of superoxide radicals [63]. Catalase activity (CAT;
EC 1.11.1.6) was determined according to [64] by measuring the decrease in hydrogen
peroxide concentration at 240 nm. Glutathione reductase activity (GR; EC 1.6.4.2) was
determined at 340 nm by measuring NADPH oxidation as described in [65]. Glutathione
peroxidase activity (GPX; EC 1.11.1.9) was assayed as described. The GSSG generated
by GPX was reduced according to [66]. GR and the rate of NADPH consumption were
monitored at 340 nm.

One unit of SOD enzyme activity was defined as the amount of enzyme required to
produce a 50% inhibition of the reduction rate of ferricytochrome C. All other enzyme
activities were expressed as units (CAT) or milliunits (G6PDH, GPX, and GR) per milligram
of soluble protein (specific activity). One unit of enzyme activity was defined as the amount
of enzyme required to transform 1 μmol of substrate per minute under the assay conditions.
Total protein concentration was determined according to [67] as described above.

Hepatic, intestinal (foregut and hindgut), and muscle (white and red) lipid peroxida-
tion levels were determined as malondialdehyde concentration (MDA) according to [68].
A 100 μL aliquot of supernatant from the homogenate was mixed with 500 μL of a pre-
pared solution (15% (w/v) TCA (Sigma, St. Louis, MO, USA), 0.375% (w/v) thiobarbituric
acid (Sigma), 80% (v/v) HCl 0.25 N, and 0.01% (w/v) butylated hydroxytoluene (BTH)
(Sigma)). The mixture was heated to 100 ◦C for 15 min, cooled to ambient temperature, and
centrifuged at 1500 g for 10 min. The supernatant was collected and the absorbance was
measured at 535 nm. Concentration was expressed as nmol MDA per g of wet tissue.

4.4. Glutathione and Oxidative Stress Index in the Liver

Portions of the liver were homogenized in nine volumes of an ice-cold solution contain-
ing 1.3% 5-sulphosalicylic acid (w/v) and 10 mM HCl. The homogenates were centrifuged
at 14,000× g for 10 min at 4 ◦C, and the supernatants were analyzed.

Total glutathione (tGSH) and GSSG were measured following the method described
in [69] and [70] with modifications. Both tGSH and GSSG analyses were carried out at
37 ◦C, and changes in absorbance due to the reduction of 5,5′-dithiobis (2-nitrobenzoic
acid) (DTNB) were monitored at 405 nm in a Multiskan GO microplate reader. The molar
extinction coefficient used for DTNB was 13,600 M−1 × cm−1. Total GSH was determined
using a reaction mixture containing 133 mM phosphate buffer with 5.8 mM EDTA at pH 7.4,

317



Int. J. Mol. Sci. 2023, 24, 6768

0.71 mM DTNB, 0.24 mM NADPH, and 1.2 IU/mL GR. GSSG was measured using an
aliquot from the solution obtained after 60 min of incubation of 100 μL of the sample
with 2 μL vinylpyridine and 6 μL 1.5 M triethanolamine. The reaction mixture contained
122 mM phosphate buffer with 5.4 mM EDTA at pH 7.4, 0.71 mM DTNB, 0.24 mM NADPH,
and 1.2 IU/mL−1 GR.

The results were calculated using standard curves of reduced glutathione (GSH) and
GSSG for tGSH and GSSG measurements, respectively. The GSH level was calculated by
subtracting GSSG from the tGSH values. The data are expressed as nmol per gram of tissue.
The oxidative stress index (OSI) was calculated as follows: OSI (%) = 100 × (2 × GSSG/tGSH).

4.5. Blood Parameters

At the end of the experiment, 15 fish per experimental group were anesthetized and
blood samples were collected by puncturing the caudal vein using heparinized syringes
with an anticoagulant. The samples were immediately stored at 4 ◦C for later analysis.

The glucose, LDH, cholesterol, and triglyceride concentrations were determined by
ultraviolet spectrophotometry (Ortho Clinical Diagnostics, Raritan, NJ, EUA), the cortisol
concentration—by chemiluminescence. The red blood cell count was determined in a
Neubauer chamber, the hematocrit percentage—using a manual microhematocrit method,
and hemoglobin—by means of spectrophotometry. All the analyses were performed by the
ICTIOVET S.C.P. laboratory.

4.6. Statistical Analysis

The data were evaluated by analysis of variance (ANOVA), following a completely
randomized design. To determine significant differences between the treatments, the
Bonferroni test was applied at the 5% significance level, using the statistical program
Statgraphics Centurion XVII.

Author Contributions: Conceptualization, S.M.-L. and A.T.-V.; methodology, S.M.-L. and A.T.-V.;
formal analysis, S.M., H.P. and M.C.M.-S.; investigation, S.M.-L. and A.T.-V.; resources, S.M.-L.
and A.T.-V.; data curation, M.C.M.-S.; writing—original draft preparation, S.M. and M.C.M.-S.;
writing—review and editing, D.S.P., H.P. and A.O.-T.; visualization, S.M-L.; supervision, H.P., A.O.-T.
and S.M.-L.; project administration, M.J.-C.; funding acquisition, M.J.-C. and A.T.-V. All authors have
read and agreed to the published version of the manuscript.

Funding: Valencian government (Conselleria d’Educació, Cultura i Esport) provided financial sup-
port (reference No. AICO/2015/123). AYUDAS PARA INVESTIGADORES PREDOCTORALES
PARA PUBLICACIÓN PAID-12-21.-“Seriola dumerili”. Universitat Politècnica de València.

Institutional Review Board Statement: This study complies with the 2010/63/EU directive, on
which the Spanish regulations on the protection of animals in experimentation (Spanish Royal Decree
53/2013) are based. UPV Ethics and Animal Welfare Committee approved the protocol for the
conduct of this experimental study. During the experiment, the fish were checked twice a day. Every
month, their weight and health status were checked individually, and to do so, they were anesthetized
with clove oil dissolved in water (0.01 mg/L−1 of water). Finally, the animals were euthanized with
an excess of clove oil (150 mg/L−1) and then dissected to collect liver and intestine samples.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bowyer, J.N.; Qin, J.G.; Smullen, R.P.; Stone, D.A.J. Replacement of fish oil by poultry oil and canola oil in yellowtail kingfish
(Seriola lalandi) at optimal and suboptimal temperatures. Aquaculture 2012, 356, 211–222. [CrossRef]

2. Bordignon, F.; Trocino, A.; Sturaro, E.; Martínez-Llorens, S.; Tomas-Vidal, A.; Xiccato, G.; Berton, M. Fish oil substitution with
vegetable oils in diets for greater amberjack (Seriola dumerili): A consequential life cycle assessment approach. Aquaculture 2023,
563, 738903. [CrossRef]

318



Int. J. Mol. Sci. 2023, 24, 6768

3. Oliva-Teles, A.; Enes, P.; Peres, H. Replacing fishmeal and fish oil in industrial aquafeeds for carnivorous fish. Feed. Feed. Pract.
Aquac. 2015, 2015, 203–233.

4. Nogales-Mérida, S.; Tomás-Vidal, A.; Cerdá, M.J.; Martínez-Llorens, S. Growth performance, histological alterations and fatty
acid profile in muscle and liver of sharp snout sea bream (Diplodus puntazzo) with partial replacement of fish oil by pork fat.
Aquac. Int. 2011, 19, 917–929. [CrossRef]

5. Ribeiro, L.; Moura, J.; Santos, M.; Colen, R.; Rodrigues, V.; Bandarra, N.; Soares, F.; Ramalho, P.; Barata, M.; Dias, J.; et al. Effect of
vegetable based diets on growth, intestinal morphology, activity of intestinal enzymes and haematological stress indicators in
meagre (Argyrosomus regius). Aquaculture 2015, 447, 116–128. [CrossRef]

6. Monge-Ortiz, R.; Tomás-Vidal, A.; Rodriguez-Barreto, D.; Martínez-Llorens, S.; Pérez, J.A.; Jover-Cerdá, M.; Lorenzo, A.
Replacement of fish oil with vegetable oil blends in feeds for greater amberjack (Seriola dumerili) juveniles: Effect on growth
performance, feed efficiency, tissue fatty acid composition and flesh nutritional value. Aquac. Nutr. 2018, 24, 605–615. [CrossRef]

7. Turchini, G.M.; Torstensen, B.E.; Ng, W.K. Fish oil replacement in finfish nutrition. Rev. Aquac. 2009, 1, 10–57. [CrossRef]
8. Du, J.; Xu, H.; Li, S.; Cai, Z.; Mai, K.; Ai, Q. Effects of dietary chenodeoxycholic acid on growth performance, body composition

and related gene expression in large yellow croaker (Larimichthys crocea) fed diets with high replacement of fish oil with soybean
oil. Aquaculture 2017, 479, 584–590. [CrossRef]

9. Hundal, B.K.; Liland, N.S.; Rosenlund, G.; Höglund, E.; Araujo, P.; Stubhaug, I.; Sissener, N.H. Increasing the dietary n-6/n-3
ratio alters the hepatic eicosanoid production after acute stress in Atlantic salmon (Salmo salar). Aquaculture 2021, 534, 736272.
[CrossRef]

10. Chen, Y.; Sun, Z.; Liang, Z.; Xie, Y.; Su, J.; Luo, Q.; Zhu, J.; Liu, Q.; Han, T.; Wang, A. Effects of dietary fish oil replacement by
soybean oil and L-carnitine supplementation on growth performance, fatty acid composition, lipid metabolism and liver health
of juvenile largemouth bass, Micropterus salmoides. Aquaculture 2020, 516, 734596. [CrossRef]

11. Serradell, A.; Torrecillas, S.; Makol, A.; Valdenegro, V.; Fernández-Montero, A.; Acosta, F.; Montero, D. Prebiotics and phytogenics
functional additives in low fish meal and fish oil based diets for European sea bass (Dicentrarchus labrax): Effects on stress and
immune responses. Fish Shellfish. Immunol. 2020, 100, 219–229. [CrossRef]

12. Calduch-Giner, J.A.; Sitjà-Bobadilla, A.; Davey, G.C.; Cairns, M.T.; Kaushik, S.; Pérez-Sánchez, J. Dietary vegetable oils do not
alter the intestine transcriptome of gilthead sea bream (Sparus aurata), but modulate the transcriptomic response to infection with
Enteromyxum leei. BMC Genom. 2012, 13, 470. [CrossRef]

13. Oxley, A.; Jolly, C.; Eide, T.; Jordal, A.-E.O.; Svardal, A.; Olsen, R.-E. The combined impact of plant-derived dietary ingredients and
acute stress on the intestinal arachidonic acid cascade in Atlantic salmon (Salmo salar). Br. J. Nutr. 2010, 103, 851–861. [CrossRef]

14. Ganga, R.; Montero, D.; Bell, J.G.; Atalah, E.; Ganuza, E.; Vega-Orellana, O.; Izquierdo, M. Stress response in sea bream (Sparus
aurata) held under crowded conditions and fed diets containing linseed and/or soybean oil. Aquaculture 2011, 311, 215–223.
[CrossRef]

15. Alvheim, A.R.; Torstensen, B.E.; Lin, Y.H.; Lillefosse, H.H.; Lock, E.-J.; Madsen, L.; Malde, M.K. Dietary linoleic acid elevates
endogenous 2-arachidonoylglycerol and anandamide in Atlantic salmon (Salmo salar L.) and mice, and induces weight gain and
inflammation in mice. Br. J. Nutr. 2013, 109, 1508–1517. [CrossRef] [PubMed]

16. Turchini, G.M.; Ng, W.; Tocher, D. Fish Oil Replacement and Alternative Lipid Sources in Aquaculture Feeds; CRC Press: Boca Raton,
FL, USA, 2011.

17. Estruch, G.; Collado, M.C.; Peñaranda, D.S.; Tomás-Vidal, A.; Jover-Cerdá, M.; Pérez Martínez, G.; Martinez-Llorens, S. Impact
of fish meal replacement in diets for gilthead sea bream (Sparus aurata) on the gastrointestinal microbiota determined by
pyrosequencing the 16S rRNA gene. PLoS ONE 2015, 10, e0136389. [CrossRef] [PubMed]

18. Amoah, K.; Huang, Q.C.; Tan, B.P.; Zhang, S.; Chi, S.Y.; Yang, Q.H.; Dong, X.H. Dietary supplementation of probiotic Bacillus
coagulans ATCC 7050, improves the growth performance, intestinal morphology, microflora, immune response, and disease
confrontation of Pacific white shrimp, Litopenaeus vannamei. Fish Shellfish. Immunol. 2019, 87, 796–808. [CrossRef]

19. Verschuere, L.; Rombaut, G.; Sorgeloos, P.; Verstraete, W. Probiotic Bacteria as Biological Control Agents in Aquaculture. Microbiol.
Mol. Biol. Rev. 2000, 64, 655–671. [CrossRef] [PubMed]

20. Akhter, N.; Wu, B.; Memon, A.M.; Mohsin, M. Probiotics and prebiotics associated with aquaculture: A review. Fish Shellfish.
Immunol. 2015, 45, 733–741. [CrossRef] [PubMed]

21. Aly, S.M.; Abdel-Galil Ahmed, Y.; Abdel-Aziz Ghareeb, A.; Mohamed, M.F. Studies on Bacillus subtilis and Lactobacillus acidophilus,
as potential probiotics, on the immune response and resistance of Tilapia nilotica (Oreochromis niloticus) to challenge infections.
Fish Shellfish. Immunol. 2008, 25, 128–136. [CrossRef]

22. Kong, Y.; Liao, Z.; Ma, X.; Liang, M.; Xu, H.; Mai, K.; Zhang, Y. Response of Intestinal Microbiota of Tiger Puffer (Takifugu rubripes)
to the Fish Oil Finishing Strategy. Microorganisms 2023, 11, 208. [CrossRef]

23. Rimoldi, S.; Torrecillas, S.; Montero, D.; Gini, E.; Makol, A.; Victoria Valdenegro, V.; Terova, G. Assessment of dietary supplemen-
tation with galactomannan oligosaccharides and phytogenics on gut microbiota of European sea bass (Dicentrarchus labrax) fed
low fishmeal and fish oil based diet. PLoS ONE 2020, 15, e0231494. [CrossRef] [PubMed]

24. Torrecillas, S.; Mompel, D.; Caballero, M.J.; Montero, D.; Merrifield, D.; Rodiles, A.; Izquierdo, M. Effect of fishmeal and fish oil
replacement by vegetable meals and oils on gut health of European sea bass (Dicentrarchus labrax). Aquaculture 2017, 468, 386–398.
[CrossRef]

319



Int. J. Mol. Sci. 2023, 24, 6768

25. Baumgärtner, S.; James, J.; Ellison, A. The supplementation of a prebiotic improves the microbial community in the gut and the
skin of Atlantic salmon (Salmo salar). Aquac. Rep. 2022, 25, 101204. [CrossRef] [PubMed]

26. Milián-Sorribes, M.C.; Martínez-Llorens, S.; Cruz-Castellón, C.; Jover-Cerdá, M.; Tomás-Vidal, A. Effect of fish oil replacement
and probiotic addition on growth, body composition and histological parameters of yellowtail (Seriola dumerili). Aquac. Nutr.
2021, 27, 3–16. [CrossRef]

27. Kiron, V.; Fukuda, H.; Takeuchi, T.; Watanabe, T. Essential fatty acid nutrition and defence mechanisms in rainbow trout
Oncorhynchus mykiss. Comp. Biochem. Physiol. A Physiol. 1995, 111, 361–367. [CrossRef]

28. Kiron, V.; Thawonsuwan, J.; Panigrahi, A.; Scharsack, J.P.; Satoh, S. Antioxidant and immune defences of rainbow trout
(Oncorhynchus mykiss) offered plant oils differing in fatty acid profiles from early stages. Aquac. Nutr. 2011, 17, 130–140. [CrossRef]

29. Montero, D.; Grasso, V.; Izquierdo, M.S.; Ganga, R.; Real, F.; Tort, L.; Acosta, F. Total substitution of fish oil by vegetable oils in
gilthead sea bream (Sparus aurata) diets: Effects on hepatic Mx expression and some immune parameters. Fish Shellfish. Immunol.
2008, 24, 147–155. [CrossRef]

30. Magalhães, R.; Martins, N.; Fontinha, F.; Couto, A.; Serra, C.R.; Santos, R.A.; Oliva-Teles, A. Effects of dietary ARA, DHA, and
carbohydrates levels on gilthead sea bream liver and intestine oxidative stress, tissue histomorphology, and gut microbiota.
Aquaculture 2022, 552, 738014. [CrossRef]

31. Jin, M.; Lu, Y.; Yuan, Y.; Li, Y.; Qiu, H.; Sun, P.; Zhou, Q.C. Regulation of growth, antioxidant capacity, fatty acid profiles,
hematological characteristics and expression of lipid related genes by different dietary n-3 highly unsaturated fatty acids in
juvenile black seabream (Acanthopagrus schlegelii). Aquaculture 2017, 471, 55–65. [CrossRef]

32. Peng, X.; Li, F.; Lin, S.; Chen, Y. Effects of total replacement of fish oil on growth performance, lipid metabolism and antioxidant
capacity in tilapia (Oreochromis niloticus). Aquac. Int. 2016, 24, 145–156. [CrossRef]

33. Huang, Y.; Wen, X.; Li, S.; Li, W.; Zhu, D. Effects of Dietary Fish Oil Replacement with Palm Oil on the Growth, Feed Utilization,
Biochemical Composition, and Antioxidant Status of Juvenile Chu’s Croaker, Nibea coibor. J. World Aquac. Soc. 2016, 47, 786–797.
[CrossRef]

34. Khezrian, S.; Salati, A.P.; Agh, N.; Pasha-Zanoosi, H. Effect of replacement of fish oil with different plant oils in oncorhynchus
mykiss broodstocks diets on egg and larval antioxidant defense development. Vet. Res. Forum 2020, 11, 83–88. [PubMed]

35. Hoseinifar, S.H.; Yousefi, S.; Van Doan, H.; Ashouri, G.; Gioacchini, G.; Maradonna, F.; Carnevali, O. Oxidative Stress and
Antioxidant Defense in Fish: The Implications of Probiotic, Prebiotic, and Synbiotics. Rev. Fish. Sci. Aquac. 2021, 29, 198–217.
[CrossRef]
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Abstract: Natural killer (NK) cells play key roles in eliminating pathogen-infected cells. Verbena
officinalis (V. officinalis) has been used as a medical plant in traditional and modern medicine for
its anti-tumor and anti-inflammatory activities, but its effects on immune responses remain largely
elusive. This study aimed to investigate the potential of V. officinalis extract (VO extract) to regulate
inflammation and NK cell functions. We examined the effects of VO extract on lung injury in a mouse
model of influenza virus infection. We also investigated the impact of five bioactive components of
VO extract on NK killing functions using primary human NK cells. Our results showed that oral
administration of VO extract reduced lung injury, promoted the maturation and activation of NK
cells in the lung, and decreased the levels of inflammatory cytokines (IL-6, TNF-α and IL-1β) in the
serum. Among five bioactive components of VO extract, Verbenalin significantly enhanced NK killing
efficiency in vitro, as determined by real-time killing assays based on plate-reader or high-content
live-cell imaging in 3D using primary human NK cells. Further investigation showed that treatment
of Verbenalin accelerated the killing process by reducing the contact time of NK cells with their
target cells without affecting NK cell proliferation, expression of cytotoxic proteins, or lytic granule
degranulation. Together, our findings suggest that VO extract has a satisfactory anti-inflammatory
effect against viral infection in vivo, and regulates the activation, maturation, and killing functions of
NK cells. Verbenalin from V. officinalis enhances NK killing efficiency, suggesting its potential as a
promising therapeutic to fight viral infection.

Keywords: Verbena officinalis; natural killer cells; killing efficiency

1. Introduction

Verbena officinalis (V. officinalis), also known as common vervain, is a medicinal herb
that is widely distributed in the temperate climate zone across the globe [1]. In China,
V. officinalis is widely distributed in the southern part of the Yellow River and has been used
for centuries as traditional Chinese medicine to treat rheumatism, bronchitis, depression,
insomnia, anxiety, liver, and gallbladder diseases [2,3]. Moreover, it has a long-standing
record of use in food and cosmetics, which validates its safety [3]. The bioactive constituents
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of V. officinalis mainly include flavonoids, terpenoids, phenolic acids, phenylpropanoids,
and iridoids [2–5]. Recent reports have shown various activities of V. officinalis, including
anti-oxidation, anti-bacteria, anti-fungi, and anti-inflammation properties [1,6–8].

Inflammation is an immune response that can be triggered by a range of factors,
including virus, bacteria, and transformed cells. During the inflammatory process, the
permeability of blood vessels is enhanced, which facilitates the recruitment of immune
cells to the site of inflammation. The recruited immune cells release cytokines that further
activate and recruit other effector immune cells. Inflammatory responses are essential
for fighting pathogens; however, uncontrolled inflammatory responses can have severe
consequences, such as organ dysfunction, particularly in the lungs, and the potentially
life-threatening cytokine storm syndrome. Innate immune cells are the primary initiators
of inflammatory responses.

In the innate immune system, natural killer (NK) cells are specialized immune killer
cells, which play key roles in eliminating tumorigenic and pathogen-infected cells. In
response to virus infection, NK cells are recruited to the lung and contribute to the immune
response to fight pathogens. Several studies have highlighted the pivotal role of NK cells
in controlling influenza virus infection. Defects in NK cell activity or depletion of NK cells
result in delayed viral clearance, increased morbidity, and mortality [9,10]. However, there
are also examples in which NK cells exacerbate morbidity and pathology during lethal
dose influenza virus infection in mice [11,12]. These suggest that overactivation of NK cells
may lead to undesirable effects. In addition, NK cells are important in bridging the innate
and adaptive immune responses to virus infection [13].

In this work, we investigated the anti-inflammatory effect of VO extract in vivo using
virus-infected mice with low (0.5 g/kg) and high (1 g/kg) doses. We found that both
doses significantly reduced the release of inflammatory cytokines (TNFα, IL-6, and IL-
1β), induced by virus infection. Notably, the low dose provided better protection of the
lung tissue and induced a higher level of NK activation. Further analysis of bioactive
constituents from V. officinalis revealed that Verbenalin substantially enhanced the killing
efficiency of NK cells.

2. Results

2.1. VO Extract Attenuated the Acute Lung Damage Induced by Virus Infection

Infections caused by viruses, such as influenza or SARS-CoV (severe acute respiratory
syndrome coronavirus)-1/2, can result in lung damage, leading to severe breathing prob-
lems or even respiratory failure [14]. Acute lung damage caused by virus infection may
also result in persistent lung abnormalities, including pulmonary fibrosis, which can lead to
long-term respiratory impairments in patients who have recovered from the infection [15].
This type of lung damage is, to a large extent, owing to the massive inflammation initiated
by an overactivated immune system. The well-established anti-inflammatory activity of
V. officinalis prompted us to examine its effect on infection-induced lung damage. To this
end, we infected C57BL/6J mice with the influenza virus A/PR8/34 (H1N1) and orally
administered VO extract upon viral infection once per day for 3 days (Figure 1A). We
chose the low dose (0.5 g/kg) and the high dose (1 g/kg) based on the doses in previous
studies in mice [2,16], without any detectable toxicity to tissues, including heart, liver, and
kidneys (Supplementary Figure S1). Body weight was monitored daily, and we observed
loss of weight in the virus-infected group, which was significantly alleviated by VO extract
administration for both the low and high doses (Figure 1B). Using H&E staining of lung
sections, we examined changes in alveolar morphology and immune cell infiltration on day
3 post-viral infection. We observed massive immune cell infiltration, thickening of alveolar
walls, and disrupted lung parenchyma in virus-infected mice (Figure 1C, Virus group vs.
Control group). However, these infection-induced symptoms in the lung were consider-
ably reduced by VO extract administration for both the low and high doses (Figure 1D,
Low/High group vs. Virus group). Interestingly, the low dose appeared to achieve a
better attenuation of symptoms than the high dose (Figure 1D, Low group vs. High group).
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Moreover, the administration of VO extract reduced the release of inflammatory cytokines
(TNF-α, IL-1β and IL-6) triggered by viral infection to a level comparable to that of the
Control group (Figure 1E–G). No significance was identified between the high and low
doses (Figure 1E–G). Taken together, our findings indicate that VO extract is a potent agent
for reducing infection-induced acute lung damage and inflammatory response.

Figure 1. Analysis of the effects of VO extract on infection-induced acute lung damage and inflam-
mation in vivo. (A) C57BL/6J mice were intranasally challenged with the influenza virus A/PR8/34
(H1N1) (100 PFU) on day 0 and then orally administered a single dose of VO extract (low dose/Low:
0.5 g/kg; high dose/High: 1 g/kg) every day for 3 days. Mice were sacrificed on day 3. (B) Loss of
body weight caused by viral infection was ameliorated by VO extract. The body weight of mice was
measured daily for three days. n = 8 for each group. (C) Administration of VO extract alleviated
virus-induced inflammation in the lung. Histological analysis of lung tissues was carried out on
day 3. Two magnifications are shown: 100× (scale bars: 100 μm) and 200× (scale bars: 100 μm).
One representative sample from each group is shown (n = 3). (D) A total of 50 alveoli were counted
on each slide at ×200 magnification (n = 3). (E–G) Administration of VO extract abolished viral
infection-triggered release of proinflammatory cytokines. Blood samples were taken on day 3. Cy-
tokine concentration was determined using ELISA. Circles, triangles, squares and diamonds represent
the number of mice in each group. Statistical analysis was performed using SPSS version 19.0 and
GraphPad Prism software 5.0. Results were presented as mean ± SD.

2.2. VO Extract Promoted Maturation and Activation of NK Cells in the Lungs in Response to
Viral Infection

NK cells are key players in the elimination of pathogen-infected cells. To evaluate the
effect of VO extract on NK functions, we examined the frequency and activation of NK
cells isolated from lung tissues on day 3 post-infection (Figure 2A). We found no significant
alteration in the frequency of lung-residing NK cells following VO extract administration
(Figure 2B). To further evaluate NK cell activation, we used surface markers CD11b and
CD69, as their expression is indicative of the effector functions and cytotoxicity of murine
NK cells [17,18]. We found that viral infection substantially enhanced the frequency of
the CD11b+ and CD69+ NK subsets (Figure 2C,D). Interestingly, this tendency was further
elevated by the administration of the low dose of VO extract, but not by the high dose
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(Figure 2C,D). These results indicated that VO extract at a low dose specifically promoted
the activation of NK cells during viral infection.

Figure 2. Low dose of VO extract enhances NK activation in response to viral infection. C57BL/6J
mice were intranasally challenged with influenza virus A/PR8/34 (H1N1) (100 PFU) on day 0,
followed by daily oral administration of a single dose of VO extract (Low: 0.5 g/kg; High: 1 g/kg)
for 3 days. On day 3, lung samples were collected, homogenized, and filtered with a 70μm cell filter.
(A) The cell suspension was stained with control antibodies (PE−conjugated anti−NK1.1 antibody,
PE−Cy7−conjugated anti−CD11b antibody, BB700−conjugated anti−CD69 antibody) and analyzed
using flow cytometry. (B) The CD45+NK1.1+ population was gated for NK cells. (C) NK1.1+CD11b+

were used to determine maturation of NK cells. (D) NK1.1+CD69+ were used to determine activation
of NK cells. Circles, triangles, squares and diamonds represent the number of mice in each group.
Statistical analysis was performed using SPSS version 19.0 and GraphPad Prism software 5.0. Results
are presented as mean ± SD (n = 6).

2.3. Identification of Chemical Composition from VO Extract by UPLC-Q-TOF-MS

To identify the active ingredients in VO extract, we employed ultra-high-performance
liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS).
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A representative base peak chromatogram (BPC) of VO extract in positive and negative ion
modes was shown in Figure 3. We successfully identified thirteen ingredients, including 3,4-
dihydroverbenalin, Verbeofflin I, Hastatoside, Verbenalin, Quercetin, Acteoside, Luteolin,
Isorhamnetin, Luteolin 7-O-β-gentiobioside, Isoacteoside, Leucosceptoside A, Apigenin,
and Kaempferol (Supplementary Table S1). At the same time, we determined the relative
content of key bioactive components in VO extract (Supplementary Figure S2).

 

Figure 3. Chemical base peak intensity (BPI) chromatogram of key compounds in VO extract
characterized in positive and negative ion modes. UPLC-Q-TOF/MS was employed. The identified
compounds were numbered as follows: 3,4-dihydroverbenalin (1); Verbeofflin I (2); Hastatoside
(3); Verbenalin (4); Quercetin (5); Acteoside (6); Luteolin (7); Isorhamnetin (8); Luteolin 7-O-β-
gentiobioside (9); Isoacteoside (10); Leucosceptoside A (11); Apigenin (12); and Kaempferol (13). See
Supplementary Table S1 for additional details.

2.4. Bioactive Components of V. officinalis Enhanced NK Killing Efficiency

To assess the effect of bioactive compounds from V. officinalis on NK cell functions,
we cultured primary human NK cells with specific compounds (10 μM and 30 μM) in
the presence of IL-2 for three days. We first analyzed the killing kinetics of NK cells
using a plate-reader-based real-time killing assay [19]. We found that Acteoside, Apigenin,
and Kaempferol slightly reduced NK cells’ killing efficiency, whereas Verbenalin and
Hastatoside enhanced it (Figure 4A). Notably, Verbenalin exhibited the highest potency in
elevating NK cells’ killing efficiency (Figure 4A). In addition, the presence of three negative
bioactive constituents (Acteoside, Apigenin, and Kaempferol) did not counteract the effect
of Verbenalin on NK cell killing (Supplementary Figure S3). To further confirm the effect
of Verbenalin on NK cell killing, we performed a 3D killing assay. Target cells expressing
FRET-based apoptosis reporter pCasper were embedded in a collagen matrix and NK
cells were added from the top. Target cells were yellow when alive and turned green
when undergoing apoptosis [20]. Our results showed that Verbenalin-treated NK cells
exhibited significantly faster killing kinetics, compared to their counterparts treated with
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the vehicle. Thus, we concluded that Verbenalin was capable of increasing NK cells’ killing
efficiency under physiologically relevant conditions, and among the bioactive constituents
of V. officinalis, it has the most significant impact on NK cells’ killing function.

 

Figure 4. Effect of bioactive constituents of VO extract on NK cells’ killing efficiency. (A) Primary
human NK cells were cultured with different compounds of V. officinalis (10 μM and 30 μM) for three
days in the presence of IL-2, and their killing kinetics were determined using a plate-reader-based
real-time killing assay. (B,C) Verbenalin accelerates NK killing kinetics in 3D. K562-pCasper target
cells were embedded in collagen matrices, and NK cells were added from the top. The killing events
were visualized at 37 ◦C every 20 min for 36 h. Yellow indicates live target cells. Turning green
indicates that they were undergoing apoptosis. Fully lysed target cells lost fluorescence signals.
Selected time points are shown in (B), and the change in live target cells is shown in (C). Scale bars
are 40 μm. Results from one representative donor out of four is shown.

2.5. Verbenalin Accelerated NK Killing Processes

Next, we sought out the underlying mechanisms regulating the increase in NK killing
efficiency by Verbenalin. We examined proliferation, expression of cytotoxic proteins
(perforin and granzyme B), and degranulation of lytic granules. We found that Verbenalin
did not significantly impact those processes (Figure 5A–C). We then analyzed the time
required for killing by visualizing the killing events every 70 s for 12 h using high-content
imaging (Figure 6A, Movie S1). The time required for killing is defined as the duration
from the initiation of NK/target contact to the target cell apoptosis. The quantification
showed that for the NK cells treated with 30 μM of Verbenalin, the time required for NK
cells to kill was considerably reduced (Figure 6B). Concomitantly, the number of target
cells killed per NK cell was almost doubled in the Verbenalin-treated NK cells relative to
their vehicle-treated counterpart (Figure 6C). It has been reported that a portion of NK cells
can serve as serious killers, which are able to kill several target cells in a row [21,22]. We
thus also analyzed the frequency of serial killers (NK cells that killed more than one target
cell), single killers (NK cells that killed only one target cell), and non-killers (NK cells that
did not kill any target cells). We found that Verbenalin treatment substantially increased
the portion of serial killers while decreasing the portion of non-killers (Figure 6D). For the
NK cells treated with 10 μM of Verbenalin, the time required for NK cells to kill was also
reduced (Supplementary Figure S4A,B), with no significant change in the number of target
cells killed per NK cell (Supplementary Figure S4C). The frequency of serial killers was
enhanced and that of non-killers was decreased (Supplementary Figure S4D). In summary,
our results suggested that Verbenalin potentiated NK cell activation upon target recognition
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and shortened the time required to initiate target cell destruction, leading to an increase in
killing efficiency of NK cells.

Figure 5. Verbenalin did not affect the proliferation and lytic granule pathway of NK cells. Pri-
mary human NK cells were stimulated with IL−2 in the presence of Verbenalin at the indicated
concentrations for 3 days prior to experiments. (A) Proliferation of NK cells. Freshly isolated NK
cells were stained with CFSE and then cultured as described above. (B,C) Expression of cytotoxic
proteins. On day 3, NK cells were fixed, permeabilized, and stained with BV510 anti−human perforin
antibody and PerCP/Cyanine5.5 anti-human granzyme B antibody. (D) Release of lytic granules
was determined by CD107a degranulation assay. Results are shown as a percentage of CD107a+ NK
cells. Fluorescence was analyzed using flow cytometry and FlowJo. Results were from four donors.
Statistical analysis was performed using paired Student’s t-test. ns: not significant.

 

Figure 6. Verbenalin shortened the time required for NK cell killing and increased killing events per
NK cell. Primary human NK cells were stimulated with IL−2 in the presence of Verbenalin (30 μM)
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at the indicated concentrations for 3 days prior to experiments. K562-pCasper target cells were
embedded in collagen and NK cells were added from the top. Killing events were visualized at
37 ◦C every 70 s for 14 h. (A) NK cells made multiple contacts with target cells. One representative
NK cell from each condition was shown. NK cells (marked in red) were not fluorescently labeled.
The corresponding target cells in contact were numbered. Scale bars were 20 μm. (B) Verbenalin
shortened the time required for NK cell killing. The time from NK/target contact to target cell
apoptosis was quantified. (C) Verbenalin treatment enhanced the number of target cells killed per
NK cell. Both apoptosis and necrosis were considered as killing events. (D) The fraction of serial
killers was elevated by Verbenalin treatment. The fraction of serial killers (NK cells that killed more
than one target cell), single killers (NK cells that killed only one target cell), and non−killers (NK
cells that did not kill any target cells) for each donor was analyzed. Results were from two donors. A
total of 21 NK cells were randomly chosen from each condition. Statistical analysis was performed
using a Mann−Whitney test.

To explore underlying mechanisms, we investigated potential interaction of Verbenalin
with NK inhibitory receptors, especially NKG2A and KIR2DL1, using an in silico molecular
docking analysis. Our results showed that Verbenalin could bind to both NKG2A and
KIR2DL1 (Supplementary Figure S5). This finding suggested that Verbenalin might enhance
NK cell killing by reducing inhibitory receptor-mediated signaling, thus facilitating the
rapid activation of NK cells for efficient elimination of target cells.

3. Discussion

Uncontrolled immune responses induced by infection are often associated with life-
threatening consequences, such as respiratory failure due to lung damage and cytokine
storm syndrome. In this process, exacerbated inflammatory responses initiated by in-
nate immunity play an essential role. Thus, early interventions that minimize undesired
inflammation without compromising immune responses to fight pathogens are of great
significance to achieve optimal clinical outcomes. In this work, we demonstrated that
the extract of V. officinalis, a medical herb with a long history of utilization in traditional
Chinese medicine and alternative medicine in Western countries, significantly reduced
viral infection-induced acute lung damage as well as release of proinflammatory cytokines.
At the same time, administration of a low dose of VO extract considerably enhanced NK
activation in response to viral infection. In addition, we identified that Verbenalin, a biolog-
ically active constituent of V. officinalis, substantially elevated NK cell-mediated cytotoxicity
by shortening the time required for killing and, consequently, enhancing the frequency
of serial killers. These findings suggest that V. officinalis and Verbenalin are promising
therapeutic agents for early intervention to protect lung function, avoid cytokine storm,
and facilitate clearance of virus-infected cells.

The beneficial effect of VO extract on lung injury may arise from multiple mechanisms.
Previous studies have shown that treatment with V. officinalis inhibits the replication of
respiratory syncytial virus [23], and that treatment of active constituents of V. officinalis
increases phagocytotic activity of neutrophils in vitro [23]. In our study, we administered
VO extract orally, and its concentration in the lungs might have reached levels that affected
viral replication to some extent. We postulated that the enhanced phagocytic activity of
neutrophils in the VO extract-treated group might have contributed to the efficient removal
of viral particles from the lungs. Although our study used a mouse model of influenza
virus infection, we speculated that the effect of VO extract on acute lung injury induced by
viral infection would be applicable to other respiratory viral infections that result in severe
respiratory complications. This hypothesis is bolstered by a recent study that reported that
a newly developed formula, Xuanfei Baidu, composed of thirteen medical herbs including
V. officinalis has shown very positive clinical outcomes in treating patients with SARS-CoV-2
infection [23,24]. In addition, CD8+ cytotoxic T lymphocytes (CTLs) play critical roles in the
adaptive immune defense against viral infection. However, we would like to emphasize
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that the effect we have observed was on day 3, which is earlier than the peak of the primary
murine CTL response upon influenza virus infection, typically observed on day 5 [25].
It is worth noting that NK cells can mount a cytotoxic response without prior priming,
allowing them to respond to a viral infection immediately. Therefore, it is unlikely that
CTLs are the primary targets of VO extract in attenuating the acute lung damage induced
by viral infections.

Release of proinflammatory cytokines triggered by viral infection recruits immune cells
to inflammation sites. In this study, we found that VO extract administration led to reduced
levels of proinflammatory cytokines, including TNF-α, IL-1β, and IL-6, in serum. TNF-α
is primarily released by M1-type macrophages and T cells [26], and is mainly regulated
by the NF-κB pathway [27]. IL-1β is commonly released by monocytes, macrophages,
and mast cells; however, non-immune cells, such as epithelial cells, endothelial cells,
fibroblasts, and neuronal and glial cells, can also synthesize and release IL-1β during cell
injury or inflammation [28]. IL-1β is regulated by the NF-κB, c-Jun N-terminal kinase
(JNK), and p38 MAPK pathways [29]. IL-6 can be released by myocardial and immune
cells [30], and is primarily triggered and regulated by signaling pathways such as NF-
κB and MAPK [31]. It is reported that total glucosides of V. officinalis attenuate chronic
nonbacterial prostatitis in rat models by reducing the release of IL-2, IL-1β, and TNF-α
in the prostate [32]. Additionally, Verbenalin, a bioactive constituent of V. officinalis, can
effectively reduce airway inflammation in asthmatic rats by inhibiting the activity of the
NF-κB/MAPK signaling pathway [33]. These pathways and molecules are possible targets
for V. officinalis to regulate the release of proinflammatory cytokines.

In this work, we observed that Verbenalin-treated NK cells were able to destroy target
cells more quickly than their vehicle-treated counterparts. To successfully execute their
killing function, NK cells need to identify their target cells using surface receptors, followed
by the formation of a tight junction, termed the immunological synapse (IS), between the
NK cell and the target cells. At the IS, lytic granules (LGs) containing cytotoxic proteins,
including pore-forming protein perforin and serine protease granzymes, are enriched
and released to induce target cell destruction [34,35]. Thus, the time required for killing
is determined by several steps: engagement of surface-activating/inhibitory receptors,
formation of the IS, enrichment and release of LGs, and uptake of cytotoxic proteins by
target cells.

Both activating and inhibitory receptors are expressed on NK cells to control their
activation [36]. Engagement of activating receptors, such as NKp46, NKp30, NKp44, and
NKG2D, triggers signaling pathways for NK activation [37]. Inhibitory receptors bind
to major histocompatibility complex (MHC) Class I molecules, which are expressed on
healthy self-cells. Loss or down-regulation of MHC-I molecules leads to activation of NK
cells to initiate killing processes [38]. Formation of the IS between NK cells and target
cells largely depends on the interaction between LFA-1 and ICAM-1 [39]. Enrichment of
LGs at the IS is regulated by reorganization of the cytoskeleton, especially reorientation
of MTOC towards the contact site [40]. LG release requires proper docking at the plasma
membrane and vesicle fusion with the plasma membrane, which are tightly regulated by
SNARE and related proteins [41,42]. Uptake of cytotoxic proteins by target cells requires
Ca2+-dependent endocytosis [43]. Enhancement in any of the above-mentioned steps
could accelerate killing processes, such as sensitizing activating receptors, up-regulating
effector molecules downstream of activating receptors, promoting LG accumulation at
the IS, reducing the dwell time for docking, or enhancing the efficiency of LG release.
Our results suggested that Verbenalin bound to NK inhibitory receptors NKG2A and
KIR2DL1, indicating that enhancement of NK cell killing by Verbenalin could be a result
of its ability to reduce inhibitory signaling. Engagement of surface receptors is important
to initiate and regulate the following steps: IS formation, LG enrichment and release, etc.
Further investigation is needed to characterize how each step is affected by Verbenalin to
accelerate killing.
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4. Materials and Methods

4.1. Preparation of VO Extract

Verbena officinalis was obtained from Anhui Zehua China Pharmaceutical Slices Co.,
Ltd. The whole plant (4.5 kg) was extracted with 4.5 L of 70% ethanol for 2 h by refluxing
extraction repeated three times. The combined extract was filtrated with ceramic membrane
and concentrated using vacuum evaporation apparatus at a temperature not exceeding
45 ◦C. The resulting extract was then lyophilized to obtain the VO extract powder.

4.2. UPLC-Q-TOF-MS Analysis

Quantitative analysis was performed using an Agilent 1290 UHPLC system (Agilent
Technologies Inc., Palo Alto, CA, USA) coupled to an Agilent 6520 Q-TOF instrument with
electrospray ionization (ESI) source. Chromatographic separation was achieved using
an ACQUITY UPLC® BEH C18 (2.1 × 150 mm, 1.7 μm; Waters, Milford, MA, USA). The
mobile phase consisted of 0.1% aqueous formic acid (A) and methanol (B). The elution
condition involved holding the starting mobile phase at 95% A and 5% B and applying
a gradient of 5% A and 95% B for 35 min. The flow rate was set at 0.3 mL/min, and the
injection volume for all the sample was 2 μL. Experiments were performed in positive
and negative ESI mode with the following parameters: ESI temperature, 100 ◦C; collision
energy, 10 V; collision pressure, 135 V; fragmentor voltage, 135 V; nebulizer gas, 40.0 psi;
dry gas, 11.0 L/min at a temperature of 350 ◦C; scan range, m/z 100–1700.

4.3. Quantification of the Active Compounds from VO Extract

The prepared samples were injected into a Waters ACQUITY UPLC system (Waters,
Milford, MA, USA) with a photodiode array (PDA) detector. The chromatographic separa-
tion was performed with a BEH C18 column (2.1 mm × 150 mm, 1.7 μm, Waters), operated
at 35 ◦C, and the sample injection volume was set at 2 μL. The flow rate was kept constant
at 0.3 mL/min and UV measurements were obtained at 254 nm. The mobile phases were
methanol (solvent A) and water containing 0.1% formic acid (solvent B) with gradient
elution using the following program: 0–35 min, 5–95% A.

A 10 mg/mL sample solution was formed from weighed VO extract powder and
added methanol, swirled for 30 s, ultrasonic dissolved for 3 min, and centrifuged at
13,000 rpm for 10 min. The supernatant was filtered by 0.22 μm microporous filter mem-
brane and then sampled to inject for UPLC and LC-MS analysis.

The mixed standard solution was composed of methanol solution with 0.1 mg each
of hastatoside, verbenalin, and acteoside, and 0.01 mg each of apigenin and kaempferol
per mL.

C = Pr × Cx

C: the concentration of the compounds in the sample; Pr: peak area ratio of compounds
in sample and in mixed standard; Cx: the concentration of compounds in a mixed standard.

4.4. Mice and Virus

Female C57BL/6 mice (6–10 weeks old, weighing 20 to 25 g) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China), and housed in
standard microisolator cages in a centralized animal care facility. Animal care and experi-
mental procedures were performed in accordance with experimental animal guidelines.
Mice were given ad libitum access to food and water and subjected to a 12 h light/dark
cycle. All mice were adapted to the environment for seven days before the experiments.
Virus (H1N1) was stored at −80 ◦C.

4.5. Virus Infection

Mice were anesthetized with isoflurane and intranasally inoculated with 100 PFU
H1N1 in 40 μL PBS. The number of mice in each group ranged from 6 to 8. The Vehicle
group received an intranasal challenge with 40 μL PBS. All the animal experiments were
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approved, and efforts were made to minimize suffering and to reduce the number of
animals used.

4.6. Administration of VO Extract

To administer the VO extract, VL (0.5 mg/kg) and VH (1 mg/kg) doses were given
orally via gavage once daily for three consecutive days. The VO extract was freshly
prepared each day and stored at 4 ◦C until administration. Distilled water was orally
administered to mice in the Vehicle group simultaneously. On the third day, the mice were
sacrificed, and their blood and lung tissues were collected for further analysis. During
these three days, mice were monitored and changes in body weight were recorded.

4.7. Flow Cytometry Assay

To perform the flow cytometry analysis, nonspecific receptors were blocked with
anti-CD16/CD32, and then surface markers (CD45, NK1.1, CD11b, and CD69) were stained.
Cells were fixed and then incubated with specific surface-binding antibodies for 30 min
at 4 ◦C. Samples were analyzed using BD FACScalibur and FlowJo software. Cells were
gated according to forward scatter and side scatter, and NK cells were identified by the
CD45+NK1.1+ population.NK1.1+CD11b+ were used to determine maturation of NK cells
and NK1.1+CD69+ were used to determine activation of NK cells.

4.8. Hematoxylin–Eosin (HE) Staining

To assess pathological changes, the mice were sacrificed on the third day, and their
lung, heart, liver, and kidney tissues were collected, fixed in 10% buffered formalin, and
embedded in paraffin. Each tissue was cut into 4 μm sections and stained with hematoxylin
and eosin. Lung injury was evaluated according to a quantitative scoring system that
assesses infiltration of immune cells, thickening of alveolar walls, and disruption of lung
parenchyma [44–46]. The scoring for lung damage was performed by three researchers
independently according to standard protocols.

4.9. Detection of IL-6, TNF-α, and IL-1β Levels in Serum

To obtain the serum, blood samples were centrifuged at 3000 rpm and 4 ◦C for 15 min.
The concentrations of IL-6, TNF-α, and IL-1β in serum were measured using corresponding
ELISA kits (Sino Best Biological Technology Co., Ltd., Shanghai, China) according to
the manufacturer’s instructions with a microplate reader (Tecan Trading AG, männedorf,
Switzerland).

4.10. NK Celsl Preparation and Cell Culture

Primary human NK cells were isolated from peripheral blood mononuclear cells
(PBMCs) of healthy donors using the Human NK Cell Isolation Kit (Miltenyi Biotec, Ber-
gisch Gladbach, Germany). The isolated NK cells were cultured in AIM V medium (Thermo
Fischer Scientific, Waltham, MA, US) with 10% FCS and 100 U/mL of recombinant human
IL-2 (Miltenyi Biotec, Bergisch Gladbach, Germany). K562 and K562-pCasper cells were
cultured in RPMI-1640 medium (Thermo Fischer Scientific, Waltham, MA, US) with 10%
FCS. For K562-pCasper cells, 1.25 mg/mL G418 was added. All cells were kept at 37 ◦C
with 5% CO2.

4.11. Real-Time Killing Assay

The real-time killing assay was conducted as previously reported [19]. Briefly, target
cells (K562 cells) were loaded with Calcein-AM (500 nM, Thermo Fisher Scientific, Waltham,
MA, US) and settled into a 96-well plate (2.5 × 104 target cells per well). NK cells were
subsequently added with an effector-to-target (E:T) ratio of 2.5:1, if not otherwise specified.
Fluorescence intensity was determined using the bottom-reading mode at 37 ◦C every
10 min for 4 h with a GENios Pro microplate reader (TECAN). The target lysis percentage
was calculated using the formula:
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Target lysis (t) % = 100 × (Flive(t) − Fexp(t))/(Flive(t) − Flysed(t)). (F: fluorescence intensity)

4.12. 3D Killing Assay and Live Cell Imaging

Target cells (K562-pCasper cells) were embedded into 2 mg/mL of pre-chilled neutral-
ized bovine type I collagen solution (Advanced Biomatrix) in a 96-well plate. The collagen
was solidified at 37 ◦C with 5% CO2 for 40 min, after which NK cells were added to the
top of the collagen as effector cells. The cells were visualized using ImageXpress Micro
XLS Widefield High-Content Analysis System (Molecular Devices) at 37 ◦C with 5% CO2.
For the 3D killing assay, as described previously [47], killing events were visualized every
20 min for 36 h, and live target cell numbers were normalized to hour 0 based on area. For
live cell imaging to determine time required for killing and the average kills per NK cell,
the cells were visualized every 70 s for 14 h and tracked manually. ImageJ software was
used to process and analyze the images.

4.13. Proliferation Assay

To examine proliferation, freshly isolated primary human NK cells were labelled
with CFSE (1 μM, Thermo Fischer Scientific, Waltham, MA, US) and then stimulated with
recombinant human IL-2 in the presence of Verbenalin at indicated concentrations for
3 days. Fluorescence was determined with a FACSVerse™ flow cytometer (BD Biosciences,
San Jose, CA, US) and analyzed with FlowJo v10 (FLOWJO, Ashland, OR, US).

4.14. Determination of Cytotoxic Protein Expression

To test perforin and granzyme B expression, NK cells were fixed in pre-chilled 4%
paraformaldehyde. Permeabilization was carried out using 0.1% saponin in PBS containing
0.5% BSA and 5% FCS. FACSVerse™ flow cytometer (BD Biosciences, San Jose, CA, US)
was used to acquire data. FlowJo v10 (FLOWJO, Ashland, OR, US) was used for analysis.

4.15. CD107a Degranulation Assay

For the degranulation assay, K562 cells were co-cultured with vehicle-treated or
Verbenalin-treated NK cells in the presence of Brilliant Violet 421™ anti-human CD107a
(LAMP1) antibody (Biolegend, San Diego, CA, US) and GolgiStopTM (BD Biosciences).
The incubation was carried out at 37 ◦C with 5% CO2 for 4 h. The cells were then stained
with PerCP anti-human CD16 antibody (Biolegend) and APC mouse anti-human CD56
antibody (BD Biosciences) to define NK cells. Data were obtained with a FACSVerse™ flow
cytometer (BD Biosciences) and analyzed with FlowJo v10 (FLOWJO, LLC).

4.16. Molecular Docking

To investigate the interactions between small molecules and receptor proteins, the
CDOCKER module in Discovery Studio software was used for molecular docking. The
three-dimensional structures of verbenalin molecules were downloaded from TCMSP
(https://tcmsp-e.com/, accessed on 13 March 2023), and then we performed hydrogena-
tion through the Prepare Ligand module and optimized the energy with the CHARMM
force field. The three-dimensional structure of the target protein was downloaded from
the PDB database (https://www.rcsb.org/, accessed on 13 March 2023). Then we ran the
Prepare Protein module to optimize the protein structure: deleting redundant protein con-
formations, deleting water molecules, and completing incomplete residues, hydrogenation,
and distribution of related charges. The prepared target proteins and small molecules were
introduced into Discovery Studio and docked using the CDOCKER module. The semi-
flexible docking method and simulated annealing algorithm were used to find the optimal
conformation of ligand and receptor. According to the level of CDOCKER Interaction
Energy, we evaluated the degree of docking: the lower score function value indicating the
stronger affinity between compound and its receptor.
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4.17. Statistical Analysis

Data were analyzed using SPSS version 19.0 and GraphPad Prism software 5.0 and
presented as mean ± standard deviation (SD). Significant differences among the multiple
group comparisons were performed using one-way analysis of variance (ANOVA), and
the ANOVA comparisons were analyzed through Tukey’s honest significant difference test.
Data with a partial distribution were examined using the nonparametric Kruskal–Wallis
test with Dunn’s multiple comparison as a post-test. A p value less than 0.05 indicated a
significant difference.

5. Conclusions

The present study provided evidence that VO extract had the ability to ameliorate
lung injury induced by viral infection and enhance the maturation and activation of NK
cells in the lungs. Moreover, our in vitro study with primary human NK cells showed that
Verbenalin significantly reduced the required contact time for killing, thereby enhancing
the total number of killing events per NK cell. The findings of this study established a direct
link between Verbenalin, a bioactive constituent of VO extract, and the killing efficiency of
NK cells, suggesting its promising potential for therapeutic applications in combating viral
infections and, potentially, cancer.
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Abstract: Cyanidin-3-O-glucoside (C3G), the most widely distributed anthocyanin (ACN) in edible
fruits, has been proposed for several bioactivities, including anti-inflammatory, neuro-protective,
antimicrobial, anti-viral, anti-thrombotic and epigenetic actions. However, habitual intake of ACNs
and C3G may vary widely among populations, regions, and seasons, among individuals with
different education and financial status. The main point of C3G absorption occurs in the small
and large bowel. Therefore, it has been supposed that the treating properties of C3G might affect
inflammatory bowel diseases (IBD), such as ulcerative colitis (UC) and Crohn’s disease (CD). IBDs
develop through complex inflammatory pathways and sometimes may be resistant to conventional
treatment strategies. C3G presents antioxidative, anti-inflammatory, cytoprotective, and antimicrobial
effects useful for IBD management. In particular, different studies have demonstrated that C3G
inhibits NF-κB pathway activation. In addition, C3G activates the Nrf2 pathway. On the other hand,
it modulates the expression of antioxidant enzymes and cytoprotective proteins, such as NAD(P)H,
superoxide dismutase, heme-oxygenase (HO-1), thioredoxin, quinone reductase-oxide 1 (NQO1),
catalase, glutathione S-transferase and glutathione peroxidase. Interferon I and II pathways are
downregulated by C3G inhibiting interferon-mediating inflammatory cascades. Moreover, C3G
reduces reactive species and pro-inflammatory cytokines, such as C reactive protein, interferon-
γ, tumor necrosis factor-α, interleukin (IL)-5, IL-9, IL-10, IL-12p70, and IL-17A in UC and CD
patients. Finally, C3G modulates gut microbiota by inducing an increase in beneficial gut bacteria and
increasing microbial abundances, thus mitigating dysbiosis. Thus, C3G presents activities that may
have potential therapeutic and protective actions against IBD. Still, in the future, clinical trials should
be designed to investigate the bioavailability of C3G in IBD patients and the proper therapeutic doses
through different sources, aiming to the standardization of the exact clinical outcome and efficacy
of C3G.

Keywords: C3G; anthocyanin; IBD; ulcerative colitis; Crohn’s disease

1. Introduction

Over the last years, scientific data support that many non-communicable chronic dis-
eases (NCCDs) could be prevented through sufficient dietary intake of bioactive molecules
derived from fruits and vegetables. Soluble and insoluble dietary fibers, antioxidants,
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functional carbohydrates and polyunsaturated fatty acids are responsible for several health
benefits. More specifically, dietary antioxidants (AOX), such as pro-vitamins and phenolic
compounds (PC), including anthocyanins (ACNs; anthos = flower, kianos = blue), could al-
leviate the oxidative stress associated with different molecular events in the body [1]. ACNs
are responsible for several bioactivities, including anti-inflammatory, neuro-protective, an-
timicrobial, anti-viral, anti-thrombotic, and epigenetic actions [2]. However, ACNs differ in
terms of metabolic fate and bioactivity. Several physiological barriers in the human body
as well as various physical and chemical components in natural or prepared plant foods
could influence their metabolic action [3]. In fact, the structure of ACNs is responsible
for their nutraceutical potential, which has been associated with their specific physico-
chemical behavior within foods and biological systems [4]. Similarly, lots of data about
Cyanidin-3-O-glucoside (C3G), the most widely distributed anthocyanin in edible fruits,
have been published over the previous ten years and will be discussed in the following
paragraphs [5].

Inflammatory bowel disease (IBD), which mainly presents as Crohn’s disease (CD)
or ulcerative colitis (UC), is a heterogenous chronic bowel inflammation without clear
etiologic factors. Typically, the first manifestation is a complicated immune response that
comprises a number of inflammatory cells, including macrophages, monocytes, neutrophils,
natural killer cells, cytokines, and chemokines [6]. The subacute course of this clinical
entity is further characterized by chronic immunological reactions that aim to balance local
provocative factors and healing processes [7]. Alterations in gut microbiota seem to play
a role in maintaining the above-mentioned immunological balance. Several therapeutic
agents, such as corticosteroids, immunomodulatory drugs or targeted therapies, have been
suggested through years, but there is still lack of clear evidence about the efficacy of several
therapeutic regimens [8].

In recent years, the need for more effective therapeutic strategies against IBD has
emerged. Under these circumstances, several biological agents with anti-inflammatory or
antioxidative functions have been investigated in terms of their safety and efficacy against
IBD [9]. The aim of this review is to investigate the possible therapeutic properties of
Cyanidin-3-O-glucoside (C3G) in IBD.

2. Cyanidin-3-O-Glucoside

2.1. Chemical Structure

ACNs are anthocyanidin glycosides. Their backbone consists of a benzopyran core
[benzoyl ring (A), pyran ring (C)], a phenolic ring (ring B) attached to its 2-position, and a
sugar moiety, mainly, at its 3-position in the C-ring. Some 31 anthocyanidins (aglycones)
and more than 600 ACNs have been determined thus far [10]. However, the majority of
ACNs are based on six aglycones that differ in their B-ring substitution pattern: cyanidin
(Cy), delphinidin (Dp), pelargodin (Pg), peonidin (Pn), petunidin (Pt) and malvidin (Mv).
These aglycons are further divided into groups based on the type and amount of bonded
sugars, as well as the presence of aliphatic or aromatic carboxylates (attached to their sugar
moieties). The three non-methylated aglycones (Cy, Dp, and Pg) are further classified as
3-monosides (mostly glucosides), 3-biosides, 3,5- and 3,7-diglucosides [11]. Moreover, the
heterogeneity in ACNs’ structure represents a challenge for their isolation and identification.
However, according to Flamini et al., the mass spectral fingerprint of Cy and the majority
of its glycosides have been established so far [12].

The processes of glycosylation and methylation affect Cy’s hydrophobic (octanol)/
hydrophilic (water) partition coefficient (LogP), its polar surface area (Å2), and its molec-
ular weight (MW). All of these have important implications in the metabolic fate of Cy-
derivates (ADME: absorption, distribution, metabolism and excretion). Cy has a lower MW
(287.24 g/mol), and Å2 (114.3) is less hydrophilic (LogP = 3.05) than C3G (449.4 g/mol,
Å2 = 191, LogP = 0.39). A second glycosylation (Cy-3,5-O-diglucoside, Cy3,5GG) increases
its hydrophilic character, but compromises its absorption capacity, while an extra malonyl
group (Cy3MG) has the opposite effect [13]. In addition, other structural features in C3G
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have important implications for its chemical reactivity in vitro. STD-NMR spectroscopy
and molecular dynamics simulations have been utilized to show that the absence of an
extra hydroxyl at R5′ in C3G affects its binding capacity toward citrus pectins, when com-
pared to Dp3G [14]. Moreover, it has been demonstrated that C3G (as a flavylium cation,
pH 3.4) binds spontaneously within 1 min to bacterial (Gluconacetobacter xylinus ATCC
53524)-derived cellulose [15]. It has also been reported that this binding behavior is not
limited by the available interacting sites in cellulose, but it is limited by the number of free
C3G molecules. Therefore, a Langmuir binding isotherm model is proposed:

Q = Qmax × [(KL·C) × (1 + KL × C)−1].

where Q represents the amount of absorbed C3G per unit mass of cellulose (μg·mg−1), Qmax
is the apparent max adsorption capacity (1109 μg·mg−1 of cellulose), KL is the apparent
binding affinity constant, and C is the free C3G concentration at equilibrium (mM). By
applying this equation, a “C3G saturation effect” could be observed at about 200 mM.
Furthermore, utilizing an in vitro model to simulate GI conditions demonstrated a “bind–
release” behavior between C3G and pectin/chitosan at each digestion step (oral, gastric,
and intestinal). On the other hand, it is suggested that this polymeric mixture functions as
a protective mechanism against G3G degradation, as it is gradually released from protein
and polysaccharide bonds and eventually becomes available for absorption by GI epithelial
cells [16].

It is highly important that C3G binds to proteins in vitro as well. ACNs present differ-
ent binding capacities to human serum albumin (HSA; Dp3G > C3G > Pg3G), but their capa-
bility to induce structural changes to this protein is also different (Pg3G > C3G > Dp3G) [17].
In addition, C3G–protein interactions are established by hydrogen bonding and van der
Waals forces; thus, the secondary structure of bovine serum albumin (BSA), hemoglobin
(Hb), and myoglobin (Mb) are almost destroyed (less% α-helixes) [18]. C3G is usually
represented as a cation, which is only possible under acidic conditions, such as those
created by gastric juice, and in silico assays, which have revealed that cationic C3G can-
not be absorbed through passive diffusion. Nevertheless, only a substitution at R31 [–H
(Pg3G) by –OH (C3G)] modifies C3G’s bioaccessibility, absorptivity, and metabolism within
enterocytes [19].

Finally, rare types of anthocyanidins, such as 3-deoxy-anthocyanidins, hydroxylated at
the 6th position, 5, 7, 31, 51-O-glycosilated, C-glycosylated, or aliphatic (mainly malonic and
pyruvic acids)- and PC-acylated ACNs are also currently studied, as they seem to be more
bioactive than their conventional counterparts [20]. For example, Cy-malonyl-glucoside
(Cy-Mal-3G) demonstrates stronger anticancer (colon, liver, prostate, and breast) activity
than C3G [21]. Moreover, C3G acylated with lauric acid improves its stability due to its
ester group, which is more stable than a hydroxyl group [22].

2.2. Dietary Sources

C3G is one of the commonest but not the major cyanidin; black elderberry, blue hybrid
maize and Korean black raspberry are exceptions to this rule [23]. The daily intake and
further bioactivity of C3G are highly affected by the proper selection of their plant sources.
Some classic fruits characterized by increased C3G bioavailability are pomegranate and
blackberry, while some exotic fruits are bilberry, elderberry and mulberry [24]. Although
C3G is widely known to be found in fruits, mainly in berries and other blue and red fruits
and vegetables, it is not necessarily the main ACN. For example, strawberry has 15 times
more Pg3G, and raspberry (fresh/pomace) has 1.4–1.5 times more Cy-3-O-sophoriside
(Cy3So) than C3G [25].

Dietary surveys with detailed information on the total and specific intake of ACNs
are also scarce. Daily intake of ACNs, mainly C3G, does not depend on the richness of
their sources. Mean daily intake per capita of ACNs was approximately 12.5 mg in US
adults in 2000–2002, 80% coming from blueberry, grape, onion, grape 100% juices, raspberry,
red cabbage, wine, and cherry sweet. In 2007–2008, the mean daily intake was 11.2 mg,
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adding red/purple vegetables, bananas, and yogurt to the list [26]. In Europeans, the
mean intake of total ACNs is about 20 mg/d, with Cy being the most common, and in
Polish adults participants of the HAPPIEE study, 56% of daily ACN intake came from
blackcurrants, beans, and strawberries [27]. Eastern countries present a higher intake of
flavonoids than Americans or Europeans, but their ACN sources appear to be lesser than
their isoflavone/proantocyanidin sources [28]. According to KNHANES 2007–2012, the
mean daily intake of flavonoids was 318 mg/d/person. Some 23% of this mean daily
intake was from proanthocyanidins, and 11.6% from anthocyanidins, while 20.3% was
from flavonones, and 0.3% from flavones. The major contributing food groups to flavonoid
intake were vegetables (20.5%) such as onions (9.6%) and fruits (54.4%) such as apples
(21.9%), mandarins (12.5%), grapes (9.0%), and other fruits (1.4%) [29]. It should be noted
that habitual intake of ACNs and C3G may vary widely among populations, regions, and
seasons, and among individuals with different education and financial status, and depends
on adequate dietary assessment tools (e.g., 24FR vs. FFQ) [30].

In conclusion, dietary choices could have an important impact on both ACN (and
C3G) intake and the following health effects. In this sense, recent progress in agricultural
and food technology has driven the international market of berry fruits at a lower cost [31].
According to the report of the Agri-Food and Fisheries Service, the production of berries in
Mexico has increased almost three-fold in recent years [32]. Therefore, intake of ACNs and
particularly of C3G is expected to gradually increase over the next years.

2.3. Bowel Metabolism

The small bowel is the third location of C3G metabolism, after the oral cavity and stom-
ach. Unlike gastric conditions, the physical and chemical microenvironment in the small
intestine reduces C3G’s bioavailability by 40–50% [33]. Factors such as pH, C3G’s ability to
release from the food matrix, pancreatic and brush border enzyme action, transportation
processes and enterocyte metabolism in phase I/II are crucial for the bioavailability of C3G,
Cy and their metabolites (degradation products or phase II metabolites). At intestinal pH
(8.2± 0.2), C3G becomes negatively changed and highly unstable, returning to its quinoidal
form, while its glucose moiety remains neutral. Moreover, further de-glucosylation of C3G
is performed with neither lactase-phlorizin hydrolase (LPH; EC 3.2.1.62) nor cytosolic
β-glucosidases [34]. It is worth mentioning that the cleavage of its glucose moiety is not a
prerequisite for C3G chemical breakdown and splanchnic metabolism, although it is an
important mediator of its trans-epithelial transport [35].

Once inside the enterocyte, Cy and C3G could be either transformed to other PC
(particular phenolic acids) and derivatives in phase I metabolism or to several conjugates
(methylated, glucuronidated or sulphated) in phase II metabolism [36]. Microbials, with
the exception of metabolic machinery, are responsible for producing phase I metabolites,
although there is controversy as to whether this process occurs in the small intestine or as a
product of the enterohepatic cycle (EHC) [37]. In phase II metabolism, many enzymes, such
as phenyl sulfotransferases (PST), uridine 51diphosphate glucuronosyltransferases (UGT)
and catechol-O-methyltransferase (COMT), may modify the Cy (and other anthocyanidins)
structure, making it more water-soluble and thus facilitating their further elimination by
the kidneys [13].

The main derivatives of Cy’s metabolism/degradation are protocatechuic acid (PCA)
and phloroglucinaldehyde (PGA) [38]. Cy and PGA, due to their hydrophobic nature in
comparison to PCA, can passively diffuse through biological membranes, reaching the
plasma in the first 2 h. Another reported reaction involves Cy (or C3G) methylation to
produce Pn (or Pn3G), with both having almost the same in vivo bioactivity [39]. Recently,
the major pathways for C3G metabolism in liver microsomes have been proposed. After
deglycosylation, Cy produces PGA from its A-ring, ferulic acid (FA), 3,4-dihydroxyphenyl
acetic and 4-hydroxyphenylacetic acids from its B-ring, and 3,4-dihydroxybenzaldehyde
(PCA immediate precursor) also from its B-ring [40].
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C3G and derived metabolites that surpassed absorption from the small bowel can
finally be released from fibrous food matrices (also known as macromolecular antioxidants),
transformed by the microbiome, and then absorbed by colonocytes [41]. The large bowel
contributes to the remaining deglycosylation, phenolic acid production, and phase II
conjugation events, resulting in the excretion of, intact, less than 0.005% of C3G. As occurred
in the small bowel, the C-ring rupture and the Cy chalcone formation lead to the apparition
of hydroxybenzoic’s (OH-BA) and phenylacetic acids’ derivatives, VA, IVA, FA, and HA,
which can further be eliminated in feces and urine (by means of EHC) [42]. These metabolic
transformations are mediated by the slightly basic pH present at this level, where C3G
and Cy are highly unstable. On the other hand, certain metabolites such as 2-OH-4-
methoxybenzoic acid, 4-methoxybenzaldehyde, methyl-VA, and caffeic acid are specifically
produced within the large bowel [43].

2.4. Health Effects

C3G’s bioactivity has been further investigated in clinical studies in humans. For in-
stance, C3G benefits cardiovascular health [44–46]. A double-blind, randomized crossover
study indicated that some ACNs peaked within 1–3 h, just as HDL-cholesterol did [placebo
vs. 640 mg/d/4 weeks (purified ACNs supplement)] [47]. However, when different ACN
sources were utilized in the same protocol [placebo vs. 486 mg/d/4 weeks (Delphinol®

from maqui berry, Huechuruba, Santiago, Chile], a decrement in LDLox and F2-isoprostanes
levels was highlighted [48]. However, both studies did not report any other noticeable
benefit for CVD markers [49]. According to this, the significant changes that were reported
were upregulation in serum HDL and downregulation in LDL cholesterol; in addition,
soluble vascular cell adhesion molecule-1 (sVCAM-1) and high sensitivity C-reactive pro-
tein (hsCRP) levels were observed after 24-week ACNs = supplementation [50]. The
same results have been reported with ACNs from strawberries, which modulated these
inflammatory biomarkers and indirectly improved insulin action [51]. It is noteworthy
that endothelial health is correlated to the regulation of nitric oxide production, and the
latter could be altered by several types of flavonoids, including ACNs [52]. As for C3G’s
anticancer activity, Cy derivatives (including C3G) from black raspberries (BRB) are ex-
tensively metabolized and retained within the oral cavity of healthy humans. In addition,
administrating per os troches of freeze-dried BRB to oral squamous cell carcinomas pa-
tients (OSCCs) for 14 days improves the expression of pro-survival genes (AURKA, BIRC5,
EGFR). It reduces other pro-inflammatory genes (NFKB1, PTGS2) [53]. Moreover, the acute
intake of a blueberry dry extract regulates DNA methylation in patients with colorectal
adenocarcinomas, despite the inter-individual variability [54].

The radical scavenging capacity (RSC) and molecular competition ability of C3G (and
Cy) may help prevent certain inflammatory processes, CVD, aging, and cancer [55]. For
instance, senescent and cancer cells are also susceptible to DNA cleavage due to epigenetic
factors that induce the production of free radicals and activate oxidative enzymes, such as
xanthine oxidase, which can be attenuated by Cy and C3G [56]. Additionally, some animal
studies have suggested that C3G may slow or inhibit the absorption of carbohydrates
(glucose) and lipids in the intestine, confirming the postulated mechanisms in cells and the
physiological impact on humans [57]. It has been observed that C3G provides protection
against CVD related to oxidative stress, due to its transportation in EA.hy926 cells via a
specific bilitranslocase, and it accumulates in the vascular endothelium wherein it exerts
anti-ischemic properties on isolated rat heart [58]. It is worth mentioning that C3G’s
metabolic bioactivity in adipose cells has been extensively studied, both in vivo and in vitro.
C3G and Cy both upregulate human adiponectin, uncoupling acylCoA oxidase-1, protein-2,
and perilipin, while they downregulate IL-6 and plasminogen activator inhibitor-1 [59].
When adipose cells are exposed to the omega-3-fatty acid docosahexaenoic acid, C3G
suppresses the secretion of interleukin-6 and monocyte chemoattractant protein-1 (MCP-
1/CCL2) and decreases its basal lipolytic activity [60]. However, C3G and Cy upregulate
the hormone-sensitive lipase gene and enhance the lipolytic activity of rat adipocytes [61].
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On the other hand, the biological effects demonstrated in laboratory animals and
in vitro assays do not precisely reflect their efficacy in humans. In a great number of cases,
the amount required to achieve a specific biological action in general is much larger than
that obtained from dietary sources. For example, the average amount of C3G employed in
rat/mice bioassays far exceeds (by around 30–60 times) the amount that can be obtained
from a single dietary source. On the other hand, in different cases, the amount derived from
a habitual diet is sufficient to achieve certain benefits [62]. Moreover, C3G from natural
sources or manufactured nutraceuticals is seriously restricted by its splanchnic metabolism,
and thus its efficacy in targeting internal tissues is limited. Taking C3G’s low bioaccessi-
bility and bioavailability into account, entrapping agents such as malto/cyclodextrins or
liposomes may be efficient alternatives to preserve its properties within the GI tract. Under
these circumstances, concentrated sources of C3G, such as purees or freeze-dried fruits,
provide a much higher intake of C3G, but also preserve its bioactive ability within the GI
tract [63].

The previously stated bioactivities of C3G, its aglycone (Cy), and derived metabolites
mostly rely on the following mechanisms: RSC, epigenetic action, competitive protein-
binding, and enzyme inhibition. Flavonoids seem to exert regulatory effects on gene
expression. Some examples are naringenin, kaempferol, and quercetin. The combination
of flavonoids and chemotherapy seems to be an interesting approach to cancer treatment
too [64]. However, molecular studies involving C3G or Cy as epigenetic effectors are
still scarce. Many in vivo and in silico studies using pure DNA or protein systems have
indicated their macromolecular-binding and enzyme inhibition capacities [65]. A Δλ to
the ultraviolet-visible spectra of this nucleic acid has been demonstrated while studying
the binding capacity of Cy and C3G to calf thymus DNA, indicating the formation of the
DNA-Cy and DNA-C3G complexes with an intercalative binding mode evidenced in their
fluorescence spectra, and with C3G binding to DNA more efficiently than Cy [66].

Both molecules also bind salivary and blood proteins, which might modify their
fate within GI and their bloodstream transport. Spectroscopic studies suggest that C3G
spontaneously binds albumins by means of weak forces such as hydrogen bonds and Van
der Waals forces, as well as hydrophobic interaction on a minor scale [17]. C3G binds to
BSA to its IIA sub domain and is surrounded by key hydrophobic and non-polar (Ala, Leu,
Tyr Phe, Trp and Gly) and polar (Arg, Glu, Lys and Asp) residues within the hydrophobic
cavity of site II’ [67]. Similarly, the abovementioned phenomenon has been reported in HAS.
Certain structural features of both anthocyanidins/ACNs modify their binding capacity
toward HAS; at increased pH 7.0 and at reduced pH 4.0, there is a differential electrostatic
environment resulting in differences regarding the binding capacity of ACNs in their
quinoidal form [68]. In addition, the binding constant of C3G has been reported to be
higher for myoglobin than for BSA hemoglobin, which is structurally associated with
its binding capacity toward α-helices. Finally, evidence on the differential binding and
inhibitory capacity of Cy and C3G toward GI enzymes has been elucidated. C3G is a much
stronger inhibitor of both intestinal α-glucosidase and pancreatic α-amylase as compared
to Cy [69], whereas glucose substitution at the 3-O (increases) and 5-O (reduces) positions
in Cy modifies its inhibitory activity toward α-glucosidase.

3. Inflammatory Bowel Disease (IBD)

Inflammatory bowel disease (IBD) is a term that describes disorders involving long-
standing (chronic) inflammation of tissues within the GI tract. Types of IBD include
ulcerative colitis (UC) and Crohn’s disease (CD). As far as ulcerative colitis is concerned,
it involves inflammation and sores (ulcers) along the lining of large intestine (colon) and
rectum [70–72]. On the other hand, Crohn’s disease is characterized by inflammation of
the lining of digestive tract, which often may involve its deeper layers. Despite the fact
that Crohn’s disease most commonly affects the small intestine, it can also affect the large
intestine, and, rarely, the GI tract. Both are typically characterized by abdominal pain,
diarrhea, rectal bleeding, fatigue and weight loss. Moreover, they are associated with
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extraintestinal manifestations, such as anemia, fever, weight loss, arthritis, ankylosing
spondylitis, sclerosing cholangitis, uveitis, iritis, pyoderma gangrenosum and erythema
nodosum. IBD patients also have a higher risk of colon cancer [71]. The extent of the
symptoms is not the same for every patient, as it may range from mild illness to life-
threatening complications.

3.1. Epidemiology

The number of children living with IBD is growing rapidly; in Canada, the diagnosis
of young people increased 50% in the first decade of 21st century [73]. In 2018, there were
over 7000 children and youth under 18 years old living with IBD in Canada alone, and
600 to 650 young children (under 16 years) diagnosed every year [73]. Several reports
have been drafted on the prevalence of IBD in developed Western countries. Asia has a
lower prevalence of IBD, whereas a recent increase in its incidence and prevalence has been
observed in Eastern Europe and Asia [74]. Previous studies have demonstrated that the
prevalence of Crohn’s disease (CD) is higher than that of ulcerative colitis (UC) in pediatric
patients in Northern California. However, in French pediatric patients, the observed rate
for UC was higher than that for CD [75]. In a survey in Western Europe, IBD was found
to affect 0.5–1% of the population, with 56 and 104 new cases per million inhabitants per
year for CD and UC, respectively [76]. In addition, IBD affects approximately 1.4 million
patients in the USA and 2.4 million in Europe [77]. In another investigation, the incidence
of UC was reported to be around 10–20 per 1,000,000 per year, with a prevalence of 100–200
per 1,000,000 in Western countries [78].

3.2. Pathogenesis

The etiology of IBD is still not completely understood. Several studies support the
hypothesis that its onset originates from the combination and interplay of immune dysreg-
ulation (chronic or relapsing), genetic factors, environmental triggers, psychological factors,
smoking, host immune system and microbiota dysbiosis. However, the exact etiology of
IBD is still not fully understood [79–82]. CD involves all parts of the GI tract from the
mouth to the anus, whereas UC is confined to the colon. Activation of these cells in the
intestinal mucosa contributes to elevated local levels of pro-inflammatory cytokines, such
as tumor necrosis factor alpha (TNF-α), interleukin 1β (IL-1β), interferon-γ (IFN-γ), and
interleukin-23 (IL-23), among which TNF-α attracts more attention due to its remarkable
pro-inflammatory and proapoptotic effects [83]. Therefore, TNF-α blockers are central in
IBD therapy. Besides cytokine production, the overproduction of different reactive oxygen
species, including superoxide anion radicals, hydroxyl radicals, singlet oxygen, and triplet
oxygen from activated leukocytes, overwhelm the tissue’s antioxidant defenses and could
be another molecular event involved in IBD pathogenesis [84]. Oxidative stress is also
suggested to have a crucial role in apoptosis. It has been exhibited that the concentration
of antioxidants (vitamins, flavonoids and trace elements) in patients with CD and rat
experimental models of UC is markedly lower [85]. Antioxidants, defined as substances
that significantly delay or inhibit oxidation of an oxidizable substrate, can be beneficial in
IBD therapy even when used at concentrations lower than the oxidized substrate [86]. More
than 230 genes predisposing people to IBD have been discovered [87]. Many of these IBD
susceptibility genetic polymorphisms are associated with host mucosal barrier function
and are involved in host–microbiome interactions [88–90], thus supporting the hypothesis
that alterations in the gut microbiome are essential for triggering chronic inflammation,
and not merely a consequence [91,92].

In addition, nuclear factor-kappa B (NF-κB)-signaling significantly contributes to
multiple host responses underlying IBD pathogenesis. The NF-κB family of transcription
factors are regulators of inflammation and gut epithelial integrity, and activators of antigen-
presenting cells and effector leukocytes [93]. Upon activation, NF-κB dimers translocate
to the nucleus, where they modulate the transcription of several genes, including those
involved in inflammatory and immune responses [94]. Several IBD genetic risk alleles,
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including nucleotide-binding oligomerization domain-containing protein 2 (NOD2), TNF-
α-induced protein 3 (TNFAIP3/A20), and Toll-interacting protein (TOLLIP), promote gut
pathogenesis, at least partly, through dysregulated NF-κB signaling [95]. Epithelial cells
and macrophages isolated from the inflamed intestine of IBD patients show increased
activation and nuclear localization of NF-κB-p65 [96]. Aryl hydrocarbon receptor (AHR)–
NF-κB–CCAAT enhancer-binding protein beta (C/EBP-β)-signaling axis is found to operate
in T cells and dendritic cells to promote intestinal inflammation [97].

Last but not least, the nuclear-related factor 2/ Kelch-like ECH associated protein 1
(Nrf2/Keap1) signaling pathway seems to regulate GI tract function, and therefore may
moderate the course of IBD. According to Arisawa et al. [98], an Nrf2 gene polymorphism
may be associated with the development of UC, while Myers et al. [99] supported that Nrf2
levels are found to be decreased in UC patients and those with active CD compared to
healthy controls. On the other hand, higher Nrf2 levels are positively linked to antioxidative
enzymes such as peroxiredoxin-1 and glutathione S-transferase A4, and negatively linked
to pro-inflammatory IL-17a [100]. A study reported that persistent Nrf2 activation is the
adaptation of colonic epithelial cells to oxidative stress during chronic inflammation of
active IBD [101]. Stimulation of Nrf2 may be linked to the excessive mobilization of NF-kB
during inflammatory reactions [68,69] and, in turn, may increase ROS production and
enhance immediate early response-3 protein (IER3) expression [102,103]. The effect of Nrf2
on IBD development and progression should be further investigated.

3.3. Therapeutic Options

5-Aminosalicylic acid, sulfasalazine, glucocorticoids, azathioprine, 6mercaptopurine,
thioguanine, methotrexate, cyclosporine, infliximab, and tacrolimus are all used for IBD
treatment. However, the long-term usage of these drugs is limited due to several side and
adverse effects, such as diarrhea, abdominal pain, nausea, and vomiting (sulfasalazine),
pancreatitis, hepatotoxicity, and hematologic problems (methotrexate, azathioprine), leu-
copenia (6-mercaptopurine), nephrotoxicity, cardiotoxicity, hypertension, gingival hyper-
plasia, and arteriolopathy (cyclosporine and tacrolimus) [104]. Moreover, about 30–50%
of CD patients and 15–20% of UC patients are not sufficiently controlled with conven-
tional anti-inflammatory treatment, and most of these treatments are inadequate [105].
Conventional anti-inflammatory agents serve as symptomatic therapeutic means, whereas
concerns have been raised regarding the efficacy of novel biologic and small molecule-
targeted therapeutics. Consequently, heterogenous recommendations have been provided,
which usually do not include them [106]. Surgical intervention is required in complicated
cases, or when pharmacological treatment is not successful. Regarding the cited problems,
new therapeutic strategic approaches should be used for IBD therapy. Targeting of CD4+
T-cell cytokines, inhibition of leucocyte adhesion and gene therapy are amongst the newest
treatments proposed for IBD; however, it should be mentioned that many patients (from
39% in Austria to 51% in Germany) turn to herbal therapy in addition to conventional
treatments [107].

3.4. Natural Products

Various herbal products, such as Portuguese blueberries and dark purple rice extract,
have been used for IBD treatment [108–111]. Many investigations have reported that plant
derivatives, such as polyphenols, are involved in a wide range of biological activities, such
as anti-inflammatory and antioxidative activities, as secondary plant metabolites [112].
Dietary fiber showed an anti-IBD effect through the modification of TNF-α, IL-2, and nitric
oxide (NO). Natural supplementation has a central role in cytokine production regulation.

4. Therapeutic Effects of C3G in IBD

Nowadays, more and more patients with IBD prefer an alternative medical approach
to their condition, and turn to plant-based drugs; thus, anthocyanin-rich foods are highly
emphasized. ACNs and anthocyanidin glycosides have presented an important role
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in preventing and treating IBD. C3G has been recognized to have antioxidative, anti-
inflammatory, cytoprotective, and antimicrobial effects that can be useful for IBD man-
agement (Table 1). In particular, C3G has been shown to act directly as an antioxidant
and free radical scavenger [36,113,114]. Additionally, it has been found to regulate sev-
eral detoxification enzyme pathways [115,116], modulate cytokine levels [117] and affect
IFN pathways [39,117]. It also has an indirect effect via modulation of transcriptional
factors, including NF-κB [114,118–121] and MAPK [122,123] activation and the Nrf2 path-
way [116,119]. G3C can also improve intestinal microbiota composition [120,124].

Table 1. The protective effects of C3G against IBD.

Year;
Author

Study Type
Subjects

(Animal/Cell
Models/Individuals)

Dose IBD Indicators
Related Molecular

Mechanisms in
Regulation of IBD

[125] In vitro CM stimulated
T84 cells

25, 50, 100 μM for
4 h NA ↓ IP-10 (CXCL10)

[115] In vitro Cytokine stimulated
HT-29 cells

12.5 to 50 μM for
24 h NA

↓ NO,↓ PGE2, ↓ IL-8, ↓
iNOS

↓ COX-2↓ STAT1

[116] In vitro Cytokine stimulated
HT-29 cells 25 μM, for 1 h

↑ Nrf2 pathway,
↑ HO-1,↑ GCLC

and GCLM
↑ GSH/GSSG

↓ Reactive species

[114] In vitro Caco-2 cells + TNF-α 20–40 μM for24 h

↑ Nrf2 pathway,
↑ GSH

↑ HO-1 and
NQO-1 mRNA

Levels

↓ TNF-α, ↓ IKKα/β
phosphorylation/activation

and IκBα, ↓ NF-κB
pathway

↓ Il-6 induced by TNF-α,
COX-2, PGE2 and TXB2

[118] In vitro Caco-2 cells 0.25, 0.5 and 1 μM
for 24 h

↑ FITC-dextran
permeability

↓ IKKα, ↓ p65
phosphorylation, ↓MLC,
↓ TNFα, ↓ NF-kB pathway,

↓ TEER

[121] In vitro Caco-2-HUVECs 20 or 40 μM for 24
h NA

↓ NF-κB pathway, ↓
TNF-α, ↓ IL-8

↓ endothelial cells
activation:

↓ E-selectin, ↓ VCAM-1
mRNA, ↓ leukocyte

adhesion

[39] In vivo and
in vitro

BALB/c
TNBS-induced

colitic mice
Caco-2 cell monolayer

model +LPS

200 μL for 12 h
before TNBS

injection
24.2–96.8 g/kgBW

daily for 3 days

NA

↓MPO, ↓ TEER, ↓ LY flux
values.

↓ NO, ↓ TNF-α, ↓ IL-1b, ↓
IL-6, ↓ IFN-γ

↓ histological damage

[117] In vitro

(Cell culture: RAW
264.7 cells+ IFNα+

IFNβ, 24 h)
Naïve mouse

peritoneal
macrophages,

lymphocytes removed
+ 1 ug/mL LPS, 24 h

1 ug/mL for 24 h NA

Direct inhibition of CD80
and

CD86
Inhibition of CD169

Expression induced by
Type I IFN

↓ IL-1β, IL-18, IL-6, IL-17,
and TNF-α
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Table 1. Cont.

Year;
Author

Study Type
Subjects

(Animal/Cell
Models/Individuals)

Dose IBD Indicators
Related Molecular

Mechanisms in
Regulation of IBD

[36] In vitro
Caco-2 cells + 100 μM

PA
(basolateral side)

10 or 20 μM for
24 h

↑ Nrf2/EpRE
pathway
↑ NQO-1

↓ NF-κB pathway
↓ IL-6 and IL-8 mRNA

levels
↓ COX-2
↓ ROS

[113] In vitro Caco-2 cells+
LPS ± HPP

C3G-BP complexes
(100–100 μg/mL) ↑ IL-10

↓ depolarization of
mitochondria,

↓ ROS
↓ IL-1β, TNF-α, and IL-8
↓ iNOS, COX-2, Bcl-2 and
cleaved caspase-3 levels
Inhibition of apoptosis

[119] In vitro Caco-2 cells +TNF- α

0.18, 0.37, 0.75, 1.5
μg C3G eq./mL for

24 h
(ACN-rich purified
and standardized

bilberry and
blackcurrant
extract (BBE))

Activation of Nrf2/
Keap1 pathway

Inhibition of NF-κB
pathway activated by

TNF-α
↓ IL-8 and ↓ IL-6 mRNA

levels

[124] In vivo
DSS-induced colitic

UC mice + HHP
treatment

HPP 200 mg/kg
C3G+ blueberry
pectin complex

(Oral
administration)

↑ protein levels of
the ratio Bcl-2/Bax

and
caspase-3/cleaved

caspase-3 genes
↑ Bacteroidetes,

Verrucomicrobia
Candidatus

Saccharibacteria.

↓mRNA expression of
pro-inflammatory factors
↓ NF-κB P65, ↓ NF-κB

pathway
↓ Firmicutes, Proteobacteria,
↓ Firmicutes to Bacteroidetes

(F/B) ratio

[126] Cohort study

47 IBD patients
Administration of a

purple corn
supplement to IBD
patients receiving

infliximab

Purple corn
supplement

composed by 2 mg
GAE/g DW (gallic

acid equivalents
per g of dry

weight) and total
anthocyanin

content
of 0.5 mg cyanidin
3-glucoside (C3G)

NA

CD group only, not UC:
↓ CRP, ↓ IFN-γ

↓ TNF-α, IL-5, IL-9, IL-10,
IL-12p70, and IL-17A

PA: palmitic acid, HHP: high hydrostatic pressure treatment, BP: blueberry pectin, HUVECs: human umbilical
vein endothelial cells, TEER: transepithelial electrical resistance, LY flux: Lucifer yellow flux, TNF-α: tumor
necrosis factor-a, IL-6: interleukin-6, IL1b: interleukin-1b, IFN-γ: interferon-γ, PGE2: prostaglandin E2, iNOS:
nitric oxide synthase, COX-2: cyclooxygenase-2, HO-1: hemoxygenase-1, MLC: phosphorylation of myosin light
chain. GCLM: glutamate cysteine ligase mRNA; ↑, increase; ↓, decrease.

4.1. C3G Inhibits NF-κB Pathway Activation

NF-κB is the main redox-sensitive nuclear transcriptional factor involved in the in-
testinal inflammation process [127], and plays a role in the regulation of several pro-
inflammatory mediators, including interleukins (IL-6, IL-8, IL-12, IL-1β), TNF-α and IFN-
γ [128]. Although NF-κB is involved in preserving intestinal epithelial cell homeostasis and
regulating intestinal permeability [129], the chronic activation of NF-κB is typical of IBD
and may play a critical role in the aggravation of inflammatory conditions in the intestinal
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epithelium [96,130]. Many drugs for IBD interfere with the activation of NF-κB [131,132];
thus, natural antioxidants and their compounds that modulate the NF-κB pathway, such as
C3G, have great potential as efficient complementary approaches for IBD [133,134].

Numerous in vitro studies have demonstrated the association between C3G and the
NF-κB pathway [36,114,118,119,121]. A study by Cremonini et al. [118] indicated that C3G
was able to completely prevent TNFα-mediated increases in IKKα and p65 phosphorylation
in Caco-2 cells. Protection of TNF-α-induced activation of NF-κB led to a 1,4-fold increase
in the MLC kinase-mediated phosphorylation and activation of MLC. It was therefore
suggested that inhibition of the NF-κB pathway was the primary mechanism of mono-
layer protection from TNFα-induced decreases in TEER and increases in FITC-dextran
permeability. Likewise, Speciale et al. [119] claimed that C3G’s anti-inflammatory effects on
TNF-α-induced Caco-2 cells were mediated via inhibition of the NF-κB pathway activated
by TNF-α, and a reduction in IL-8 and IL-6 mRNA levels.

A study by Bashllari et al. [36] indicated a dose-dependent inhibition of the upregu-
lation of palmitic acid (PA)-induced transcriptional activity of p65, IL-6, and IL-8 mRNA
levels in PA-induced Caco-2 cells; thus, C3G helped in restoring gene expression levels
to control values. Cytokines’ downregulation was also reported in cells not exposed to
PA. During the same study, the anti-inflammatory effect of C3G was further evaluated,
considering another NF-κB downstream target, COX-2. It is worth mentioning that the
human gene encoding COX-2 has two binding sites for NF-κB, in correspondence with the
promoter region. It is activated by TNF-a, IL-1, IFN-γ via the NF-κB and AP-1 pathway, and
upregulated in IBD intestinal mucosa. According to Bashllari et al., C3G reduced COX-2
protein levels in a dose-dependent manner, confirming the protective effect of C3G against
PA-induced Caco-2 cells.

Regarding inflammation, a recent study by Tan et al. [113] reported that C3G monomer
and C3G-BP complexes have been found to downregulate iNOS and COX-2 protein ex-
pression in Caco-2 cells. The greatest anti-inflammatory effect has been observed in HHP-
treated C3G-BP complexes. According to Ferrari et al. [114], a C3G dose of 20–40 μM
administered to intestinal Caco-2 cells exposed to TNF-α has anti-inflammatory properties
through inhibition of the NF-kB pathway. C3G reduces TNF-α levels, IIKKα/β phospho-
rylation/activation and IκB, the two upstream kinases regulating NF-kB. Furthermore, it
inhibits the expression of Il-6 induced by TNF-α, and downregulates COX-2, PGE2, and
TXB2 [114]. Noting that the endothelium is closely linked to the initiation and propagation
of IBD pathology, while distinctive features of the intestinal endothelium contribute to
these conditions [135], Ferrari et al. [121] investigated C3G’s modulatory effects on in vitro
inflammatory crosstalk between intestinal epithelial and endothelial cells, using Caco-2
and HUVECs cells.

IBD initiation and progression stages are well known to involve changes in mu-
cosal immunity and gastrointestinal physiology. Endothelial cells adjust structurally and
functionally to modulate vascular supply, immune cell emigration, and the tissue envi-
ronment [136]. In active IBD, angiogenesis of the endothelium mediated by chemokines
and cytokines might correlate with disease severity. The newly formed endothelium or
inflamed vessels differ from normal vessels in the terms of production of and response
to pro-inflammatory cytokines, adhesion molecules and growth factors [137]. As a result,
barrier function, coagulant capacity and blood cell recruitment after injury might be altered
in the newly formed endothelium. Thus, Ferrari et al. [121] concluded that selective inhi-
bition of the NF-κB pathway in epithelial cells represents the main mechanism by which
C3G exerts its protective effects. C3G has been reported to downregulate TNF-α-induced
nuclear translocation of NF-κB, reduce TNF-α and IL-8 gene expression in Caco-2 cells, and
subsequently downregulate endothelial cells’ activation, while decreasing E-selectin and
VCAM-1 mRNA levels, leukocyte adhesion, and NF-κB levels in HUVECs [121].

Min et al. [122], using RAW 264.7 cells exposed to LPS, confirmed the downregulatory
effects of C3G on TNF-α, L-1β, NO expression, LPS-induced PGE2, and NOS levels. Several
IBD model studies have shown that C3G exhibits anti-inflammatory activity via NF-κB

347



Int. J. Mol. Sci. 2023, 24, 9399

inhibition [122,124]. According to Tan et al. [124], high-pressure threatened (HHP)-C3G-BP
complexes have more enhanced anti-colitic effects than C3G monomers in DSS-induced
colitic UC mice; HHP treatment increases ACNs’ stability and availability in the body [138].
In the study, C3G administered orally at 200 mg/kg together with blueberry pectin was
reported to be effective in alleviating inflammation by inhibiting NF-κB, as indicated in
the significantly reduced levels of p65 expression [124]. In the study by Min et al. [122],
in which oral administration of C3G was evaluated in BALB/c carrageenan-induced
inflamed mice, C3G led to inhibition of NF-κB activation and pro-inflammatory mediation
of COX-2 expression. Similarly, administration of C3G at a dose of 40 mg/kg for five days
to antibiotic-associated diarrhea BALBc mice seemed to have anti-inflammatory effects
through reducing the level of p65 phosphorylation and TNF-α, IL-6, and IL 12 levels, thus
inhibiting the inflammatory facilitation of the NF-κB pathway [120].

Activation of the redox-sensitive signals IKK/NF-kB and increased expression of the
PTP1B phosphatase regulated by NF-kB are cited in a study conducted by Daveri et al. [139]
on mice fed with a high-fat diet and an AC-rich blend. Increased NF-kB p65 nuclear
translocation of TNF-α challenged cells was additionally confirmed in in vitro studies
using human umbilical vein endothelial cells [123]. A study by Fratantonio et al. [140]
similarly found that C3G significantly inhibited the NF-κB pro-inflammatory pathway and
adhesion molecules induced by PA; therefore, these effects have been attributed to the
activation of Nrf2/EpRE pathway.

4.2. C3G Activates Nrf2 Pathway and Modulates Cytoprotective Enzymes Expression

Some bioactive components of food, including ACNs, exert indirect antioxidant ac-
tivity by regulating the expression of antioxidant enzymes and cytoprotective proteins,
such as NAD(P)H, superoxide dismutase, heme-oxygenase (HO-1), thioredoxin, quinone
reductase-oxide 1 (NQO1), catalase, glutathione S-transferase and glutathione peroxidase,
which are essential for cell protection [123,141]. Increased expression of these molecules
could be modulated by Nrf2, a member of the NF-E2 family (transcription factors with
basic leucine zipper domains). Nrf2 and its target genes mainly exert antioxidative effects
or protective effects from chemical-induced cellular damage. Nrf2 is sequestered in the
cytoplasm by Keap1; phase II enzyme inducers and prooxidants can induce its modification
and disrupt the Nrf2–Keap1 complex, causing Nrf2 translocation into the nucleus, where it
binds to the antioxidant responsive element (ARE), which is a cis-acting enhancer element
that stimulates gene expression [142].

A study conducted by Speciale [119] indicates that C3G exerts an indirect antioxidant
cell-adaptive response through the activation of the Nrf2/ Keap1 pathway in Caco-2 cells
exposed or not to TNF-α. Pretreatment with 0.75–1.5μg C3G eq./mL induced overexpres-
sion of NQO1, which is a gene present in the ARE sequence in cells exposed to TNF-α or not.
Another in vitro study conducted using Caco-2 cells and palmitate to induce a lipotoxic
environment [36] illustrated that C3G has been able to increase the expression of NQO1. In
addition, it seemed to activate the Nrf2 pathway. According to Bashllari et al. [36], C3G’s
anti-inflammatory effects may be attributed to an antioxidant adaptive cell response mainly
regulated by the Nrf2 pathway. On the other hand, given the inhibitory effect that the
Nrf2/EpRE pathway may have on NF-κB transcription machinery [140], a hypothesis of
the crosstalk between Nrf2 and NF-κB pathways that could modulate the transcription or
function of target proteins has been supported. In a study by Ferrari et al. [114], Caco-2 cells
were exposed to TNF-α and treated with 20–40 μM C3G for 24 h. C3G was able to increase
Nrf2 translocation in a dose-dependent manner, and HO-1 and NQO-1 mRNA Levels
both in TNF-α treated and unexposed cells. Therefore, Ferrari et al. [114] support that
the upregulation of the Nrf2 pathway is involved in C3G’s protective effect on epithelial
inflammation induced by TNF-α.

The In vitro study by Serra et al” [116] indicates that C3G can induce the activation
of Nrf2 in cytokine-stimulated HT-29 cells. In fact, the stimulatory effect of C3G alone
has been shown to be significantly higher than that assigned to 5-ASA, particularly when
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considering differing concentrations (25 μM C3G vs. 500 μM 5-ASA). Notably, the combi-
nation of 5-ASA with C3G failed to reveal an additional/synergistic effect. Finally, C3G
was found to be responsible for the increase in the HO-1 mRNA expression Moreover, it
enhanced the GSH/GSSG ratio and slightly increased the mRNA expression of catalytic
and modified subunits of GCL in cytokine-exposed cells. Nrf2/ARE activation by C3G
was also confirmed in endothelial cells [123]. The results of the in vitro study conducted
by Speciale et al. suggest that C3G activated the NRf2/ARE pathway at baseline and after
TNF-α treatment of HUVECs, which in turn regulated several detoxification enzyme path-
ways such as HO-1. The study suggested the involvement of specific mitogen-activated
protein kinases (MAPKs) (ERK1/2) in C3G’s induction of the Nrf2/ARE pathway. Fi-
nally, an inhibitor’s inactivation of ERK1/2 activity abolished the increase in Nrf2 nuclear
accumulation induced by C3G [123].

4.3. C3G Modulates IFN Pathways

CD169 is expressed by some specific immune cells, especially dendritic cells (DCs)
and macrophages. CD169+ macrophage subsets are mostly located in secondary lymphoid
organs such as the subcapsular sinus. Medullary macrophages in lymph nodes (LN) highly
express CD169, just as marginal metallophilic macrophages in the spleen do [143–146].
CD169+ macrophages encounter and engulf invading microbes at the entry sites of lymph or
blood, acting as a gatekeeper within their special location at which antigens enter, and also
act as activators of T and B cells to mount an immune response against pathogens [147,148].
Colonic CD169+ macrophages are mostly located in the lamina propria of the colon. After
epithelial injuries, CD169+ macrophages produce CCL8 to initiate mucosal inflammation
by recruiting inflammatory monocytes [143,149,150]. CD169-DTR mice with deleting or
decreasing CD169+ macrophages did not display the typical clinical symptoms of colitis
induced by DSS. Some studies have indicated that CD169+ macrophages play a crucial role
in the development of colitis [151,152].

Xia et al. [117] evaluated the effects of orally administered C3G on DSS-induced colitic
mice to conclude that C3G prevents the increase in CD169 cells. Furthermore, in vitro
C3G administration could have directly inhibited macrophage activation and CD169+
cells’ numerical increase. In the colon and mLNs, C3G has been found to reduce pro-
inflammatory cytokine expression, including IL-6, IL-1β, IL-18, IL-17, TNF-α, and IFN-γ, to
reduce CD169+ macrophages, and to increase CCL22 expression; some anti-inflammatory
cytokines were also increased, e.g., IL-10 and TGF-β. C3G administration resulted in a
reduction in CD80 and CD86 expression and induction of Tregs, together with an increase
in CCL22 expression levels in both the colon and mLNs. The activation of peritoneal
macrophages has been reported to be inhibited by C3G in vivo, while the expression of
CD80 and CD86 is decreased. Thus, C3G is reported to be able to reduce the number of
peritoneal CD169+ macrophages and also to inhibit their activation. In the same study [117],
C3G inhibited the CD169 expression induced by type I IFN. Thus, Xia et al. support the
hypothesis of Lee et al., stating that NF-κB inhibition after administration of C3G [153]
is a critical factor in the type I IFN pathway [154]. On the other hand, for the inhibition
of the type II IFN pathway, a few studies have reported downregulation of IFN-γ caused
by C3G [39,115,125,126]. The in vitro study of Triebel et al. [125] conducted using CM-
stimulated T84 cells reported a downregulation of IP-10 (CXCL10) by C3G and a decrease
in IFN-γ-induced protein levels, while reporting no significant downregulation of TNF-α
and IL-8.

4.4. C3G Reduces Reactive Species and Pro-Inflammatory Cytokines

Reductions in pro-inflammatory cytokines after C3G administration have been con-
firmed by several studies. Such pro-inflammatory cytokines include IL-6 [36,117,119–121],
IL-8 [36,113,115,119], IL-1β [36,116,117,122], TNF-α [117,119,120,124], IL-17, and IL-18 [117].
A cohort study by Liso et al. [126] on IBD patients receiving infliximab reported that supple-
mentary administration of purple corn, which includes 0.5mg C3G equivalents/g DW, to
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their normal diet was associated with the downregulation of inflammatory biomarkers such
as CRP, IFN-γ, TNF-α, IL-5, IL-9, IL-10, IL-12p70, and IL-17A, in CD but not UC patients.
In addition, Serra et al. [115] claim that stimulation of a cytokine cocktail may be related to
the suppression of an alternative cell signaling, one other than NF-kB. Administration of
C3G to cytokine-stimulated HT-29 cells led to downregulation of NO, PGE2, IL-8, iNOS,
COX-2, and STAT1 [115]. Similarly, according to Ferrari et al. [121], the downregulation of
IL-6 induced by TNF-α, COX-2, PGE2, and TXB2, and the upregulation of GSH, HO-1, and
NQO-1 mRNA levels induced by C3G underline C3G’s activity as a direct redox scavenger
downregulating TNF-α. Many in vitro studies have revealed the reactive oxygen species
(ROS)-mitigating potential of C3G [36,113,116]. C3G is claimed to induce a direct reduction
in reactive species and an upregulation in several detoxification enzyme pathways, such as
HO-1 [114,116], NQO-1 mRNA levels [36,114], GCLC, GCLM (glutamate cysteine ligase
mRNA expression) [116] and GSH [114], and a change in the ratio of GSH/GSSG [116]. It
has also been found that C3G and/or complexes with the monomer exert antiapoptotic
properties [113,124,155]. Tan et al. reported increased protein levels of Bcl-2/Bax and the
caspase-3/cleaved caspase-3 gene ratio, thus indicating the enhanced therapeutic effect
of HHP-treated C3G on mice enteritis [113,124], the inhibition of the depolarization of
mitochondria, and the reduction of the produced ROS, as demonstrated by the reduced
mRNA expression of IL-1β, TNF-α, and IL-8. Increased expression of IL-10 and reduced
iNOS, COX-2, Bcl-2, and cleaved caspase-3 levels were also observed [113]. However, a
study by Xia et al. [117] found no significant effect of C3G administration in apoptosis.

4.5. C3G Modulates Gut Microbiota

Anthocyanins may modulate gut microbiota by inducing an increase in special gut
bacteria [156] and increasing microbial abundances [157], thus mitigating dysbiosis. An-
thocyanins have been claimed to increase the relative abundance of beneficial bacteria,
such as Bifidobacterium and Akkermansia, which are believed to have anti-inflammatory
effects [156,158]. In a previously referenced study by Wang et al. [120], C3G extracted
from the Chinese bayberry has been positively correlated with an increase in richness
and diversity of gut microbiota. Moreover, it was related to increased Bacteroides species,
which are widely known for its beneficial effects and ability to reduce harmful bacteria,
Enterococcus and Clostridium sensu stricto 1. C3G has been claimed to contribute to restoring
the homeostasis of gut microbiota [120]. In detail, Enterococcus represented by E. faecium
and E. faecalis is an opportunistic pathogen that helps the adhesion, colonization and in-
vasion of host tissue, the modulation of host immunity, and the production of toxins and
extracellular enzymes [159,160]. Clostridium sensu stricto 1 has been found to proliferate in
IBD, and is considered a potential biomarker of intestinal inflammation [161]. In addition,
administration of C3G was positively correlated with the relative abundance of Lachno-
clostridium, known for propionate and butyrate production, which contributes to restoring
SCFAs concentration in the gut [162]. SCFAs are the ligands of two G protein-coupled
receptors, Gpr43 and Gpr41, which participate in glycolysis and protein synthesis by mod-
ulating the level of some endocrine peptides. Moreover, they promote the proliferation,
differentiation and apoptosis of intestinal epithelial cells. Finally, they protect the intestinal
epithelial barrier [163,164]. Parabacteroides and Blautia, some beneficial bacteria, were also
positively correlated with C3G administration. Tan et al. [124] indicated an increase in
species diversity after C3G administration + HC treatment of DSS-induced colitic UC mice.
C3G was found to induce a decrease in the relative abundance of Firmicutes and Proteobac-
teria, and an increase in Bacteroidetes, Verrucomicrobia and Candidatus Saccharibacteria of an
HHP-treated C3G-BP group was the biggest change, resulting in a smaller Firmicutes to
Bacteroidetes (F/B) ratio, which is related to the degree of inflammation in colitis [165]. In a
study by Wu et al. that did not involve IBD directly [166], a mouse model of experimental
non-alcoholic fatty liver disease was used. They demonstrated that the Lonicera caerulea
L. berry, which is rich in C3G, was able to reduce inflammation due to the ratio change of
Firmicutes to Bacteroidetes.
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Aside from C3G, its metabolites have been investigated in a colitic environment. C3G’s
metabolites, as components of the monofloral honey Prunella Vulgaris, have been found
to exert protective properties in DDS-induced UC colitic mice by restoring the relative
abundance of Lactobacillus [167]. More studies on C3G metabolites as components of
food products have confirmed their anti-inflammatory effects through a reduction in the
population of Bacteroides spp. In DSS-induced colitic rats [168], and through growth
inhibition of E. coli, S. aureus, and P. aeruginosa [169], and therefore mitigation of the growth
of pathogenic bacteria. Finally, phenolic compounds can be used as substrates by bacteria
to produce energy [170,171] and to produce fermentable metabolites, which can exert
bioactive functions similar to those of parent anthocyanins [172]. Thus, the gut microbiota
play a role in the metabolism of anthocyanins and secondary phenolic metabolites after the
removal of anthocyanins’ sugar moiety [173].

4.6. Clinical Aspects

The cause of IBD is still not well understood. Current knowledge on IBD patho-
genesis suggests genetically susceptible individuals develop intolerance to dysregulated
gut microbiota, and chronic inflammation develops as a result of environmental triggers.
Thus, there is limited evidence based on randomized controlled trials (RCTs) supporting
that a substance alone or a specific diet pattern can prevent the disease. However, the
scientific community should aim to find ways to manage IBD symptoms and improve gut
health, mainly through gut inflammation alleviation, regulation of the immune responses
involved in IBD, and improvement of gut microbiota composition. Thus, even though C3G
appears very promising in treating and/or preventing IBD, further clinical studies should
be conducted. Regarding administration, in vivo experiments in mice have mainly prac-
ticed oral administration and intraperitoneal C3G injections. Both routes of administration
resulted in impressive findings regarding inflammatory responses, oxidative indices, and
microbiota composition, but the latter was related to a greater reduction in immunomodu-
latory modules such as CCL22 and Tregs induction [117]. Concerning human studies, a
cohort study investigated the effects of oral administration of C3G as a complex with a
nutritional supplement, resulting in reduced inflammatory biomarkers in CD, but not UC
patients [126]. Administrating C3G as a complex with other nutritional regimens is not
an uncommon practice [124]. The limited stability, bioaccessibility and colonic delivery of
the compound are considered to restrict the wider oral supplementary use of C3G alone
against IBD. Nevertheless, loading of bioactive phytochemicals in a robust carrier system
might be crucial to increase stability, solubility, intestinal absorption, and bioaccessibility,
or to improve the bioactivity in body circulation through specific targeting. According
to Shishir et al. [174], an efficient carrier of C3G, named nanofibersolome, has recently
been developed to provide protection during its passage through the simulated digestion
processes, thus being a very promising approach.

In addition, there are no registered interventional clinical trials investigating C3G’s
effects on IBD patients. Regarding the wider category of anthocyanins, a randomized,
double-blind, Phase iIa study was conducted by Rogler et al. [9], and evaluated the effi-
cacy, safety and tolerability of an anthocyanin-rich extract (ACRE) in patients with UC
(NCT04000139). During the trial, 3 g of anthocyanin-rich extract was administered daily in
three doses of 2 × 500 mg, for 56 days. Another study regarding anthocyanins, expected
to finish in 2024, is planning to evaluate the efficacy of Montmorency Tart Cherry Juice
Supplementation on UC patients (NCT05486507). The administered dose reported in the
majority of the in vivo studies in mice ranges from 24.2 to 96.8 g/kg BW or 1 ug daily [117].
However, during an aforementioned cohort study, 0.5mg C3G /g DW was administered to
subjects as a complex with garlic acid [126]. Since clinical trials and cohort studies investi-
gating the impact of C3G on IBD patients are limited, there are no clear recommendations
on dosage. C3G levels can be evaluated via the plasma concentration of the compound, but
also in urine and target tissues.
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To assess therapeutic outcomes after administrating C3G, validated scores could
be used alongside a report of a series of clinical symptoms, laboratory tests, and endo-
scopic and histological assessments. The first validated score recommended is the Mayo
score/disease activity index (DAI) for ulcerative colitis [175,176]; it evaluates stool fre-
quency, rectal bleeding, mucosal appearance at endoscopy, and the physician’s rating of
disease activity. The second one addressing CD patients is the Crohn’s Disease activity
index (CDAI) [177], which scores on a scale of 0 to 100 and includes aspects such as ab-
dominal pain, general wellbeing, complications, abdominal mass, anemia, and weight
change. This composite instrument divides patients with CD according to their score
into categories of asymptomatic remission, mild-to-moderate CD, moderate-to-severe CD,
severe-to-fulminant disease, and clinically significant improvement in disease activity.
Other scores that could be used in CD patients [178] are the Harvey–Bradshaw index,
Crohn’s disease endoscopic index of severity (CDEIS) and the simple endoscopic score
for Crohn’s disease (SES-CD). Last but not least, the capsule endoscopy Crohn’s disease
activity index (CECDAI, or Niv score) [179] could be used to evaluate inflammation, the
extent of CD, and the presence of strictures. Furthermore, therapeutic outcomes and clinical
remission after administrating C3G could be assessed through evaluating parameters such
as rectal bleeding, stool frequency, abdominal pain, endoscopic remission (colonic inflam-
mation characterized by erythema, loss of normal vascular pattern, granularity, erosions,
friability, bleeding [180] etc.), histological remission, physicians global assessment (PGA),
fecal calprotectin, steroid dosage, and the SIBDQ (short inflammatory bowel disease ques-
tionnaire) [181]. Other parameters that could be evaluated include symptoms of urgency
and fecal incontinence, weight loss and fever. As for laboratory tests, patients should be
monitored for anemia, hypoalbuminemia, and elevated C-reactive protein (CRP). Elevated
fecal calprotectin is a sensitive (but not specific) indicator of intestinal inflammation in
IBD [182].

5. Conclusions

According to recent studies, mounting evidence suggests C3G might be a potential
therapeutic target for preventing or controlling the progression of IBD, while alleviating
symptoms (Figure 1) [113,114,117]. C3G is claimed to exert not only anti-inflammatory,
antioxidative, and cytoprotective, but also immunomodulatory and anti-microbial effects.
C3G acts both directly as a free radical scavenger, modulating detoxification enzymes and
cytokine expression, and indirectly via downregulating the redox-dependent transcriptional
factor NF-κB, upregulating the Nrf2 pathway, and improving the composition of the
intestinal microbiota [116].

While current treatment options achieve sustained remission of IBD in most patients,
upcoming treatment regimens involving different molecular pathways and modes of actions
are further highlighting the need for personalized medicine [24]. In conclusion, C3G may
represent a promising alleviating agent for IBD, while its metabolites may be important lead
compounds for the development of new therapeutic tools against the disease. Although
the potential effect of this compound has been reported across various in vitro and in vivo
settings, more preclinical and clinical studies are required to validate its potency, determine
the recommended therapeutic dose, frequency and route of administration, and to develop
more efficient ways to exploit its several notable properties.
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Figure 1. Therapeutic actions of C3G against IBD. NF-κB, nuclear factor-kappa B; Nrf2, nuclear factor
erythroid 2–related factor 2; IFN, interferon; IL-6, interleukin 6; IL-8, interleukin 8; IL-12, interleukin
12; IL-1β, interleukin 1β; TNF-α, tumor necrosis factor alpha; IFN-γ, interferon-γ; GSH, glutathione;
HO-1, heme oxygenase-1; NQO-, NAD(P)H Quinone Dehydrogenase 1; NO, nitric oxide; PGE2,
prostaglandin 2; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase 2; STAT1, signal
transducer and activator of transcription 1; TXB2, thromboxane B2.
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Abstract: Selenocysteine is a catalytic residue at the active site of all selenoenzymes in bacteria
and mammals, and it is incorporated into the polypeptide backbone by a co-translational process
that relies on the recoding of a UGA termination codon into a serine/selenocysteine codon. The
best-characterized selenoproteins from mammalian species and bacteria are discussed with emphasis
on their biological function and catalytic mechanisms. A total of 25 genes coding for selenoproteins
have been identified in the genome of mammals. Unlike the selenoenzymes of anaerobic bacteria,
most mammalian selenoenzymes work as antioxidants and as redox regulators of cell metabolism
and functions. Selenoprotein P contains several selenocysteine residues and serves as a selenocysteine
reservoir for other selenoproteins in mammals. Although extensively studied, glutathione peroxidases
are incompletely understood in terms of local and time-dependent distribution, and regulatory
functions. Selenoenzymes take advantage of the nucleophilic reactivity of the selenolate form of
selenocysteine. It is used with peroxides and their by-products such as disulfides and sulfoxides,
but also with iodine in iodinated phenolic substrates. This results in the formation of Se-X bonds
(X = O, S, N, or I) from which a selenenylsulfide intermediate is invariably produced. The initial
selenolate group is then recycled by thiol addition. In bacterial glycine reductase and D-proline
reductase, an unusual catalytic rupture of selenium–carbon bonds is observed. The exchange of
selenium for sulfur in selenoproteins, and information obtained from model reactions, suggest that a
generic advantage of selenium compared with sulfur relies on faster kinetics and better reversibility
of its oxidation reactions.

Keywords: selenium; selenoenzyme; selenocysteine; catalytic mechanism; glutathione peroxidase;
thioredoxin reductase; deiodinase; methionyl-sulfoxide reductase; glycine reductase; D-proline
reductase; formate dehydrogenase; hydrogenase; antioxidant; redox regulation

1. Introduction

The development of selenium biochemistry was best summarized by Leopold Flohé,
one of its major contributors [1]. Selenium is the 34th element in the periodic table, with
an atomic mass of 78.96. It belongs to period 4 and group VIB of chalcogens. It was
discovered in 1817 by Berzelius and Gahn, in the red-brown sediment of industrial tanks
used for the preparation of sulfuric acid, where tellurium (from Latin telluris which means
earth) had already been identified. Hence the choice of the name selenium, from the Greek
selene, which meant “moon goddess”. As shown in Figure 1, a wide range of structures
are observed in selenium-containing metabolites and essential biomolecules, as well as
in synthetic selenium-containing mimics of selenoenzymes. Selenite SeO3

2− and selenate
SeO4

2− are sources of selenium in drinking water, selenide HSe− is an end-product of
their biological reduction, and it can be enzymatically transformed into selenophosphate
by ATP, or mono-, di- and tri-methylated by S-adenosyl methionine. Dimethylselenide
Se(CH3)2 is excreted in breath, trimethylselenonium (CH3)3Se+ is excreted in urine, and
selenophosphate is always used for specific incorporation of selenium into biomolecules.
In most selenium-containing proteins, selenium is in the form of a selenocysteine residue.
These are the “selenoproteins” discussed in this review, but there are also a few “selenium-
binding proteins” in which selenium can be dissociated from the protein by thiol reagents,
probably from persulfides of cysteine residues [2].
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Figure 1. A few structures of selenium-containing molecules are of biological interest. (1) selen-
ite; (2) selenate; (3) selenide; (4) methylselenol; (5) dimethylselenide; (6) trimethylselenonium;
(7) selenophosphate; (8) selenocysteine; (9) selenomethionine; (10) glutathione selenotrisulfide;
(11) dithiolene-molybdenum cluster of formate dehydrogenases; (12) nickel-sulfur cluster of bacterial
hydrogenases; (13) 5-methyl-2-selenouridine in tRNA; (14) selenoneine, selenium analog of ergoth-
ioneine; (15) selenocysteamine; (16) and (17) are biomimetic catalysts (2-phenyl-1,2-benzisoselenazol-
3-(2H)-one) and 4,4-dimethyl-benzisoselenazine, respectively known as ebselen and BXT-51072,
which were tested in clinical development.

Selenium is an essential oligo-element in mammals including humans, but the window
between deficiency and toxicity is rather narrow [3–5]. Signs of deficiency are observed for
daily intakes of 18 μg or less, and signs of toxicity are observed above 400 μg. Depending
on countries and organizations, the recommended daily intake varies between 30 and
75 μg in human adults. In humans, manifestations of severe deficiency include muscular
and cardiovascular dysfunctions, osteochondropathy, and infertility. Moreover, large trials
carried out among elderly persons have shown that a low selenium status is associated
with a faster decline in cognitive functions [6]. The importance of selenoproteins in brain
development, not only in aging, has been illustrated by reverse genetics [7]. A neurode-
velopmental syndrome called progressive cerebello-cortical atrophy (PCCA) has also been
shown to be caused by mutations in the selenocysteine synthase gene [8]. knock-out models
have demonstrated that selenoproteins are specifically required in postmitotic neurons of
the developing cerebellum [9].

Two endemic diseases which are associated with selenium deficiency have been
largely studied in several Chinese regions, namely Keshan disease [10] which is severe
cardiomyopathy, and Kashin–Beck disease [11] which is associated with degenerative
lesions of joints and vertebral column. In deficient regions of China, Keshan disease was
largely eradicated in the 1990s thanks to the addition of sodium selenite to table salt [12],
and in Finland, the soil deficit in selenium has led to systematic addition of selenium in
fertilization media [13].

In livestock, selenium deficiency also has severe consequences, and today, the selenium
status of sheep, cows, pigs, and poultry is tightly controlled. Conversely, consequences of
intoxication due to overload in bioavailable selenium—mainly selenite SeO3

2−, selenate
SeO4

2−, selenomethionine and selenocysteine—i.e., selenium, which can be incorporated
into natural selenoproteins or in place of sulfur in cysteine and methionine residues,
may also be severe. The molecular origin of such toxic effects is mainly the nonspecific
replacement of cysteine residues by selenocysteine residues whose selenol group may

363



Int. J. Mol. Sci. 2023, 24, 10109

induce deleterious reactions in such modified proteins. By comparison, the replacement
of methionine residues by the isosteric selenomethionine is also observed, but it has no or
minor deleterious effect. A recent work performed on mice indicates however that for some
proteins which are not selenoproteins, selenium provided in the form of selenocysteine or
selenomethionine—not as inorganic salts—can lead to the selective replacement of cysteine
or methionine by their selenium homologs at specific sites [14]. Such facultative selenation
would not be random and may explain some physiological effects attributable to shifts in
dietary selenium.

The administration of selenium at normally toxic doses may serve as an antidote to
intoxication by heavy metals such as mercury or cadmium, most likely by forming stable
complexes which facilitate their elimination [15,16]. The other side of the coin is that such
heavy metals inhibit selenoenzymes, which is also the case for gold salts [17].

In the early 1970s, the identification of an essential atom of selenium incorporated
in the form of selenocysteine at the active site of glutathione peroxidases Se-GPx [18,19]
provided a first explanation for the essential role of selenium in mammals. Such enzymes
catalyze the reduction of hydroperoxides [H2O2 and/or ROOH] by glutathione GSH,
thereby playing a central role in the antioxidant system of mammals.

Selenomethionine is synthesized in plants where it is randomly incorporated into
proteins at Met positions. Selenium of plant selenoproteins is exclusively in the form of
selenomethionine which is therefore not specifically coded in the genomic sequence. The
partial replacement of one or several methionine [AUG codon] by selenomethionine as a
competitive ligand of the tRNA acceptor has structural and functional effects which may be
negligible. In archaea, bacteria, and animals, selenium is on the contrary specifically incor-
porated into selenoproteins by co-translational insertion of selenocysteine. Selenocysteine
is therefore the 21st amino acid which is coded in the genome, and which can be inserted in
a growing polypeptide chain by means of a specific tRNA [20]. Its codon is UGA—normally
read as a termination “opal” codon—which will be read as a “selenocysteine codon” in the
context of a control sequence carried by the mRNA. The requirement for selenocysteine-
containing proteins is most puzzling in insects. For example, Drosophila melanogaster and
most other fruit flies possess three selenoprotein genes, but in Drosophila willistoni, seleno-
cysteine has been replaced by cysteine and the organism has lost the capacity to synthesize
selenocysteine [21].

2. Co-Translational Incorporation of Selenocysteine

This is a complex process that is only partially identical in prokaryotes and eukary-
otes [20,22–24]. In eukaryotes, decoding UGA as a selenocysteine codon requires a specific
tRNA, a dedicated elongation factor EFsec, and a selenocysteine insertion sequence SE-
CIS which is a hairpin present in the untranslated 3’ region [3’-UTR] of all selenoprotein
mRNAs. SECIS recruits all the UGA recoding tools which will impose the recognition of
UGA as a “selenocysteine codon” instead of a termination codon. The specific tRNA that
binds UGA is called tRNA(Ser)Sec because it is initially aminoacylated by serine which is
then transformed into selenocysteyl-t-RNA in a co-translational process. tRNA(Ser)Sec is
much longer (a hundred nucleotides) than other tRNAs and it has a markedly distinct 3D
structure. This prevents its binding to the canonical transporter of tRNA known as EF1A
and enables its processing by the EFsec elongation factor. Clustering of the SECIS elements
in the 3’-UTR region upstream from the first UGA codon enables the controlled decoding
of several UGA/selenocysteine codons for a protein containing several selenocysteines,
such as selenoprotein P in mammals. By contrast, in prokaryotes, SECIS elements are not
in the 3′-UTR region, but immediately downstream from the UGA codon, so that the SECIS
structure is required for the decoding of each UGA/selenocysteine codon. One should
underline that the efficiency of UGA recoding and selenoprotein m-RNA translation is
typically low, with a majority of ribosomes failing to incorporate selenocysteine and reach
the termination codon. It is outside the scope of this review to discuss all factors involved
in this process, but the reader is referred to the review of Copeland and Howard [25] in
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which the role of accessory proteins and that of potential effectors of the No-Go Decay
(NGD) mRNA pathway are discussed in detail.

The aminoacylation of tRNA-(Ser)Sec requires four enzymes instead of one, because
the objective is not to load preformed selenocysteine, but to load serine (sidechain CH2OH,
not CH2SeH) which will be transformed into selenocysteine on tRNA with an additional
consumption of three ATP. These enzymes are seryl-tRNA synthetase, phosphoseryl-tRNA
kinase, selenophosphate synthetase 2 which produces selenophosphate from selenide HSe−
and ATP, and Sec synthase.

This results in the following reactional sequence:

tRNA + Ser + ATP→ tRNA-Ser + AMP + PPi Seryl-tRNA synthetase (1)

tRNA-Ser + ATP→ tRNA-Ser-Ph + ADP Phosphoseryl-tRNA kinase (2)

HSe− + ATP→ AMP + PPi + H2SePO3
− Selenophosphate synthetase (3)

tRNA-Ser-Ph + H2SePO3
− → 2 Pi + tRNA-Sec Selenocysteine synthase (4)

Hydrogen selenide H2Se is produced in the cell by the reduction of selenite SeO3
2−

through an intermediate selenodiglutathione GS-Se-SG, or from selenocysteine in the
trans-selenation analog of the trans-sulfuration pathway.

The catalytic mechanism of mouse selenocysteine synthase [26] is shown in Figure 2. This
pyridoxal phosphate-dependent enzyme would first produce an aminoacrylyl-tRNA(Ser)Sec
intermediate, which agrees with the production of similar intermediates by serine dehy-
dratase [27]. Selenophosphate would then attack this electrophilic intermediate, and the
resulting selenoester would be hydrolyzed to phosphate and selenocysteinyl-t-RNA.

 
Figure 2. Catalytic mechanism of selenocysteine synthase. Adapted from Ganichkin et al. [26]. tRNA
stands for tRNASer/Sec. Pyridoxal phosphate produces an aminoacrylyl-tRNA(Ser)Sec intermedi-
ate. Selenophosphate then attacks this electrophilic intermediate, and the resulting selenoester is
hydrolyzed to phosphate and selenocysteinyl-t-RNA.
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Hypermethylation by trimethylguanosine synthase TGS1 of the 5’-cap of mRNAs which
code for selenoproteins is linked to the translation efficiency of the UGA/selenocysteine
codon in vitro, and it is known that TGS1 activity is required for the biosynthesis of
GPx1 in vivo [28]. Additionally, it seems that post-transcriptional modifications of tRNA-
(Ser)Sec play a role in the regulation of its transferring activity as a function of selenium
availability [24].

In mammals, knockout of the gene coding for tRNA(Ser)Sec is lethal. Higher plants,
fungi, and many insect species do not have selenoproteins coded in their genome. Human
genetic disorders resulting from mutations in genes essential for selenocysteine incorpora-
tion have been recently reviewed [29].

Because of distinct contexts of Secys/UGA reading in eucaryotes and procaryotes, the
expression of mammalian selenoproteins in E. coli has been extremely difficult for many
years, but this major difficulty was recently bypassed with a method of recombinant seleno-
protein production which uses the amber codon UAG redefined as Sec codon in a specific
strain of E. coli [30–33]. Other strategies use engineering of the E. coli selenium metabolism
along with mutational changes in allo-tRNA and SelA in E. coli [34], or genetically encoded
photocaged selenocysteines in yeast [35–38] or in human cell lines [39].

3. Mammalian Selenoproteins

Most selenoproteins identified in the living world were eventually discovered thanks
to bioinformatic tools developed by Vadim Gladyshev and colleagues [40]. A total of
25 distinct genes coding for selenoproteins have been identified in mammals, and some of
them code for several proteins [41]. Knock-out, knock-in, knock-down, and overexpression
models plaid a major role in the functional characterization of several of these proteins.
When selenium is limiting, the biosynthesis of some selenoproteins is maintained while
that of others is not. This results in a well-defined selenoprotein hierarchy in terms of
biosynthetic priority and production of selenoprotein m-RNA [42,43], which is generally
assumed to reflect the relative biological importance of selenoproteins. When selenium
supply is insufficient in cell culture experiments, however, activities of selenoproteins
which are low in the hierarchy may be far below their physiological level and lead to
misinterpretations. Selenoproteins that rank high in the hierarchy have the most stable
m-RNA. Although initially based on radioactive 75Se incorporation into selenoproteins,
the selenoprotein hierarchy can now be analyzed by monitoring the incorporation of
non-radioactive 76Se and 77Se isotopes using size-exclusion chromatography and mass
spectrometry [44].

3.1. Selenophosphate Synthetase

Selenophosphate is essential for selenium insertion into biological macromolecules,
it is not only used by selenocysteine synthase, but also by enzyme(s] that catalyze sul-
fur/selenium exchange on thiouridine in tRNA. Selenophosphate synthetase catalyzes the
formation of selenophosphate, AMP, and orthophosphate, and it is itself a selenoprotein in
some bacteria as well as in archeae and mammals [45,46]. This enigma of chicken and egg
is similar to that of the current biosynthetic pathways of coenzymes in which a coenzyme
is often required for its own biosynthesis. The enzyme is encoded by selenoprotein D (for-
merly called selD) gene in prokaryotes, whereas two isoenzymes exist in mammals and in
many other animals [47,48]. The first one is a selenium-independent form (SEPHS1), which
is also found in animals devoid of selenoproteins and which instead of being involved in
selenophosphate synthesis [48,49] would play an important role in redox regulation. The
second one is the selenoenzyme SEPHS2 which catalyzes selenophosphate synthesis. In
addition to selenocysteine, bacterial SelD, and animal SEPHS2 both contain two essential
residues in their active site which are lysine and cysteine.

Some important features of the catalytic mechanism of SelD have been inferred from
structural studies, especially those from the enzyme from E. coli [46] and from Aquifex
aeolicus [50]. It was found in vitro that a nucleophilic selenide derivative attacked the
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gamma phosphorus of ATP to form selenophosphate, while ADP was hydrolyzed to
form orthophosphate and AMP [45]. The first mechanistic proposal that was made is
summarized in scheme IA of Figure 3.

Figure 3. Putative catalytic mechanisms of selenophosphate synthetase. Adapted from studies on the
enzyme from E. coli [46,50] and that from Aquifex aeolicus [45] which bear an essential SeCys residue.
In (IA), a perselenide produced by oxidation attacks ATP. The oxidizing cofactor could be O2, and the
reducing cofactor could be a dithiol such as thioredoxin. (IB) suggests a simpler phosphorylation of
SeCys but is not fully supported by structural data [51]. In (II), selenide would be incorporated by a
protein partner in the form of a selenopersulfide directly producing a perselenide intermediate [51].
The reducing group “Red” could be a dithiol group of the protein partner.

This mechanism would require an oxidizing cofactor to produce a perselenide and a
reducing cofactor, i.e., reduced thioredoxin. With a nucleophilic attack on the γ-phosphorus
of ATP, the reason why this mechanism is costing two anhydride bonds of ATP instead
of one is not obvious. One speculation is that this would prevent ADP to degrade the
selenophosphate bond. One variant of this initial mechanism would involve phosphory-
lation of the active site selenocysteine (scheme IB) and it seems much simpler, although
unfavored by the authors based on structural data [50].

A more important caveat is that the concentrations of HSe− which are required in vitro
(based on KM � 7–40 μM) would be highly cytotoxic in vivo, and it has been suggested
that it might not be HSe− itself which reacts with the enzyme, but instead a selenium-
delivery protein in the form of a selenopersulfide Prot-S-Se− [51]. The protein could be
one of the cysteine desulfurases which are known to catalyze the conversion of cysteine
into alanine and elemental S. They were shown in vitro to provide inorganic selenium to
SelD from selenocysteine. Other ways to produce protein selenopersulfides have been
described, for example with rhodanese, from selenite in the presence of GSH [52]. The
protein-bound selenopersulfide would then transfer its selenium to the selenocysteine
residue of selenophosphate synthase. Such possibilities are illustrated in scheme II of
Figure 3.

3.2. Selenoprotein P (Selenop)

Selenoprotein P is a mammalian glycoprotein that typically contains 40 to 75% of
selenium in circulating blood plasma. It is generally recognized that it serves as a selenium
reservoir for the biosynthesis of other selenoproteins [53–56]. It is the only selenoprotein
that contains several selenocysteine residues on a single polypeptide chain, ten residues
in human as well as in rat and mouse, and the mode of co-translational insertion of these
spaced selenocysteine residues is complex and only partially understood. One knows
however that in this case, there are two SECIS elements in the 3’-UTR region, the first one
controlling the incorporation of selenocysteine coded by the first UGA, and the next one
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controlling the incorporation of selenocysteine coded by the other UGAs [24]. Once the
first selenocysteine has been inserted, that of the others is much faster [56]. Selenoprotein
P is mainly produced in the liver. In extra-hepatic tissues, its capture is under cothe ntrol
of lipoprotein receptors. In the kidney, this is an LDL receptor named megalin, which
is involved in its capture by proximal tubules [57], whereas in testicles and brain, this is
a mechanism of endocytosis that is facilitated by the ApoER2 receptor [58,59]. Cerebral
intake of selenium [58] is preceded by the capture of selenoprotein P by cerebral capillaries
of the blood-brain barrier. Next, astrocytes that have captured this selenium in a form
that remains to be determined synthesize their own selenoprotein P and secrete it in the
interstitial medium where it will be used in priority by neurons which are the cells that
express most ApoER2.

3.3. Selenium-Glutathione Peroxidases (Se-GPx)

Enzymes of the SeGPx family catalyze the reduction of hydroperoxides (H2O2 and
some organic hydroperoxides ROOH) by GSH, and they constitute the largest family of
selenoenzymes [60,61]. As shown in Table 1, they include five selenoenzymes in humans
[GPx1–4 and GPx6], but it should be underlined that there are three sulfur homologs that
have cysteine in place of selenocysteine, GPx5, GPx7 and GPx8, which have much lower
or negligible GPx activities but may be involved in antioxidant protection through other
enzyme activities.

GPx1, GPx2, and GPx3 are homotetramers, whereas GPx4 is a monomeric enzyme.
Cytosolic GPx1 and GPx4 are ubiquitous, whereas GPx2 is mainly found in epithelial
cells [62].

Tetrameric Se-GPx has a catalytic cycle that reduces from a kinetic point of view to that
of Figure 4A. Everything happens as if no Michaelian complex was formed with each of the
two substrates GSH and ROOH (or H2O2), which means that their rate of decomposition
is much faster than their rate of formation. Consequently, such enzymes usually do not
exhibit hyperbolic Michaelian rate curves, and they cannot be saturated by their substrates.
Their steady-state initial rates are best described by the Dalziel equation [63]:

(ET)/V = φ1/(ROOH) + φ2/(GSH) + φ12/[(ROOH).(GSH)] (5)

In physiological conditions for which (GSH) is higher than 1 mM and (ROOH) less
than 1 μM, the enzymatic hydroperoxide degradation rate is independent from (GSH).

3.3.1. GPx1

GPx1 is typically the dominant cytoplasmic form in most tissues. In this tetrameric
enzyme which exclusively uses GSH in the reduction step of the selenenic intermediate
Enz-SeOH, four arginine residues and a lysine residue of an adjacent subunit are involved
in the binding of GSH at the active site of each subunit. The enzyme is most efficient to
reduce H2O2 but is also efficient with many organic hydroperoxides [64]. I showed many
years ago that mercaptosuccinate was a potent reversible inhibitor of GPx1 [65], and it is
often used in cell culture to demonstrate the antioxidant or regulatory role of the enzyme. It
was later shown that mercaptosuccinate forms a covalent selenenylsulfide adduct with the
active selenocysteine, which eventually results in a sulfenylamide covalent adduct of the
active site lysine [66], and it was shown more recently that mercaptosuccinate also inhibits
recombinant GPx4 [67].

GPx1-deficient mice develop normally and show no increased sensitivity to hyper-
oxia [68], but they are markedly sensitive to H2O2-induced stress and to neurotoxic
compounds such as malonate, 3-nitro-propionate or 1-methyl-4-phenyl-1,2,5,6-tetrahydro-
pyridine [69]. Conversely, overexpression of GPx1 protects mice from acute oxidative
stress [70], but these mice later develop hyperglycemia, hyperinsulinemia, increased β-cell
mass, insulin resistance, and obesity [71]. This may be since activated oxygen species
enhance sensitivity to insulin, as observed in Gpx1−/− mice [71–74]. The hyperinsulinemic
effect of GPx1 overexpression is associated with the upregulation of pancreatic duodenal
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homeobox-1 (PDX1) and the downregulation of uncoupling protein 2 (UCP2) in pancre-
atic islets. This at least tells us that persistently overexpressing a selenoenzyme to take
advantage of its expected protective effects is potentially dangerous. Interestingly however,
β-cell-specific overexpression of GPx1 reverses diabetes in db/db mice [75], which means
that systemic and local modulations of GPx1 activity have markedly distinct effects. The
explanation is still open to debate [76]. It may involve a major effect of GPx1 overexpression
on the downregulation of protein tyrosine phosphatases, including the phosphatase and
tensin homolog PTEN, in H2O2-mediated cell signaling [77,78]. But another rationale
comes from a recent and remarkable study which has shown that skeletal muscle NOX4
is responsible for adaptive responses to physical exercise that prevent the development
of insulin resistance in mice [79]. This study demonstrates that NOX4-derived H2O2 is
essential to maintain adequate stimulation of Nrf2 with subsequent stimulation of mito-
chondrial biogenesis and transcriptional activation of antioxidant systems which include
SOD2, peroxiredoxins Prdx1 and Prdx6, γ-glutamylcysteine ligase, glucose-6-phosphate
dehydrogenase and NQQ1. As well, another important conclusion is that if the activity
ratio GPx1/Nox4 is too high, the Nrf2-dependent stimulation of antioxidant protections is
compromised, and insulin resistance develops.

Table 1. Main features of selenium-dependent glutathione peroxidases (Se-GPx) 1.

Type Localization Structure
Reducing

Cosubstrate
Hydroperoxide

Substrates
Inhibitors

Inactivators
Function 2

GPx1

Ubiquitous
in cytosol and
mitochondrial

matrix

Homotetramer, five
conserved residues
at GSH binding site
(four Arg, one Lys)

GSH H2O2 and alkyl
hydroperoxides

Mercaptosuccinate 3

O2
.−, HOCl

Heavy metals

Antioxidant
Redox regulator?

GPx2
Cytosol of
epithelial

cells

Homotetramer,
extracellular
glycoprotein

GSH H2O2 and alkyl
hydroperoxides undocumented Antioxidant

Redox regulator?

GPx3

Mostly extracell.
Blood plasma,

Secreted/kidney
mammary gland

Homotetramer,
Glycoprotein

Thioredoxin;
GSH (nonphysio-

logical)

H2O2 and alkyl
hydroperoxides undocumented Antioxidant

Redox regulator?

GPx4

Membrane-
bound

Cytoplasm
Mitochondria

Nucleus (minor)

Monomer

Thioredoxin
Protein thiols

GSH (nonphysio-
logical),

Phospholipid-
OOH,

Cholesterol-
OOH,

LDL-OOH

RSL3
ML162

Antiox/Redox
regul?

Anti-ferroptosis
Spermatozoid

specific-
protein

crosslinker

GpX6
Olfactory

epithelium

Homotetramer,
Strong sequence

homology with GPx3

Thioredoxin;
GSH? undocumented undocumented Antioxidant

Redox regulator?

1 Essential selenocysteine at the active site. 2 The regulatory potential of SeGPx includes down-regulation of NFkB
and lipoxygenase activities, and many other controversial targets. 3 Recombinant GPx4 would also be inhibited
by mercaptosuccinate [67].

Finally, a decrease in endothelial GPx1 activity may be associated with homocysteine-
mia which induces arterial alterations and related cardiovascular and cerebral damage. In
animal models of homocysteinemia, such as the heterozygous cystathionine-β-synthase-
deficient (CBS+/−) mouse, a two-fold increase in homocysteine is observed and is associated
with impairment of endothelial-dependent relaxation of mesenteric arteries [80] and in-
creased levels of oxidative stress markers such as aortic 3-nitrotyrosine and plasmatic
F2-isoprostanes. Similar endothelial dysfunctions were observed in homozygous GPx1-
deficient mice [81]. Overexpression of GPx1 in hyper-homocysteinemic mice restored
normal endothelial-dependent relaxation and it was shown that the vascular effects of
homocysteine were at least partly mediated by impairment of NO production [82,83].
Treatment of cultured endothelial cells with homocysteine did induce a decrease in GPx1
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activity [84]. Homocysteine decreases GPx1 expression by a mechanism that does not affect
transcription but involves the down-regulation of translation [84].

3.3.2. GPx2

GPx2 is cytosolic and mainly expressed in epithelial cells, especially in the gastro-
intestinal system and it uses GSH with high specificity [62,85,86]. Only two of the five
residues involved in GSH binding by GPx1 are changed: lysine is replaced by glutamine
and arginine is replaced by threonine [60]. GPx2 ranks higher than GPx4 and much higher
than GPx1 and GPx3 in the selenium hierarchy of the SeGPx family [60]. A recombinant
form of GPx2 has been characterized and found to follow typical ping-pong kinetics
with H2O2-reducing activity being approximately 9-fold lower than those of GPx1 and
GPx2 activities [87], but the expression strategy imposed to mutate four cysteine residues
into serine.

Although GPx2 is mainly expressed in the gastrointestinal system, especially by
epithelial cells of the esophagus, it is also expressed in other epithelia and in the human
liver. It has been proposed that GPx2 prevented the absorption of food hydroperoxides [85],
but the highest GPx2 protein concentrations are found in epithelial crypt bases [88] which
are not the preferential location for absorption.

GPx2 knock-out mice develop normally [89], but the number of apoptotic cells is
increased at crypt bases, even though GPx1 is markedly upregulated in this area [90]. This
is an interesting example of partial compensation of GPx2 loss by GPX1 overexpression.
Intestinal stem cells are in crypt bases where their growth and differentiation are regulated
by the Wnt pathway [91]. Interestingly, GPx2 expression has been shown to be regulated by
the Wnt pathway [92,93], which suggests that GPx2 may play a major role in the continuous
self-regeneration of the intestinal epithelium.

The redox-sensitive matrix metalloproteinase-7 (MMP-7) which is required to produce
microbicidal defensin peptides is modulated by intestine-specific GPx2 [94,95].

GPx2 knock-out mice show an increased allergic airway inflammatory response when
challenged with ovalbumin [96], which reflects the fact that GPx2 is also expressed in
epithelial cells which do not only belong to the gastrointestinal tract. GPx2 expression is
increased in lungs exposed to hyperbaric oxygen [97] or to cigarette smoke [98] and upon
treatment of mice with the lung protector and Nrf2 inducer sulforaphane [99].

In mouse embryos, preferential expression of GPx2 was found in rapidly growing
tissues, which would again support the idea that GPx2 might play a role in cell prolifer-
ation [100]. This physiological function might become deleterious with cancer cells, and
GPx2 has indeed been shown to be upregulated in several epithelial cancers [88,101–106],
which may be all linked to Wnt activation. The link between GPx2-mediated Wnt activation
and metastasis and cancer development is supported by recent studies [107,108]. It has also
been shown that hydrogen peroxide neutralization by GPx2 is essential for maintaining
metastatic capacity in colorectal cancer [109].

GPx2 is also upregulated by the transcription factor ΔNp63 which is abundant in un-
differentiated cells [110], and more generally by Nrf2 [111] which stimulates cell protections
against electrophilic and oxidative stresses [112]. Just as Wnt activation, Nrf2 activation
may have undesirable effects on cancer cell survival [112–117], and this dual role of Nrf2 is
indeed a reminder of what has been known for years with GSH [118], whose biosynthesis
and reductive recycling are stimulated by Nrf2 activation. Finally, GPx2 overexpression is
correlated with poor prognosis in patients with hepatocellular carcinoma [119].

The undesirable effect of GPx2 in cancer development may not be trivial, however. For
example, GPx activity is known to down-regulate the activities of lipoxygenases [120–122],
and 12-lipoxygenase promotes epithelial-mesenchymal transition via the Wnt/β-catenin
signaling pathway in gastric cancer cells [123].

In addition to its supporting role in cell proliferation, GPx2 has obvious anti-inflammatory
properties. Knock-down of GPx2 in adenocarcinoma HT29 cells indeed markedly stimulates
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the production of COX2 and PGE2 [124]. Conversely, GPx2 is upregulated in models of
inflammatory bowel disease and in human colitis [125].

A double knock-out of GPx1 and GPx2 was found to result in chronic colitis [126] and
inflammation-driven intestinal cancer [127], mainly caused by Nox1 activation and its asso-
ciated O2

·− production [128]. Interestingly, Gpx1[−/−]/Gpx2[+/−] mice were unaffected,
which means that the GPx2 allele alone was able to prevent intestinal inflammation. Such
results demonstrate that weak Gpx2 activity is sufficient to protect against ileocolitis [129].

Another inflammation-linked disease in which GPx2 is involved is viral hepatitis. Ox-
idative stress is always observed in HCV-infected hepatocytes [130–132] and this appears
to be largely due to a marked decrease in cellular GPx2 [133]. Such oxidizing conditions
are known to stimulate viral protein translation by hepatocytes as well as liver inflamma-
tion [134,135]. It has been shown that TP80—which is a retinoid derivative—exhibits an
anti-HCV activity which is associated with its restoration of GPx2 activity [136].

3.3.3. GPx3

GPx3 is an extracellular glycoprotein mainly found in blood plasma but also in a
few other extra-cellular fluids. It is secreted by the kidney in which the greatest levels of
GPx-3 mRNA expression are found, within epithelial cells of the proximal tubule [137,138].
In vitro, GPx3 works well with GSH, but in plasma, GSH concentration is far too low
to be used as a reducing coenzyme. GPx3 can use other thiols, for example, one of the
reducing proteins thioredoxin, glutaredoxin, or thioredoxin reductase [139] which might
be its reducing partners in extracellular compartments. The physiological role of GPx3 is
uncertain, however, and this is the selenoprotein that disappears first (bottom of selenium
hierarchy) in the situation of selenium deficiency. Some data suggest that an important
function of GPx3 might be to preserve nitric oxide bioavailability and to promote an
antithrombotic environment [140–142]. Other data suggest that GPx3 may behave as a
tumor suppressor. In a model of murine inflammatory carcinogenesis, the number of
intestinal tumors was indeed doubled in GPx3 knock-out mice [143]. Recent data show
however that in a sub-population of murine alveolar epithelial cells from lung tumor, GPx3
has the opposite effect since it promotes metastasis by stabilizing HIF1-α which stimulates
the production of Il-10 and thereafter cell migration [144].

3.3.4. GPx4

GPx4, also named PHGPx (Phospholipid Hydroperoxide Glutathione Peroxidase) was
initially discovered in pig liver as a peroxidase working on phosphatidylcholine hydroper-
oxides in liposomes [145]. The sequence of discoveries that followed for four decades was
recently summarized by major contributors [146]. This is a monomeric enzyme [147] which
together with GPx2 ranks high in the selenium hierarchy of selenoproteins [60] and which
occurs in cytosolic, mitochondrial, and nuclear forms. The cytosolic form of the enzyme
prevails in somatic tissues, whereas the mitochondrial and nuclear forms are mainly found
in testicular tissue [148,149]. The mitochondrial form mGPx4 is identical to the cytosolic
form once the mitochondrial targeting sequence has been cleaved. A unique feature of
GPx4 is to reduce efficiently lipid hydroperoxides of membranes and lipoproteins, such as
hydroperoxides of phospholipids, cholesterol, and cholesterylesters [150,151]. Conversely,
H2O2 and t-butyl hydroperoxide which are good substrates of GPx1 are not efficiently
reduced by GPx4. In erythrocytes, hemolysis is inversely related to GPx4 activity during
blood bank storage [152].

GPx4 has a unique property which is to accept protein thiols as reducing equivalents
when the GSH pool becomes limiting. This situation is observed in spermatozoids during
maturation [153,154] and here, oxidation of protein thiols by mitochondrial GPx4 induces
the formation of protein polymers through inter-chain disulfides between reduced cysteine
residues of GPx4 and cysteine residues of protein partners which have become oxidized
to sulfenic acids PSOH. This leads to the fixation of the mitochondrial sheath found in
the mid-piece of spermatozoids. Deletion of mGPx4 allows both normal embryogenesis
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and postnatal development but causes male infertility which is associated with structural
abnormalities in spermatozoa [155].

Homozygous Gpx4 knock-in mice obtained by mutation of Sec into Ala are not viable,
but studies on heterozygous animals Gpx4+/− have confirmed that GPx4 deficiency is
associated with spermatozoid structural abnormalities and reduced motility, and that
the resulting infertility of males is markedly counteracted by concomitant knock-out of
the Alox15 gene which codes for 15-lipoxygenase [156]. But systemic inactivation of the
Alox15 gene does not prevent embryonic lethality in homozygous Sec46/Ala knock-in mice
expressing catalytically silent Gpx4 [157].

Homozygous GPx4-deficient mice die in utero at midgestation [158,159], and the
replacement of native GPx4Se/Se by a cysteine mutant GPx4S/S which conserves a weak
but significant GPx4 activity does not prevent the development of embryos, but the animals
die from epileptic seizures [160]. GPx4Se/Se is apparently required later for the survival of
GABAergic interneurons whose disappearance is lethal.

GPx4 may play a down-regulating role in inflammation. In human dermal fibrob-
lasts which have been transfected to overexpress GPx4, concentrations of phospholipid
hydroperoxides are markedly decreased, and when such cells are treated with exogenous
phosphatidylcholine hydroperoxides or exposed to UVA irradiation, the activation of
the pro-inflammatory transcription factor NFκB and the release of interleukin 6 are also
markedly reduced [161].

An active GPx4 is a requirement of a functional CGAS-STING pathway, a vital immune
signaling pathway that is activated in response to infection by DNA viruses and which
is also involved in tumor surveillance [162,163]. Here the phospholipid hydroperoxidase
activity of GPx4 is required to observe the palmitoylation-induced STING activation and
its subsequent migration from the endoplasmic reticulum to Golgi.

Finally, one major property of GPx4 is its ability to prevent ferroptosis [160,164].
Ferroptosis is a form of so-called “regulated cell death” which always involves a marked
fall in GPx4 activity, and which differs from apoptosis or necrosis in terms of morphological
and biochemical features. It mainly relies on the iron-dependent accumulation of lipid
peroxides [165–167], which would be initiated by two major events, a decrease in GPx4
activity which may or may not be associated with intracellular GSH depletion as well as
activation of 12,15-lipoxygenase [168]. Subsequently, non-enzymatic lipid autoxidation
would be the final lethal trigger of ferroptosis. Much research work suggests that ferroptosis
is involved in many physiopathological situations where GPx4 could be the focus of future
drug design [169].

Although GPx4 is a monomer, GPx4 allosteric activators have been designed [170].
By increasing GPx4 activity, such allosteric activators suppress ferroptosis induced by
erastin and cholesterol hydroperoxides, and they also down-regulate NFkB activation.
Additionally, two potent inhibitors of ferroptosis, liproxstatin-1 and ferrostatin-1, have
been independently identified in small molecule libraries [171,172]. Liproxstatin-1 is
a spiroquinoxalinamine derivative that protects Gpx4 knockout mice from acute renal
failure [171]. It was also shown to reduce myocardial infarct size and to restore cardiac
GPx4 activity in isolated mouse hearts undergoing post-ischemic reperfusion [173]. The
anti-ferroptotic activity of ferrostatin-1 was recently shown to be due to the scavenging of
initiating alkoxyl radicals produced by Fe[II] complexes from lipid hydroperoxides [174].
In this process, ferrostatin-1 is not consumed and synergizes with GPx4 to inhibit iron- and
hydroperoxide-dependent lipid peroxidation.

A critical discussion of ferroptosis is outside the scope of this review, but one should
underline that the concept raises some fundamental questions which are still unsolved [175,
176]. Moreover, GPx4 may not be the only selenoprotein whose fall in activity triggers fer-
roptosis. Given their chloroacetamide warheads, the absolute GPx4 specificity of selenium-
targeted inactivators RSL3 or ML162 is unlikely [177–179]. Recent experiments show that
they do not inhibit purified recombinant GPx4, but instead inhibit thioredoxin reductase
1 [67]. It had been previously shown that the inactivation of GPx4 by RSL3 required the
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adaptor protein 14-3-3ε in its reduced form [180], which depends on active TrxR1. This
suggests that inhibition of TrxR1 might indirectly inhibit GPx4 by preventing the recycling
of the reduced form of the adaptor protein [67]. In agreement with the link between fer-
roptosis and TrxR, another recent publication shows that the natural tetracyclic compound
alterperylenol which is an inactivator of TrxR is also an inducer of ferroptosis [181]. More-
over, the idea that inhibition of the glutamate/cystine antiport xCT induces ferroptosis by
decreasing GPx4 activity only through GSH depletion is probably an oversimplification.
Data show that xCT is required for the extracellular reduction of selenite into selenide, the
major form of inorganic selenium that can be internalized by cultured cells [182].

At any rate, GPx4 does prevent ferroptosis, and this may inspire cytoprotective phar-
macological strategies, but this may also have deleterious effects on tumor growth and
anti-cancer therapy. This is most obvious in epithelial-derived carcinomas in which tumor
cells have been fixed in a therapy-resistant mesenchymal state which clearly relies on GPx4
expression [183,184]. In such extensive studies, statins—which inhibit GPx4 biosynthesis—
were shown to decrease tumor cell resistance to cytotoxic antitumor drugs by synergizing
with GPx4 inhibitors such as RSL3 [185]. These in vitro observations were also fully sup-
ported by in vivo experiments on tumor xenografts built from GPx4-wild type and GPx4
knock-out clones of such cells. The EMT regulator ZEB1 was strongly correlated with
mesenchymal state sensitivity to GPx4 inhibition, and ZEB1 deletion abolished sensitivity
to GPx4 inhibition. ZEB1 regulates the uptake and mobilization of lipids and affects the
EMT-associated remodeling of sphingolipids in the plasma membrane [186], a process that
plays a central role in intercellular connections.

Clear-cell carcinomas (CCC) are therapy-resistant malignant cells observed in a variety
of cancers, most frequently in kidney and ovarian cancers. It was found that inhibitors of
GPx4 were potent and selective killers of such cells [187], and this was related to their HIF2α-
dependent enrichment in polyunsaturated lipids which made them highly vulnerable to
ferroptosis.

3.3.5. Other Members of the GPx Family

GPx6 is the last member of the SeGPx family in humans, but it is not a selenoprotein
in rats and mice where selenocysteine has been replaced by cysteine [60]. Human GPx6
exhibits a strong sequence homology with plasmatic GPx3, and it is expressed in the
olfactory epithelium.

Finally, many homologous sequences of Se-GPx in which selenocysteine is replaced
by cysteine have been identified in in non-vertebrate animals, higher plants, and fungi.
Such sulfur homologs of Se-GPx are not all involved in hydroperoxide reduction, and most
of them do not use GSH as a reducing co-enzyme but use instead the active-site cysteine
dithiol group of thioredoxin, other redoxins, or protein disulfide isomerase [60,188–190], as
further discussed in Section 6.

In mammals, GPx7 belongs to the CysGPx family, but it has a strong sequence homol-
ogy with GPx4, and it also adopts a monomeric structure. It is localized in the lumen of
the endoplasmic reticulum of epithelial cells where it acts as a catalyst of protein refolding,
in association with protein disulfide isomerase [190]. In this mechanism, the active site
cysteine thiol of GPx7 would be oxidized by hydroperoxide into a sulfenic acid intermediate
PSOH which in turn would oxidize protein disulfide isomerase. But GSH and protein
disulfide isomerase would compete as reducing cofactors of GPx7 in the endoplasmic
reticulum [191].
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Figure 4. Catalytic cycles of glutathione peroxidases and of the model compound selenocystamine.
(A) Catalytic cycle of glutathione peroxidases Se-GPx; (B) Catalytic cycles of glutathione peroxidase
and glutathione oxidase activities of selenocystamine; adapted from Chaudière et al. [192]. (*) GSSG
production most likely involves nucleophilic addition of GS− to give a disulfide radical anion GSSG·−

which would decompose into GSSG by reducing O2 into superoxide O2
·−. (**) The production of

H2O2 from O2
·− most likely results from dismutation.

3.3.6. Mechanistic Complexity of Glutathione Peroxidases

The generic mechanism of Se-GPx (see Figure 4A) does not exclude some surprises. For
example, is the reactivity of the resting selenium with oxygen always negligible? with an
apparent pKa of SeCys which is presumably lower than 5.5, it is usually postulated that the
basic and highly reducing selenolate form is dominant in the resting enzyme. Selenolates
can catalytically reduce dioxygen O2 into superoxyde O2

·− in the presence of GSH, which
we first showed with selenocystamine [192] and which turned out to be a common feature of
alkyl- and aryl-selenolates. Following the discovery of the GPx activity of ebselen [193,194],
many biomimetic selenium catalysts have been studied, but only two of them—ebselen and
BXT-51072—have been tested in clinical development, because of their anti-inflammatory
properties and their very low toxicity [195–197]. In both cases, we observed that the
peroxidase/oxidase ratio was high. Our study of half a dozen model compounds led to the
conclusion that the rate of oxygen reduction in the presence of GSH was a major factor of
cytotoxicity [197,198]. One cannot exclude the possibility that some GPx would maintain the
selenocysteine residue in its protonated selenol form to avoid oxygen one-electron reduction
in the resting enzyme. Additionally, the production of a selenenic enzyme intermediate
EnzSe-OH in the hydroperoxide-reduction step (Figures 4A and 5A) seems unavoidable, but
the reactivity of selenenic acids is so high that nobody ever observed the presumed selenenic
intermediate in SeGPx active sites by mass spectrometry or spectrophotometric techniques.
Sulfenic acid traps such as cyanide or dimedone have no effect on the enzyme but may
be inappropriate for selenenic trapping [199,200]. At least one successful identification of
a selenenic acid intermediate was obtained with dimedone for selenoprotein S, but this
required that fast selenenic acid trapping as an internal selenenylsulfide be prevented
by cysteine-to-serine mutation [186]. Direct observation of a transient selenenic acid has
however been made in an ingenious molecular model [201].
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Figure 5. Catalytic mechanisms of the four main families of selenoenzymes in mammals. (A) Glu-
tathione peroxidases SeGPx. (B) Thioredoxin reductases TrxR; the selenenylsulfide group present
in the C-terminal region of a subunit is reduced to a selenol/thiol group by a dithiol group in the
N-terminal region of the other subunit; the resulting disulfide is then recycled by flavin/NADPH.
(C) R-methionine sulfoxide reductase MsrB1; a selenenic acid intermediate cannot be excluded in the
second step. (D) Deiodinases DIO1 and DIO2; the reduced enzyme is recycled by thioredoxin or by
glutaredoxin/GSH.

3.4. Thioredoxin Reductases (TrxR)

TrxR are NADPH-dependent enzymes that catalyze the reduction of the internal
disulfide of thioredoxins (Trx) into a biologically active dithiol [202–204]. Trx are themselves
12-kDa reductases that catalyze the conversion of disulfide to dithiol in other protein
targets and which have a conserved -Cys-Gly-Pro-Cys- active site motif [205–207]. They
are ubiquitous in the living world, from archaea to mammals. Trx was first purified and
characterized as the hydrogen donor for ribonucleotide reductase [RNR] in Escherichia
coli [208,209]. This observation was later extended to mammals, confirming the importance
of this reducing protein in DNA synthesis. In mammalian cells, there are two isoforms of
Trx, Trx1 which is mainly cytosolic but can be translocated into the nucleus and sometimes
secreted out of the cell, and mitochondrial Trx2.

Mammalian TrxR has a selenocysteine essential residue at the active site, which is not
the case in prokaryotes. They include three selenoenzymes in humans, the cytosolic TrxR1,
the mitochondrial TrxR2, and a specific isoenzyme TrxR3 also known as TGR in testicles.
Each of the three enzymes includes isoforms due to extensive splicing.

Many questions are still puzzling concerning the relative importance of the three TrxR
families. For example, knock-out models have shown that TrxR1 is essential for brain
development, which is surprisingly not the case for TrxR2 [47].

As a rule, they play a major role in redox regulation of metabolism and cell functions,
because Trx is used as a reducing cofactor of enzymes such as ribonucleotide reductase,
peroxiredoxins, methionine sulfoxide reductases, and GPx3, and it interacts with many
other target enzymes in which cysteine residues have been oxidized [210]. Such cysteine
residues are normally reduced in their resting form but may be oxidized into sulfenic acid
PSOH or disulfide during redox signaling or because of oxidative stress.
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Although TrxRs are considered the major reducing system for thioredoxin, thioredoxin
may also be reduced by the glutaredoxin/GSH couple which would act as a backup
system [211,212]. This could only result in partial compensation, however, because the
inactivation of each of these two systems leads to many distinct effects and to a large extent
opposite metabolic effects [213]. A good illustration of this is that Trx is maintained in its
reduced form in mouse embryonic fibroblasts lacking TrxR1, but that this is not the case if
the cells are incubated with high glucose concentrations [214].

TrxR is usually antiparallel homodimers [215,216]. They have much structural homol-
ogy with other NADPH- and flavin-dependent disulfide reductases such as glutathione
reductase. The main difference is due to the presence of a C-terminal extension containing
a Gly-Cys-Sec-Gly motif [215]. The catalytic mechanism of mammalian TrxR [202,216–219]
involves the transfer of electrons from the active site flavin FADH2 to an internal disulfide
of the N-terminal domain of the same subunit. The resulting dithiol motif -Cys-Val-Asn-Val-
Gly-Cys—is not interacting with the target protein used as a substrate, it rather transfers its
electrons to the selenenylsulfide group present in the C-terminal region of the other subunit.
This finally produces a selenol/thiol entity which is then responsible for the reduction
of most substrates of the enzyme(s), which include Trx but also artificial disulfide such
as 5,5’dithiobis[2-nitrobenzoate] known as DTNB. NADPH is of course used to recycle
FADH2. In this mechanism, a cysteine selenolate performs the final reduction of the disul-
fide substrate as illustrated in Figure 5B. Mutation of selenocysteine into cysteine results in
an enzyme whose kcat is 100-fold lower than that of the wild-type selenoenzyme [220].

A distinctive mechanistic property of TrxR, compared with other selenoenzymes, is
their ability to catalyze one-electron reductions. It was shown that TrxR2 was able to reduce
ferric cytochrome c, ascorbyl radical, and dehydroascorbate by means of one-electron
transfers [221]. Cysteine mutants did not conserve these properties, which means that in
addition to reduced flavin which is known to be a one-electron-reducing coenzyme, sele-
nium is essential for subsequent one-electron transfers. One exception is known however
with juglone [5-hydroxy-1,4-naphthoquinone], a walnut toxin that is reduced by TrxR1 in a
one-electron transfer which does not require selenocysteine and is coupled to the reduction
of oxygen to superoxide [222].

TrxR is not fully dedicated to Trx reduction [223]. For example, TrxR1 also catalyzes
the reduction of protein disulfide isomerase PDI, glutaredoxin Grx2, and small natural
molecules such as selenite and lipoic acid [224]. Similar with selenoprotein P, we are dealing
here with a selenoenzyme which may play a role in its own production since it is involved
in the formation of hydrogen selenide from selenite. The easy accessibility of the highly
reactive selenocysteine of TrxRs should explain their wide substrate specificity [223].

By ensuring the reduction of thioredoxins, TrxR is unavoidably major actors of a
cascade of redox regulations in mammalian cells, with many protein targets of thioredoxins
having essential functions. These redox-sensitive proteins form redox-dependent signal-
ing pathways that are crucial for fundamental cellular processes, including metabolism,
proliferation, differentiation, migration, and apoptosis [205].

As already mentioned, thioredoxin may be the main reducing cofactor of GPx3, but
the biological link between TrxR1 and Gpx3 is not well documented. Thioredoxin is also the
reducing cofactor of peroxiredoxins [205] and methionine sulfoxide reductases [225–227].

Peroxiredoxins have a cysteine-containing active site that catalyzes the intracellular
reduction of H2O2 for signaling purposes [228] and act as extremely efficient H2O2 sensors.
The active sites of Prx have an affinity for H2O2 which seems to have no equivalent in
the world of peroxidases or a fortiori in that of catalases, and this markedly accelerates
the oxidation of their essential cysteine. Second-order rate constants for the reduction
of H2O2 by peroxiredoxins are close to 107 M−1.s−1, which is more than three orders of
magnitude higher than those of small molecular-weight mercaptans. The role of Prx in
H2O2-dependent signal transduction relies on the oxidation of target proteins. We do not
know however if this is a generic function of Prx or only a specialized function of some
of them.
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It is not excluded that Prx also works as H2O2-dedicated antioxidants since they
are abundant in mammalian cells. They are also able to reduce some hydroperoxides
other than H2O2, although the physiological significance of these weaker activities is
unknown. The distinctive feature of peroxiredoxins compared with other hydroperoxide
reductases is that their active site does not require selenocysteine but only a dithiol that
reduces their substrate with concomitant formation of an intersubunit disulfide [205].
Because TrxR reduces Trx which reduces Prx, they are unavoidably involved in the redox
regulation of Prx, but other levels of Prx regulation involve kinase-mediated tyrosine
phosphorylation [229] and H2O2-mediated hyperoxidation. Hyperoxidation of Prx occurs
slowly when continuous exposure to H2O2 oxidizes the N-terminal catalytic cysteine into
a sulfinic acid [230]. Trx is not able to reduce this sulfinylated form back to thiol, but this
is achieved by sulfiredoxin Srx [231]. Hyperoxidation of Prxs leads to loss of peroxidase
activity and stimulates chaperone activity [232]. Sulfinylated Prx activates transcription
factors involved in sulfiredoxin biosynthesis [229].

Methionine sulfoxide reductases [225,227,233,234] are also using thioredoxin as a
reducing cofactor, and they include the selenoenzyme MsrB1 discussed in the next section.

TrxR1 suppresses adipocyte differentiation and insulin responsiveness [235], which
suggests that TrxR1 has synergistic effects on the antioxidant function of GPx1. The fact
that TrxR1 protects tyrosine phosphatase 1B from inactivation by H2O2 also supports this
hypothesis [236].

“Redox regulation” is probably the best functional descriptor of enzymes of the TrxR
family, just as “antioxidant hydroperoxide degradation” is the best descriptor of enzymes
of the SeGPx family. But this does not mean that SeGPx do not have a role in redox
regulation, and here with TrxR, an important question is that of their role in antioxidant
protection. The answer is that thioredoxin and thioredoxin reductases do have antioxidant
functions [202], but those which are consequences of their regulatory functions may be
as important as those which come from their intrinsic antioxidant properties as reducing
cofactors of protective enzymes. Nrf2 is one of the regulatory targets which supports this
concept. The idea that TrxR1 is probably a major gatekeeper of Nrf2 activation has been
developed in a comprehensive review of TrxR1-Nrf2 interactions [204]. Inhibition of TrxR1
markedly activates Nrf2 which is the major transcriptional regulator of cellular responses
to oxidative and electrophilic stress. As well, reciprocally, Nrf2 activation by electrophilic
or oxidative stress induces the expression of both Trx and TrxR1.

TrxR1 is, however, itself a sensitive target of electrophilic species, and some of them,
such as cis-diaminedichloroplatinum, transform the enzyme into SecTRAPs (selenium-
compromised thioredoxin reductase-derived apoptotic proteins) which behave as harmful
NADPH oxidases [237,238]. This is because they have lost their selenocysteine-dependent
reducing properties but have kept their other redox components which are now able to
catalyze redox cycling of quinonic substrates.

The complex redox network in which the TrxR/Trx system is involved is summarized
in Figure 6. Trx1 can be translocated to the nucleus where it regulates the activity of several
transcription factors which include Nrf2 [204,239], NFkB [240], p53 [241], AP-1 [242], and
HIF-1 [243], as well as that of the glucocorticoid receptor [244]. The reduced form of Trx1
inhibits the phosphatase activities of the tumor suppressor PTEN, thereby stimulating cell
proliferation and tumor growth [245]. PTEN (Phosphatase and Tensin Homolog 1) is a
multi-domain protein that exerts its tumor-suppressive functions in a lipid phosphatase-
dependent, protein phosphatase-dependent, or scaffold-dependent manner [246].
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Figure 6. The TrxR/Trx system and its redox network of protein regulations. The reduced and oxi-
dized forms of thioredoxin are involved in antioxidant protection, cell division, control of cytoskeleton
structure, apoptosis, inflammation, and redox control of many regulatory proteins.

A final comment is required on the role of TrxR in cancer. In many tumors, TrxR1
is overexpressed, and they are believed to stimulate proliferation and inhibit apoptosis
in cancer cells. This is why they have been considered an interesting target in cancer
therapy [247]. An efficient and tolerable therapeutic window of TrxR inhibition may
however be difficult to establish. It has been reported that 90% knocking down of TrxR1
has a negligible effect on cell growth in a human carcinoma cell line expressing high levels
of TrxR1 [248], and it was also reported that 90% pharmacological inhibition of Trx1 had no
effect on oxidized Trx1 in HeLa cells [249]. Such observations suggest that residual amounts
of TrxR1 may be sufficient to maintain its essential functions in tumor cells. Nevertheless,
intensive activities of anti-tumor drug design are currently going on in this area [250,251].

Trx1 is also regulating the apoptosis signal kinase 1 (ASK1). In its reduced form, Trx1
inhibits ASK1 and prevents apoptosis, whereas in the situation of oxidative stress, its oxi-
dized form dissociates from ASK1 which results in apoptosis [252]. ASK1-Trx1 dissociation
is not only achieved by oxidation but can also be induced by the Trx1-interacting protein
TXNIP which competes with ASK1 by binding to the reduced form of Trx1 [253].

3.5. Selenium-Dependent Deiodinases

Selenium-dependent deiodinases catalyze the reductive deiodination of thyroxine
[T4] or triiodothyronine [T3]. In mammals and in humans, they include three selenoen-
zymes [254–258], which are homodimeric structural homologs of thioredoxins [257–259].
They rank high in the selenium dependence hierarchy, such as GPx2 and GPx4.
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The thyroid gland secretes a pro-hormone, tetra-iodothyronine, or thyroxine T4 which
in target cells of peripheral tissues is converted into triiodothyronine T3, the active hor-
mone. As shown in Figure 7, type 1 and type 2 deiodinases [DIO1 and DIO2] both produce
T3 from T4, whereas type 3 deiodinase (DIO3) converts T4 into the inactive metabolite
rT3 [reverse T3], and T3 into inactive 3,3′-T2. Selenium-dependent deiodinases, therefore,
control the activity of T3, which interacts with nuclear receptors TRα and TRβ, and which is
a major effector of lipid and sugar metabolism, as well as of respiration and mitochondrial
biogenesis [260]. For example, the induction of DIO2 in brown adipose tissue exposed to
cold stimulates energetic expenditure. This DIO2 increase is under the control of cAMP
which binds regulatory subunits of PKA [259] and releases activated catalytic subunits.
Conversely, DIO3 in the ischemic/hypoxic heart or brain decreases the energetic expendi-
ture to cope with decreased oxygen delivery, and this other process is under the control of
HIF-1α which interacts with the DIO3 promoter [259].

Figure 7. Reactions catalyzed by the three selenium-dependent deiodinases. DiO1 and DiO2 produce
the active hormone T3 from T4, whereas DiO3 produces two inactive metabolites, rT3 [reverse T3]
from T4, and 3,3′-T2 from T3.

DIO1 is a thyroxine 5’-deiodinase that is associated with the plasma membrane in cells
of the liver, kidney, thyroid, and pituitary gland, whereas DIO2 is a thyroxine 5’-deiodinase
that is associated with the endoplasmic reticulum and cells of the pituitary gland, thyroid,
skeletal muscles, brown adipose tissue, heart, and CNS.

DIO2 expression is tightly regulated by transcriptional mechanisms [258] and deacti-
vated by ubiquitination [261].

The three iodothyronine deiodinases catalyze similar reactions with distinct regiospeci-
ficity. Their structural and mechanistic analysis as integral membrane proteins has been
difficult [255]. The crystal structure of the truncated catalytic domain of mouse Dio3 has
been solved [256], and it shows that the enzyme has a close structural similarity to atypical
2-Cys peroxiredoxins. The structure is compatible with Sec170 extracting the 5-iodine as a
selenenyl-iodide, which should then hydrolyze to a selenenic acid intermediate, as sup-
ported by model studies with a synthetic alkylselenenyl-iodide [262]. It also shows that the
thyronine ring is protonated via a network of conserved amino acids. The oxidized enzyme
can be directly reduced by exogenous dithiols in vitro, and it is reduced by physiological
concentrations of either thioredoxin or glutaredoxin. There are still unanswered questions
about possibly distinct catalytic and regulatory mechanisms of the three deiodinases [263].
In the catalytic mechanism of T4 to T3 conversion, which is illustrated in Figure 5D, an
enzyme-catalyzed keto-enol tautomerization would fit with a direct attack of iodine by
selenium with regiospecific proton exchange at the active site of DIO1 or DIO2. In the con-
version of T4 to rT3 by DIO3, such a tautomerization mechanism seems unlikely because it
would involve a much more unstable oxonium intermediate, but one cannot exclude its
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stabilization through electrostatic interactions. In all cases, the internal selenenylsulfide
which is produced is not reduced by glutathione GSH. It may be first reduced by a second
proximal cysteine residue to form a mixed disulfide, but the reductant which can recycle
the active site in vitro must be a dithiol such as a dithiothreitol or dithioerythritol which
does not have the constraints of charges and steric hindrance of GSH. The physiological re-
duction is unknown but may be performed by thiol groups of proteins such as the Trx/TrxR
system or the glutaredoxin/GSH system [256,257].

To complete our overview of selenoproteins in thyroid iodinated hormone production,
we should underline that thyronine iodination to T4 is achieved on the thyroglobulin
protein within the thyroid gland by means of thyroid peroxidase (TPO) which uses iodide
I− and H2O2 as cosubstrates [264,265]. Thyroxine T4 is then cleaved by proteolysis of
thyroglobulin [266] within the thyroid gland, and then secreted into blood plasma and
transported to peripheral tissues by specific carriers. It is then taken up by an anion
transporter of its target cells where it diffuses to reach its nuclear receptor. The secretion of
T4 is under the control of the hormone TSH which is produced by hypophysis.

H2O2 which is used by TPO is generated by NADPH oxidases DUOX1 and DUOX2,
and its local concentration in the thyroid gland might be under the control of GPx1, GPx3,
and TrxR, GPx4 being additionally present. Thus, the biosynthesis of T4 and its conversion
into T3 might be under the control of half a dozen selenoproteins.

Congenital hypothyroidism is the most common congenital endocrine disorder in
humans, and some of the associated genetic defects which have been identified include
recessive mutations in the selenocysteine insertion sequence SBP2 [267], but genetic defects
of the selenium-dependent deiodinases are not clearly documented. The main genetic
defects associated with hypothyroidism bear on mutations of thyroglobulin, TPO, DUOX2,
and tyrosine deiodinase [267,268] which are not selenoenzymes. The most characteristic
thyroid phenotype exhibits low serum T3, high T4, and high rT3.

3.6. Methionine R-Sulfoxide Reductase B1 [MsrB1]

Methionine sulfoxide reductases catalyze the reduction of sulfoxide into thioether,
using thioredoxin Trx as a reducing cofactor [269–272]. Methionine sulfoxide has a chiral
center which is sulfur, and MsrA is preferentially reducing the S form whereas MsrB is
preferentially reducing the R form. In addition to MsrB1, selenocysteine-containing MsrA
has been identified in bacteria, algae, and invertebrate animals, but not in vertebrates [271].
They are extremely rare and not well understood. Most MsrA have an essential cysteine at
the active site.

Among MsrB which have been identified in animals and especially in humans, only
MsrB1 (formerly named selenoprotein R or selenoprotein X), is a selenoenzyme [219,269–272],
and it is also the only one that has a strict specificity for the R form.

Sulfur homologs of MsrB1 exist, in which selenocysteine is replaced by cysteine, but
their specific activities are 100- to 1000-fold smaller. Conversely, replacing the essential
cysteine of MsrB2 and MsrB3 with selenocysteine increases their specific activities by more
than 100-fold. Such observations confirm the catalytic advantage of selenium. Human
MsrB1 has two Cys-X-X-Cys motifs that coordinate a zinc atom, but the latter is found in
other MsrB and it is apparently not involved in catalysis. Upon reduction of methionine
sulfoxide, a selenenylsulfide bond is formed and then reduced by thioredoxin [226,270,271].
Although not excluded, a selenenic acid intermediate has not been demonstrated. The
main features of the catalytic mechanism of MsrB1 are summarized in Figure 5C.

Despite its former recognition as an antioxidant enzyme in MsrB1−/− mice [273],
MsrB1 was found to perform a stereospecific reduction of each of the two methionine-R-
sulfoxide residues which are produced on actin filaments by flavin-dependent monooxy-
genases of the MICAL family [234,274]. This MICAL-dependent oxidation triggers the
dissociation of polymeric F-actin into globular monomers of G-actin, and conversely, MsrB1
triggers the polymerization of G-actin into F-actin. Thus, the MICAL/MsrB1 couple plays a
central role in the regulation of the polymerization/depolymerization process, and it is in-
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volved in many physiological events such as cell division, cytokinesis and cell contractions,
as well as in hair development or muscle organization [272].

The MICAL/MsrB1 couple is likely to play important roles in physiopathology.
For example, a strong increase in MsrB1 protein and MsrB activity is observed in LPS-
treated macrophages where MsrB1 colocalizes with actin [275]. As well, MsrB1 has “anti-
inflammatory properties” since LPS-treated MsrB1−/− macrophages have greatly reduced
anti-inflammatory cytokines, such as Il10 and Il1rn, but increased pro-inflammatory cy-
tokines such as Il12A and Il12B [276]. In the heart, the MICAL/MsrB1 couple regulates
the Ca2+ calmodulin-dependent kinase (CAMKII). MICAL oxidizes methionine M308 of
CAMKII, which prevents calmodulin binding and kinase activity [277].

Surprisingly, however, MsrB1−/− mice do not show strong phenotypic alterations [273],
which suggests that compensatory activities may exist. Moreover, a quadrupole KO for
MsrA/MsrB1/MsrB2/MsrB3 paradoxically results in mice more resistant to cardiac is-
chemia/reperfusion or treatment with paraquat [278], which is not explained, although
suggesting some link with superoxide production or toxicity.

3.7. Other Mammalian Selenoproteins

Although there are still a few mammalian selenoproteins for which little information is
available, our understanding of several mammalian selenoproteins substantially improved
in recent years.

3.7.1. Selenoprotein O and Protein AMPylation

Selenoprotein O is a large size selenoprotein (73 kDa for the human mitochondrial
protein) that is highly conserved in bacteria and eukaryotes. It belongs to the superfamily
of pseudokinases which are generally believed to have non-catalytic functions, such as
allosteric regulation or scaffolding [279]. It was found however that selenoprotein O is an
active enzyme that transfers AMP instead of phosphate, to serine, threonine, or tyrosine
residues of protein substrates [280]. Structural data obtained with P. syringae selenoprotein
O show that it adopts a protein kinase-like fold in which ATP is positioned in a head-to-tail
configuration, which explains why this is the α-phosphate (and its adenylyl substituent)
which is transferred to protein targets [280]. Here, the γ-phosphate which is normally
transferred by protein kinases is buried in an inaccessible pocket, which is largely due to its
coordination by a highly conserved lysine residue. It was also found with E. coli selenopro-
tein O that the AMPylation activity required the reduction of an intramolecular disulfide
bridge. In this work, selenoprotein O was further shown to protect S. cerevisiae in situations
of oxidative stress triggered by either H2O2 or menadione. One of the protein substrates
which was shown to be AMPylated by selenoprotein O is glutaredoxin which is known to
remove glutathione from S-glutathionylated proteins. Reversible S-glutathionylation is an
important mechanism of transient protection of proteins from overoxidation [281]. Under
exposure of E. coli or yeast cells to GSSG or diamide, it was shown that the overall level
of S-glutathionylation was markedly decreased in selenoprotein-O KO cells [280]. Thus,
selenoprotein O-mediated AMPylation of glutaredoxin family members would regulate
the S-glutathionylation of proteins in vivo.

3.7.2. Selenoprotein F and Endoplasmic Reticulum Glycoproteins

Selenoprotein F (previously called Sep15) is a 15 kDa protein which is an endo-
plasmic reticulum-resident protein, and which forms a 1:1 complex with UGGT (UDP-
glucose:glycoprotein glucosyl transferase) [282]. It has a thioredoxin fold with selenocys-
teine present in the position of the redox-active cysteine of thioredoxin and a reduction
potential of −225 mV/ENH, between that of thioredoxin and that of protein disulfide
isomerase, which strongly suggests a redox function [283]. Data obtained in mice have
shown that selenoprotein F plays the role of “gatekeeper” of disulfide-rich glycoproteins
secreted by the endoplasmic reticulum [284]. This function would prevent the useless
secretion and costly resynthesis of glycoproteins in which disulfide formation is incorrect,
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such problems being well documented in the ER. The underlying mechanism is not well
understood, however.

It was later shown that selenoprotein-F knockout mice developed nuclear cataracts
at an early age, and it was assumed that this might be due to improper folding of lens
proteins [285]. In a more recent study, it was shown that such selenoprotein-F knockout mice
developed glucose intolerance and insulin reduction and that the deleterious effects induced
by a high-fat diet (obesity, hyperglycemia, glucose intolerance, and hepatic steatosis) were
markedly increased [286].

3.7.3. Selenoprotein N and Endoplasmic Reticulum Calcium Sensing

Selenoprotein N (also called SEPN1) is a 70 KDa transmembrane glycoprotein of the
endoplasmic reticulum which contains one selenocysteine residue [287]. Mutations of
the SELENON gene lead to myopathy of variable severity. High levels of selenoprotein
N are observed in human fetal tissues and its high expression in cultured myoblasts is
downregulated in differentiating myotubes, which suggests a role in cell proliferation. The
sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA) mediates calcium uptake in
the endoplasmic reticulum, whereas calcium release is mediated by inositol triphosphate
and ryanodine receptors. The overall process must be tightly controlled, to maintain
the steep calcium gradient required across ER and thereby rapid excitation/contraction
coupling. It has been known for a long time that this is a redox control. The latter involves
the dissociation of a disulfide of SERCA2, which in the oxidative conditions which prevail
in the lumen of the ER, would require a reductase that was not identified [288]. A recent
study shows that the N-terminal domain of selenoprotein N senses ER calcium fluctuations
and that low luminal calcium triggers the dissociation of an oligomeric form of SEPN1
into monomers, which concomitant unmasking of its reductase activity toward protein
CERCA2 [289]. Thus, selenoprotein N would be one of the long-sought reductases which
mediate the replenishment of ER calcium stores during muscle contraction.

3.7.4. Selenoprotein I and Ethanolamine Phospholipids

Selenoprotein I is an ethanolamine phosphotransferase (EPT) involved in the syn-
thesis of two distinct ethanolamine phospholipids, phosphatidylethanolamine (PE) and
plasmenyl PE [290]. These transferase activities are not redox reactions and do not use
the selenocysteine residue. The selenocysteine which is in the C-terminal region serves an
unknown function. Deletion of SELENOI in mice prevents embryo development, while loss-
of-function mutations of SELENOI in humans lead to hereditary spastic paraplegia [291].
The enzyme is required in the myelination process and neurodevelopment, and in the
maintenance of normal homeostasis of ether-linked phospholipids in humans [291,292].
Selenoprotein I also plays an important role in metabolic reprogramming required for T cell
activation/proliferation and optimal immunity [293]: T cell activation increases levels of
selenoprotein I along with PE and plasmenyl PE, and selenoprotein-I deficiency in mouse
T cells reduces the de novo synthesis of PE and plasmenyl PE as well as proliferation.
T-cell activation in selenoprotein-I knockout resulted in an accumulation of ATP and de-
creased AMPK activation, which disrupted metabolic reprogramming and reduced cell
cycle progression.

3.7.5. Selenoprotein K, Palmitoylation Cofactor and Inhibitor of ER-Induced Apoptosis

Selenoprotein K is a 10 KDa transmembrane protein associated with the endoplasmic
reticulum, with a selenocysteine in the C-terminal region. It serves as a cofactor during
protein palmitoylation by binding to the protein acyltransferase DHHC6, facilitating the
addition of palmitate via a thioester bond to the sulfhydryl group of cysteine residues of
target proteins [294]. This is illustrated by the essential role of a selenoprotein-K/DHHC
complex in the palmitoylation of IP3 receptors in immune cells [295]. Thus, through specific
interactions with distinct proteins, some selenoproteins may serve as cofactors of enzyme
reactions rather than being used as selenoenzymes.
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SELENOK gene knockout was shown to increase endoplasmic reticulum stress and
induce apoptosis in neurons in vitro and in vivo, through intracellular calcium increase and
activation of the m-calpain/caspase-12 cascade [296]. It was also shown that selenoprotein K
expression was activated in myogenic cells during differentiation in vitro and in vivo [297].
Here, SiRNA-mediated silencing of selenoprotein K inhibited the development of myoblasts
into myotubes and concomitantly increased apoptosis and autophagy in myogenic cells.

3.7.6. Selenoprotein W and EGF Regulation

Selenoprotein W is a cytoplasmic 9kDa thioredoxin-like protein that is required for cell
cycle progression [298–300], and it has been shown that it is required for EGF-induced EGFR
activation through suppression of EGFR ubiquitination and receptor degradation [301].
Interestingly, it interacts with the adaptor protein 14-3-3b [302]. This interaction requires
the selenocysteine residue and is increased by diamide, which suggests that selenoprotein
W is redox regulated.

3.7.7. Selenoprotein T

Selenoprotein T is a thioredoxin-like protein that is mostly expressed in endocrine
organs, and which is involved in the production and release of hormones such as insulin
and corticotropin [303]. Such effects are mediated by its role in ER proteostasis. It is
essential during embryogenesis, and its knock-out in the mouse brain induces anatomical
alterations and abnormal behavior. Recent experimental data support the involvement of
selenoprotein-T dysfunction in Parkinson’s disease [304,305].

3.7.8. Selenoprotein S

Selenoprotein-S is a protein of 189 amino acids which is prevalent in eukaryotic
organisms. It is an intrinsically disordered membrane enzyme whose function is not
established, but which is associated with the unfolded protein degradation complex ERAD
(ER-associated degradation) of the endoplasmic reticulum [306]. It behaves in vitro as a
disulfide reductase and as a peroxidase [200,306].

3.7.9. Selenoprotein-H

Selenoprotein-H is a 23kDa protein which is the only selenoprotein being exclusively
localized in the nucleus [307], and it has been shown to protect human fibroblasts against
replicative senescence by genome redox maintenance [308,309].

4. Bacterial Selenoenzymes

Several selenoenzymes exist in bacteria. Except for selenophosphate synthetase and
selenoprotein O which are also found in mammals and catalyze reactions already described
in Section 3, bacterial selenoenzymes are mostly involved in anaerobic metabolism [310,
311]. They include glycine reductase [312–315], D-proline reductase [316–318], formate
dehydrogenase [319–325] and [NiFeSe]hydrogenase [326,327].

4.1. Glycine Reductase

This enzyme catalyzes the reductive deamination of glycine into acetylphosphate [312]:

Glycine + Pi + Thioredoxin dithiol→ Acetylphosphate + NH4
+ + Thioredoxin disulfide + H2O (6)

It is the first bacterial enzyme that was identified as a selenoenzyme and it may be
considered a terminal electron acceptor, acetylphosphate being converted to acetate and
ATP by acetate kinase. It enables some anaerobic bacteria to conserve energy via a soluble
substrate-level phosphorylation.

Glycine reductase is a trimeric enzyme composed of proteins named A, B. and C.
Protein B contains selenocysteine and possibly a pyruvoyl residue. It binds glycine and is
responsible for the extrusion of NH3. Protein A also contains glycine, which is reduced by
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thioredoxin, and it provides an intermediate that subunit C uses to produce acetylphos-
phate. In vitro, the enzyme works with dithiothreitol as a reducing agent, which means
that biological reducing cofactors other than thioredoxin cannot be excluded.

The initial binding of glycine does not involve pyridoxal phosphate but is believed to
involve a Schiff base with an activated carbonyl group of the enzyme which has never been
clearly identified, due to its instability. It could be a pyruvoyl group, but its formation would
require an additional enzyme that would not be within the glycine reductase operon. Some
possible transformation steps summarized by Andreesen [314] are shown in Figure 8 in
which we underlined that the formation of thioesters would likely require some additional
activation step(s) that remain to be identified. In my view, the most interesting reaction
here is the thiolate-mediated cleavage of the selenoether bond in the carboxymethylated
derivative of selenocysteine, a reaction that had been initially proposed by Arkowitz and
Abeles [315,317] without β activation of the distal carboxylate, even though they had
in mind that β activation should have been expected. The important point is that the
enzyme couples the cleavage of a selenoether carbon-selenium bond to the formation of a
selenenylsulfide bond.

 
Figure 8. Two possible pathways of formation of the acetyl precursor in glycine reductase. Adapted
from Andreesen [314]. The Schiff base formed from glycine and an activated carbonyl group in
protein A would react first with a proximal selenocysteine selenolate to yield a carboxymethyl
selenoether, whose C2 unit is transformed into an acetyl thioester on protein C, with the formation of
a selenenylsulfide bond. Mechanistic options include a speculative keten-like intermediate CH2=C=O,
and an intramolecular carbonyl hydroxybase 1 in (a) or an intermolecular carbonyl hydroxybase 2
in (b).

4.2. D-Proline Reductase

This enzyme catalyzes the reductive cleavage of the D-proline cyclic sidechain into
5-aminopentanoate, which involves breaking of the Cα-N bond [316]:

D-proline + Dithiol→ 5-aminopentanoate + Disulfide (7)

This reductive deamination of aminoacid is similar to the reaction catalyzed by glycine
reductase, but the existence of an analogous high-energy acyl-enzyme intermediate was
excluded by 18O2 labeling experiments [317], and D-proline reduction is not coupled to
substrate-level phosphorylation. The reduction is also NADH-dependent, not NADPH-
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dependent, which rules out thioredoxin as a biological partner, and is compatible with the
use of a coenzyme such as lipoic acid.

D-Proline reductase is a membrane-bound protein composed of 10 subunits. A 46-
aminoacid pyruvoyl-containing peptide is covalently attached to each subunit via an ester
linkage [318].

The reaction sequence happens on a pyruvoyl-proline covalent adduct, as shown in
Figure 9, but the hypothetical mechanism which was proposed [316] relies on two reactions
that are not documented as such in organic chemistry. The first one is the nucleophilic attack
of the non-activated α carbon of proline, and the second one is the nucleophilic attack of a
non-activated selenoether intermediate by a cysteine thiolate, a mechanism that had been
initially proposed by the group of Abeles for glycine reductase, as above mentioned [313].
Here again, the important point is that the unusual cleavage of a selenoether carbon-
selenium bond is achieved by this selenoenzyme.

Figure 9. Putative catalytic mechanism of D-proline reductase. Adapted from Kabisch et al. for the
enzyme of Clostridium sticklandii [316]. SeCys belongs to one protein of the enzyme complex, and
pyruvate is covalently bound to another protein. Step 2→ 3 would require an iminium intermediate
produced from 2. Step 3–4 involves two independent bond clivages.

4.3. Formate Dehydrogenase

Formate dehydrogenases [319–323] catalyze the reversible oxidation of formate to car-
bon dioxide and play an important role in the global fixation of carbon dioxide, as follows:

HCOOH −→←− CO2 + 2 H+ + 2 e− (8)

These enzymes are peripheral membrane proteins located on the cytoplasmic side and
have several subunits. Their prosthetic group contains a cis-dithiolene structure which is
bound to molybdenum by coordination (structure 11, Figure 1, where two pyranopterin
guanine dinucleotides are not represented). The active site also contains an essential se-
lenocysteine residue and a Fe4S4 cluster. The enzyme from E. coli is completely inactivated
by iodoacetamide after reduction with formate, and the replacement of selenocysteine
with cysteine decreases the activity by more than two orders of magnitude, which con-
firms the essential function of selenium [320]. Even though they are members of the
dimethylsulfoxide reductase family, formate dehydrogenases do not catalyze oxygen-atom
transfer reactions.
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In its [+IV] oxidation state, molybdenum is pentacoordinate with the four pyranopter-
ine ligands in equatorial positions and a fifth sulfido group in an axial position [324], which
gives an approximate square pyramidal geometry. In its [+VI] oxidation state, it adopts a
distorted hexacoordinated trigonal prismatic geometry, again with the four pyranopterine
ligands plus a fifth ligand which is selenium from the selenocysteine residue and a sixth
one which is the sulfido group.

The catalytic mechanism of formate dehydrogenases is still open to debate [323–325], but
one should underline the existence of functional sulfur homologs in which selenocysteine
has been replaced by cysteine.

Figure 10 shows a putative catalytic mechanism that is based on refined structural
data as well as functional and theoretical analyses [323,324].

Figure 10. Putative catalytic mechanism of formate dehydrogenase. Formate displaces selenium of
the SeCys ligand. It was assumed that the resulting selenolate would assist decarboxylation step (2)
as a basic catalyst [323,324], which is unlikely with its low pKa and cannot explain the requirement
for selenium. In the alternative of step (2’), the nucleophilic attack of the selenolate would yield a
carboxylated SeCys which would decompose to selenolate and CO2. The axial ligand of Mo[IV] is
sulfide, not selenium.

4.4. [NiFeSe] Hydrogenases

The structures and functions of [NiFeSe] hydrogenases have been extensively re-
viewed [326,327]. They are a subclass of [NiFe]-hydrogenases with a selenocysteine residue
coordinated to the active site nickel center in place of cysteine. They are exclusively found
in sulfate-reducing and methanogenic microorganisms and catalyze the interconversion of
hydrogen and protons:

H2 −→←− 2 H+ + 2e− (9)

Most of them are heterodimers containing three iron-sulfur clusters in a small subunit
and a nickel-iron-containing active site in a large subunit in which there is a selenocysteine
ligand. Their prosthetic group was shown as Structure 12 in Figure 1.

They exhibit highly advantageous properties for applications in water splitting com-
pared with other hydrogenases. They display a high H2 evolution rate with marginal
inhibition by H2 and a high tolerance to O2. [NiFeSe]-hydrogenases may therefore be
the most efficient catalysts to produce H2 by water splitting [291]. An interesting ap-
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plication has been the development of a light-driven full water splitting system with a
[NiFeSe]-hydrogenase wired to the water oxidation enzyme photosystem II [328,329].

The mechanism of [NiFeSe] hydrogenases is complex, but the specific advantage of
selenocysteine in [NiFeSe] hydrogenase seems to bear in large part on the protection of
nickel from irreversible overoxidation by O2 [330–332]. As discussed in Section 6, one
advantage of selenocysteine compared with cysteine may be the better reversibility of its
oxidation reactions.

5. Is Redox Regulation an Essential Function of Most Mammalian Selenoproteins?

At least in mammals, selenoproteins are all involved in redox transformations. The
involvement of GPx4 in redox regulation is supported by the fact that degeneration of
GPx4-deficient neuronal cells relies on AIF- and not caspase3-dependent apoptosis [168].
We are dealing here with cell death regulation, however, not with cell function.

The involvement of TrxR and Msr in the redox regulation of cell function and structure
is well established, and the same could be said of the role of deiodinases in metabolic
regulations. But the situation is more ambiguous with selenium-glutathione peroxidases
because they have major antioxidant properties. There are many arguments that can be
used to suggest that they are involved in redox regulation [176,333,334], but one cannot
give a detailed description of such regulations. In my view, an antioxidant enzyme could be
envisaged as a redox regulator of cell function if its concentration or activity did markedly
vary in response to anything else than oxidative stress, but such information is often missing
with glutathione peroxidases. Because the information available on GPx3 is insufficient to
be conclusive, a good starting point would be to assume that Gpx1 and GPx2 primarily
deal with aqueous hydroperoxides, whereas GPx4 should be mainly involved in redox
regulations as a phospholipid hydroperoxide reductase.

As early as 1987, we showed that the intoxication of rats with ethylmorphine, a
metabolic source of H2O2 through cytochrome-P450 demethylases, induced an important
increase in hepatic SeGPx after 24 to 48 h [335]. At that time, very little information
was known about the mechanisms of transcriptional regulation of enzymes involved in
antioxidant protection. One knows today that the promotor of GPx2 contains an ARE
sequence (Antioxidant Response Elements) which enables its stimulation in the situation of
oxidative stress by dissociation of the Nrf2/Keap1 assembly [111]. But it seems reasonable
to assume that this is a purely antioxidant and detoxifying adaptation. GPx4 promoters do
not contain any Nrf2 binding site [146], but oxidative stress stimulates the biosynthesis of
several selenoproteins (GPx1, GPx4, Trx1, SelS, SelK, and Sps2) by improving the recoding
efficiency of UGA/selenocysteine through relocation of the SBP2 elongation factor and the
ribosomal protein L30 from the cytoplasm to the nucleus [336].

In mouse embryonic fibroblasts, the t-RNA methyltransferase Alkbh8 (mammalian
alkylation repair homolog 8) was also shown to markedly induce the expression of several
selenoproteins in situations of oxidative stress [337]. Enzymes of the Alkb family are
iron-oxoglutarate dioxygenases which perform oxidative demethylation of various DNA
and RNA bases and interact with transcription factors. Alkbh8 additionally contains a
methyl transferase domain, it is induced in response to activated oxygen species, and it is
apparently required for the efficient expression of at least GPx1, GPx2, GPx3, and TrxR1 in
this situation [337].

A recent study on pure recombinant GPx1, GPx2 and GPx4 shows that they all have
significant activities on H2O2, t-butylhydroperoxide, cumene hydroperoxide, and fatty acid
hydroperoxides, but that GPx1 specific activities per selenium are much higher on such
substrates [338]. On the other hand, GPx4 is the only one that is efficient on phosphatidyl-
choline hydroperoxides.

Sometimes, the coexistence of GPx1, GPx2, and GPx3 makes the picture very complex.
For example, in the gastrointestinal tract, GPx1 is homogeneously expressed in the intestinal
epithelium, whereas GPx2 expression is higher in crypts and mainly in the ileum and
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cecum [94,339]. As well, GPx3 is also expressed in the gastrointestinal tract while plasma
GPx3 binds to the basement membranes of intestinal epithelial cells [143].

Hydrogen peroxide H2O2 is produced by the stimulation of many hormone receptors,
and it is believed to serve as an intracellular messenger by directly or indirectly oxidizing
cysteine residues of target proteins [340,341]. Multiple H2O2 primary or secondary sensors
contribute to the redox regulation of transcription factors which include among others
AP-1, Nrf2, and NF-kB, and this complex network regulates major cellular events such
as proliferation, differentiation, and apoptosis [342,343]. Thus, GPx1 and perhaps GPx2
might be involved in redox regulation by controlling H2O2 concentrations in space and
time, but this is virtually impossible to prove without detailed information on the flux of
H2O2 production by an activated enzyme such as NADPH oxidases as well as on their
variations of activity. H2O2 may also have multiple time-dependent effects, for example,
it acts as a biphasic modulator of NF-kB activation by other agents, not only as a direct
activator [344,345].

At any rate, peroxiredoxins (Prx)—which are not selenoproteins may be more ded-
icated to H2O2 signaling than GPx1 or GPx2, and they use the small reducing pool of
thioredoxin under the control of TrxR, not the pool of GSH which is generally in large
excess. Given their reduction by the Trx/TrxR system, they are under the control of sele-
noenzymes, however.

One may have overlooked the importance of glutathione peroxidases in the control of
organic hydroperoxide concentrations. Potential targets of such regulatory effects include
at least lipoxygenases [120–122] and cyclooxygenases [346] whose activities require an
initiation step induced by preformed organic hydroperoxides, and phosphatases, especially
protein tyrosine phosphatase [347]. The latter invariably contains an essential cysteine
thiolate in their active site which can be oxidized to specific sulfenic, sulfenylamide, or
disulfides. The direct oxidation of such active site cysteines by H2O2 is very slow [347], but
it was shown that physiological concentrations of bicarbonate which reacts with H2O2 to
produce peroxymonocarbonate, facilitate the H2O2-mediated inactivation of protein tyro-
sine phosphatase 1B [348]. The observation that GPx1 or GPx4 overexpression can inhibit
the activation of NFkB [161,349] would also fit with oxidative inactivation of a specific
phosphatase. But with GPx1 as well as with GPx4, we do not know which hydroperoxides
are directly involved and which target protein is affected.

Binding sites for transcription factors distinct from Nrf2 have been identified on GPx1
as well as GPx4 genes [176], but little is known about corresponding regulatory functions.

Finally, if the activity of a given SeGPx was not only upregulated for antioxidant
protection but at least transiently downregulated for other purposes, for example by means
of phosphorylation or mixed disulfide formation, it would certainly qualify as a redox
regulator. We already mentioned that GPx4 might be under redox control of the adaptor
protein 14-3-3e [180]. In cell culture, artificial inhibition of GPx1—and perhaps GPx2 and
GPx4—by mercaptosuccinate markedly increases Ca2+-mediated activation of monocyte 5-
lipoxygenase [121]. At least one biological example of GPx4 down-regulation is associated
with intestinal trans-epithelial neutrophil migration. This process is controlled by 12-
lipoxygenase which produces the eicosanoid hepoxilin A3 and establishes a chemotactic
gradient that guides PMN across the epithelial surface. Using Salmonella typhimurium to
induce this process, it was found that the bacteria-induced apical secretion of hepoxilin A3
by decreasing the expression of GPx4, which in turn led to an increase in 12-lipoxygenase
activity [350].

Mammalian tyrosine kinases c-Abl and Arg, which are devoid of receptors and play
an important role in apoptosis induced by oxidative stress, form constitutive complexes
with GPx1, thereby protecting the enzyme at non-lethal doses of H2O2, whereas lethal
doses of H2O2 destroy such complexes and induce apoptosis [351]. This suggests that
some growth factors may regulate SeGPx activities. At least one study showed that VEGFB
strongly induced the expression of GPx1 and more modestly that of GPx5 in murine retinal
cells [352].
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Overall, we tentatively conclude that SeGPx is involved in major redox regulatory
networks but may be more as local “kinetic buffers” of hydroperoxide concentrations than
as dedicated transducers of redox signals such as protein regulators under the control of
the Trx/TrxR system.

6. Advantages and Constraints Associated with the Choice of Selenocysteine at the
Active Site of Selenoenzymes

Given the similarities between sulfur and selenium properties, a question that the
biochemist cannot bypass is that of the expensive selection of selenium rather than that
of sulfur [353–357]. Under its thiolate form, sulfur is indeed a good nucleophile and
a good reductant. Contrary to vertebrates, non-vertebrate animals, higher plants, and
fungi produce many protein homologs of our selenoproteins, in which selenocysteine is
replaced by cysteine, but their peroxidase activities have been studied in detail only for
non-vertebrate CysGPx. Such non-vertebrate CysGPx is not simple cysteine homologues
as suggested by their name, because they contain an active site cysteine (peroxidatic Cp)
in place of selenocysteine, but also a second cysteine (resolving Cr) which is used to
form a disulfide from a putative cysteine sulfenic acid intermediate (reviewed in 188).
This disulfide is then recycled by thioredoxin (or other redoxins), not by GSH. Some of
these CysGPx/thioredoxin peroxidases are surprisingly efficient to reduce hydroperoxides,
although not as efficient as the selenium-dependent GSH peroxidases, having typically
second-order rate constants for the hydroperoxide reduction step which are at least two
orders of magnitude smaller [188].

The case of peroxiredoxins already cited and which are very efficient peroxidases on
H2O2 is another interesting example, even though such enzymes are not selenoprotein
homologs.

If one inspects the key steps of the catalytic cycles of selenoenzymes that are best
understood (see Figure 5), one would be tempted to say that a cysteine thiol group that
would be activated to thiolate should be able to do the job. In selenoenzymes, the initial step
is a nucleophilic attack by the selenolate group, and the final step is its restitution as leaving
group. Conceivably, a thiolate group could replace the selenolate since the formation of a
cysteine thiolate is generally observed in enzymes bearing a catalytic cysteine. Examples
include glyceraldehyde-phosphate-dehydrogenase and disulfide reductases such as GSSG
reductase, lipoamide dehydrogenases, thioredoxins, and glutaredoxins.

It is often underlined that the second-order rate constant of the active site selenolate of
GPx1 with H2O2 is close to 5.107 M−1.s−1, whereas that of a non-enzymatic selenolate group
is several orders of magnitude smaller. This would suggest that the protein environment of
the active site selenocysteine is doing much of the job, and recent DFT calculations on a
modelized H2O2/SeGPx or H2O2/SGPx interaction would support this concept [358,359].
In these model studies, it was found that the presence of one water molecule in the active
site triggered a concerted deprotonation/reprotonation in which the proton dissociated
from the selenol or thiol group was transferred by the bridging water to one oxygen of the
peroxide bond, ensuring an optimal concerted nucleophilic attack of the peroxide bond
by the selenolate or thiolate. This theoretical study does not explain however why the
exchange of selenium for sulfur at the active site of GPx1 results in a 1000-fold decrease
in GPx activity [360]. Similarly, a marked GPx activity often results from the exchange of
native sulfur for selenium in cysteine-dependent enzymes which are not GPx and have no
measurable GPx activities [361,362]. Such enzymes include subtilisin [363,364], GST [365],
glutaredoxin [366,367], and even glyceraldehyde-3-phosphate dehydrogenase [368].

But one should admit that the example of peroxiredoxins whose second-order rate
constants with H2O2 are close to 107 M−1.s−1 invalidates the concept of an absolute re-
quirement for selenium in fast peroxide bond reduction.

If we compare the properties of oxygen, sulfur, and selenium, there is a drastic change
in properties in going from oxygen to sulfur, whereas the changes are more modest in
going from sulfur to selenium. The covalent radii change more between the first and the
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second rows than between succeeding rows, which is illustrated by the abrupt change in
electronegativity between oxygen and sulfur, much more modest from sulfur to selenium.
In water, the nucleophilic selenolate form will predominate at neutral pH, which is not the
case of the thiolate form, but given the ease of pKa lowering of cysteine thiols in enzyme
active sites, a relevant comparison should bear on selenolate versus thiolate.

With its 3d-orbitals, a selenolate group is a softer nucleophile than a thiolate group,
and this could be a major advantage for interaction with iodine in deiodinases, but to
which extent this could facilitate the nucleophilic attack of a peroxide bond is not obvious.
Perhaps a selenium-peroxide transition state of non-conventional geometry should be
envisaged. Similar geometries of sulfur and selenium transition states have always been
used in theoretical comparisons.

Another difference between thiols and selenols bears on their protonated form RSH
and RSeH. Many years ago, Huber and Criddle [369] showed that the selenol form RSeH
of selenocysteine had significant nucleophilic properties in water, which was not the case
for the thiol form RSH of cysteine. Again, this is likely to come from filled 3d orbitals in
selenium [empty in sulfur] and from the fact that with very similar covalent radii of sulfur
and selenium, the electron density in the 3d and/or 4p orbitals of selenium should be much
higher than that of the sulfur outer shell.

Many potentially discriminating properties have been extensively discussed in two
reviews by Hondal and coworkers [356,357]. They confirm that selenolates are more nu-
cleophilic than thiolates, and that selenides are more nucleophilic than sulfides. As well,
selenium nucleophilicity may not be the main discriminating factor because electrophilic
groups such as diselenides, selenenic acids, and selininic acids are also much better elec-
trophiles than their sulfur analogs [356]. The reduction rate of seleninic acids by thiols is at
least 106 times faster than the reduction rate of sulfinic acids by thiols [356] and this may
be where the discrimination is most obvious. As underlined by Reich and Hondal [356],
it would explain an observation that we had made on glutathione peroxidase [360]. By
expressing the first sulfur/cysteine mutant (S-GPx) of GPx1 by directed mutagenesis, we
had not only observed an enzyme activity that was decreased by three orders of magnitude,
but also a fast auto-inactivation whose rate increased with the (hydroperoxide)/(GSH) ratio,
and this had led us to envisage an irreversible mechanism of sulfur overoxidation which
would not occur with selenium. At that time, our conclusion was that selenium solved a
problem of irreversible oxidation that might induce sulfur loss by β-elimination, but we
had no structural data to show. A specific method of immunodetection of dehydroalanine
residues was developed only much later [370]. It was used to show that Sec in red blood
cell GPx1 was increasingly replaced with dehydroalanine during blood storage.

It was also shown on the GPx4 cysteine mutant of Schistosoma mansoni that the active-
site cysteine was oxidized to Cys-sulfonate, which did explain its inactivation [371]. Much
more recently, it was shown that rat GPx4 was built to avoid irreversible overoxidation of
selenium in the situation of GSH deficit thanks to the attack of the selenenic acid Enz-SeOH
by a nucleophilic nitrogen from the polypeptide backbone [372]. The protective Se-N bond
is broken by GSH when its physiological concentration is re-established, and the system is
ready for new catalytic cycles.

Sulfur mutants of other selenocysteine-containing enzymes have been studied, includ-
ing the [NiFeSe] hydrogenases discussed in Section 4.4, and as a rule, they were found to
undergo oxidative inactivation which was not observed with the selenocysteine-containing
enzymes [357]. Overall, it may be concluded that the catalytic advantage of selenium
compared with sulfur relies in large part on a unique combination of faster kinetics and
much better reversibility of its oxidation reactions.

7. Conclusions

The extensive investigations and multiple discoveries of the last four decades have
been very exciting, and a few points deserve to be underlined:
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• The co-translational incorporation of selenium in selenoproteins is probably unique
among the elements situated below period 3 of the periodic table, and one of the major
advantages of selenium compared with sulfur should be the better reversibility of its
oxidation reactions in biological conditions.

• Selenoproteins are mostly involved in anaerobic metabolism in bacteria, whereas they
are involved in antioxidant protection, protein repair, redox signaling, and regulation
of cell proliferation/cell death, and energetic metabolism in mammals.

• Many functions of mammalian selenoproteins, especially those which are anti-inflammatory,
anti-apoptotic, or anti-ferroptotic, or which interfere with energetic metabolism, re-
quire regulation in space and time. Specifically, most mammalian selenoenzymes
should not only be regulating but also regulated, although, in this area, much informa-
tion is probably still missing.

• With the recent development of new techniques of selenocysteine insertion into protein
sequences, we can expect that new discoveries will shed light on the hidden face of
the moon.
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GPX4-dependent cancer cell state underlies the clear-cell morphology and confers sensitivity to ferroptosis. Nat. Commun. 2019,
10, 1617. [CrossRef]

188. Toppo, S.; Flohé, L.; Ursini, F.; Vanin, S.; Maiorino, M. Catalytic mechanisms and specificities of glutathione peroxidases:
Variations of a basic scheme. Biochim. Biophys. Acta 2009, 1790, 1486–1500. [CrossRef]

189. Passaia, G.; Margis-Pinheiro, M. Glutathione peroxidases as redox sensor proteins in plant cells. Plant Sci. 2015, 234, 22–26.
[CrossRef]

190. Maiorino, M.; Bosello-Travain, V.; Cozza, G.; Miotto, G.; Roveri, A.; Toppo, S.; Zaccarin, M.; Ursini, F. Understanding mammalian
glutathione peroxidase 7 in the light of its homologs. Free Radic. Biol. Med. 2015, 83, 352–360. [CrossRef]

191. Bosello-Travain, V.; Conrad, M.; Cozza, G.; Negro, A.; Quartesan, S.; Rossetto, M.; Roveri, A.; Toppo, S.; Ursini, F.; Zaccarin,
M.; et al. Protein disulfide isomerase and glutathione are alternative substrates in the one Cys catalytic cycle of glutathione
peroxidase 7. Biochim. Biophys. Acta 2013, 1830, 3846–3857. [CrossRef]

192. Chaudière, J.; Courtin, O.; Leclaire, J. Glutathione oxidase activity of selenocystamine: A mechanistic study. Arch. Biochem.
Biophys. 1992, 296, 328–336. [CrossRef] [PubMed]

193. Müller, A.; Cadenas, E.; Graf, P.; Sies, H. A novel biologically active seleno-organic compound—I. Glutathione peroxidase-like
activity in vitro and antioxidant capacity of PZ 51 (Ebselen). Biochem. Pharmacol. 1984, 33, 3235–3239. [CrossRef] [PubMed]

194. Wendel, A.; Fausel, M.; Safayhi, H.; Tiegs, G.; Otter, R. A novel biologically active seleno-organic compound—II. Activity of PZ 51
in relation to glutathione peroxidase. Biochem. Pharmacol. 1984, 33, 3241–3245. [CrossRef]

195. Chaudière, J.; Yadan, J.C.; Erdelmeier, I.; Tailhan-Lomont, C.; Moutet, M. Design of new selenium-containing mimics of glutathione
peroxidase. In Oxidative Stress and Antioxidants; Raven Press, Ltd.: New York, NY, USA, 1994; pp. 165–184.

196. d’Alessio, P.; Moutet, M.; Coudrier, E.; Darquenne, S.; Chaudière, J. ICAM-1 and VCAM-1 expression induced by TNF-alpha are
inhibited by a glutathione peroxidase mimic. Free Radic. Biol. Med. 1998, 24, 979–987. [CrossRef]

197. Moutet, M.; d’Alessio, P.; Malette, P.; Devaux, V.; Chaudière, J. Glutathione peroxidase mimics prevent TNF-alpha- and neutrophil-
induced endothelial alterations. Free Radic. Biol. Med. 1998, 25, 270–281. [CrossRef] [PubMed]

198. Chaudière, J.; Erdelmeier, I.; Moutet, M.; Yadan, J.C. One- versus two-electron transfers: Cytotoxic and cytoprotective effects
of seleno-organic catalysts. In Phosphorus, Sulfur, and Silicon and the Related Elements; Taylor & Francis: Oxfordshire, UK, 1998;
Volume 136, pp. 467–470.

199. Payne, N.C.; Barber, D.R.; Ruggles, E.L.; Hondal, R.J. Can dimedone be used to study selenoproteins? An investigation into the
reactivity of dimedone toward oxidized forms of selenocysteine. Protein Sci. 2018, 28, 41–55. [CrossRef]

200. Liu, J.; Rozovsky, S. Contribution of selenocysteine to the peroxidase activity of selenoprotein S. Biochemistry 2013, 52, 5514–5516.
[CrossRef]

201. Masuda, R.; Kimura, R.; Karasaki, T.; Sase, S.; Goto, K. Modeling the catalytic cycle of glutathione peroxidase by nuclear magnetic
resonance spectroscopic analysis of selenocysteine selenenic acids. J. Am. Chem. Soc. 2021, 143, 6345–6350. [CrossRef]

202. Lu, J.; Holmgren, A. The thioredoxin antioxidant system. Free Radic. Biol. Med. 2014, 66, 75–87. [CrossRef]
203. Dagnell, M.; Schmidt, E.E.; Arnér, E.S.J. The A to Z of modulated cell patterning by mammalian thioredoxin reductases. Free

Radic. Biol. Med. 2018, 115, 484–496. [CrossRef]
204. Cebula, M.; Schmidt, E.E.; Arnér, E.S. TrxR1 as a potent regulator of the Nrf2-Keap1 response system. Antioxid. Redox Signal. 2015,

23, 823–853. [CrossRef]
205. Lee, S.; Kim, S.M.; Lee, R.T. Thioredoxin and thioredoxin target proteins: From molecular mechanisms to functional significance.

Antioxid. Redox Signal. 2013, 18, 1165–1207. [CrossRef]
206. Lillig, C.H.; Holmgren, A. Thioredoxin and related molecules—From biology to health and disease. Antioxid. Redox Signal. 2007,

9, 25–47. [CrossRef]
207. Collet, J.F.; Messens, J. Structure, function, and mechanism of thioredoxin proteins. Antioxid. Redox Signal. 2010, 13, 1205–1216.

[CrossRef]
208. Laurent, T.C.; Moore, E.C.; Reichard, P. Enzymatic synthesis of deoxyribonucleotides. IV: Isolation and characterization of

thioredoxin, the hydrogen donor from Escherichia coli B. J. Biol. Chem. 1964, 239, 3436–3444. [CrossRef]
209. Holmgren, A.; Sengupta, R. The use of thiols by ribonucleotide reductase. Free Radic. Biol. Med. 2010, 49, 1617–1628. [CrossRef]

399



Int. J. Mol. Sci. 2023, 24, 10109

210. Nakao, L.S.; Everley, R.A.; Marino, S.M.; Lo, S.M.; de Souza, L.E.; Gygi, S.P.; Gladyshev, V.N. Mechanism-based proteomic
screening identifies targets of thioredoxin-like proteins. J. Biol. Chem. 2015, 290, 5685–5695. [CrossRef] [PubMed]

211. Du, Y.; Zhang, H.; Lu, J.; Holmgren, A. Glutathione and glutaredoxin act as a backup of human thioredoxin reductase 1 to reduce
thioredoxin 1 preventing cell death by aurothioglucose. J. Biol. Chem. 2012, 287, 38210–38219. [CrossRef] [PubMed]

212. Zhang, H.; Du, Y.; Zhang, X.; Lu, J.; Holmgren, A. Glutaredoxin 2 reduces both thioredoxin 2 and thioredoxin 1 and protects cells
from apoptosis induced by auranofin and 4-hydroxynonenal. Antioxid. Redox Signal. 2014, 21, 669–681. [CrossRef] [PubMed]

213. López-Grueso, M.J.; González-Ojeda, R.; Requejo-Aguilar, R.; McDonagh, B.; Fuentes-Almagro, C.A.; Muntané, J.; Bárcena, J.A.;
Padilla, C.A. Thioredoxin and glutaredoxin regulate metabolism through different multiplex thiol switches. Redox Biol. 2019, 21,
101049. [CrossRef] [PubMed]

214. Peng, X.; Mandal, P.K.; Kaminsk, V.O.; Lindqvist, A.; Conrad, M.; Arnér, E.S. Sec-containing TrxR1 is essential for self-sufficiency
of cells by control of glucose-derived H2O2. Cell Death Dis. 2014, 5, e1235. [CrossRef] [PubMed]

215. Zhong, L.; Arnér, E.S.; Holmgren, A. Structure and mechanism of mammalian thioredoxin reductase: The active site is a redox-
active selenolthiol/selenenylsulfide formed from the conserved cysteine-selenocysteine sequence. Proc. Natl. Acad. Sci. USA 2000,
97, 5854–5859. [CrossRef] [PubMed]

216. Cheng, Q.; Sandalova, T.; Lindqvist, Y.; Arnér, E.S. Crystal structure and catalysis of the selenoprotein thioredoxin reductase 1. J.
Biol. Chem. 2009, 284, 3998–4008. [CrossRef] [PubMed]

217. Lacey, B.M.; Eckenroth, B.E.; Flemer, S.; Hondal, R.J. Selenium in thioredoxin reductase: A mechanistic perspective. Biochemistry
2008, 47, 12810–12821. [CrossRef]

218. Hondal, R.J. Using chemical approaches to study selenoproteins-focus on thioredoxin reductases. Biochim. Biophys. Acta 2009,
1790, 1501–1512. [CrossRef]

219. Arnér, E.S. Focus on mammalian thioredoxin reductases--important selenoproteins with versatile functions. Biochim. Biophys.
Acta 2009, 1790, 495–526. [CrossRef]

220. Zhong, L.; Holmgren, A. Essential role of selenium in the catalytic activities of mammalian thioredoxin reductase revealed by
characterization of recombinant enzymes with selenocysteine mutations. J. Biol. Chem. 2000, 275, 18121–18128. [CrossRef]

221. Barber, D.R.; Hondal, R.J. Gain of function conferred by selenocysteine: Catalytic enhancement of one-electron transfer reactions
by thioredoxin reductase. Protein Sci. 2019, 28, 79–89. [CrossRef]

222. Xu, J.; Cheng, Q.; Arnér, E.S. Details in the catalytic mechanism of mammalian thioredoxin reductase 1 revealed using point
mutations and juglone-coupled enzyme activities. Free Radic. Biol. Med. 2016, 94, 110–120. [CrossRef]

223. Turanov, A.A.; Hatfield, D.L.; Gladyshev, V.N. Characterization of protein targets of mammalian thioredoxin reductases. Methods
Enzymol. 2010, 474, 245–254.

224. Lu, J.; Berndt, C.; Holmgren, A. Metabolism of selenium compounds catalyzed by the mammalian selenoprotein thioredoxin
reductase. Biochim. Biophys. Acta 2009, 1790, 1513–1519. [CrossRef]

225. Lee, B.C.; Dikiy, A.; Kim, H.Y.; Gladyshev, V.N. Functions and evolution of selenoprotein methionine sulfoxide reductases.
Biochim. Biophys. Acta 2009, 1790, 1471–1477. [CrossRef]

226. Kim, H.Y.; Gladyshev, V.N. Different catalytic mechanisms in mammalian selenocysteine- and cysteine-containing methionine-R-
sulfoxide reductases. PLoS Biol. 2005, 3, e375. [CrossRef]

227. Lourenço Dos Santos, S.; Petropoulos, I.; Friguet, B. The oxidized protein repair enzymes methionine sulfoxide reductases and
their roles in protecting against oxidative stress, in ageing and in regulating protein function. Antioxidants 2018, 7, 191. [CrossRef]
[PubMed]

228. Rhee, S.G.; Woo, H.A.; Kang, D. The role of peroxiredoxins in the transduction of H2O2 signals. Antioxid. Redox Signal. 2018, 28,
537–557. [CrossRef]

229. Rhee, S.G.; Woo, H.A. Multiple functions of peroxiredoxins: Peroxidases, sensors and regulators of the intracellular messenger
H2O2, and protein chaperones. Antioxid. Redox Signal. 2011, 15, 781–794. [CrossRef] [PubMed]

230. Yang, K.S.; Kang, S.W.; Woo, H.A.; Hwang, S.C.; Chae, H.Z.; Kim, K.; Rhee, S.G. Inactivation of human peroxiredoxin I during
catalysis as the result of the oxidation of the catalytic site cysteine to cysteine-sulfinic acid. J. Biol. Chem. 2002, 277, 38029–38036.
[CrossRef]

231. Biteau, B.; Labarre, J.; Toledano, M.B. ATP-dependent reduction of cysteine-sulphinic acid by S. cerevisiae sulphiredoxin. Nature
2003, 425, 980–984. [CrossRef] [PubMed]

232. Jang, H.H.; Lee, K.O.; Chi, Y.H.; Jung, B.G.; Park, S.K.; Park, J.H.; Lee, J.R.; Lee, S.S.; Moon, J.C.; Yun, J.W.; et al. Two enzymes in
one; two yeast peroxiredoxins display oxidative stress-dependent switching from a peroxidase to a molecular chaperone function.
Cell 2004, 117, 625–635. [CrossRef] [PubMed]

233. Weissbach, H.; Etienne, F.; Hoshi, T.; Heinemann, S.H.; Lowther, W.T.; Matthews, B.; St John, G.; Nathan, C.; Brot, N. Peptide
methionine sulfoxide reductase: Structure, mechanism of action, and biological function. Arch. Biochem. Biophys. 2002, 397,
172–178. [CrossRef] [PubMed]

234. Kaya, A.; Lee, B.C.; Gladyshev, V.N. Regulation of protein function by reversible methionine oxidation and the role of selenoprotein
MsrB1. Antioxid. Redox Signal. 2015, 23, 814–822. [CrossRef] [PubMed]

235. Peng, X.; Giménez-Cassina, A.; Petrus, P.; Conrad, M.; Rydén, M.; Arnér, E.S. Thioredoxin reductase 1 suppresses adipocyte
differentiation and insulin responsiveness. Sci. Rep. 2016, 6, 28080. [CrossRef]

400



Int. J. Mol. Sci. 2023, 24, 10109

236. Dagnell, M.; Pace, P.E.; Cheng, Q.; Frijhoff, J.; Östman, A.; Arnér, E.S.J.; Hampton, M.B.; Winterbourn, C.C. Thioredoxin reductase
1 and NADPH directly protect protein tyrosine phosphatase 1B from inactivation during H2O2 exposure. J. Biol. Chem. 2017, 292,
14371–14380. [CrossRef]

237. Cenas, N.; Nivinskas, H.; Anusevicius, Z.; Sarlauskas, J.; Lederer, F.; Arner, E.S. Interactions of quinones with thioredoxin
reductase: A challenge to the antioxidant role of the mammalian selenoprotein. J. Biol. Chem. 2004, 279, 2583–2592. [CrossRef]

238. Anestal, K.; Prast-Nielsen, S.; Cenas, N.; Arner, E.S. Cell death by SecTRAPs: Thioredoxin reductase as a prooxidant killer of cells.
PLoS ONE 2008, 3, e1846. [CrossRef]

239. Hansen, J.M.; Watson, W.H.; Jones, D.P. Compartmentation of Nrf-2 redox control: Regulation of cytoplasmic activation by
glutathione and DNA binding by thioredoxin-1. Toxicol. Sci. 2004, 82, 308–317. [CrossRef] [PubMed]

240. Hirota, K.; Murata, M.; Sachi, Y.; Nakamura, H.; Takeuchi, J.; Mori, K.; Yodoi, J. Distinct roles of thioredoxin in the cytoplasm and
in the nucleus. A two-step mechanism of redox regulation of transcription factor NF-kappaB. J. Biol. Chem. 1999, 274, 27891–27897.
[CrossRef] [PubMed]

241. Ueno, M.; Masutani, H.; Arai, R.J.; Yamauchi, A.; Hirota, K.; Sakai, T.; Inamoto, T.; Yamaoka, Y.; Yodoi, J.; Nikaido, T. Thioredoxin-
dependent redox regulation of p53-mediated p21 activation. J. Biol. Chem. 1999, 274, 35809–35815. [CrossRef]

242. Hirota, K.; Matsui, M.; Iwata, S.; Nishiyama, A.; Mori, K.; Yodoi, J. AP-1 transcriptional activity is regulated by a direct association
between thioredoxin and Ref-1. Proc. Natl. Acad. Sci. USA 1997, 94, 3633–3638. [CrossRef]

243. Go, Y.M.; Jones, D.P. Redox control systems in the nucleus: Mechanisms and functions. Antioxid. Redox Signal. 2010, 13, 489–509.
[CrossRef]

244. Grippo, J.F.; Holmgren, A.; Pratt, W.B. Proof that the endogenous, heat-stable glucocorticoid receptor-activating factor is
thioredoxin. J. Biol. Chem. 1985, 260, 93–97. [CrossRef]

245. Meuillet, E.J.; Mahadevan, D.; Berggren, M.; Coon, A.; Powis, G. Thioredoxin-1 binds to the C2 domain of PTEN inhibiting
PTEN’s lipid phosphatase activity and membrane binding: A mechanism for the functional loss of PTEN’s tumor suppressor
activity. Arch. Biochem. Biophys. 2004, 429, 123–133. [CrossRef]

246. Lee, Y.R.; Chen, M.; Pandolfi, P.P. The functions and regulation of the PTEN tumour suppressor: New modes and prospects. Nat.
Rev. Mol. Cell Biol. 2018, 19, 547–562. [CrossRef]

247. Gencheva, R.; Arnér, E.S.J. Thioredoxin Reductase Inhibition for Cancer Therapy. Annu. Rev. Pharmacol. Toxicol. 2022, 62, 177–196.
[CrossRef]

248. Eriksson, S.E.; Prast-Nielsen, S.; Flaberg, E.; Szekely, L.; Arnér, E.S. High levels of thioredoxin reductase 1 modulate drug-specific
cytotoxic efficacy. Free Radic. Biol. Med. 2009, 47, 1661–1671. [CrossRef]

249. Watson, W.H.; Heilman, J.M.; Hughes, L.L.; Spielberger, J.C. Thioredoxin reductase-1 knock down does not result in thioredoxin-1
oxidation. Biochem. Biophys. Res. Commun. 2008, 368, 832–836. [CrossRef] [PubMed]

250. Zhang, J.; Li, X.; Han, X.; Liu, R.; Fang, J. Targeting the thioredoxin system for cancer therapy. Trends Pharmacol. Sci. 2017, 38,
794–808. [CrossRef] [PubMed]

251. Bian, M.; Fan, R.; Zhao, S.; Liu, W. Targeting the thioredoxin system as a strategy for cancer therapy. J. Med. Chem. 2019, 62,
7309–7321. [CrossRef]

252. Saitoh, M.; Nishitoh, H.; Fujii, M.; Takeda, K.; Tobiume, K.; Sawada, Y.; Kawabata, M.; Miyazono, K.; Ichijo, H. Mammalian
thioredoxin is a direct inhibitor of apoptosis signal-regulating kinase (ASK) 1. EMBO J. 1998, 17, 2596–2606. [CrossRef]

253. Yoshihara, E.; Chen, Z.; Matsuo, Y.; Masutani, H.; Yodoi, J. Thiol redox transitions by thioredoxin and thioredoxin binding
protein-2 in cell signaling. Methods Enzymol. 2010, 474, 67–82. [PubMed]

254. Kuiper, G.G.; Kester, M.H.; Peeters, R.P.; Visser, T.J. Biochemical mechanisms of thyroid hormone deiodination. Thyroid 2005, 15,
787–798. [CrossRef] [PubMed]

255. Callebaut, I.; Curcio-Morelli, C.; Mornon, J.P.; Gereben, B.; Buettner, C.; Huang, S.; Castro, B.; Fonseca, T.L.; Harney, J.W.; Larsen,
P.R.; et al. The iodothyronine selenodeiodinases are thioredoxin-fold family proteins containing a glycoside hydrolase clan
GH-A-like structure. J. Biol. Chem. 2003, 278, 36887–36896. [CrossRef] [PubMed]

256. Schweizer, U.; Schlicker, C.; Braun, D.; Köhrle, J.; Steegborn, C. Crystal structure of mammalian selenocysteine-dependent
iodothyronine deiodinase suggests a peroxiredoxin-like catalytic mechanism. Proc. Natl. Acad. Sci. USA 2014, 111, 10526–10531.
[CrossRef] [PubMed]

257. Schweizer, U.; Steegborn, C. New insights into the structure and mechanism of iodothyronine deiodinases. J. Mol. Endocrinol.
2015, 55, R37–R52. [CrossRef]

258. Bianco, A.C.; da Conceição, R.R. The Deiodinase Trio and Thyroid Hormone Signaling. Methods Mol. Biol. 2018, 1801, 67–83.
259. Köhrle, J.; Frädrich, C. Deiodinases control local cellular and systemic thyroid hormone availability. Free Radic. Biol. Med. 2022,

193 Pt 1, 59–79. [CrossRef]
260. Cicatiello, A.G.; Di Girolamo, D.; Dentice, M. Metabolic Effects of the Intracellular Regulation of Thyroid Hormone: Old Players,

New Concepts. Front. Endocrinol. 2018, 9, 474. [CrossRef]
261. Zavacki, A.M.; Arrojo EDrigo, R.; Freitas, B.C.; Chung, M.; Harney, J.W.; Egri, P.; Wittmann, G.; Fekete, C.; Gereben, B.; Bianco,

A.C. The E3 ubiquitin ligase TEB4 mediates degradation of type 2 iodothyronine deiodinase. Mol. Cell. Biol. 2009, 29, 5339–5347.
[CrossRef]

262. Sase, S.; Kakimoto, R.; Kimura, R.; Goto, K. Synthesis of a stable primary-alkyl-substituted selenenyl iodide and its hydrolytic
conversion to the corresponding selenenic acid. Molecules 2015, 20, 21415–21420. [CrossRef]

401



Int. J. Mol. Sci. 2023, 24, 10109

263. Steegborn, C.; Schweizer, U. Structure and Mechanism of Iodothyronine Deiodinases—What we know, what we don’t know, and
what would be nice to know. Exp. Clin. Endocrinol. Diabetes 2019, 128, 375–378. [CrossRef]

264. Di Jeso, B.; Arvan, P. Thyroglobulin from molecular and cellular biology to clinical endocrinology. Endocr. Rev. 2016, 37, 2–36.
[CrossRef]

265. Ruf, J.; Carayon, P. Structural and functional aspects of thyroid peroxidase. Arch. Biochem. Biophys. 2006, 445, 269–277. [CrossRef]
266. Dunn, J.T.; Dunn, A.D. Update on intrathyroidal iodine metabolism. Thyroid 2001, 11, 407–414. [CrossRef] [PubMed]
267. Fu, J.; Dumitrescu, A.M. Inherited defects in thyroid hormone cell-membrane transport and metabolism. Best Pract. Res. Clin.

Endocrinol. Metab. 2014, 28, 189–201. [CrossRef]
268. Fugazzola, L.; Muzza, M.; Weber, G.; Beck-Peccoz, P.; Persani, L. DUOXS defects: Genotype-phenotype correlations. Ann.

Endocrinol. 2011, 72, 82–86. [CrossRef]
269. Kryukov, G.V.; Kumar, R.A.; Koc, A.; Sun, Z.; Gladyshev, V.N. Selenoprotein R is a zinc-containing stereo-specific methionine

sulfoxide reductase. Proc. Natl. Acad. Sci. USA 2002, 99, 4245–4250. [CrossRef] [PubMed]
270. Aachmann, F.L.; Sal, L.S.; Kim, H.Y.; Marino, S.M.; Gladyshev, V.N.; Dikiy, A. Insights into function, catalytic mechanism, and fold

evolution of selenoprotein methionine sulfoxide reductase B1 through structural analysis. J. Biol. Chem. 2010, 285, 33315–33323.
[CrossRef]

271. Kim, H.Y. The methionine sulfoxide reduction system: Selenium utilization and methionine sulfoxide reductase enzymes and
their functions. Antioxid. Redox Signal. 2013, 19, 958–969. [CrossRef]

272. Tarrago, L.; Kaya, A.; Kim, H.Y.; Manta, B.; Lee, B.C.; Gladyshev, V.N. The selenoprotein methionine sulfoxide reductase B1
(MSRB1). Free Radic. Biol. Med. 2022, 191, 228–240. [CrossRef]

273. Fomenko, D.E.; Novoselov, S.V.; Natarajan, S.K.; Lee, B.C.; Koc, A.; Carlson, B.A.; Lee, T.H.; Kim, H.Y.; Hatfield, D.L.; Gladyshev,
V.N. MsrB1 (methionine-R-sulfoxide reductase 1) knock-out mice: Roles of MsrB1 in redox regulation and identification of a
novel selenoprotein form. J. Biol. Chem. 2009, 284, 5986–5993. [CrossRef] [PubMed]

274. Wu, H.; Yesilyurt, H.G.; Yoon, J.; Terman, J.R. The MICALs are a Family of F-actin Dismantling oxidoreductases conserved from
drosophila to humans. Sci. Rep. 2018, 8, 937. [CrossRef] [PubMed]

275. Lee, B.C.; Péterfi, Z.; Hoffmann, F.W.; Moore, R.E.; Kaya, A.; Avanesov, A.; Tarrago, L.; Zhou, Y.; Weerapana, E.; Fomenko, D.E.;
et al. MsrB1 and MICALs regulate actin assembly and macrophage function via reversible stereoselective methionine oxidation.
Mol. Cell. 2013, 51, 397–404. [CrossRef]

276. Lee, B.C.; Lee, S.G.; Choo, M.K.; Kim, J.H.; Lee, H.M.; Kim, S.; Fomenko, D.E.; Kim, H.Y.; Park, J.M.; Gladyshev, V.N. Selenoprotein
MsrB1 promotes anti-inflammatory cytokine gene expression in macrophages and controls immune response in vivo. Sci. Rep.
2017, 7, 5119. [CrossRef]

277. Konstantinidis, K.; Bezzerides, V.J.; Lai, L.; Isbell, H.M.; Wei, A.C.; Wu, Y.; Viswanathan, M.C.; Blum, I.D.; Granger, J.M.;
Heims-Waldron, D.; et al. MICAL1 constrains cardiac stress responses and protects against disease by oxidizing CaMKII. J. Clin.
Investig. 2020, 130, 4663–4678. [CrossRef]

278. Lai, L.; Sun, J.; Tarafdar, S.; Liu, C.; Murphy, E.; Kim, G.; Levine, R.L. Loss of methionine sulfoxide reductases increases resistance
to oxidative stress. Free Radic. Biol. Med. 2019, 145, 374–384. [CrossRef] [PubMed]
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Abstract: Estrogen deficiency is a major cause of loss of postmenopausal bone mineral density (BMD).
This study aimed to evaluate the effects of equol and resveratrol on bone turnover biomarkers in
postmenopausal women. Sixty healthy postmenopausal women were randomly assigned to receive
200 mg fermented soy containing 10 mg equol and 25 mg resveratrol or a placebo for 12 months.
Whole-body BMD and bone turnover biomarkers, such as deoxypyridinoline (DPD), tartrate-resistant
acid phosphatase 5b (TRACP-5b), osteocalcin, and bone-specific alkaline phosphatase (BAP), were
measured at baseline and after 12 months of treatment. At the end of treatment, DPD, osteocalcin,
and BAP significantly improved in the active group (p < 0.0001 for all) compared to the placebo group.
Conversely, TRACP-5b levels were unaffected by supplementation (p = 0.051). Statistically significant
changes in the concentrations of DPD (p < 0.0001), osteocalcin (p = 0.0001), and BAP (p < 0.0001)
compared to baseline were also identified. Overall, the intervention significantly increased BMD
measured in the whole body (p = 0.0220) compared with the placebo. These data indicate that the
combination of equol and resveratrol may positively modulate bone turnover biomarkers and BMD,
representing a potential approach to prevent age-related bone loss in postmenopausal women.

Keywords: equol; resveratrol; menopause; bone metabolism markers; bone mineral density

1. Introduction

The prevalence of age-related bone loss is higher in women than in men, especially
postmenopausal women. This loss is typically associated with osteoporosis, a common
chronic disease responsible for reduced bone strength, disruption of bone architecture, and
an increased risk of fracture. In postmenopausal women, the incidence of hospitalization
due to osteoporotic fractures is higher than that of stroke, myocardial infarction, and breast
cancer. After the age of 50 years, approximately 50% of women have at least one fracture
due to osteoporosis [1]. The consequences of osteoporotic fractures include a poor quality
of life, disability, and mortality. Therefore, the clinical and economic burden of osteoporosis
is increasingly being recognized as a serious public health problem [2].

Accelerated loss of bone mineral density (BMD), which occurs during menopause
due to estrogen deficiency, is a key contributor to the incidence of osteoporotic
fractures [3]. Although it is well established that fracture risk is higher in menopausal
women with low BMD, considerable attention has been paid to the role of bone turnover
biomarkers in the clinical evaluation of osteoporosis. These biomarkers are released
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during bone remodeling processes and fall into two categories: markers of bone for-
mation produced by osteoblastic cells or derived from procollagen metabolism and
markers of bone resorption, which are degradation products of osteoclasts or collagen
degradation [4,5]. Although several biochemical markers of bone formation are cur-
rently in use, the measurement of osteocalcin and bone alkaline phosphatase (BAP) is
recognized as a useful means for the management of osteoporosis and for the prediction
of fracture risk in postmenopausal women [6]. To evaluate the response to pharma-
cologic treatment and to assist the clinical diagnosis of osteoporosis, among the most
common markers of bone resorption, tartrate-resistant acid phosphatase 5b (TRACP-5b)
and deoxypyridinoline (DPD) have shown great potential [5,7].

Recently, significant advances have been made in the development of nutraceutical
agents to prevent age-related bone loss. Phytoestrogens are a group of plant polyphenols
that are commonly used for the treatment of menopause-related conditions. They can be
classified into four classes: isoflavones, lignans, coumestans, and stilbenes. The estrogenic
activity of these compounds may exert a multitude of benefits in estrogen-deficient
menopausal women, including beneficial effects on osteoporotic bone loss [8]. The health
benefits of isoflavones in middle-aged women appear to be due to individual differences
in their ability to produce equol in the intestine. In Western countries, only 30–50%
of individuals metabolize the isoflavone daidzein into equol and are known as equol
producers [9]. Some studies have reported that supplementation with equol contributes
to improving bone health in postmenopausal women, including those who are not equol
producers [10,11]. It was also shown that a combination of equol and resveratrol might
attenuate menopausal symptoms and increase mitochondrial function [12,13]. Resveratrol
is a phytoestrogen that modulates estrogenic activity through various mechanisms. It
directly interacts with the estrogen receptor, acting as both an agonist and antagonist. This
compound also affects the metabolism of estrogens in the intestines and liver, increasing
their levels and enhancing their central and peripheral actions. Additionally, resveratrol
inhibits key enzymes involved in steroidogenesis, influencing the plasma levels of steroids
and their precursors. Resveratrol also exerts potent bone-protective effects, especially
in experimental models that mimic postmenopausal osteoporosis caused by estrogen
deficiency [14,15].

This randomized, placebo-controlled trial evaluated the efficacy of the combined
use of resveratrol and equol on bone turnover biomarkers and whole-body BMD in post-
menopausal women.

2. Results

The flowchart illustrating the study design is shown in Figure 1. A total of 76 healthy
postmenopausal women were randomly allocated to receive the equol/resveratrol com-
bination or placebo. At the end of the 12-month intervention phase, eight women in the
placebo group and six in the active group were lost to follow-up. In the final analysis, two
participants in the treatment group were excluded because the baseline data were lost and
could not be recovered. The treatment was well tolerated by the patients, and none of the
subjects experienced serious adverse events.

The characteristics of the participants are listed in Table 1. No significant baseline
differences were observed between the active and placebo groups regarding the concen-
trations of osteocalcin, BAP, TRACP-5b, and DPD. All 60 participants who completed the
study had a normal BMD at baseline. No baseline differences in whole-body BMD were
found between the two groups. The control and intervention groups showed no change in
compliance at baseline and follow-up.

After 12 months, the active group showed a statistically significant reduction in
DPD levels from baseline (p < 0.0001, Figure 2A). Likewise, a significant change in the
concentrations of OC and BAP compared to both the baseline and placebo (p ≤ 0.0001
for all, Figure 2C,D) was observed after 12 months. Conversely, TRACP-5b levels were
unaffected by the supplementation. However, after 12 months, the active group showed a
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trend toward a reduction in TRACP-5b levels compared to the placebo group (p = 0.051,
Figure 2B). The intervention significantly increased the BMD measured in the whole body
(p = 0.0220, Figure 2E) compared to the placebo.

Figure 1. Flowchart of enrolment, intervention allocation, and data analysis.

Table 1. Baseline characteristics of study participants.

Characteristic Placebo Active p

Age, years 52.69 ± 2.10 52.09 ± 1.71 0.931
SBP, mmHg 134.17 ± 12.87 134.26 ± 8.89 0.972
DBP, mmHg 85.17 ± 9.69 88.45 ± 8.46 0.171
BMI, Kg/m2 23.84 ± 2.19 23.42 ± 1.81 0.355
Total Cholesterol, mg/dL 171.38 ± 29.23 178.03 ± 30.33 0.322
HDL Cholesterol, mg/dL 49.60 ± 21.94 50.64 ± 20.71 0.818
LDL Cholesterol, mg/dL 91.24 ± 34.78 98.08 ± 34.31 0.379
Triglycerides, mg/dL 108.43 ± 62.97 110.11 ± 66.97 0.904
ALT, U/L 22.95 ± 5.93 24.13 ± 9.49 0.217
AST, U/L 23.57 ± 4.41 24.47 ± 5.25 0.406
Glycemia, mg/dL 93.60 ± 28.98 91.08 ± 16.74 0.635
DPD, pmol/μmol 13.73 ± 2.98 14.40 ± 3.05 0.395
TRACP-5b, U/L 4.29 ± 0.81 4.11 ± 0.91 0.422
Osteocalcin, ng/mL 23.53 ± 5.67 22.95 ± 5.20 0.679
BAP, μ/mL 45.77 ± 2.30 45.13 ± 3.00 0.363
BMD, SD 0.827 ± 0.097 0.867 ± 0.119 0.211

Abbreviations: SBP, Systolic blood pressure; DBP, Diastolic blood pressure; BMI, body. mass index; LDL,
low-density lipoprotein; HDL, high-density lipoprotein; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; DPD, deoxypyridinoline; TRACP-5b, tartrate-resistant acid phosphatase 5b; BAP, bone-
specific alkaline phosphatase; BMD, bone mineral density.
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To assess the efficacy of treatment, we calculated the percentage difference between the
initial and final values. The percentage changes in all bone metabolism markers and BMD
were significantly different between the placebo and active groups: DPD −32.63 ± 12.08%,
p < 0.0001; TRACP-5b −8.78 ± 9.24%, p = 0.0331; osteocalcin +49.70 ± 28.54%, p < 0.0001;
BAP +8.00 ± 4.64%, p < 0.0001; BMD +3.17 ± 2.74%, p < 0.0001 (Figure 3).

Figure 2. Concentrations of bone markers and BMD levels in the groups at baseline and after
12 months. The figure shows the concentration of (A) DPD, (B) TRACP-5b, (C) OC, (D) BAP levels,
and (E) BMD measured in the whole body at baseline and after 12 months for both groups. The dots
represent the outliner values.

To confirm these findings and determine the best predictive factor for percentage
changes in BMD, multivariable linear regression analysis was conducted (Table 2). The
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analysis examined whether percentage changes in OC, BAP, DPD, TRACP-5b, and being in
the active group were significant predictors of percentage changes in BMD.

Figure 3. Percentage changes in all osteoblastic/osteoclastic parameters and BMD between the
placebo and active groups were evaluated. The percentage changes in all bone metabolism markers
and BMD were significantly different between the placebo and active groups. The dots represent the
outliner values.

Table 2. Multivariable linear regression analysis.

Var_BMD Beta
[95% Conf. Interval]

p
Lowest Highest

Var_BAP 0.216 0.08 0.350 0.002
Var_OC −0.014 −0.040 0.012 0.285

Var_TRACP-5b 0.008 −0.046 0.062 0.771
Var_DPD 0.052 0.008 0.095 0.020

Group
Active 3.394 1.245 5.544 0.003

In bold the significant values are reported.

The fitted regression model was 0.495 + 0.216× (% change in BAP)− 0.014× (% change
in OC) + 0.008 × (% change in TRACP-5b) + 0.052 × (% change in DPD) + 3.394 × (active
group). The overall regression was statistically significant (r2 = 0.4650, F (5.54), p < 0.0001). The
best predictor of the percentage change in BMD was represented by the percentage changes
in BAP (β = 0.216, 95% CI 0.0814–0.3498, p = 0.002), followed by participation in the active
group (β = 3.394, 95% CI 1.245–5.544, p = 0.003), and percentage changes in DPD (β = 0.0516,
95% CI 0.008–0.095, p = 0.020). The analysis revealed that treatment with the equol/resveratrol
combination was directly and significantly associated with higher percentage changes in BMD
compared with placebo.

To better define the role of treatment in improving BMD, a linear regression analysis
was performed by group. The analysis tested whether the percentage changes in OC, BAP,
DPD, and TRPC-5b significantly predicted the percentage changes in BMD within each
group. In the placebo group, no predictors of changes in BMD were identified. However,
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in the intervention group, a statistically significant association was observed between
percentage changes in BAP and percentage changes in BMD (Figure 4) (β = 0.337, 95%
CI 0.139–0.536, p = 0.002). This finding suggested that the equol/resveratrol combination
acted favorably through the BAP to induce an increase in BMD.

Figure 4. Linear regression analysis by group. In the placebo group, no predictors of changes in
BMD were identified. Conversely, in the intervention group, a statistically significant association was
found between the percentage changes in BAP and the percentage changes in BMD.

3. Discussion

In this randomized placebo-controlled trial, supplementation with an equol/resveratrol
combination for 12 months improved the bone anabolism in postmenopausal women. This
supplementation promoted an increase in osteoblast markers (osteocalcin and BAP) and
a decrease in osteoclast markers (DPD and TRACP-5b) (Figures 2 and 3). These changes
favorably counteracted the imbalance between excessive bone absorption and reduced
bone formation in postmenopausal women. Moreover, these changes were also associated
with an improvement in BMD, which generally exhibited a pathological reduction during
menopause. These findings were confirmed by multilinear regression analysis, which
identified the intervention group as a predictor of changes in BMD in a positive and direct
manner (Table 2). When stratified by group, no association was found between changes
in markers of bone absorption/resorption and BMD variations in the placebo group. In
contrast, the active group showed a positive association between changes in BAP and BMD
(Figure 4), suggesting that supplementation improved BMD by increasing BAP levels.

After menopause, women lose 3% of their BMD each year, resulting in osteopenia or
osteoporosis [16]. Rapid BMD loss due to estrogen deficiency critically contributes to an
increased incidence of fractures [3]. Although pharmacological options are available to
counteract osteoporosis, considering the treatment duration for maintaining bone health
during the postmenopausal period and the risks associated with the long-term use of
estrogen therapy, it is clinically valuable to develop effective treatments with minimal side
effects suitable for long-term use [17]. Therefore, dietary trends have been directed towards
the utilization of health-protective and disease-preventive foods [18].
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Equol is a daidzein metabolite produced by anaerobic bacteria with stronger estrogenic
activity than any other isoflavone or isoflavone-derived metabolite [19]. Isoflavones have been
repeatedly reported to help prevent osteoporosis [20,21], but the exact mechanism by which
they preserve bone health is not completely understood. In a meta-analysis, Wei et al. found
that soy isoflavones significantly increased bone mineral density by 54% and decreased the
bone resorption marker urinary DPD by 23% compared to baseline in women. However, no
significant effects on serum bone alkaline phosphatase activity have been observed [20]. In our
study, the 12-month use of combined supplementation with equol and resveratrol was able to
modify BMD and resorption and absorption bone markers.

Resveratrol has also been reported to act as a phytoestrogen. In a clinical study,
resveratrol showed favorable effects on estrogen metabolism and circulating sex steroid
hormones [22]. Recently, the Resveratrol for Healthy Aging in Women (RESHAW) trial
demonstrated that a low dose of resveratrol (75 mg twice daily) supplementation in post-
menopausal women, after 12 months, induced positive effects compared with placebo on
bone density in the lumbar spine and neck of the femur. These effects were accompanied
by a reduction in the levels of C-terminal telopeptide type-1 collagen, a bone resorption
marker [23]. The significant benefits observed in our study may be the result of combining
compounds, rather than the individual effects of equol or resveratrol. Although there are
beneficial properties of equol and resveratrol against menopause-related symptoms, their
effects on bone metabolism and prophylaxis of osteoporosis are poorly explored. To our
knowledge, this is the first study to investigate the effects of combined supplementation of
equol and resveratrol on bone metabolism in humans.

These compounds may act through multiple mechanisms, particularly through the
estrogenic pathway. Resveratrol may exert its estrogen-like effect on bone by increasing
the gene expression of osteoprotegerin, a protein that inhibits receptor activator of nuclear
factor κB ligand (RANKL) to counteract osteoclast differentiation and activity [24]. Similarly,
isoflavones have been reported to trigger the activity and proliferation of osteoblasts via
insulin-like growth factor 1 (IGF-1), a key factor in maintaining bone mass against the action
of osteoclasts [25]. In our study, multivariate analysis confirmed an association between
the BMD improvement and increased BAP levels following supplementation, suggesting
the involvement of this mechanism.

Soy isoflavones decrease RANKL levels and increase osteoprotegerin levels [26]. Therefore,
isoflavones can improve bone metabolism and decrease bone resorption. Soy isoflavones
decrease serum markers of bone resorption and improve bone metabolism. However, while
the available data are promising, several studies have reported no change in RANKL and
osteoprotegerin levels with isoflavone supplementation. In this regard, the current evidence is
insufficient for conclusive approval of the efficacy of isoflavones in the RANKL/RANK/OPG
pathway. Further research, including animal and human studies, is needed to confirm the
effect of soy isoflavones on the RANKL/RANK/OPG pathway [26].

In most cases, supplementation included only isoflavones. Recently, Tousen et al.
demonstrated that the combination of soy isoflavones and resveratrol prevented bone loss
and decreased the RANKL/OPG gene expression ratio in bone marrow cells in unloaded
mice [27], supporting the hypothesis of a beneficial multiplicative effect of these compounds
on bone mass density.

Another factor that might have contributed to these effects could be related to the
dosage. The dose of equol applied in this study has been used in several clinical trials and
is reported to be effective for general menopausal symptoms without any serious adverse
events. Tai et al. demonstrated that 24-month treatment with 300 mg/day isoflavones did
not prevent the decline in BMD in postmenopausal women [28]. Kreijkamp-Kaspers et al.
reported that a 12-month soy protein supplementation did not have any effect on BMD in
postmenopausal women aged 60–75 years [29]. In contrast, Wu et al. assessed the positive
effects of a 12-month intervention with soy isoflavones on the BMD of equol-producing
postmenopausal Japanese women [30]. Consistent with our results, Wong et al. reported
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that a 12-month supplementation with 75 mg of resveratrol twice daily has the potential to
slow bone loss in postmenopausal women [23].

The present study has several strengths and limitations. The main strength is rep-
resented by the 100% retention rate for a 12-month intervention, associated with the
investigation of the effects of simultaneous combined supplementation of equol and resver-
atrol on bone metabolism. The primary limitation of this study was its small sample size.
However, several other similar studies did not include larger study populations. The
second limitation is the duration of the study. Even though we conducted a 12-month study,
a longer intervention duration may be helpful in further assessing the effects of equol and
resveratrol on bone turnover and density. Finally, our study did not determine whether the
enrolled subjects were equol producers. Therefore, even though the majority of Western
women are not equol producers, we did not stratify the treatment and placebo groups
based on equol-producing status.

In conclusion, our results suggest that combined supplementation of equol and resver-
atrol has some additional benefits on bone turnover biomarkers, especially in improving
bone density formation in postmenopausal women. In the near future, larger studies
should be conducted to confirm these results and investigate the molecular mechanisms un-
derlying these effects. This non-pharmacological treatment represents a potential approach
for preventing age-related bone loss in postmenopausal women.

4. Materials and Methods

4.1. Participants

Eligible subjects were all adult Caucasian menopausal women aged between 50 and
55 years old. The inclusion criteria were as follows: (1) menopause according to the
WHO definition (after 12 consecutive months without menstruation) [31]; (2) case his-
tory characterized by menopausal complaints such as hot flushes, anxiety, emotional
instability, sleep disorders, and depression; (3) 20 kg/m2 ≥ BMI < 25 kg/m2. Women
were ineligible if any of the following criteria were present: (1) case history related to en-
dometrial hyperplasia; (2) hormone replacement therapy (HRT); (3) metabolic syndrome;
(4) pharmacological or nutritional treatments known to interfere with resveratrol and
equol or affecting menopause symptoms. The subjects maintained their usual physical
activity and diet pattern throughout the study. The study took place at Farcoderm S.r.l.
facilities in San Martino Siccomario (PV), Italy. Subjects attended clinic visits at the time
of randomization (baseline) and 12 months after supplementation initiation.

4.2. Study Design

A randomized, double-blind, placebo-controlled dietary intervention trial of 12 months
duration was designed to evaluate the effects of equol and resveratrol supplementation on
bone markers of in menopausal women. Of 90 eligible women, 12 were excluded because
they did not meet the inclusion criteria, and 2 declined to participate (Figure 1). Thus,
76 menopausal women were included in the study. All the study procedures were carried
out in accordance with the Declaration of Helsinki.

The study protocol was approved by the local ethics committee (study code: SI.02.DS.L;
ref. no. 2011/3) and registered at the ISRCTN registry (ISRCTN10128742). All subjects
provided written informed consent prior to the initiation of any study-related procedures.

4.3. Intervention and Randomization

The product was a commercially available dietary supplement (Equopausa D. Ulrich,
Paladin Pharma S.p.A., Turin, Italy) containing 200 mg of fermented soy (including 80 mg
of isoflavone aglycones and 10 mg of equol) and 25 mg of resveratrol from Vitis vinifera.
The proposed level of equol intake has been used in several clinical trials and reported to
be effective for menopausal symptoms [10,32,33]. The dosage of resveratrol was chosen
because it was supported by several human studies showing that 25 mg of resveratrol per
os was well absorbed and well tolerated [34–36]. Both active and placebo products were in
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tablet form and identical in appearance. They were prepacked in blisters and consecutively
numbered for each subject according to the randomization list. Subjects’ compliance to
treatment was assessed by means of product accountability as follows: at each visit, the
expected number of consumed capsules was compared with the amount dispensed minus
the quantity of the product that the subject returned.

Subjects were randomly assigned to receive the product or the placebo once a day. A
restricted randomization list was created using PASS v.2008 (PASS, LLC. Kaysville, UT,
USA) statistical software. The randomization sequence was stratified using a 10% maximum
allowable % deviation with a 1:1 allocation ratio. The allocation sequence was concealed
from the in-site study director in sequentially numbered, opaque, and sealed envelopes,
reporting the unblinded treatment allocation. An independent technician dispensed either
active or placebo products. Subjects, investigators, and collaborators were kept masked to
product assignment.

The intervention period with phytoestrogens that would elicit a beneficial response
in menopausal women is controversial and usually ranges from 3 to 12 months. Given
that a short-term treatment of 3 months could have been a potential limitation, we chose
12 months of intervention as a in previous study investigating the effects of equol on bone
metabolism in postmenopausal women [10].

4.4. Measurement of Bone Markers

Subjects were evaluated at baseline and after 12 months of treatment. Blood
samples were centrifuged at 1200 g for 15 min at 4 ◦C, and serum samples were sepa-
rated, divided into aliquots, and stored at −80 ◦C until analysis. Parameters of bone
metabolism, such as OC and BAP, were measured by an electrochemiluminescence as-
say (ECLIA) (Roche Diagnostics, Mannheim, Germany). The serum level of TRACP-5b
was measured using a fragment-absorbed immunocapture enzymatic assay (Quidel
Corporation, San Diego, CA, USA). A complete 24 h urine collection was conducted
at the beginning and end of the intervention and aliquots were stored at −80 ◦C until
analysis. Urinary DPD concentrations were measured by high-performance liquid
chromatography (HPLC) (Shimadzu, Kyoto, Japan).

4.5. Measurement of BMD

The whole-body BMD was assessed by dual-energy X-ray absorptiometry (DXA)
using a Lunar Prodigy Primo device (GE Healthcare, Chicago, IL, USA) with the Encore
v.1 Windows XP software platform. The measurements were performed at baseline
and after 12 months of treatment. The device was regularly calibrated before each
diagnostic block and all DXA scans were clinically performed in accordance with the
manufacturer’s recommendations.

4.6. Statistical Analysis

Categorical variables were summarized using frequencies and percentages, whereas,
for continuous variables, means and standard deviations (SD) were used. For the univariate
analysis, χ2 tests to compare categorical variables between the groups and the Student’s
t-test for independent samples to compare continuous variables between the groups were
used. To check the percentual change in all parameters, the following formula was used:
[(Final value − baseline value)/baseline value] × 100. Multivariable linear regression was
used to determine the independent predictive factors of % changes in BMD. Two-tailed
p < 0.05 was considered statistically significant. Statistical analyses were performed using
STATA 16 software (Stata Corp., College Station, TX, USA).
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Abstract: Several studies have suggested that a phenolic-rich diet may be protective against colon
cancer. Most phenolic compounds are not absorbed in the small intestine and reach the colon
where they are metabolized by gut microbiota in simple phenolic acids. In this study, the anti-
proliferative activity of quercetins, chlorogenic acids, their colon metabolites and mixtures of parent
compounds/metabolites was assessed by using two colon cancer cell lines (Caco-2 and SW480)
at physiologically relevant concentrations. Chlorogenic acids, quercetin and the metabolite 3-
(3′,4′-dihydroxyphenyl)acetic acid exerted remarkable anti-proliferative activity against Caco-2,
whereas quercetin derivatives and metabolites were the most active against SW480. Tested com-
pounds arrested the cell cycle at the S phase in both the cell lines. The mixtures of parent com-
pounds/metabolites, which mimic the colon human metabotypes that slowly or rapidly metabolize
the parent compounds, similarly inhibited cell growth. SW480 cells metabolized parent phenolic
compounds more rapidly and extensively than Caco-2, whereas colon metabolites were more stable.
These results suggest that dietary phenolic compounds exert an anti-proliferative effect against
human colon cancer cells that can be further sustained by the colon metabolites. Therefore, gut
microbiota metabolism of phenolic compounds may be of paramount importance in explaining the
protective effect of phenolic-rich foods against colon cancer.

Keywords: phenolic compounds; mass spectrometry; colon cancer; anti-proliferative activity; gut
microbiota; metabolism

1. Introduction

Colorectal cancer is one of the most frequent forms of cancer, playing an important
role in mortality, lifestyle and economic costs worldwide [1]. Colorectal cancer is primarily
affected by lifestyle (such as diets and low physical activity), genetic predisposition, and
the presence of chronic intestinal inflammation conditions (such as inflammatory bowel
diseases). This pathology is characterized by a low heritability level, with only 12–35% of
CRC cases attributable to genetic predisposition, reflecting the crucial role of dietary and
environmental factors [2]. Colorectal cancer prevention is one of the most essential priorities
in public health, especially considering that modifiable lifestyle factors had a pivotal role
in the occurrence and progression of colorectal cancer [3]. Several epidemiological and
observational studies have highlighted the strong impact of diet on the risk of colorectal
cancer [4–7]. Dietary factors and the type of diet are among the main determinants in
the development of colorectal cancer [4]. For example, diets rich in fibers, calcium and
dairy products as well as a plant-based diet rich in phenolic compounds can decrease the
risk of developing colorectal cancer [4,5,8,9]. Vice versa, a low-fiber diet associated with
a high intake of red and processed meat may increase the risk of the onset of colorectal
cancer [4,5,8,9].
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Among the different dietary patterns, the Mediterranean diet is widely recognized as a
healthy diet that may be protective against the onset of several chronic diseases, including
cancer [10,11]. For example, populations with a high adherence to the Mediterranean diet
displayed a lower incidence of colorectal cancer, suggesting that the Mediterranean diet
may be chemopreventive against this type of cancer [10,12,13]. Indeed, the Mediterranean
diet is characterized by a high intake of vegetables, fiber-rich foods, fresh fruits and legumes
together with a low intake of red and processed meat [11].

The beneficial consequences of a Mediterranean diet—and, more generally, a diet
rich in vegetables and fruits—in preventing the onset of colorectal cancer may be in part
ascribable to the high content in phenolic compounds of these foods [8,10]. For example,
Zamora-Ros et al. [14] found a positive association between the intake of phenolic acids
(mainly hydroxycinnamic acids) and a reduction in colon cancer, whereas Chang et al. [15]
suggested that a high intake of flavonoids (especially flavonols) may decrease the onset of
colon cancer.

Hydroxycinnamic acids are an important class of phenolic compounds which are
mainly found in nature esterified with one or more quinic acid moieties, producing the
so-called chlorogenic acids [16]. The most important chlorogenic acids found in nature are
caffeoylquinic, feruloylquinic and dicaffeoylquinic acids [17]. In the context of the Mediter-
ranean diet, they may account for 25–35% of total phenolic compound intake [18,19]. The
main dietary sources of chlorogenic acids in the Mediterranean diet are coffee, vegetables
(such as eggplant and carrots) and fruits (such as cherries and apples) [19–21].

Flavonols are another widespread class of dietary phenolic compounds that are mainly
found in nature in the form of glycoside derivatives [22]. Flavonols may account for
7–15% of total phenolic compounds in the Mediterranean diet, where the main sources are
fruits and vegetables and, in particular, onions, apples, berries and red wine [18,23]. The
principal flavonols identified in vegetables are glycosylated quercetin derivatives, such as
quercetin-3-O-glucoside and quercetin-3-O-rutinoside, as well as quercetin-4′-O-glucoside
and quercetin-3-O-glucoside-4′-O-glucoside in onion [22,23].

Several meta-analyses of epidemiological studies as well as animal studies provide
support for the protective effect of flavonols and hydroxycinnamic acids against colorectal
cancer [15,24–26]. Nevertheless, the data extracted from human intervention studies are
still inconclusive owing to the considerable inter-individual variability due largely to the
different gut microbiota metabolism of phenolic compounds among individuals.

Quercetin and quercetin derivatives reaching the colon are subjected to microbiota
metabolism that involves a deglycosylation reaction, followed by C-ring fission and β-
oxidation generating some low-molecular-weight phenolic acids, mainly 3-(3′-hydroxyphenyl)
propanoic acid, 3-(3′-hydroxyphenyl)acetic acid and 3-(3′,4′-dihydroxyphenyl)acetic acid [27,28].
Similarly, the colon metabolism of chlorogenic acids starts with the removal of the quinic
acid moiety followed by reduction and de-hydroxylation, which results in the accumulation
of 3-(3′-hydroxyphenyl)propanoic acid [29,30]. However, the amount and the type of the
produced metabolites greatly differed among individuals depending on the microbiota
composition [17,31]. Therefore, both the parent compounds and the microbial metabolites
co-exist in the colon, and the ratio of parent compounds/metabolites strongly depends on
the individual microbiota composition and on the ability to produce high or low amounts of
phenolic metabolites and, therefore, on inter-individual variability and metabotype [32,33].
In the low-producers metabotype (i.e., individuals that produce low amounts of colon
metabolites) the ratio of parent compounds/metabolites is strongly shifted towards the par-
ent compounds, whereas in the high-producers metabotype (i.e., individuals that produce
high amounts of colon metabolites) the equilibrium is directed towards a higher amount of
colon metabolites.

Thus, the aim of this work was to study the anti-proliferative activity and the cell
metabolism of selected quercetin derivatives (quercetin, quercetin-4′-O-glucoside and
quercetin-3-O-glucoside-4′-O-glucoside) and chlorogenic acids (3-O-caffeoylquinic acid,
5-O-caffeoylquinic acid and 3,5-di-O-caffeoylquinic acid) as well as their most important
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colon metabolites (3-(3′-hydroxyphenyl)propanoic acid, 3-(3′-hydroxyphenyl)acetic acid
and 3-(3′,4′-dihydroxyphenyl)acetic acid) using colon adenocarcinoma Caco-2 and SW480
cell lines. Indeed, to understand the possible role of inter-individual variability, six different
mixes were prepared, mimicking the low-producers (high amounts of parent compounds
and low amounts of metabolites) and the high-producers (low amounts of parent com-
pounds and high amounts of metabolites) metabotypes in comparison with a third mix with
equimolar amounts of parent compounds and metabolites. The aim was to understand if
colon metabolites may retain anti-proliferative activity against colon cancer cells sustaining
the effect of the parent compounds and to shed light on the possible different impact of the
diverse human metabotypes on the anti-cancer potential of phenolic-rich vegetables.

2. Results

2.1. Anti-Proliferative Activity of Phenolic Compounds and Metabolites

The tested parent phenolic compounds and metabolites at 100 μmol/L concentration
exerted a time-dependent anti-proliferative activity against both the colon cancer cell lines,
with the only exception being quercetin-3-O-glucoside-4′-O-glucoside which did not show
any activity against Caco-2 cell proliferation at any time (Figure 1a,b).

Figure 1. Antiproliferative activity of parent phenolic compounds and colon metabolites. All the
compounds were tested at a final concentration of 100 μmol/L. (a) Percentage of inhibition of
Caco-2 growth after 24, 48 and 72 h. (b) Percentage of inhibition of SW480 growth after 24, 48 and
72 h. Tested compounds were quercetins (quercetin-3-O-glucoside-4′-O-glucoside, quercetin-4′-O-
lucoside and quercetin) and quercetin-derived colon metabolites (3-(3′-hydroxyphenyl)acetic acid,
3-(3′,4′-dihydroxyphenyl)acetic acid and 3-(3′-hydroxyphenyl)propanoic acid) as well as chlorogenic
acids (3,5-di-O-caffeoylquinic acid, 3-O-caffeoylquinic acid and 5-O-caffeoylquinic acid) and the
chlorogenic-acid-derived colon metabolite 3-(3′-hydroxyphenyl)propanoic acid. Data are presented
as mean ± standard deviation.
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In general, quercetin derivatives were more active against SW480 cell proliferation
with respect to Caco-2 proliferation. The anti-proliferative activity started to be detectable
after 48 h of incubation and increased in both the cell lines after 72 h of incubation. Among
quercetin derivatives, the highest activity was found in both cell lines for quercetin, followed
by quercetin-4′-O-glucoside. For both the compounds, the anti-proliferative effect was
significantly higher (p < 0.05) against SW480 with respect to Caco-2 both after 48 and 72 h
of incubation. As already mentioned, quercetin-3-O-glucoside-4′-O-glucoside displayed
anti-proliferative activity only against the SW480 cell line, although it was significantly
lower (p < 0.05) with respect to quercetin and quercetin-4′-O-glucoside.

An opposite trend was observed for chlorogenic acids, since they displayed a signifi-
cantly higher (p < 0.05) anti-proliferative activity against Caco-2 with respect to the SW480
cell line at any time. In Caco-2 cells, 3,5-di-O-caffeoylquinic acid, 3-O-caffeoylquinic acid
and 5-O-caffeoylquinic acid were active already after 24 h of incubation, and then the anti-
proliferative activity increased over time, reaching an almost complete inhibition after 72 h
of incubation. The anti-proliferative activity of 5-O-caffeoylquinic acid was significantly
lower (p < 0.05) than that of its positional isomer 3-O-caffeoylquinic acid at any time. In
the case of SW480, the maximum effect was observed after 72 h of incubation for both the
compounds, with 3-O-caffeoylquinic acid more active than 3,5-di-O-caffeoylquinic acid
and 5-O-caffeoylquinic acid (29.6%, 10.9% and 14.7% of inhibition at 72 h, respectively).

A similar trend was observed also for the phenolic metabolites, which exerted a
higher anti-proliferative effect (p < 0.05) against Caco-2 with respect to SW480 at any
incubation time, except for 3-(3′-hydroxyphenyl)acetic acid. The colon metabolite 3-
(3′,4′-dihydroxyphenyl)acetic acid was the tested compound that exerted the highest anti-
proliferative effect against the Caco-2 cell line. The metabolite 3-(3′-hydroxyphenyl)propanoic
acid was more effective than 3-(3′-hydroxyphenyl)acetic acid after 24 and 48 h of incubation
with the Caco-2 cell line. However, no significant differences (p > 0.05) were found in the
anti-proliferative activity of these two colon metabolites after 72 h of incubation with Caco-2
cells. No anti-proliferative activity was observed in the SW480 cell line for all the tested
colon metabolites after 24 h of incubation. After 48 and 72 h of incubation with SW480 cells,
no significant differences (p > 0.05) were found between the anti-proliferative activity of 3-
(3′,4′-dihydroxyphenyl)acetic acid and 3-(3′-hydroxyphenyl)acetic acid. Among the tested
metabolites, 3-(3′-hydroxyphenyl)propanoic acid displayed the lowest anti-proliferative
activity against SW480 cells, with a recorded 13.3% of inhibition after 72 h of incubation.

The IC50 values were calculated for the most active compounds and data are reported
in Table 1.

Table 1. IC50 values (μmol/L) of the different tested compounds after 24, 48 and 72 h of incubation
with Caco-2 and SW480 cell lines.

Compound
Caco-2 (μmol/L) SW 480 (μmol/L)

24 h 48 h 72 h 24 h 48 h 72 h

Quercetin-3-O-glucoside-4′-O-glucoside n.a. n.a. n.a. n.a. >200 ~200
Quercetin-4′-O-glucoside n.a. >200 >200 n.a. 144.3 ± 6.6 102.2 ± 5.3 #

Quercetin n.a. >200 116.1 ± 4.9 n.a. 89.2 ± 3.1 58.2 ± 2.7
3-O-Caffeoylquinic acid 97.3 ± 2.9 # 42.8 ± 1.7 * 40.4 ± 2.0 * n.a. >200 >200
5-O-Caffeoylquinic acid 169.5 ± 8.3 98.8 ± 3.0 # 31.3 ± 2.1 n.a. >200 >200

3,5-di-O-Caffeoylquinic acid >200 27.5 ± 1.0 8.8 ± 0.2 n.a. >200 >200
3-(3′-Hydroxyphenyl)acetic acid n.a. > 200 > 200 n.a. >200 99.6 ± 4.8 #

3-(3′,4′-Dihydroxyphenyl)acetic acid 79.5 ± 1.4 14.7 ± 0.8 3.0 ± 0.1 n.a. >200 92.2 ± 6.9 #

3-(3′-Hydroxyphenyl)propanoic acid >200 >200 >200 n.a. n.a. >200

n.a. means not active compound. Number with the same superscript symbol (* or #) were not significantly
different (p > 0.05). The maximum tested concentration was 200 μmol/L.

In the case of Caco-2 cells, the lowest IC50 values were calculated for the colon metabo-
lite 3-(3′,4′-dihydroxyphenyl)acetic acid at any time of incubation. The IC50 values de-
creased according to the incubation time by 5.4 times from 24 to 48 h and by 4.9 times from
48 to 72 h. The IC50 values were also calculated for the three tested chlorogenic acids. At
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24 h, 3-O-caffeoylquinic acid was more effective than 3,5-di-O-caffeoylquinic acid, whereas
this last compound passed 3-O-caffeoylquinic acid in its anti-proliferative effect after 48
and 72 h of incubation. The IC50 value of 3-O-caffeoylquinic acid decreased by 2.3 times
passing from 24 to 48 h of incubation, whereas no significant differences (p > 0.05) were
detected in the IC50 values between 48 and 72 h of incubation.

The compound 5-O-caffeoylquinic acid displayed higher IC50 values (and therefore
lower activity) than 3-O-caffeoylquinic acid at 24 and 48 h; however, at 72 h, the calculated
IC50 value for 5-O-caffeoylquinic acid was significantly lower (p < 0.05) than that of 3-
O-caffeoylquinic acid. The decrease in the IC50 values for 5-O-caffeoylquinic acid was
1.7-times from 24 to 48 h and 3.2-times from 48 to 72 h. For 3,5-di-O-caffeoylquinic acid, a
3.1-fold decrease in the IC50 value was recorded from 48 to 72 h of incubation.

In the case of SW480, the IC50 values were calculated only for two quercetin derivatives
and two metabolites. In the case of quercetin derivatives, the lowest IC50 values were found
for quercetin both after 48 and 72 h of incubation, with a recorded decrease of 1.5-fold
passing from 48 to 72 h. A similar decrease in the IC50 values was observed for quercetin-
4′-O-glucoside (1.4-fold) going from 48 to 72 h of incubation. The IC50 values calculated for
the metabolites 3-(3′,4′-dihydroxyphenyl)acetic acid and 3-(3′-hydroxyphenyl)acetic acid
after 72 h of incubation were not significantly different (p > 0.05).

2.2. Anti-Proliferative Activity of Quercetin Derivatives/Metabolites and Chlorogenic
Acid/Metabolite Mixes

Exposure of Caco-2 and SW480 cell lines to the different mixes resulted in an anti-
proliferative effect, the intensity of which was dependent on the cell line, mix composition,
mix concentration and time of exposure (Figure 2).

Figure 2. Antiproliferative activity of parent phenolic compound/metabolite mixtures. (a) Percentage
of inhibition of Caco-2 growth after 24, 48 and 72 h by the different mixtures at a concentration of
200 μmol/L. (b) Percentage of inhibition of Caco-2 growth after 24, 48 and 72 h by the different
mixtures at a concentration of 100 μmol/L. (c) Percentage of inhibition of SW480 growth after 24,
48 and 72 h by the different mixtures at a concentration of 200 μmol/L. (d) Percentage of inhibition
of SW480 growth after 24, 48 and 72 h by the different mixtures at a concentration of 100 μmol/L.
Quercetin derivative/metabolite mixtures (QUE mixes) were prepared by mixing the parent com-
pounds quercetin-3-O-glucoside-4′-O-glucoside, quercetin-4′-O-glucoside and quercetin as well as the
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colon metabolites 3-(3′-hydroxyphenyl)acetic acid, 3-(3′,4′-dihydroxyphenyl)acetic acid and 3-(3′-
hydroxyphenyl)propanoic acid. Chlorogenic acid/metabolite mixtures (CGA mixes) were prepared
by mixing the parent compounds 3,5-di-O-caffeoylquinic acid, 3-O-caffeoylquinic acid and 5-O-
caffeoylquinic acid as well as the colon metabolite 3-(3′-hydroxyphenyl)propanoic acid. The mixtures
which were formulated to mimic the metabotype of low-producers of colon metabolites (QUE-LP
and CGA-LP), contained 90% of parent compounds and 10% of metabolites, and those formulated to
mimic the metabotype of high-producers of colon metabolites (QUE-HP and CGA-HP) contained 10%
of parent compounds and 90% of metabolites. Mixes QUE-EQ and CGA-EQ contained an equimolar
amount of each compound. Data are presented as mean ± standard deviation.

As regards the quercetin derivative/metabolite mixes, the trend in the anti-proliferative
activity was opposite considering the two cell lines. In the Caco-2 cell line, the cell-growth-
inhibitory effect increased passing from the mix containing a higher amount of parent
compounds (QUE-LP mix) to the mixture containing a higher amount of metabolites
(QUE-HP mix).

This was particularly evident when the mixes were tested at a 200 μmol/L concen-
tration. In particular, the mix QUE-HP reached 71% of cell growth inhibition after 72 h
of incubation at 200 μmol/L. The opposite behavior was recorded with respect to the
SW480 cell line, where the anti-proliferative activity decreased as the concentration of
the metabolites in the mix increased (from QUE-LP to QUE-HP). The mixes QUE-LP and
QUE-EQ attained an anti-proliferative activity of 77% and 76% after 72 h of incubation at
200 μmol/L, respectively. All this considered, the mix QUE-HP was still able to inhibit
SW480 proliferation by about 50% after 72 h of incubation at 200 μmol/L.

Anti-proliferative activity was also observed for the chlorogenic acid/metabolite
mixtures in both the cell lines. In the Caco-2 cell line, the highest anti-proliferative effect
was observed with CGA-LP and CGA-EQ, which contained high amounts of the parent
compounds. The effect was already observed after 24 h of incubation and reached values
of more than 90% after 48 h of incubation. The mix with the highest amount of metabolites
(CGA-HP) displayed lower inhibitory activity at any incubation time, with a maximum
inhibitory activity of 47% after 72 h of incubation at 200 μmol/L.

Chlorogenic acid/metabolite mixtures did not show anti-proliferative activity after
24 h of incubation with SW480 cells, whereas they achieved the maximum effect after 72 h
of incubation. No significant differences were observed among the inhibitory activities of
the three mixes after 72 h of incubation with SW480 cells.

2.3. Cell Cycle Analysis

To obtain more information on the possible mechanism of anti-proliferative activity of
phenolic compounds and metabolites, cell cycle analysis by flow cytometry was carried out
on both the cell lines. Only those compounds for which an IC50 value was calculated were
analyzed for their effect on cell cycle distribution. The active compounds were incubated
for 72 h at a concentration equal to the calculated IC50 value.

Data displayed in Figure 3a shows that, after 72 h of incubation, the percentage of
control Caco-2 cells in the G0/G1, S and G2/M phases was 57.8 ± 0.6%, 14.4 ± 2.3% and
23.3 ± 2.1%, respectively. All the tested compounds clearly triggered an increase in the
percentage of Caco-2 cells in the S phase. This was particularly evident after treatments
with 3-O-caffeoylquinic acid, quercetin and the metabolite 3-(3′,4′-dihydroxyphenyl)acetic
acid where the increase in the percentage of Caco-2 cells in the S phase was associated
to a significant (p < 0.05) decrease in the percentage of Caco-2 cells in the G2/M phase.
Quercetin also significantly decreased (p < 0.05) the percentage of Caco-2 cells in the G0/G1
phase. The increase in the cell number in the S phase was less evident for 5-O-caffeoylquinic
acid and 3,5-di-O-caffeoylquinic acid which, differently from the other compounds, were
concomitant with a decrease in the percentage of Caco-2 cells in the G0/G1 phase.
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Figure 3. Effect of selected compounds on cell cycle progression in Caco-2 cells (a) and SW480 cells
(b) after 72 h of incubation. The phases of the cell cycle are illustrated as control (cells incubated in
absence of phenolic compounds) and as cells treated with the active compounds at a concentration
equal to the calculated IC50 value. The data are expressed as mean ± SD. Significant differences
were analyzed by the one-way ANOVA test. Different letters among samples denote significant
differences (p < 0.05). 3-CQA: 3-O-caffeoylquinic acid; 5-CQA: 5-O-caffeoylquinic acid; DiCQA:
3,5-di-O-caffeoylquinic acid; QUE: quercetin; Q-4-G: quercetin-4′-O-glucoside; 3-DHPA: 3-(3′,4′-
dihydroxyphenyl)acetic acid; 3-HPA: 3-(3′-hydroxyphenyl)acetic acid.

In the SW480 cell line control (Figure 3b), the percentage of cells in G0/G1, S and
G2/M phases was 69.2 ± 0.7%, 10.0 ± 0.5% and 13.8 ± 1.5%, respectively. Quercetin
and quercetin-4′-O-glucoside promoted an evident increase in the number of SW480 cells
in the S phase (increase of 3.1 and 2.5 times, respectively), concomitant to a significant
decrease (p < 0.05) in the percentage of SW480 cells in the G0/G1 phase. A lower increase
in the number of SW480 cells in the S phase was also recorded after treatments with the
metabolites 3-(3′,4′-dihydroxyphenyl)acetic acid and 3-(3′-hydroxyphenyl)acetic acid.
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2.4. Cell Metabolism of Phenolic Compounds and Metabolites

Most of the tested phenolic compounds underwent substantial biotransformations
depending on their chemical structure and cell line.

In the SW480 cell line, quercetin-3-O-glucoside-4′-O-glucoside was extensively metab-
olized, its amount decreasing by 14.4%, 26.0% and 53.6% after 24, 48 and 72 h of incubation
(Table 2).

Table 2. Changes in the concentration of tested phenolic compounds and in the newly formed
metabolites after 24, 48 and 72 h of incubation with the SW480 cell line.

Compound
SW 480 (μmol/L)

0 h 24 h 48 h 72 h

Substrate Quercetin-3-O-glucoside-4′-O-glucoside 50 42.77 ± 0.10 37.04 ± 0.35 23.22 ± 0.22
Metabolite Quercetin-3-O-glucoside 3.35 ± 0.01 8.94 ± 0.03 9.34 ± 0.05

Quercetin n.d. 0.04 ± 0.00 0.07 ± 0.00
Isorhamnetin n.d. 0.01 ± 0.00 0.01 ± 0.00
4′-O-methylquercetin n.d. 0.01 ± 0.00 0.01 ± 0.00

Substrate Quercetin-4′-O-glucoside 50 2.98 ± 0.07 0.07 ± 0.00 0.01 ± 0.00
Metabolite Quercetin 52.70 ± 2.24 36.89 ± 0.52 12.78 ± 0.41

Isorhamnetin n.d. 0.79 ± 0.03 1.03 ± 0.04
4′-O-methylquercetin n.d. 0.49 ± 0.01 0.71 ± 0.04
Quercetin-O-sulphate n.d. 0.06 ± 0.00 0.12 ± 0.01

Substrate Quercetin 50 47.39 ± 1.22 40.37 ± 1.20 14.83 ± 0.84
Metabolite Isorhamnetin 1.61 ± 0.01 3.46 ± 0.08 3.76 ± 0.11

4′-O-methylquercetin 0.97 ± 0.04 1.65 ± 0.04 1.83 ± 0.25
Quercetin-O-sulphate 0.26 ± 0.01 0.48 ± 0.01 0.61 ± 0.01

Substrate 3-O-Caffeoylquinic acid trans 50 23.34 ± 0.07 19.54 ± 0.07 19.83 ± 0.05
Metabolite 5-O-Caffeoylquinic acid trans 4.95 ± 0.04 7.37 ± 0.07 11.32 ± 0.43

4-O-Caffeoylquinic acid trans 6.89 ± 0.06 8.07 ± 0.24 12.02 ± 0.24
3-O-Caffeoylquinic acid cis 4.72 ± 0.04 2.51 ± 0.01 3.27 ± 0.17
Caffeic acid 0.44 ± 0.01 0.43 ± 0.01 0.57 ± 0.01
3-O-Feruloylquinic acid 0.08 ± 0.00 0.12 ± 0.00 0.17 ± 0.00
4-O-Feruloylquinic acid 0.02 ± 0.00 0.04 ± 0.00 0.07 ± 0.00
5-O-Feruloylquinic acid 0.03 ± 0.00 0.03 ± 0.00 0.05 ± 0.00

Substrate 5-O-Caffeoylquinic acid trans 50 16.76 ± 0.01 17.52 ± 0.08 13.96 ± 0.03
Metabolite 5-O-Caffeoylquinic acid cis 2.50 ± 0.01 0.97 ± 0.05 1.42 ± 0.01

3-O-Caffeoylquinic acid trans 2.21 ± 0.05 5.14 ± 0.07 5.55 ± 0.09
4-O-Caffeoylquinic acid trans 12.69 ± 0.12 14.80 ± 0.09 11.93 ± 0.03
3-O-Caffeoylquinic acid cis 0.41 ± 0.05 0.36 ± 0.04 0.72 ± 0.03
Caffeic acid n.d. 0.08 ± 0.00 0.09 ± 0.01
3-O-Feruloylquinic acid 0.06 ± 0.00 0.07 ± 0.00 0.05 ± 0.00
4-O-Feruloylquinic acid 0.04 ± 0.00 0.05 ± 0.00 0.04 ± 0.00
5-O-Feruloylquinic acid 0.01 ± 0.00 0.03 ± 0.00 0.03 ± 0.00
Ferulic acid 0.06 ± 0.02 0.33 ± 0.01 0.37 ± 0.01

Substrate 3,5-di-O-Caffeoylquinic acid 50 7.13 ± 0.13 5.41 ± 0.07 6.17 ± 0.05
Metabolite 1,3-di-O-Caffeoylquinic acid 8.97 ± 0.04 8.87 ± 0.05 10.98 ± 0.02

3,4-di-O-Caffeoylquinic acid 10.12 ± 0.10 8.04 ± 0.14 9.05 ± 0.15
4,5-di-O-Caffeoylquinic acid 3.30 ± 0.05 2.20 ± 0.02 1.71 ± 0.03
1,4-di-O-Caffeoylquinic acid 0.91 ± 0.03 0.66 ± 0.03 0.55 ± 0.01
3-O-Caffeoylquinic acid trans 0.09 ± 0.01 0.13 ± 0.01 0.27 ± 0.01
4-O-Caffeoylquinic acid trans 0.07 ± 0.01 0.12 ± 0.01 0.25 ± 0.01
5-O-Caffeoylquinic acid trans 0.08 ± 0.01 0.14 ± 0.01 0.29 ± 0.01
Caffeic acid n.d. n.d. 1.07 ± 0.01

Substrate 3-(3′-hydroxyphenyl)acetic acid 50 42.23 ± 0.55 42.81 ± 0.10 39.28 ± 0.85

Substrate 3-(3′,4′-dihydroxyphenyl)acetic acid 50 21.62 ± 0.48 15.84 ± 0.09 10.30 ± 0.36

Substrate 3-(3′-hydroxyphenyl)propanoic acid 50 52.74 ± 0.44 50.70 ± 0.11 49.95 ± 0.37

n.d. means not detected.
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Several new metabolites at m/z of 463.0888, 315.0513 and 301.0355 appeared already
after 24 h of incubation. By comparing the m/z values, the fragmentation patterns and the
retention times with authentic standards, the three compounds were identified as quercetin-
3-O-glucoside, isorhamnetin (and the corresponding isomer 4′-O-methyl-quercetin) and
quercetin, respectively. Similarly, quercetin-4′-O-glucoside was strongly metabolized to
quercetin, isorhamnetin and 4′-O-methyl-quercetin, and quercetin metabolism resulted
mainly in the formation of isorhamnetin and 4′-O-methyl-quercetin (Table 2). In these
last two samples, a new compound having m/z 380.9921 was detected and identified as
quercetin-O-sulphate. Concerning Caco-2 cells, quercetin-3-O-glucoside-4′-O-glucoside
was found to be quite stable, without changes in its concentration during 72 h of incubation.
Contrarywise, quercetin-4′-O-glucoside and quercetin cell medium concentrations had
already strongly decreased during incubation with Caco-2 by 100% and 99.5%, respectively,
after 24 h of incubation (Table 3). Nevertheless, no newly formed compounds were detected
in the Caco-2 cell media.

Table 3. Changes in the concentration of tested phenolic compounds and in the newly formed
metabolites after 24, 48 and 72 h of incubation with the Caco-2 cell line.

Compound
Caco-2 (μmol/L)

0 h 24 h 48 h 72 h

Substrate Quercetin-3-O-glucoside-4′-O-glucoside 50 53.05 ± 0.44 50.05 ± 0.32 50.18 ± 0.66

Substrate Quercetin-4′-O-glucoside 50 n.d. n.d. n.d.

Substrate Quercetin 50 0.61 ± 0.01 0.29 ± 0.01 0.52 ± 0.02

Substrate 3-O-Caffeoylquinic acid trans 50 2.80 ± 0.16 0.04 ± 0.00 0.02 ± 0.00
Metabolite 5-O-Caffeoylquinic acid trans 2.71 ± 0.09 0.02 ± 0.00 0.01 ± 0.00

4-O-Caffeoylquinic acid trans 2.93 ± 0.10 0.03 ± 0.00 0.02 ± 0.00
3-O-Caffeoylquinic acid cis 0.26 ± 0.01 0.02 ± 0.00 0.02 ± 0.00

Substrate 5-O-Caffeoylquinic acid trans 50 2.70 ± 0.01 0.02 ± 0.00 0.02 ± 0.00
Metabolite 5-O-Caffeoylquinic acid cis 0.12 ± 0.01 0.01 ± 0.00 0.01 ± 0.00

3-O-Caffeoylquinic acid trans 2.35 ± 0.02 0.21 ± 0.00 0.19 ± 0.00
4-O-Caffeoylquinic acid trans 3.46 ± 0.03 0.09 ± 0.00 0.09 ± 0.00
3-O-Caffeoylquinic acid cis 0.15 ± 0.01 0.02 ± 0.00 0.02 ± 0.00

Substrate 3,5-di-O-Caffeoylquinic acid 50 0.15 ± 0.00 0.08 ± 0.00 0.18 ± 0.00
Metabolite 1,3-di-O-Caffeoylquinic acid 0.33 ± 0.01 0.16 ± 0.00 0.39 ± 0.00

3,4-di-O-Caffeoylquinic acid 0.32 ± 0.00 0.18 ± 0.00 0.36 ± 0.00
4,5-di-O-Caffeoylquinic acid 0.06 ± 0.00 0.03 ± 0.00 0.03 ± 0.00
1,4-di-O-Caffeoylquinic acid n.d. n.d. 0.10 ± 0.00

Substrate 3-(3′-hydroxyphenyl)acetic acid 50 48.83 ± 0.85 47.02 ± 0.39 43.17 ± 0.06

Substrate 3-(3′,4′-dihydroxyphenyl)acetic acid 50 n.d. n.d. n.d.
Hydroxybenzoic acid n.d. 3.51 ± 0.07 15.73 ± 0.37

Substrate 3-(3′-hydroxyphenyl)propanoic acid 50 45.51 ± 0.41 46.27 ± 0.58 46.28 ± 0.76
Hydroxybenzoic acid n.d. 0.31 ± 0.01 0.30 ± 0.01

n.d. means not detected.

As reported in Tables 2 and 3, 3,5-di-O-caffeoylquinic acid, 3-O-caffeoylquinic acid and
5-O-caffeoylquinic acid underwent substantial isomerization during incubation with both
the cell lines. Several positional isomers were already identified after 24 h of incubation of
3,5-di-O-caffeoylquinic acid with both the cell lines.

The two newly formed isomers detected in the highest amounts were 3,4-di-O-
caffeoylquinic and 1,3-di-O-caffeoylquinic acids. Besides the isomerization, after incubation
of 3,5-di-O-caffeoylquinic acid with both the cell lines, newly formed metabolites were
detected; in particular, the different positional isomers of caffeoylquinic acids (i.e., 5-O-
caffeoylquinic acid, 3-O-caffeoylquinic acid and 4-O-caffeoylquinic acid) deriving from
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the hydrolysis of a caffeoyl moiety from the di-O-caffeoylquinic acids. Similarly to 3,5-
di-O-caffeoylquinic acid, 3-O-caffeoylquinic acid and 5-O-caffeoylquinic acid were also
partially transformed in the corresponding positional isomers as well as suffering trans–
cis isomerization (Tables 2 and 3). After incubation with SW480, additional metabolites
were detected such as caffeic acid (deriving from the hydrolysis of the quinic acid moiety
from caffeoylquinic acids) and the different isomers of the methylated metabolites of fer-
uloylquinic acids (Table 2). In addition, ferulic acid (deriving from the hydrolysis of the
quinic acid moiety from feruloylquinic acids or from the methylation of caffeic acid) was
detected after incubation of 5-O-caffeoylquinic acid with SW480 cells. No newly formed
compounds were observed after incubation with Caco-2 cells.

Regarding the three tested colon metabolites, 3-(3′-hydroxyphenyl)acetic acid and
3-(3′-hydroxyphenyl)propanoic acid were quite stable after incubation with both the cell
lines (Tables 2 and 3). Contrariwise, a decrease in 3-(3′,4′-dihydroxyphenyl)acetic acid
concentration was observed after incubation with both the cell lines, with the values plum-
meting to zero already after 24 h of incubation with Caco-2. No newly formed compounds
were observed in SW480 cell medium, whereas a strong production of hydroxybenzoic acid
was detected after incubation with Caco-2 (Table 3). Small amounts of hydroxybenzoic acid
were also revealed after incubation of 3-(3′-hydroxyphenyl)propanoic acid with Caco-2
(Table 3).

3. Discussion

Flavonols (such as glycosylated quercetin derivatives) and hydroxycinnamic acids
(such as chlorogenic acids) are among the most widespread phenolic compounds in foods
and among the most important phenolic compounds introduced through the diet [18]. For
example, onion, apple, tea and red wine are rich in glycosylated quercetin derivatives,
whereas coffee, eggplant, artichoke, apple and cherry contain high amounts of chlorogenic
acids [16,20,21,23,31,34,35].

A plethora of studies have suggested that dietary phenolic compounds, such as glyco-
sylated quercetin derivatives and chlorogenic acids, are poorly absorbed in the stomach
and small intestine [16,31,34,36]. For example, only 20–30% of hydroxycinnamic acids
present in coffee or other foods such as yerba mate and artichoke are absorbed in the small
intestine, and appeared in plasma mainly as phase II conjugated metabolites [16,34,37].
The absorption of quercetin derivatives in the small intestine is dependent on the chemical
structure of the compound itself. For example, quercetin aglycone was poorly absorbed
(about 20%) whereas quercetin mono-glucosides were better absorbed, reaching 50% of
the ingested dose [31,36]. Therefore, unabsorbed phenolic compounds reach the colon,
where the gut microbiota may metabolize the parent phenolic compounds, producing a
broad assortment of low-molecular-weight phenolic acids, mainly hydroxyphenylacetic,
hydroxyphenylpropanoic and hydroxybenzoic acids [38].

Colon metabolism of glycosylated quercetin derivatives begins with the hydrolysis
of the glucoside moiety, releasing the corresponding aglycone that undergoes C-ring fis-
sion generating the transient intermediate 3-(3′,4′-dihydroxyphenyl)propanoic acid that
is further dehydroxylated to 3-(3′-hydroxyphenyl)propanoic acid or oxidated to 3-(3′,4′-
dihydroxyphenyl)acetic acid. These last compounds may finally be converted into 3-(3′-
hydroxyphenyl)acetic acid by oxidation and dehydroxylation, respectively
(Figure 4) [27,28,39]. Similarly, the colon metabolism of chlorogenic acids starts with
the hydrolysis of the ester bond between quinic acid and hydroxycinnamic acid, pro-
ducing 3′,4′-dihydroxycinnamic acid which is further reduced and dehydroxylated to
3-(3′-hydroxyphenyl)propanoic acid (Figure 4) [27,30]. Thus, the most important metabo-
lites identified after colon fermentation of glycosylated quercetin derivatives are quercetin
aglycone, 3-(3′,4′-dihydroxyphenyl)acetic acid, 3-(3′-hydroxyphenyl)acetic acid and 3-(3′-
hydroxyphenyl)propanoic acid, whereas colon metabolism of chlorogenic acids mainly
results in the accumulation of 3-(3′-hydroxyphenyl)propanoic acid [27,28,30,39,40].
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Figure 4. Simplified view of the colon metabolism of glycosylated quercetin derivatives and
chlorogenic acids. Colon metabolism of glycosylated quercetin derivatives involves the hydrol-
ysis of the glucose group, releasing the corresponding aglycone which undergoes C-ring fission
followed by dehydroxylation or oxidation producing 3-(3′-hydroxyphenyl)propanoic acid and 3-
(3′,4′-dihydroxyphenyl)acetic acid. The metabolism of these last compounds converges in the for-
mation of 3-(3′-hydroxyphenyl)acetic acid. The colon metabolism of chlorogenic acids involved
the hydrolysis of the quinic acid group, producing 3′,4′-dihydroxycinnamic acid, which is further
reduced and dehydroxylated to 3-(3′-hydroxyphenyl)propanoic acid.

A comparison of the data previously reported in the in vitro studies of colonic fer-
mentation of quercetin and quercetin derivatives highlighted the great inter-individual
variability in the gut metabolism of these compounds.

For example, Juániz et al. [40] and Cattivelli et al. [28] identified 3-(3′-hydroxyphenyl)
propanoic acid as the main metabolite produced after fecal fermentation of glycosylated
quercetins in green pepper and red-skinned onion. On the other hand, Di Pede et al. [39]
pointed out 3-(3′,4′-dihydroxyphenyl)acetic acid as the metabolite generated in higher
amounts after quercetin fermentation by gut microbiota. Contrary to this, Serra et al. [27]
detected 3-(3′-hydroxyphenyl)acetic acid as the major colon metabolite after fermenta-
tion of quercetin and quercetin-rhamnoside, and found almost equimolar amounts of
3-(3′-hydroxyphenyl)acetic acid and 3-(3′,4′-dihydroxyphenyl)acetic acid after fermenta-
tion of quercetin-rutinoside. In another study, Jaganath et al. [41] compared the colon
metabolism of quercetin-rutinoside among three individual donors. Only one donor was
able to produce both 3-(3′-hydroxyphenyl)acetic acid and 3-(3′,4′-dihydroxyphenyl)acetic
acid, whereas the other two donors generated only 3-(3′,4′-dihydroxyphenyl)acetic acid.
There were also differences in the rate of quercetin metabolic conversion. In some studies,
quercetin aglycone was still present in high concentrations after 5-6 h of fermentation
whereas, in others, quercetin completely disappeared after a few hours of fecal fermenta-
tion [28,39–42]. Therefore, inter-individual variability determined not only the type and
concentration of produced metabolites but also the rate of bioconversion of quercetin.
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Differently, chlorogenic acid metabolism seemed to be less sensitive to inter-individual vari-
ability, with 3-(3′-hydroxyphenyl)propanoic acid being the main metabolite identified in
the majority of the studies [29,30,43]. However, there were also differences in the metabolic
rate in this case. In some studies, chlorogenic acids totally disappeared after a few hours
of incubation with colon bacteria, whereas in other studies they were found still present
after 10 or 24 h of incubation [29,30,43–45]. Therefore, it can be inferred that both parent
phenolic compounds and their colon metabolites co-exist in the colon, especially after
repeated intake of phenolic-rich foods. Moreover, the relative amount of parent phenolic
compounds and produced metabolites is greatly influenced by the individual composition
of gut microbiota, showing great inter-individual variability [30,33].

In this study, we found that both parent compounds (i.e., glycosylated quercetin
derivatives, quercetin aglycone and chlorogenic acids) as well as their most important
colon metabolites were able to inhibit colon cancer cell proliferation at a concentration
of 100 μmol/L. The tested concentration of 100 μmol/L is relevant from a physiological
point-of-view, especially for the colon metabolites.

Previous studies reported in human fecal water or human fecal matrix a broad range
of concentrations for the tested colon metabolites according to the inter-individual vari-
ability. Karlsson et al. [46] reported a concentration of 61 ± 34 μmol/L in human fe-
cal water, whereas Jenner et al. [47] stated a mean value of 68 ± 93 μmol/L (range
0.72–209 μmol/L) for the colon metabolite 3-(3′-hydroxyphenyl)propanoic acid. Higher
values of 3-(3′-hydroxyphenyl)propanoic acid (between 15 to 1076 μmol/L) were described
by Knust et al. [48] in human fecal matrix. Lower concentrations were found for the colon
metabolite 3-(3′-hydroxyphenyl)acetic acid (mean values from 30 to 110 μmol/L), with a
wide range among individuals (from 4 to 294 μmol/L) and for 3-(3′,4′-dihydroxyphenyl)acetic
acid (mean values from 7 to 64 μmol/L) and an individual range from 1 to 277 μmol/L [47–49].
It is important to note that the discussed studies have been carried out without any
dietary restriction or supplementation, and thus represent values commonly found in
a normal dietary regimen. Supplementation of phenolic-rich foods such as raspberry
may further increase the amount of phenolic metabolites, as observed by Gill et al. [49]
who found in human fecal water maximum values of 1810, 442 and 327 μmol/L of 3-(3′-
hydroxyphenyl)propanoic acid, 3-(3′,4′-dihydroxyphenyl)acetic acid and 3-(3′-hydroxyphenyl)
acetic acid. No available data were present in the literature about the fecal concentration of
quercetin and its derivatives as well as of chlorogenic acids. However, as reported above,
in vitro studies have suggested their presence in the colon in co-existence with their colon
metabolites, especially following repeated ingestion of quercetin-rich or chlorogenic-acid-
rich foods.

The anti-proliferative effect was time-dependent and increased in conjunction with in-
creasing incubation time. The parent compounds 3,5-di-O-caffeoylquinic acid, 3-O-caffeoylquinic
acid and 5-O-caffeoylquinic acid, as well as the metabolite 3-(3′,4′-dihydroxyphenyl)
acetic acid, were the most active against Caco-2 cell proliferation at any incubation time. On
the contrary, the parent compounds quercetin, quercetin-4′-O-glucoside and quercetin-3-O-
glucoside-4′-O-glucoside, as well as the metabolites 3-(3′,4′-dihydroxyphenyl)acetic acid
and 3-(3′-hydroxyphenyl)acetic acid, were the most active against SW480 cell proliferation.

In Caco-2 cells, the extent of the anti-proliferative effect seemed to be related to the pres-
ence of specific structural motifs. The most active molecules, i.e., 3,5-di-O-caffeoylquinic
acid, 3-O-caffeoylquinic acid, 5-O-caffeoylquinic acid, 3-(3′,4′-dihydroxyphenyl)acetic acid
and quercetin, displayed in their structure a catechol-type moiety, which was fundamen-
tal for exerting an anti-proliferative effect. For example, 3-(3′,4′-dihydroxyphenyl)acetic
acid bearing a catechol moiety was clearly more active than the mono-hydroxylate 3-(3′-
hydroxyphenyl)acetic acid. Similarly, quercetin showed a higher anti-proliferative activity
than the glycosylated derivatives quercetin-4′-O-glucoside and quercetin-3-O-glucoside-
4′-O-glucoside, where one of the two hydroxyl groups of the catechol moiety is esterified
with a glucose molecule. Also, the presence of one or more glucose residues hampered the
anti-proliferative effect, since quercetin showed a significantly higher effect than quercetin-
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4′-O-glucoside whereas quercetin-3-O-glucoside-4′-O-glucoside was not active at any time.
The effect of the tested compounds was quite different when incubated with SW480. In
this case, quercetin and its glycosylated derivatives together with the metabolites 3-(3′,4′-
dihydroxyphenyl)acetic acid and 3-(3′-hydroxyphenyl)acetic acid were the most active
compounds, whereas the tested chlorogenic acids, although they present a certain degree
of inhibition, were less effective in inhibiting SW480 proliferation.

Several previous studies reported the anti-proliferative effect of chlorogenic acids
against human colon cancer cells. For example, 3-O-caffeoylquinic acid was found to be
able to reduce Caco-2 and HT29 colon cancer cell proliferation, whereas dicaffeoylquinic
acids inhibited the growth of HT29 and DLD-1 cancer cells [50–52].

Moreover, 3-(3′,4′-dihydroxyphenyl)acetic acid was found to be active against the pro-
liferation of human colon cancer cells HCT116 and SNUC4 [53,54]. Furthermore, quercetin
has already been found to be active against Caco-2 proliferation (as well as in other colon
cancer cell models) at concentrations similar to those tested in this study [55,56].

As already mentioned, parent phenolic compounds and metabolites may co-exist
in the colon and the ratio of parent phenolic compounds/metabolites is strongly depen-
dent on the inter-individual variability related to the ability to metabolize the parent
phenolic compounds slowly or rapidly. To better understand the potential impact of inter-
individual variability, different mixtures of parent compounds and colon metabolites were
prepared to mimic the low-producers and high-producers metabotypes. The quercetin
derivative/metabolite mixes behaved differently depending on the tested cell line. The cell
growth inhibition increased passing from the mix with the low amount of metabolites (i.e.,
low-producers) to the mix with the highest amount of metabolites (i.e., high-producers)
after incubation with the Caco-2 cell line, whereas the trend was opposite for the SW480
cell line. However, the high-producers mix was still able to inhibit SW480 cell proliferation
with values near to 50% at 200 μmol/L concentration. For the chlorogenic acid/metabolite
mixes, the effect was more pronounced for the low-producers mix with respect to the
high-producers mix in Caco-2 cells; nevertheless, the inhibitory effect of the high-producers
mix was near to 50% at 200 μmol/L concentration. No difference in the anti-proliferative
activity was observed in the SW480 cell line with the three chlorogenic acid/metabolite
mixes. Therefore, our data support the hypothesis that parent phenolic compounds (i.e.,
quercetin derivatives and chlorogenic acids), once present in the colon after the consump-
tion of phenolic-rich vegetables, may exert anti-proliferative activity against colon cancer
cells. Later, when they begin to be metabolized, the formed colon metabolites may sustain
and prolong the inhibitory effect towards colon cancer cell proliferation.

Cell cycle analysis pointed out that all the tested compounds arrest the cell cycle at the
S phase in both the cell lines. The significant increase in the Caco-2 cell number in the S
phase was concomitant with a decrease in the amount of cells in G2/M phase, indicating
that quercetin, 3-O-caffeoylquinic acid and 3-(3′,4′-dihydroxyphenyl)acetic acid inhibited
cell proliferation by arresting the cell cycle at the S phase, thus preventing Caco-2 cells from
entering the G2 phase. In the case of SW480, the increase in the percentage of cells in the S
phase was associated with a reduction in cell number for the G0/G1 phase.

Previous studies have found that quercetin and chlorogenic acid induced cell cycle
arrest at the S phase in several colon cancer cell lines, including Caco-2 and SW480 [52,57].
Differently from this study, 3-(3′,4′-dihydroxyphenyl)acetic acid promoted cell cycle arrest
at the G0/G1 phase in HT-29 colon cancer cells [58].

The different tested phenolic compounds and metabolites displayed different stability
in the cell media and were differently metabolized accordingly to their structure and the spe-
cific cell line. Quercetin and glycosylated quercetin derivatives were strongly metabolized
by SW480 cells, whereas no newly formed metabolites were detected after incubation with
Caco-2 cells. In SW480 cells, quercetin-3-O-glucoside-4′-O-glucoside underwent extensive
deglycosylation, suggesting the presence in these cells of a membrane-bound β-glucosidase.
Moreover, the appearance of only the 3-O-glucoside derivative of quercetin suggested a
strong preference of this β-glucosidase for the glycosidic linkage at the 4′-O position rather
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than the 3-O position. This specificity was confirmed also by the data about quercetin-4′-O-
glucoside metabolism in SW480 cells. This compound was rapidly hydrolyzed after 24 h in
an equimolar amount of the corresponding aglycone quercetin. Furthermore, the fastest
deglycosylation of quercetin-4′-O-glucoside with respect to quercetin-3-O-glucoside-4′-O-
glucoside indicated that the presence of a 3-O-glucoside moiety in the molecule hampered
the hydrolyzing ability of SW480 β-glucosidase. The appearance of small amounts of
quercetin after 48 h of incubation of quercetin-3-O-glucoside-4′-O-glucoside pointed out the
presence, also, of a β-glucosidase with specificity towards the 3-O-glucosidic linkage or the
ability of the same β-glucosidase to also hydrolyze with less efficacy the 3-O-glucosidic link-
age. Additional metabolites—and, in particular, isorhamnetin, 4′-O-methyl quercetin and
quercetin-O-sulphate—were detected after incubation of quercetin and its derivatives with
SW480 cell lines, suggesting the presence in these cells of a catechol-O-methyltransferase
and a sulfotransferase. The appearance of higher amounts of isorhamnetin with respect to
4′-O-methyl quercetin pointed out a preference for the OH in position C3 for the catechol-
O-methyltransferase. Due to the lack of authentic standards, it was not possible to identify
the specific isomer of quercetin-sulphate. On the contrary, no β-glucosidase, as well as
catechol-O-methyltransferase and sulfotransferase, activities were observed in Caco-2 cells
after incubation with quercetin and glycosylated quercetin derivatives. In this cell line,
quercetin-3-O-glucoside-4′-O-glucoside was stable in the cell media with a 100% recovery
also after 72 h of incubation, whereas quercetin and quercetin-4′-O-glucoside rapidly disap-
peared already after 24 h of incubation. Since neither newly formed metabolites nor the
known quercetin oxidation products were detected in the cell media, the most plausible
explanation was that quercetin and quercetin-4′-O-glucoside were rapidly absorbed by
Caco-2 cells. Previous studies demonstrated active absorption of quercetin and quercetin-
4′-O-glucoside by Caco-2 cells [59]. The same consideration can be made for SW480 cells,
where the final recovery of quercetin and its metabolites after 72 h of incubation of quercetin
and quercetin-4′-O-glucoside was below 100%.

The cell metabolism of glycosylated quercetin derivatives may have an impact on their
anti-proliferative activity. In SW480, quercetin was the most active compound and can also
be considered responsible for the anti-proliferative activity of quercetin-4′-O-glucoside,
since this last compound is rapidly hydrolyzed to the corresponding aglycone. Similarly,
quercetin-3-O-glucoside-4′-O-glucoside was hydrolyzed to quercetin-3-O-glucoside, which
can be responsible for its anti-proliferative effect against SW480 cells. The anti-proliferative
activity of quercetin-3-O-glucoside has been already reported by several authors [60].

Likewise to what was noted for quercetins, chlorogenic acids were also extensively
metabolized by SW480, whereas no metabolites were found after incubation with Caco-
2. In addition to the obvious isomerization (acyl migration), which is dependent on the
pH and not on the presence of cells [61], both 3,5-di-O-caffeoylquinic acid and the two
caffeoylquinic acids (and their isomers) were hydrolyzed to caffeoylquinic acids and caffeic
acid, respectively, suggesting the presence of esterase activity in SW480 cells [62]. Moreover,
caffeoylquinic acids were methylated by SW480 catechol-O-methyltransferase, producing
different isomers of feruloylquinic acids. In the Caco-2 cell line, 3,5-di-O-caffeoylquinic
acid, 3-O-caffeoylquinic acid and 5-O-caffeoylquinic acid almost totally disappeared from
the cell media already after 24 h of incubation. Some studies suggest that caffeoylquinic
and dicaffeoylquinic acids can be transported in Caco-2 cells [61,63].

Concerning the phenolic metabolites, both 3-(3′-hydroxyphenyl)acetic acid and 3-
(3′-hydroxyphenyl)propanoic acid were stable after incubation with Caco-2 and SW480,
with recoveries of more than 80% after 72 h of incubation. On the contrary, 3-(3′,4′-
dihydroxyphenyl)acetic acid concentration dropped to zero already after 24 h of incu-
bation with Caco-2 cells. The only identified metabolite was hydroxybenzoic acid, which
accounted for about the 30% of the initial amount of 3-(3′,4′-dihydroxyphenyl)acetic acid
after 72 h of incubation. It is possible that this metabolite was formed by two consecutive
reactions of de-hydroxylation and α-oxidation (or vice versa), which implies the uptake of
3-(3′,4′-dihydroxyphenyl)acetic in Caco-2 cells, as already suggested [64].
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4. Materials and Methods

4.1. Materials

Chemicals and materials for cell culture were purchased from VWR International
(Milan, Italy). The MTS cell proliferation assay kit was obtained from Promega (Milan,
Italy). Mass spectrometry solvents were purchased from Bio-Rad (Hercules, CA, USA). The
parent phenolic compounds 3-O-caffeoylquinic acid (purity ≥ 99%), 5-O-caffeoylquinic
acid (purity ≥ 99%), 3,5-O-dicaffeoylquinic acid (purity ≥ 97%), quercetin (purity ≥ 99%),
quercetin-4′-O-glucoside (purity ≥ 99%) and quercetin-3-O-glucoside-4′-O-glucoside
(purity ≥ 98.5%) were obtained from Extrasynthese (Genay, France). Phenolic compound
metabolites 3-(3′-hydroxyphenyl)propanoic acid (purity≥ 98%), 3-(3′-hydroxyphenyl)acetic
acid (purity ≥ 99%) and 3-(3′,4′-dihydroxyphenyl)acetic acid (purity ≥ 98%) were pur-
chased from Thermo-Fisher Scientific (Waltham, MA, USA). All the other chemicals were
purchased from Sigma-Aldrich (Milan, Italy).

4.2. Cell Cultures, Phenolic Compound Preparation and Anti-Proliferative Assay

Human colon cancer Caco-2 and SW480 cell lines were cultured and grown as pre-
viously reported [62]. All the phenolic compounds were dissolved in dimethyl-sulfoxide
(DMSO) at a concentration of 50 mmol/L, diluted in the respective cell culture media at
a concentration of 100 μmol/L (final DMSO concentration of 0.5%) and finally filtered at
0.2 μm.

For the anti-proliferative assay, cells were seeded in 96-well plates in the amount
of 4000 and 8000 cells/cm2 for Caco-2 and SW480, respectively. Cells were then left
to adhere for 24 h before the addition of 200 μL of phenolic compounds (100 μmol/L).
Incubation was carried out for 24, 48 and 72 h. Data were compared with a control
solution containing 0.5% DMSO in cell medium and representing 100% proliferation. In
addition, six different mixes were prepared to simulate the simultaneous presence of
parent phenolic compounds and metabolites by mimicking the possible human inter-
individual variability in colon metabolism of phenolic compounds. Two sets of mixes
were prepared to consider the colon metabolism of quercetins and chlorogenic acids. The
quercetin mixtures (QUE mixes) contained different amounts of quercetin-3-O-glucoside-4′-
O-glucoside, quercetin-4′-O-glucoside and quercetin (the parent compounds) as well as the
respective metabolites (3-(3′-hydroxyphenyl)acetic acid, 3-(3′,4′-dihydroxyphenyl)acetic
acid and 3-(3′-hydroxyphenyl)propanoic acid). The chlorogenic acids mixtures (CGA mixes)
were instead prepared by mixing the respective parent compounds (3-O-caffeoylquinic
acid, 5-O-caffeoylquinic acid and 3,5-O-dicaffeoylquinic acid) with the metabolite 3-(3′-
hydroxyphenyl)propanoic acid. For each set of mixtures (QUE and CGA mixtures), three
different mixes were formulated. One set of mixes mimicked the low-producers metabotype
and contained 90% parent compounds and 10% metabolites (mixes QUE-LP and CGA-
LP). Another set of mixes was prepared to simulate the high-producers metabotype and
contained 10% parent compounds and 90% metabolites (mixes QUE-HP and CGA-HP).
Finally, a third set of mixes was prepared with equimolar amounts of all the compounds
(mixes QUE-EQ and CGA-EQ). The anti-proliferative activity of the mixes was determined
by using the final concentrations of 100 and 200 μmol/L (sum of the concentrations of the
compounds present in the mixes). The composition of each mix is reported in Table 4.

Cell proliferation was assessed by the MTS assay as previously described [63].
For the most active compounds, the IC50 values (defined as the phenolic compound

concentration able to inhibit cell proliferation by 50%) were calculated by carrying out
the anti-proliferative activity assay with different concentrations of the specific phenolic
compounds (ranging from 1.5 to 200 μmol/L). The IC50 values were calculated through
non-linear regression analysis by plotting the base-10 logarithm of the phenolic compound
concentration vs. the percentage of inhibition.
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Table 4. Composition of the different mixes tested for their anti-proliferative effect against human
colon carcinoma cell lines.

Compound QUE-LP QUE-EQ QUE-HP CGA-LP CGA-EQ CGA-HP

Quercetin-3-O-glucoside-4′-O-
glucoside 60 μmol/L 33.3 μmol/L 6.7 μmol/L / / /

Quercetin-4′-O-glucoside 60 μmol/L 33.3 μmol/L 6.7 μmol/L / / /
Quercetin 60 μmol/L 33.3 μmol/L 6.7 μmol/L / / /
3-O-Caffeoylquinic acid / / / 60 μmol/L 50 μmol/L 6.7 μmol/L
5-O-Caffeoylquinic acid / / / 60 μmol/L 50 μmol/L 6.7 μmol/L
3,5-di-O-Caffeoylquinic acid / / / 60 μmol/L 50 μmol/L 6.7 μmol/L
3-(3′-Hydroxyphenyl)acetic acid 6.7 μmol/L 33.3 μmol/L 60 μmol/L / / /
3-(3′,4′-Dihydroxyphenyl)acetic acid 6.7 μmol/L 33.3 μmol/L 60 μmol/L / / /
3-(3′-Hydroxyphenyl)propanoic acid 6.7 μmol/L 33.3 μmol/L 60 μmol/L 20 μmol/L 50 μmol/L 180 μmol/L

The composition refers to the mixes prepared at the final concentration of 200 μmol/L considering all the added
compounds. In the mixes prepared at the final concentration of 100 μmol/L, the concentration of each compound
was halved.

4.3. Cell Cycle Analysis

Cell cycle analysis was carried out in both Caco-2 and SW480 cell lines as previously
reported by Nicoletti et al. [65]. Cells were seeded in 6-well plates at a density of 4000 and
8000 cells/cm2 for Caco-2 and SW480, respectively. Cells were then left to adhere for 24 h
before the addition of 200 μL of the selected phenolic compounds at a concentration equal
to the calculated IC50 values at 72 h of incubation. The tested phenolic compounds were
3-O-caffeoylquinic acid, 5-O-caffeoylquinic acid, 3,5-O-dicaffeoylquinic acid, quercetin and
3-(3′,4′-dihydroxyphenyl)acetic acid for Caco-2, and quercetin, quercetin-4′-O-glucoside,
3-(3′-hydroxyphenyl)acetic acid and 3-(3′,4′-dihydroxyphenyl)acetic acid for SW480.

After 72 h of incubation, the cells were washed with PBS, detached from the 6-well
plates with 500 μL of trypsin and resuspended in 1000 μL of medium. Subsequently, they
were centrifuged at 3500 rpm for 5 min. After removing the supernatant, the pellet was
resuspended with 400 μL of Nicoletti’s solution (sodium citrate 0.1%, Triton X-100 0.1%
and 20 μg/mL propidium iodide). After 15 min of incubation at 4 ◦C in the dark, cell cycle
analysis was performed with an Epics XL MCL flow cytometer (Beckman Coulter, Brea,
CA, USA).

The data were compared with a control solution containing 0.5% DMSO in the
cell medium.

4.4. High-Resolution Mass Spectrometry Analysis of Cell Media

To analyze the metabolism of phenolic compounds by Caco-2 and SW480 cells, the cell
culture media were withdrawn after 0, 24, 48 and 72 h of incubation. Phenolic compounds
were extracted from the culture media by following the procedure reported in Sala et al. [66].
Briefly, 100 μL of cold methanol was mixed with 100 μL of cell media and vortexed for
1 min. The mixture was then centrifuged at 10,000× g (4 ◦C, 5 min) and the supernatant was
injected, after appropriate dilution, in an ultra-high-performance liquid chromatography
high-resolution mass spectrometry system (UHPLC-HR-MS).

The HR-MS system consisted of a UHPLC Ultimate 3000 separation module, equipped
with a C18 column (Acquity UPLC HSS C18 reversed phase, 2.1 × 100 mm, 1.8 μm particle
size, Waters, Milan, Italy) and coupled with a Q Exactive Hybrid Quadrupole-Orbitrap
Mass Spectrometer (Thermo Scientific, San Jose, CA, USA). Mobile phases consisted of a
mixture of water containing formic acid (0.1%) (mobile phase A) and acetonitrile containing
formic acid (0.1%) (mobile phase B). The gradient began at 1% B, reaching 40% B over
20 min. To wash the column, the mobile phase B concentration was raised to 99% over
6 min and kept at 99% for 3 min before returning to the initial conditions. The MS and
MS/MS conditions are fully described in Martini et al. [67].

Quantification was carried out by building external calibration curves with the avail-
able standard compounds.
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4.5. Statistical Analysis

All data are reported as mean ± standard deviation (SD) for three replicates for each
prepared compound. Univariate analysis of variance (ANOVA) with Tukey post hoc test
was applied using GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA). The
differences were considered significant with p < 0.05. The IC50 values were calculated by
using GraphPad Prism 6.0.

5. Conclusions

For the first time, the anti-proliferative activity of the dietarily most relevant chloro-
genic acids, quercetin derivatives, and their colon microbial metabolites against two dif-
ferent human colon cancer cell models was tested and compared. Generally, the reported
data demonstrate that in-vivo-pertinent mixtures of parent compounds and metabolites at
concentrations attainable in the human colon following the consumption of phenolic-rich
vegetables exert anti-proliferative effects against colon cancer adenocarcinoma cell lines.
Since the anti-proliferative activity was nearly comparable between mixes that mirror the
low-producers and high-producers human metabotypes, it can be speculated that inter-
individual variability does not substantially affect the potential in vivo anti-cancer activity
of phenolic compounds.

The main limitation of this study is related to the use of 2D cell models that, somewhat,
do not reflect the physiological tumor microenvironment with respect to more complex
in vitro models such as 3D tumor spheroid models. Future research should be carried out
to provide an even greater physiological significance to the reported data by using 3D colon
cancer cell models.

However, these results suggest that gut microbiota metabolites may sustain the anti-
proliferative effects observed for the parent compounds, playing an important role in the
protective effect of phenolic compounds against colon cancer. The present manuscript,
therefore, contributes to unveiling the fundamental role of the colonic metabolism in the
context of the protective effect of phenolic compounds against colon cancer.
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Abstract: The efficient production of silkworm silk is crucial to the silk industry. Silk protein
synthesis is regulated by the juvenile hormone (JH) and 20-Hydroxyecdysone (20E). Therefore, the
genetic regulation of silk production is a priority. JH binding protein (JHBP) transports JH from the
hemolymph to target organs and cells and protects it. In a previous study, we identified 41 genes
containing a JHBP domain in the Bombyx mori genome. Only one JHBP gene, BmJHBPd2, is highly
expressed in the posterior silk gland (PSG), and its function remains unknown. In the present study,
we investigated the expression levels of BmJHBPd2 and the major silk protein genes in the high-silk-
producing practical strain 872 (S872) and the low-silk-producing local strain Dazao. We found that
BmJHBPd2 was more highly expressed in S872 than in the Dazao strain, which is consistent with
the expression pattern of fibroin genes. A subcellular localization assay indicated that BmJHBPd2
is located in the cytoplasm. In vitro hormone induction experiments showed that BmJHBPd2 was
upregulated by juvenile hormone analogue (JHA) treatment. BmKr-h1 upregulation was significantly
inhibited by the overexpression of BmJHBPd2 (BmJHBPd2OE) at the cell level when induced by JHA.
However, overexpression of BmJHBPd2 in the PSG by transgenic methods led to the inhibition of silk
fibroin gene expression, resulting in a reduction in silk yield. Further investigation showed that in the
transgenic BmJHBPd2OE silkworm, the key transcription factor of the JH signaling pathway, Krüppel
homolog 1 (Kr-h1), was inhibited, and 20E signaling pathway genes, such as broad complex (Brc),
E74A, and ultraspiracle protein (USP), were upregulated. Our results indicate that BmJHBPd2 plays an
important role in the JH signaling pathway and is important for silk protein synthesis. Furthermore,
our findings help to elucidate the mechanisms by which JH regulates silk protein synthesis.

Keywords: juvenile hormone; juvenile hormone binding protein; silk protein; Bombyx mori

1. Introduction

The juvenile hormone (JH) plays a key role in insect development, metamorphosis,
and reproduction [1,2]. Juvenile hormone binding protein (JHBP) is the first key factor in
the JH signaling pathway. The JHBP or JH-JHBP complex is a vital member of the intricate
JH signaling transmission chain that binds to membrane receptors [3,4]. It broadens
our understanding of the crucial factors involved in the JH signaling pathway and its
mode of action in target organs and has far-reaching importance in pest control and other
practical applications.

JH is a hemiterpenoid compound secreted by the corpora allata [5]. JHBP is a carrier
protein that works in the hemolymph and cells. This protein transports hormone molecules
from the JH synthesis site in the corpora allata to the peripheral target cells and assists JH
molecules in entering the circulatory system. JHBP can also reduce the non-specific binding
of JH [6], protecting it from enzymatic degradation [7,8]. Intracellular JHBP can be divided
into cytoplasmic and nuclear JHBP, which are both involved in the effects of JH on target
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genes. However, to date, the progress of related research has been relatively slow [9,10].
The expression level of JHBP, which was found to be predominant in the fat body of the
bamboo borer, was average from the third to the fifth stages. The expression level was the
highest at the early diapause stage, which continued until the middle diapause stage and
then decreased until the pupae stage [11]. In melon aphids, RNA interference has been
used to silence the expression of JHBP and block the transmission of JH signals, resulting
in mortality and thus allowing effective pest management [12]. Proteomic analysis of male
accessory gland secretions has shown that JHBPs affect female reproduction in oriental fruit
flies [13]. Therefore, these studies prove that JHBP is involved in metabolism, growth, and
reproduction. The JHBPs from this gene family are found in many lepidopteran species and
form a separate group from other genes [14,15]. To date, studies on the JHBP have focused
on many lepidopteran insects, including the tobacco hornworm (Manduca sexta) [16,17],
tobacco budworm (Heliothis virescen) [7,18], greater wax moth (Galleria mellonella) [19], and
silkworm (Bombyx mori) [20,21].

The domesticated silkworm is a typical lepidopteran holometabolous insect model
organism. As a natural protein fiber, the use of silk has been applied in many fields [22].
Silkworm silk glands primarily synthesize and secrete two types of silk proteins, namely
fibroin and sericin. Fibroin is composed of a heavy (Fib-H) and light (Fib-L) chain, and
glycoprotein 25 kDa (P25) is synthesized in the posterior silk gland (PSG) [23,24]. Previous
studies have found that increasing the amount of silk protein, injection, smearing, and
feeding on exogenous JH or JH analogs (JHAs) can prolong the larval stage of silkworms
and increase the RNA and DNA contents of the silk protein gene [25–28]. The mechanism
of action behind this remained unclear until recent results showed that Krüppel homolog
1 (Kr-h1) is involved in the repression of metamorphosis. In transgenic silkworms with
Kr-h1 overexpression, the silk glands were significantly enlarged [29]. Furthermore, JH
induces extended expression of the Bmfib-H gene, and BmKr-h1 may suppress larvae–pupae
metamorphosis by activating the expression of B. mori-derived dimmed (Bmdimm). Bmdimm
is a transcription factor involved in the regulation of silk gene transcription that activates
the transcription of the Bmfib-H gene in B. mori posterior silk gland (PSG) cells [30].

In previous studies, 41 JHBP genes were identified in silkworms, which contained
conserved structures of the binding proteins of JH. Microarray data have shown different
JHBP gene expression trends in silkworms. The expression of BmJHBP genes was generally
higher in the head, integument, midgut, fat body, testes, and ovaries. Expression levels also
differed among different tissues. The PSG had a specific and high expression of JHBPd2 [21].
Our study aimed to investigate the role of JHBPd2 in silk protein synthesis.

2. Results

2.1. Expression of BmJHBPd2 in Different Silk-Producing Strains

After many years of natural selection and artificial domestication, significant differ-
ences in silk production exist among different strains of silkworms. To analyze the mRNA
levels of BmJHBPd2 among different strains, the high-silk-producing practical strain 872
(S872) and low-silk-producing local strain Dazao were selected for further analysis to as-
certain the differences between the strains. This study investigated the indicators of four
main characteristics of S872 and Dazao. The pupae and cocoons of S872 were substantially
larger than those of the Dazao strain (Figure S1A). The whole cocoon weight, pupae, and
cocoon weight, particularly the shell weight percentage of S872, were significantly higher
than those of Dazao (Figure S1B). Considering the high efficiency of silk protein synthesis
by the silk glands of fifth instar larvae, the expression levels of genes in the PSG were
investigated. In this study, we determined the expression levels of major silk protein genes
using real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR).
Bmfib-H, Bmfib-L, and BmP25 were specifically expressed in the PSG. The transcript levels of
Bmfib-H and Bmfib-L were higher in the S872 PSG than in that of Dazao at the third and fifth
day of the fifth instar (Figure 1A,B). BmP25 was expressed at the same level in both strains
(Figure 1C). Differences in the BmJHBPd2 expression were also analyzed. The transcript
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level of BmJHBPd2 in the S872 PSG was higher than that in Dazao on the third and fifth day
of the fifth instar. The expression level of BmJHBPd2 in S872 on the fifth day of the fifth
instar was significantly higher than that in Dazao (Figure 1D). These results suggest that
BmJHBPd2 may be involved in silk protein synthesis.

Figure 1. The expression of BmJHBPd2 was different in the PSG among the two silk-producing strains
Dazao and S872. (A–D). Relative Bmfib-H, Bmfib-L, BmP25, and BmJHBPd2 mRNA levels in the PSG of
Dazao and S872 larvae on the 3rd and 5th day of the fifth instar as analyzed by real-time quantitative
reverse transcription polymerase chain reaction (qRT-PCR). BmRpl3 was used as an internal control.
The results are expressed as means ± standard deviation (SD) of three independent experiments;
* p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant.

2.2. Overexpression of BmJHBPd2 at the Cellular Level

JH regulates silk protein synthesis, and JHBP plays an important role in JH regulation
as a vital response factor. To further explore how BmJHBPd2 is involved in silk protein
synthesis, the expression of the genes associated with the silk protein synthesis and those
related to the JH signaling pathway in the exogenous JH induction were analyzed at the cel-
lular level. First, the BmJHBPd2 subcellular localization vector was constructed (Figure 2A).
Immunofluorescence experiments showed that FLAG-tagged BmJHBPd2 was localized
in the cytoplasm (Figure 2B). This result is consistent with that reported by Li et al. [21]
and implies that BmJHBPd2 cannot be secreted and plays a physiological role in cells.
The qRT-PCR analysis at the nucleic acid levels and Western blotting at the protein levels
showed that the intracellular overexpression of BmJHBPd2 was successful (Figure 3A).
BmE cells contain the signal transduction pathway for JH [30]. When adding JHA to
BmE cells, the expression of BmJHBPd2 was significantly upregulated. Furthermore, JHA
significantly upregulated the expression of the early response factor BmKr-h1, suggesting
that JHA significantly activated the JH downstream signaling pathway (Figure 3B). When
only BmJHBPd2 was overexpressed, Bmkr-h1 was nearly unexpressed, and there was no
change in the expression of the B. mori methoprene-tolerant 1 (BmMet1) gene (Figure 3C).
However, the upregulated expression level of BmKr-h1 in pSLfa1180-basic was higher than
that in pSLfa1180-BmJHBPd2 (Figure 3D). These results infer that the excessive expression
of BmJHBPd2 in the transfected cells reduced the amount of JH and then lowered the
expression of Bmkr-h1, since the overexpression of BmJHBPd2 may be sufficiently high,
as shown in Figure 3A, even though the expression of Bmkr-h1 in Figure 3B increased. In
addition, the expression of Bmfib-H was not detected in all experiments using BmE cells;
this may have been caused by the lack of transcription factors specific to silk protein genes
in the cells.
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Figure 2. Overexpression of BmJHBPd2 in BmE cells. (A). Structural map of subcellular-localized
overexpression of the BmJHBPd2 vector. (B). Immunofluorescence experiment of BmJHBPd2 in
BmE cells.

Figure 3. BmJHBPd2 responds to juvenile hormone analogs (JHAs) in BmE cells. (A). Overexpression
of BmJHBPd2 in BmE cells assayed by qRT-PCR and Western blotting using the flag tag antibody and
tubulin as a control. (B). Expression of BmJHBPd2, Bmfib-H, BmKr-h1, and BmMet1 after adding JHA
or DMSO to normal BmE cells. (C). Expression of Bmfib-H, BmKr-h1, and BmMet1 after overexpression
of BmJHBPd2 assayed without adding JHA. (D). Bmfib-H and BmKr-h1 expression level in BmE cells
overexpressing BmJHBPd2 after adding JHA. The experiments of (B–D) were assayed using qRT-PCR,
and BmRpl3 expression was used as an internal control. Results are expressed as the means ± S.D. of
three independent experiments. *** p < 0.001; ns, not significant.
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2.3. Transgenic Overexpression of BmJHBPd2 in the Silk Gland

To further explore the biological function of BmJHBPd2 in the silk gland, a piggyBac
transgenic vector containing a combination of BmJHBPd2 and a Myc foreign label with
the Fib-L promoter, Fib-L terminator, and pBac [3xP3 EGFP] was constructed (Figure 4A).
The vector and helper plasmids were injected into 271 pre-blastoderm eggs, of which
136 hatched and developed to the adult stage. An EGFP-positive brood was obtained and
used to establish the transgenic overexpression line (Figure 4B). Then, we obtained four
positive G2 generations, and the results of the investigations on all four G2 generations
showed that the synthesis of silk proteins was affected. One G3 generation was conserved
and continued to be reared and investigated, and the result remained the same. The mRNA
levels of BmJHBPd2 in the PSG of larvae on the third day of the fifth instar larvae (L5D3) of
the transgenic and wild-type (WT) lines were detected using qRT-PCR. The result showed
that BmJHBPd2 levels were substantially higher in the transgenic line than that in the WT
line (Figure 4C). To confirm whether BmJHBPd2 with a Myc-tag was synthesized in the
transgenic line, proteins were extracted from the PSG of L5D3 for Western blotting. The
signals with the Myc antibody were only detected in the transgenic line (BmJHBPd2OE) but
not in the WT line (Figure 4D). These results indicated that BmJHBPd2 was overexpressed
in the PSG.

Figure 4. Overexpression of BmJHBPd2 in the posterior silk gland. (A). Schematic diagram of carrier
construction. (B). Screening of transgenic moths; transgenic-positive individual moths under white
light and green fluorescence. (C). Overexpression of BmJHBPd2 assayed using qRT-PCR; BmRpl3 was
used as an internal control. (D). Detection of BmJHBPd2 at the protein level using a Myc tag antibody
and tubulin as a control. Results are expressed as means ± S.D. of three independent experiments.
*** p < 0.001.

2.4. Overexpression of BmJHBPd2 Affects Silk Synthesis and Silk Yield

This study investigated the strain overexpressing the BmJHBPd2 gene obtained above,
predominantly focusing on the silk gland and yield of fifth instar larvae. The BmJHBPd2OE
line was raised to the L5D3 stage, and its silk glands were dissected and observed. There
was no pronounced difference in the biological characteristics of the silk glands (Figure 5A).
However, we found that the overexpression of BmJHBPd2 resulted in thinner and smaller
cocoon shells than those in the WT lines (Figure 5B). Further observation of the cocoon shells
of the two lines showed that the whole cocoon weight, cocoon weight, pupae weight, and
cocoon shell rate were significantly reduced in the BmJHBPd2OE line (Figure 5C–F). Based
on these differences in cocoon shells between the BmJHBPd2OE line and WT line, we chose
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the L5D3 stage to determine the mRNA levels of silk protein-related transcription factors
and silk fibroin genes in both lines. Among the silk fibroins tested, Bmfib-H and Bmfib-L were
significantly downregulated at the L5D3 in the BmJHBPd2OE line (Figure 5G,H), except
for BmP25, which did not differ significantly between the two lines (Figure 5I). Among the
silk-related transcription factors, the expression of Bmsage and Bmdimm was significantly
downregulated in the BmJHBPd2OE line (Figure 5J,K). However, the expression of Bmsgf-1
was significantly upregulated (Figure 5L). These results indicate that this study successfully
overexpressed the BmJHBPd2 gene, although the expression of the silk fibroin gene and silk
fibroin-related transcription factors in the BmJHBPd2OE line was significantly reduced,
which affected the silk yield.

Figure 5. Analysis of fibroin gene expression and cocoon traits. (A–F). Phenotype of silk gland at
the fifth instar and cocoon of the BmJHBPd2OE and WT lines. (G–L). Expression of silk fibroin
protein gene and silk protein transcription factor in the WT and transgenic lines. BmRpl3 expression
was used as a control. Results are expressed as means ± S.D. of three independent experiments.
** p < 0.01; *** p < 0.001; ns, not significant.

2.5. Overexpression of BmJHBPd2 Led to Repression of Silk Synthesis by Inhibiting Bmkr-h1
Expression in the Silk Glands

JHBPd2 affected the expression of Kr-h1 in the JH pathway at the cellular level. There-
fore, the major JH regulatory pathway genes were investigated in the silk glands of the
BmJHBPd2OE and WT lines. According to qRT-PCR, the relative expression level of
the early response factor, BmKr-h1, in the JH pathway was significantly reduced in the
BmJHBPd2OE line (Figure 6A). JH receptors, such as Met1, methoprene-tolerant 2 (Met2),
and steroid receptor co-activator (SRC), were also downregulated (Figure 6C,D). The key
enzymes of the JH metabolic pathway, JH esterase (JHE), and JH epoxide hydrolase (JHEH),
were significantly downregulated (Figure S2A,B). Therefore, both the major genes in the

443



Int. J. Mol. Sci. 2023, 24, 12650

JH pathway and the JH-degrading enzymes were downregulated, indicating that the JH
pathway was affected by overexpression of BmJHBPd2.

 

Figure 6. Overexpression of BmJHBPd2 results in the inhibition of JH signaling pathway in silk glands
assayed by qRT-PCR. The following JH signaling pathway–related genes were selected: Kr-h1 (A),
Met1 (B), Met2 (C), and SRC (D). BmRpl3 was used as a control. Results are expressed as means ± S.D.
of three independent experiments. * p < 0.05; ** p <0.01; *** p < 0.001.

Kr-h1 can directly inhibit the biosynthesis of 20-hydroxyecdysone (20E) and the expres-
sion of some early transcription factors in 20E [31]. Therefore, the expression of some early
transcription factors in 20E was investigated. This study found that the early transcription
factor B. mori broad complex (BmBrc) of 20E was significantly upregulated (Figure 7A).
The relative expression levels of E74A and ultraspiracle protein (USP) were significantly
upregulated in the BmJHBPd2OE line (Figure 7B,C). Meanwhile, those of the ecdysteroid
receptor (EcR), hormone receptor 3 (HR3), and E75A did not differ significantly between the
two lines (Figure 7D–F). These results suggest that overexpression of BmJHBPd2 increases
the expression of early transcription factors in the 20E signaling pathway.

 

Figure 7. Overexpression of BmJHBPd2 results in upregulation of the 20-hydroxyecdysone (20E)
signaling pathway in silk glands assayed using qRT-PCR. The following 20E signaling pathway–
related genes were selected: Brc (A), E74A (B), USP (C), EcR (D), HR3 (E), and E75A (F). BmRpl3
was used as a control. Results are expressed as means ± S.D. of three independent experiments.
** p < 0.01; ns, not significant.

3. Discussion

The most valuable aspect of silkworm studies is the potential for increased production
of silk [22]. In order to increase silk production, it is important to understand the process of
silk protein synthesis [32]. In our study, we found a correlation between BmJHBPd2 and
silk protein gene expression and silk yield. At the cellular level, BmJHBPd2 was induced
by JHA and suppressed JH signaling by inhibiting the expression of Bmkr-h1. Individual
experiments showed that overexpression of BmJHBPd2 promoted the expression of 20E-
related transcription factors by inhibiting the expression of Bmkr-h1, thereby decreasing the
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expression of silk protein genes and silk production. Our results indicate that BmJHBPd2
plays an important role in regulating JH signaling in silk glands. Simply increasing the
expression of JHPBd2 does not increase silk yield; rather, silk protein synthesis is inhibited.
Our research provides a reference for future genetic modifications to improve silk yield.

As a specific carrier of the endocrine hormone JH in silkworms, JHBP protects and
transports synthesized and secreted JH from the corpora allata [6]. Given that the organs
are used for silk protein synthesis and secretion, silk glands grow rapidly during the fifth
instar. Although JH has been found to be largely absent from the blood of fifth instar
silkworms [33], to date, there have been no reports on whether the silk glands of fifth instar
silkworms contain JH. Based on the functional studies, the findings of this study suggest
that the silk glands of fifth instar silkworms are likely to contain JH and that JHBPd2 may
play a role in regulating the concentration gradient of JH in the functioning of silk glands.
The rationale is that the overexpression of JHBPd2 alone in the PSG increases its protein
production, and JH entering the silk gland without reaching the JH concentration in the
blood binds to the overexpressed JHBPd2. This can result in a decrease in free JH in the
silk gland, which, in turn, reduces the expression of Kr-h1. As a key transcription factor
connecting the JH and the 20E pathways, Kr-h1 can directly inhibit the biosynthesis of
20E [31], thereby inhibiting insect growth. Kr-h1 also directly binds to the Kr-h1 binding site
(KBS) elements of E93, Brc, and E75 promoters to inhibit their expression [34–37]. During
crosstalk between the JH and 20E pathways, Kr-h1 is located upstream of the 20E pathway
genes and inhibits their expression. The 20E transcription factors, such as Brc, strongly
repress silk protein synthesis [38]. Consequently, the expression of silk proteins is reduced,
which then leads to decreased silk yield.

The expression pattern of the JHBPd2 gene is highly similar to that of the silk fibroin
gene, both of which are highly expressed at the fifth instar stage and are mainly expressed
in the PSG. This indicates a close relationship with silk fibroin synthesis [39]. The larval
stage of silkworms was found to be positively correlated with the silk yield [40,41]. The
expression of JHBPd2 was significantly higher in high-silk-yield varieties than in low-
silk-yield varieties, and there was a positive correlation between its expression and silk
yield. However, the overexpression of JHBPd2 was found to inhibit silk yield. This
study also conducted an in-depth analysis of this issue. This contradictory results suggest
that JHBPd2 plays a role in the regulation of JH concentration. The larval stage of high-
silk-yield S872, especially at the end of the fifth instar, is 2–3 days longer than that of
the low-silk-yield variety Dazao. This suggests that S872 contains more JH than Dazao
in vivo, which can be inferred from applying JH to the silkworm body surface, prolonging
the developmental time of the silkworm [30]. With more JH in the high-silk-yield S872,
there is a corresponding increase in JH content in the silk gland, which requires more
JHBPd2 protein to bind and protect JH. Therefore, the silk glands of the high-silk-yield
S872 have more time to synthesize more silk protein and, thus, produce more silk. After
the overexpression of BmJHBPd2, because the JH signaling pathway in the silkworm was
affected, the balance of JH concentration in the silk gland was disrupted, which inhibited
silk protein synthesis. Our results also indicate that simply changing a gene that is positively
associated with silk production may not improve silk yield. Silk yield is a quantitative
trait controlled by multiple genes. Varieties with high silk yields can result from artificial
selection, which is the result of the synergistic regulation of multiple genes. Altering only
one gene, such as JHBPd2 in this study, may disrupt homeostasis in vivo, which, in turn,
inhibits silk protein synthesis. Therefore, further research is required to determine how to
improve silk production through genetic manipulation. Further research on the regulatory
mechanism of silk protein synthesis is expected to identify the most critical factors affecting
silk protein synthesis.

In this study, we did not measure JH in the silk glands of the JHBPd2OE line due
to limited material availability; however, we performed JH assays on normal silk gland
tissues and found that silk glands contained JH. We propose the following regarding the
expression of BmJHBPd2 in the PSG (Figure 8). JH is transported into PSG cells from the
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hemolymph early in the fifth instar stage. Free JH then binds to the nuclear receptor BmMet
and forms a complex with BmSRC [42]. This complex activates the expression of BmKr-h1
and, subsequently, the expression of the transcription factor Bmdimm to regulate Bmfib-
H [30]. Simultaneously, JH induces the upregulated expression of BmJHBPd2 (Figure 3B).
Cytoplasmic BmJHBPd2 can bind to redundant JH and slowly release it to maintain the
JH level, which continuously regulates gene expression for silk synthesis. Therefore, there
are two potential sources of JH in the silk glands, one of which possibly originates from
the blood. There is a consensus that JH is released into the blood after synthesis by the
pharyngeal lateral body and that JH in the blood is bound by JHBP and transported to
various tissues and organs. However, it is difficult to understand that at the fifth instar,
JH is essentially undetectable in the blood. Therefore, it is unlikely that other tissues and
organs contain JH. However, at the early age of the fifth instar, JH is likely synthesized
by the corpora allata and then transported to other tissues and organs after being bound
by JHBP in each organ. Here, JHBP functions as a sponge, which slowly releases JH and
regulates the growth and development of each tissue and organ. The issue of the catch and
release should be addressed in future research. However, the silk gland may synthesize
JH independently. Although the corpora allata is the main JH-synthesizing organ, the
possibility that other tissues and organs may synthesize JH cannot be excluded. In addition,
a substantial number of JH synthesis enzymes have been detected in silk glands. Further
confirmation of this is required.

 

Figure 8. Function prediction model of BmJHBPd2 in the PSG. JH is transported into PSG cells from
the hemolymph and functions in two ways. 1©: Free JH binds to the nuclear receptor BmMet and
forms a complex with BmSRC. ×: Free JH degradation in cytoplasm. 2©: Cytoplasmic BmJHBPd2 can
bind to redundant JH and slowly release it to maintain the JH level. And then, JH enters the nucleus
and binds to the nuclear receptor BmMet and forms a complex with BmSRC.

4. Materials and Methods

4.1. Silkworm Strains and Cell Culture

Bombyx mori, the low-silk-producing strain Dazao, and the high-silk-producing strain
872 (S872), were provided by the State Key Laboratory of Silkworm Genome Biology,
Southwest University in Chongqing, China. Silkworm eggs were cultured at a standard
temperature of 25 ◦C under 12 h light and 12 h dark cycle conditions. The larvae were reared
with fresh mulberry leaves with 75% relative humidity. The B. mori cell line, BmE [43],
originally derived from embryo cells and was maintained at 27 ◦C in Grace’s medium
supplemented with 10% FBS (HyClone, San Angelo, TX, USA).
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4.2. RNA Preparation and Quantitative Real Time-PCR (qRT-PCR)

Total RNA was extracted from the cells and silk glands using TRIzol™ reagent (Invitro-
gen, Waltam, MA, USA). The GoScrip™ Reverse Transcription system (Promega Madison,
WI, USA) was used for RT-PCR. The semiquantitative RT-PCR conditions were as follows:
95 ◦C for 10 s, followed by 25 cycles at 95 ◦C for 10 s, 55 ◦C for 15 s, 72 ◦C for 1 min, 72 ◦C
for 7 min, and then maintained at 16 ◦C. Reverse transcription was performed using the
PrimeScript™ RT reagent Kit with gDNA Eraser (Takara, Shiga, Japan). Quantitative PCR
was performed using SYBR® Premix Ex Taq™ II (Takara) and qPCR reaction under the
following conditions: 95 ◦C for 10 s, followed by 40 cycles of treatment at 95 ◦C for 5 s,
and 60 ◦C for 31 s. The silkworm ribosomal protein L3 (BmRpl3) was used as the internal
marker gene. Three independent replicates were performed for each experiment.

4.3. Subcellular Localization

Primers for amplifying the ORF of BmJHBPd2 are listed in Table S2. Target fragments
were obtained by gel purification and cloned into an pSLfa1180 (pSLfa1180-A4-EGFP-
SV40) expression vector (maintained in our laboratory) between BamHI and NotI sites.
Highly purified plasmid DNA was prepared using Qiagen Plasmid Midi kits (Qiagen,
Dusseldorf, Germany). For the subcellular localization assay of silkworm BmJHBPd2,
BmE cells were seeded onto coverslips in 24-well plates. After 12 h of culture, pSLfa1180-
Basic, pSLfa1180-A4-EGFP, and pSLfa1180[A4-EGFP-BmJHBPd2-SV40] were separately
transfected into BmE cells at 1 μg per well. Cells were transfected with expression plasmids
using the X-tremeGENE HP DNA Transfection Reagent (Roche Applied Science, Penzberg,
Germany). After transfection for 48 h, cells were fixed for 10 min at room temperature with
4% (v/v) formaldehyde in PBS. They were then blocked for 30 min in PBS containing 0.1%
(w/v) BSA and 5% (v/v) goat serum. The samples were treated with a primary antibody
(anti-FLAG monoclonal M2 mouse (Sigma-Aldrich, St. Louis, MO, USA)) for 1 h before
being incubated with a secondary antibody (anti-mouse Alexa 488) for 30 min at room
temperature. The samples were then mounted using a mounting medium containing 4,6-
diamidino-2-phenylindole (DAPI) and photographed using a confocal microscope (FV1000;
Olympus, Tokyo, Japan).

4.4. Western Blotting

Radio-immunoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai, China)
was used to extract proteins from the cells and the PSG. The lysate was divided evenly
and then centrifuged for 5 min at 12,000× g. Protease inhibitors were then added to the
supernatants. Protein concentrations were measured using a bicinchoninic acid (BCA)
protein assay kit (Beyotime, Shanghai, China). The proteins were separated using 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
onto a polyvinylidene difluoride (PVDF) membrane (Roche, Basel, Switzerland). The
PVDF membrane was blocked using 5% skimmed milk overnight at 4 ◦C and incubated
with a primary antibody against BmJHBPd2 (1:10,000) for 2 h at 37 ◦C. After washing the
PVDF membrane six times at 5 min intervals, the membranes were incubated with the
secondary antibody goat anti-rabbit IgG (1: 20,000), labeled with horseradish peroxidase
(HRP) (Sigma-Aldrich, St. Louis, MO, USA), and visualized with SuperSignal™ West
Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Waltham, USA) using the
automatic exposing pattern of Genome XRQ (Gene Company, Hong Kong, China).

4.5. Statistical Method for Cocoon Layer Proportion

The whole cocoon was weighed and then gently peeled; following this, the pupa was
removed, the epidermis was shed, and the remaining cocoon was then weighed again.
The ratio of this weight to the whole cocoon weight was determined as the cocoon layer
ratio, which was measured in each of 15 individuals of transgenic and wild-type silkworms
of Dazao.
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4.6. Plasmid Construction to Obtain Transgenic Silkworms

To construct the transgenic overexpression lines, we used the pBac [3xp3-EGFP] system.
JHBPd2 was driven by the PSG-specific Fib-L promoter to obtain the pBac [3xp3-EGFP-
Fib-L-BmJHBPd2-myc] (Figure 4A). The target gene, BmJHBPd2, was amplified by PCR
using cDNA from the silk gland tissue of the Dazao cultivar, using that of the third day
of the fifth instar as the template. The 5’ end of BmJHBPd2-F was selected to add the
BamH I (Takara, Tokyo, Japan) restriction endonuclease site. The 5’ end of BmJHBPd2-R
was selected to add the NotI (Takara) restriction endonuclease site and Myc foreign label
sequence for amplification. Full-length PCR products were digested with BamHI and NotI
and connected to the 1180 vector skeleton with the Fib-L promoter to construct the psl1180
[FibL-BmJHBPd2-myc] expression vector. The AscI (Takara) enzyme was used to digest the
psl1180 [FibL-BmJHBPd2-myc] carrier and pBac [3xp3-EGFP] vector. Solution I (Takara) was
used to construct an overexpression vector. The primers used to construct the plasmids are
listed in Table S1 of the Supplementary Materials.

4.7. Silkworm Germline Transformation

For silkworm germline transformation, the ultrapure plasmid of BmJHBPd2 overex-
pression transgenic vector and helper plasmid were mixed at a 1:1 volume ratio, and the
final concentration for embryo injection was 300–500 ng/μL. After being sealed, they were
moved into an artificial culture room and incubated at 25 ◦C for 10–12 days until the larvae
hatched. After hatching by injecting the silkworm eggs, the G0 generation could not be
screened for transgenic individuals [44]. Males and females were randomly mated and laid
eggs for the G1 generation. The eggs of the G1 generation eggs were fluorescently screened
at around the sixth day of development. Egg circles with eyes emitting green fluorescence
were screened as positive individual egg circles and raised to produce the next genera-
tion. Homozygous third-generation transgenic silkworms were used for molecular-level
detection in subsequent experiments.

4.8. Statistical Analysis

All the data were statistically analyzed using Student’s t-tests. Asterisks indicate
significant differences (* p < 0.05, ** p <0.01, and *** p < 0.001). ns is not statistically different.

4.9. JHA Treatment

BmE cells were seeded onto coverslips in 24-well plates. After 12 h of culture,
pSLfa1180-Basic and pSLfa1180-BmJHBPd2 were separately transfected into BmE cells at
1 μg per well. After transfection for 8 h, the medium was changed. JHA was melted in
DMSO [30]. We then added 1 ng JHA (Sigma-Aldrich, Methoprene, 40596-69-8) to each
well, and the cell RNA was extracted after hormone treatment for 12 h.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: Hydrogen sulfide (H2S), synthesized by cystathionine gamma-lyase (Cth), contributes
to the inflammatory response observed in sepsis. This study examines the effect of Cth-derived
H2S in adhesion molecules on endothelial cells of vital organs in mice in a cecal ligation puncture
(CLP)-induced model of sepsis, using two different and complementary approaches: Cth gene
deletion and pharmacological inhibition. Our findings revealed a decreased level of H2S-synthesizing
activity (via Cth) in both Cth−/− mice and PAG-treated wild-type (WT) mice following CLP-induced
sepsis. Both treatment groups had reduced MPO activity and expression of chemokines (MCP-1
and MIP-2α), adhesion molecules (ICAM-1 and VCAM-1), ERK1/2 phosphorylation, and NF-κB in
the liver and lung compared with in CLP-WT mice. Additionally, we found that PAG treatment in
Cth−/− mice had no additional effect on the expression of ERK1/2 phosphorylation, NF-κB, or the
production of chemokines and adhesion molecules in the liver and lung compared to Cth−/− mice
following CLP-induced sepsis. The WT group with sepsis had an increased immunoreactivity of
adhesion molecules on endothelial cells in the liver and lung than the WT sham-operated control.
The Cth−/−, PAG-treated WT, and Cth−/− groups of mice showed decreased immunoreactivity of
adhesion molecules on endothelial cells in the liver and lung following sepsis. Inhibition of H2S
production via both approaches reduced adhesion molecule expression on endothelial cells and
reduced liver and lung injury in mice with sepsis. In conclusion, this study demonstrates that H2S has
an important role in the pathogenesis of sepsis and validates PAG use as a suited tool for investigating
the Cth/H2S-signalling axis in sepsis.

Keywords: hydrogen sulfide; cystathionine gamma-lyase; sepsis; adhesion molecules; endothelial
cells

1. Introduction

Sepsis is a major public health problem with an overall mortality rate of 25–30%
globally [1]. The most common cause is bacterial infection [2], which may trigger a sys-
temic inflammatory response and multiple organ failure [3]. Severe liver injury and lung
injury may be associated with sepsis. The underlying mechanisms of injury are not well
understood but recent studies have shown H2S is an important gaseous mediator of inflam-
mation [4–7].

H2S is synthesized through the metabolism of L-cysteine, in coordination with PLP
(pyridoxal 5′-phosphate), via three enzymes: cystathionine γ-lyase (Cth), cystathionine
β-synthase (CBS), and 3-mercaptopyruvate sulfurtransferase (MPST) [8]. Cth is predomi-
nantly responsible for H2S synthesis in the liver, whereas CBS mainly regulates H2S synthe-
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sis in the brain and kidneys [9]. H2S synthesized via Cth plays an essential role in physio-
logical as well as in pathological processes [10]. It has been demonstrated that H2S acts as a
pro-inflammatory mediator during various acute inflammatory conditions [7,11,12], includ-
ing cecal ligation and puncture (CLP)-induced sepsis [13–15] in mice as well as in patients
with sepsis [16,17]. CLP-induced sepsis increased Cth expression/H2S synthesis in these
studies, promoting the inflammatory response by elevating pro-inflammatory cytokines,
chemokines, and adhesion molecules [11–13]. These pro-inflammatory mediators were
increased via the activation of NF-κB under the influence of Cth expression/H2S synthesis
during the inflammatory episode [18]. In addition, Cth expression/H2S synthesis have
been shown to regulate inflammation via the activation of extracellular signal-regulated
kinase (ERK) [19], which is the primary upstream activator of NF-κB [18].

Recruitment of leukocytes is a key feature of inflammation. This involves a series
of events that results in the recruitment of leukocytes to the site of inflammation via
leukocyte–endothelial cell interactions [20]. This series of events is initiated by rolling
and then adherence of leukocytes to the endothelial cells via the interaction between the
adhesion molecules and their respective ligands. This, in turn, results in the infiltration of
leukocytes to the site of injury [21,22]. Increased concentrations of H2S have been reported
to significantly increase pulmonary and hepatic concentrations of chemokines and adhesion
molecules during sepsis [18,23].

Liver sinusoidal endothelial cells (LSECs) are the most abundant non-parenchymal
cells in the liver, with unique functions, especially in leukocyte recruitment via various ad-
hesion molecules expressed on their surface [24,25]. LYVE-1 (lymphatic vessel endothelial
hyaluronan receptor-1) has been used as a potential maker for liver sinusoidal endothelial
cells. Adhesion molecules such as intercellular adhesion molecule 1 (ICAM-1) and vascular
cell adhesion molecule 1 (VCAM-1) [22,26] are highly expressed on inflamed LSECs [27].
We have found, in previous studies, that sepsis is associated with the disruption of the
LSECs and the formation of gaps [4,28,29], which are large defects through the LSECs. Cth
gene deletion protects mice against disruption of the LSECs caused by sepsis, suggesting
disruption of LSECs’ structure is an important consequence of H2S-induced inflamma-
tion in sepsis [4]. In parallel, acute lung injury (ALI), and its more severe form ARDS
(acute respiratory distress syndrome), are manifestations of lung injury that occur during
sepsis [30]. Pulmonary endothelial cells have been identified as key modulators and or-
chestrators of ALI via leukocyte infiltration [31]. Expression of ICAM-1 and VCAM-1 are
reported to be increased in the pulmonary endothelial cells during ARDS, which can be
associated with septic shock and multiple organ failure [32]. Many studies have employed
CD-31 (PECAM-1) as a potential marker for pulmonary endothelial cells. Inhibition of
Cth expression/H2S synthesis has been shown to protect against lung injury induced by
sepsis [4,14,15,18,19]. To date, various methods have been used to understand the role of
H2S in inflammation related to sepsis, such as pharmacological tools [14,15,18,19], siRNA,
and knockout mouse models [4]. These tools have opened up a new horizon for gaining
deeper insights into the role of H2S in inflammation. The most commonly used pharmaco-
logical tool is DL-propargylglycine (PAG). It is a specific inhibitor of Cth with no role in the
inhibition of CBS. However, some studies have reported that PAG acts by inhibiting other
PLP-dependent enzymes as well [33], leading to questions about its specificity.

Interestingly, a recent study with Cth deletion mice showed similar results to previous
studies using PAG [14,15,18,19], indicating that the actions of PAG were indeed a result of
Cth inhibition. The current study, therefore, uses two complementary and independent
approaches to investigate the role of H2S during sepsis. Moreover, so far, no study has
explored the role of the Cth/H2S signaling pathway on adhesion molecules expressed by
the endothelial cells of vital organs during sepsis. Although previous studies have pointed
to a key role of LSECs in the pro-inflammatory actions of H2S, the mechanism by which
they contribute to inflammation in sepsis remains unknown.

452



Int. J. Mol. Sci. 2023, 24, 13650

In this study, therefore, we aimed to investigate whether H2S, synthesized via Cth,
plays a role in the alteration of adhesion molecule expression on endothelial cells of the
vital organs in CLP-induced septic mice. To achieve this, we utilized Cth−/− mice and
PAG-treated wild-type Cth−/− mice, and examined the impact of different approaches
to Cth inhibition on liver and lung pro-inflammatory mediators, injury, and adhesion
molecule alteration in the endothelial cells in a mouse model of sepsis. This parallel use of
two complementary and independent means of H2S inhibition will help us to gain strong
evidence of the role of endogenously synthesized H2S in inflammation.

2. Results

2.1. Cth Expression and H2S-Synthesizing Enzyme Activity

The expression of Cth protein in both the liver and lung was significantly higher in
WT CLP-induced septic mice than in sham control mice (Figure 1A–D). However, treatment
with the Cth pharmacological inhibitor PAG did not affect the expression of Cth protein in
WT CLP-induced septic mice.

Figure 1. Cth expression in the liver (A,B) and lung (C,D) and liver H2S production (E) after 8 h of
CLP-induced sepsis. The expression of Cth protein in both liver and lungs was induced by CLP-
induced sepsis. Cth band density was normalized to GAPDH band density. Results are expressed
in relative fold increase. Representative Western blot images (A,C) were obtained from at least
four independent experiments. (E) Liver H2S-synthesizing activity measured over 30 min. In WT
CLP-induced sepsis mice, H2S-synthesizing activity was higher than in sham controls, whereas
significantly lower concentrations were observed in Cth−/− mice. CLP-induced sepsis in WT and
Cth−/− treated with demonstrated similar concentrations of H2S-synthesizing activity to sham
Cth−/−. All data are represented as mean ± standard derivation (SD) (n = 8). One-way ANOVA
with post hoc Tukey test was employed. Statistical significance was determined at ** p < 0.01;
**** p < 0.0001; ns, not significant.
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The liver H2S-synthesizing enzyme activity in WT mice was significantly higher
following CLP-induced sepsis than in the sham-operated control. It was significantly lower
in Cth−/− mice than WT CLP-induced sepsis, and CLP-induced sepsis did not increase H2S-
synthesizing enzyme activity in Cth−/− mice compared with sham Cth−/−. In addition, the
treatment of PAG in both WT and Cth−/− mice showed similar H2S-synthesizing activity
in the liver. We could not detect any traces of H2S-synthesizing activity in homogenized
lung samples from any experimental group (Figure 1E).

2.2. Effect of PAG Treatment and Cth−/− on Myeloperoxidase (MPO) Activity and
Sepsis-Associated Organ Injury

Liver and lung MPO activity were measured to assess neutrophil infiltration, and the
increment in MPO activity over baseline was used as marker of neutrophil infiltration into
these organs (Figure 2A,B). There was increased MPO activity in both the liver and lungs of
mice with WT CLP-induced sepsis compared to sham control mice. PAG-treated WT and
Cth−/− mice following CLP had significantly less MPO activity in both the liver and lung
than mice with WT CLP-induced sepsis. Histological analysis of liver tissue sample from
WT mice with sepsis showed more severe liver injury (ballooning degeneration) compared
to sham WT, sham Cth−/−, CLP Cth−/−, CLP PAG WT, and CLP PAG Cth−/− (Figure 2C).
Less lobular necrosis was observed in samples from mice in the CLP Cth−/−, CLP PAG
WT, and CLP PAG Cth−/− groups, but not in the sham WT and sham Cth−/− groups
compared to WT mice with sepsis. Similarly, lung sections stained with H&E showed more
evidence of lung injury (fibrin deposition, leukocyte infiltration, and thickening of alveolar
walls) in septic WT mice compared to septic mice with Cth−/−, PAG-treated WT, and
Cth−/−. Normal lung histological structure was seen in WT sham-operated and Cth−/−
mice (Figure 2D,E).

Figure 2. Cont.
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Figure 2. Impact of Cth inhibition or deletion on liver and lung injury after 8 hr of CLP-induced
sepsis. MPO activity in the liver (A) and lung (B). Compared to sham operation controls, liver and
lung MPO activity were higher in WT CLP-induced septic mice. CLP-induced sepsis in WT, Cth−/−,
PAG-treated WT, and PAG-treated Cth−/− significantly reduced MPO activity in the liver and lung.
MPO activity was expressed as a relative fold increase over sham operations. (C) Representative
histopathological images of the liver showed severe ballooning degeneration (liver injury) in WT
CLP-induced sepsis mice (two large ballooned hepatocytes—black arrows) compared to sham control.
CLP-induced Cth−/−, PAG-treated WT, and PAG-treated Cth−/− mice revealed reduced level liver
injury (less ballooning degeneration) (E); Scale bars = 200 μm. (D) Representative histopathological
images of the lung. Histological analysis of lung sections showed prominent lung injury (fibrin
deposition (red arrows), leukocyte (neutrophil) infiltration (black arrows), and alveolar thickening
(green arrows)) (F) in WT mice following CLP-induced sepsis, compared to sham-operated controls.
Notably, this effect was significantly diminished in Cth−/−, PAG-treated WT, and PAG-treated
Cth−/− mice following CLP-induced sepsis. Scale bars = 50μm. One-way ANOVA with post hoc
Tukey test was employed for liver and lung MPO activity, whereas non-parametric Kruskal–Wallis
test was used to analyze liver and lung histology scores. All data are represented as mean± SD (n = 8),
and statistical significance was determined at * p < 0.05; ** p < 0.01; *** p < 0.001; and **** p < 0.0001.
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2.3. Effect of PAG Treatment and Cth−/− on Liver and Lung ERK 1/2/NF-κB in Sepsis

ERK phosphorylation was higher in the liver and lung samples from WT mice with
CLP-induced sepsis than WT sham-operated mice. As expected, phosphorylation was lower
in samples from both the PAG-treated and Cth−/− with CLP-induced sepsis compared
to the corresponding WT mice. No additional effect was observed with the treatment
with PAG in Cth−/− mice followed by CLP-induced sepsis compared with either group
alone (Figure 3A–D). Nuclear NF-κB DNA-binding activity in the lungs and liver was
significantly increased in WT CLP-induced septic mice compared to WT sham-operated
mice. Blockade of endogenous H2S synthesis with PAG-treated or Cth−/− mice showed
a marked inhibition of activation of NF-κB, and this was unaffected by PAG treatment in
Cth−/− mice with sepsis (Figure 3E,F).

Figure 3. Impact of Cth inhibition or deletion on ERK1/2 and NF-κB activation after 8 h of CLP-
induced sepsis. (A,B) p-ERK1/2 expression in the liver. WT CLP-induced septic mice showed increased
phosphorylation of ERK1/2 as compared to the WT sham-operated mice. CLP-induced sepsis in
Cth−/−, PAG-treated WT, and PAG-treated Cth−/−. ERK1/2 phosphorylation was significantly lower
than WT CLP-induced sepsis. (C,D) p-ERK1/2 expression in the lung. WT CLP-induced septic
mice showed increased phosphorylation of ERK1/2 compared to the WT sham-operated mice. CLP-
induced sepsis in Cth−/−, PAG-treated WT, and PAG-treated Cth−/−. ERK1/2 phosphorylation was
significantly lower than WT CLP-induced sepsis. p-ERK1/2 band density was normalized to ERK1/2
band density. Results are expressed in relative fold increase. Representative Western blot images
were obtained from at least four independent experiments. (E,F) NF-κB p65 activation in the liver and
lung. Activation of NF-κB p65 was higher in WT CLP-induced septic mice than WT sham-operated
mice. CLP-induced sepsis in Cth−/−, PAG-treated WT, and PAG-treated Cth−/− activation of NF-κB
p65 was significantly lower than WT CLP-induced sepsis. The results are expressed as a relative fold
increase. All data are represented as mean ± SD (n = 8). One-way ANOVA with post hoc Tukey
test was employed. Statistical significance was determined at * p < 0.05; ** p < 0.01; *** p < 0.001; and
**** p < 0.0001.
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2.4. Effect of PAG Treatment and Cth−/− on Pro-Inflammatory Chemokines Synthesis on Liver and
Lung Following Sepsis

The concentrations of pro-inflammatory chemokines (MCP-1 and MIP-2α) were signifi-
cantly elevated in WT CLP mice as compared to WT sham mice (Figure 4A–D). PAG-treated
and Cth−/− mice with CLP-induced sepsis demonstrated lower concentrations of pro-
inflammatory chemokines in liver and lung homogenates than WT septic mice.

The concentrations of pro-inflammatory chemokines in liver and lung samples from
PAG-treated Cth−/− mice were not significantly different from the Cth−/− group.

Figure 4. Impact of Cth inhibition or deletion on expression of liver MCP-1 (A) and MIP-2α (B)
and lung MCP-1 (C) and MIP-2α (D) after 8 h of CLP-induced sepsis. CLP-induced sepsis in WT
mice significantly elevated the pro-inflammatory chemokines MCP-1 and MIP-2α in the liver and
lung more than in sham control. Cth−/−, PAG-treated WT, and PAG-treated Cth−/− mice were
demonstrated to reduce pro-inflammatory MCP-1 and MIP-2α expression in the liver and lung
compared to WT CLP-induced septic mice. Results are expressed in pg/mg of protein. All data
are represented as mean ± SD (n = 8). One-way ANOVA with post hoc Tukey test was employed.
Statistical significance was determined at * p < 0.05; ** p < 0.01; *** p < 0.001; and **** p < 0.0001.
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2.5. Effect of PAG Treatment and Cth−/− on Adhesion Molecule Synthesis in Liver and Lung
Following Sepsis

The concentrations of pro-inflammatory adhesion molecules (ICAM-1 and VCAM-1)
in liver and lung tissue were significantly elevated in WT CLP mice compared to WT sham-
operated mice (Figure 5A–D). PAG-treated and Cth−/− mice with CLP-induced sepsis
demonstrated lower protein concentrations of pro-inflammatory adhesion molecules in
liver and lung homogenate than WT septic mice. The concentrations of pro-inflammatory
adhesion molecules in liver and lung samples from PAG-treated Cth−/− mice were not
significantly different from the Cth−/− group.

Figure 5. Impact of Cth inhibition or deletion on expression of liver ICAM-1 (A)/VCAM-1 (B)
and lung ICAM-1 (C)/VCAM-1 (D) after 8 h of CLP-induced sepsis. WT CLP-induced septic mice
significantly elevated pro-inflammatory adhesion molecules ICAM-1 and VCAM-1 in the liver and
lung compared to sham operation controls. Cth−/−, PAG-treated WT, and Cth−/− mice were shown
to reduce pro-inflammatory ICAM-1 and VCAM-1 expression in the liver and lung compared to WT
CLP-induced septic mice. Results are expressed in pg/mg of protein. All data are represented as
mean ± SD (n = 8). One-way ANOVA with post hoc Tukey test was employed. Statistical significance
was determined at * p < 0.05; ** p < 0.01; *** p < 0.001; and **** p < 0.0001.
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2.6. Effect of PAG Treatment and Cth−/− on Immunoreactivity of Liver ICAM-1 and VCAM-1
Co-Localised with Liver Sinusoidal Endothelial Cells

To quantify the localized ICAM-1 and VCAM-1 immunoreactivity within the liver,
co-localization was performed with LYVE-1 to identify liver sinusoidal endothelial cells. Im-
munofluorescence microscopy showed increased immunoreactivity of ICAM-1 (Figure 6A,C)
and VCAM-1(Figure 6B,D) co-localized with LYVE-1 in WT CLP-induced septic mice com-
pared with sham-operated control mice. Cth−/− and PAG treatment on WT and Cth−/−
attenuated the expression of ICAM -1 and VCAM-1 co-localized with LYVE-1 compared to
WT CLP mice.

Figure 6. Cont.
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Figure 6. Cont.
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Figure 6. Representative images of ICAM-1 (A) and VCAM-1 (B) immunoreactivity (Cy3–red)
co-localized with LYVE-1 (Alexa Fluor 488–green) after 8 h of CLP or sham operation. Scare bar:
50 μm. Semi-quantitative analysis of ICAM-1 (C) and VCAM-1 (D) immunoreactivity on LSEC were
increased in CLP-induced WT mice compared to sham-operated control mice. Cth−/− and PAG
treatment on the WT and Cth−/− group demonstrated decreased levels of ICAM-1 and VCAM-1
expression on LSECs compared to CLP-induced WT mice. All data are represented as mean ± SD
(n = 8). One-way ANOVA with post hoc Tukey test was employed. Statistical significance was
determined at * p < 0.05; ** p < 0.01; *** p < 0.001.

2.7. Effect of PAG Treatment and Cth−/− on Immunoreactivity of Lung ICAM-1 and VCAM-1
Co-Localised with Pulmonary Endothelial Cells

CD31 was used to identify the pulmonary endothelial cells, and the co-localized
immunoreactivity of ICAM-1 and VCAM-1 with CD 31 was quantified. Immunofluo-
rescence microscopy showed increased immunoreactivity of ICAM-1 (Figure 7A,C) and
VCAM-1 (Figure 7B,D) co-localized with CD31 in WT CLP-induced septic mice than in
sham-operated control mice. Cth−/− and PAG treatment on WT and Cth−/− attenuated
the immunoreactivity of ICAM-1 and VCAM-1 co-localized with CD31 compared to WT
CLP mice.
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Figure 7. Cont.
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Figure 7. Cont.
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Figure 7. Representative images of ICAM-1 (A) and VCAM-1 (B) immunoreactivity (Cy3–red) co-
localized with CD-31 (Alexa Fluor 488–green) after 8 h of CLP or sham operation. Scare bar: 50 μm.
ICAM-1 (C) and VCAM-1 (D) immunoreactivity on pulmonary endothelial cells was significantly
higher in WT CLP-induced septic mice than in WT sham-operated control mice. Cth−/− and PAG
treatment on the WT and Cth−/− group showed lower levels of ICAM-1 and VCAM-1 immunoreac-
tivity on pulmonary endothelial cells compared to CLP-induced WT mice. All data are represented as
mean ± SD (n = 8). One-way ANOVA with post hoc Tukey test was employed. Statistical significance
was determined at * p < 0.05; ** p < 0.01; *** p < 0.001; and **** p < 0.0001.

3. Discussion

Several studies have used different preclinical animal models to investigate the role
of H2S in sepsis. Both the CLP-induced sepsis and LPS-induced endotoxemia models
resulted in increased synthesis of H2S concentrations. PAG is the best-studied inhibitor of
H2S synthesis derived from Cth. Studies using PAG have pointed to Cth as a key enzyme
responsible for elevating circulating and tissue H2S, as well as tissue H2S-synthesizing
activity. This showed a systemic inflammatory response and multiple organ damage in
sepsis, suggesting a pro-inflammatory role of H2S in sepsis. In addition to Cth inhibition,
PAG also inhibits other enzymes that use pyridoxal-5-phosphate as a co-factor [33]. Our
recent study used Cth−/− mice to specifically target the Cth-H2S pathway, and confirmed
the key role of H2S synthesized by Cth in sepsis [4]. The pleiotropic effect of other genes,
however, could potentially compensate for the loss of Cth activity in the KO model, but this
has not been shown previously. The present study therefore employs two complementary
and independent means of H2S inhibition in parallel to explore this over 8 h after CLP in a
mouse model of polymicrobial sepsis. Furthermore, the effect of PAG treatment on Cth−/−
mice will shed light on whether PAG primarily exerts its therapeutic action through Cth or
if other mechanisms are also at play. We have selected an 8 h time point of CLP-induced
sepsis in this study as there is a significant elevation of chemokines and cytokines at this
time point, which has been shown to correlate with the severity of sepsis [19]. In addition,
Cth activity in the liver is found to peak at 4–8 h after CLP. Post 8 h, there is a slow decline
in the liver Cth activity and plasma H2S concentration, leading to a restoration of levels
similar to those observed in normal/sham-operated mice [19].

In this study, we found increased Cth expression and H2S-synthesizing activity in the
liver and lung following CLP-induced sepsis. This increase correlated with elevated MPO
activity and histological alterations in the liver and lungs. Interestingly, Cth−/− and PAG-
treated WT and Cth−/− mice demonstrated a similar reduction in liver H2S-synthesizing
activity and MPO activity in both organs, which reduced injury in these organs. Notably,
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PAG treatment in CLP-induced sepsis WT mice did not affect Cth expression but inhibited
its activity in synthesizing H2S. These findings suggest that PAG does not affect Cth
expression but rather inhibits the H2S-synthesizing activity of the enzyme.

In response to sepsis, the immune system triggers increased production of various
pro-inflammatory mediators (such as cytokines, chemokines, and adhesion molecules)
through transcriptional activation, such as NF-κB [34,35], which is activated by ERK1/2
phosphorylation [36–38]. Our results confirm previous studies using PAG and NaHS
that have demonstrated that an acute increase in H2S concentrations is a key stimulus
for the elevation of ERK1/2 phosphorylation and IκB deterioration, which subsequently
induces the nuclear translocation of NF-κB in sepsis [19]. Recently, Cth deletion has been
shown to attenuate liver and lung injury and the systemic inflammatory response by
lowering ERK1/2 phosphorylation and the activation of NF-κB p65, as well as reducing the
production of cytokines (TNF-α, IL-6, and IL-1β) and chemokines (MCP-1 and MIP-2α) [4].
These results suggest that the ERK1/2–NF-κB p65 signaling pathway may play a significant
role in Cth/H2S-mediated inflammation during sepsis.

This study demonstrated that Cth−/− CLP mice showed lower expression of ICAM-1
and VCAM-1 adhesion molecules compared to WT CLP mice in the liver and lung. Ad-
ditionally, we found that PAG treatment in Cth−/− mice had no effect on the expression
of ERK 1/2 phosphorylation, NF-κB p65, or the production of chemokines (MCP-1 and
MIP-2α) and adhesion molecules (ICAM-1 and VCAM-1) compared to Cth−/− mice in
liver and lung. However, a recent study has shown that PAG treatment in infected WT
macrophages significantly reduced Mycobacterium tuberculosis CFU (colony-forming unit)
counts even lower than in infected Cth−/− macrophages [39]. Differences in dosages,
treatment conditions, and models may contribute to these discrepancies.

ICAM-1 and VCAM-1 are adhesion molecules primarily expressed on endothelial cells
that respond to cytokines in a time- and dose-dependent manner. The transcription of these
adhesion molecules is dependent on transcription factors such as NF-κB and AP-1, which
play an important role in the activation of endothelial cells and the elevated expression
of adhesion molecules in inflamed microvessels in response to various stimuli [40–42].
Our study showed increased ICAM-1 and VCAM-1 immunoreactivity in co-localization
with LYVE-1 in a sepsis model. Similarly, ICAM-1 and VCAM-1 immunoreactivity in CLP-
induced mice increased in co-localization with CD31. This suggested there was increased
expression of ICAM-1 and VCAM-1 predominantly on liver sinusoidal endothelial cells
and pulmonary endothelial cells, respectively, during sepsis. This increase could be from
the elevated expressions of cytokines and the NF-κB transcription factor observed. Organ
injury during inflammation is mainly induced by the selective infiltration of leukocytes,
which is regulated by the expression of adhesion molecules and chemokines in the vascular
endothelium [43–45]. Pharmacological inhibition of Cth and gene deletion both resulted in
reduced immunoreactivity of ICAM-1 and VCAM-1 in co-localization with LYVE-1 and
CD 31. This demonstrated that Cth is responsible in the regulation of adhesion molecules
in both liver sinusoidal endothelial cells and pulmonary endothelial cells. In animal
models and patients, liver injury is associated with the capillarization/defenestration
(reduced porosity, frequency, and diameter) of LSECs [46]. Cth−/− mice demonstrated
less defenestration and gap formation in LSECs following CLP-induced sepsis [4]. This
indicates that Cth/H2S synthesis regulates adhesion molecules in endothelial cells, which
may be responsible for the alteration in fenestration and gap formation in LSECs, resulting
in liver injury during sepsis. Similarly, the reduction in adhesion molecule expression in
pulmonary endothelial cells following sepsis through Cth inhibition (both pharmacological
and genetic) may be responsible for the attenuation of lung injury in sepsis, as reduced
levels of adhesion molecules in endothelial cells decrease leukocyte infiltration to the site
of infection, resulting in reduced injury. The histological evidence from the liver and
lung further substantiates these results. Cth inhibition (both pharmacological and genetic)
protected the liver from ballooning degeneration and focal hepatocyte necrosis in sepsis.

465



Int. J. Mol. Sci. 2023, 24, 13650

Similarly, there was a decrease in neutrophil infiltration, alveolar wall thickening, and
fibrin deposition in Cth inhibition (both pharmacological and genetic) septic mice groups.

Employing two parallel complementary approaches has strengthened the evidence of
H2S involvement in sepsis. This study also validated the use of PAG as a proper tool in
Cth/H2S signaling in sepsis (inflammation), as no additional effect of PAG was observed
in Cth−/− mice. Furthermore, this is the first study to demonstrate the Cth/H2S signaling
regulation of adhesion molecules in LSECs and pulmonary endothelial cells following
sepsis. However, further investigation is needed to understand the precise mechanism
of involvement of Cth/H2S-synthesis-mediated changes in the expression of adhesion
molecules in the LSECs and pulmonary endothelial cells.

This study and other studies have demonstrated the role of H2S as a pro-inflammatory
mediator in inflammation [5,7,13,47,48]. However, H2S has also been suggested as having
an anti-inflammatory action, pointing to contradictory outcomes in various inflammatory
diseases [49–55]. H2S may appear to have different pathogenic outcomes in different animal
models but differences in the dosage, source of drug, and route and time of administration
could also produce differing outcomes in the same model.

In conclusion, this study has demonstrated a key role of adhesion molecules expressed
on endothelial cells in the pro-inflammatory action of H2S in sepsis. PAG treatment in
Cth−/− mice showed no additional effect in the activation of ERK1/2 and NF-κB p65
signaling, chemokines, and adhesion molecules, attenuating tissue damage in liver and
lungs compared to Cth deletion mice during CLP-induced sepsis. The PAG-treated WT
mice also showed similar results. Cth−/− mice and Cth inhibition using a pharmacological
drug in both WT and KO mice demonstrated a decrease in the expression of adhesion
molecules in LSECs and pulmonary endothelial cells (Figure 8). These results have im-
portant implications for our understanding of the mechanism by which H2S contributes
to inflammation in sepsis, and could contribute to the development of novel therapeutic
approaches for sepsis.

Figure 8. Hydrogen sulfide regulates liver and lung injury in CLP-induced sepsis. An increase
in the expression of Cth results in the elevation in hydrogen sulfide synthesizing activity. This
leads to the phosphorylation of ERK1/2, resulting in translocation and activation of NF-κB, thereby
increasing the adhesion molecules’ expression on liver sinusoidal endothelial cells and pulmonary
endothelial cells that results in liver and lung injury. The figure incorporates images sourced from
Servier Medical Art, which is licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).
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4. Materials and Methods

4.1. Induction of Polymicrobial Sepsis in Mice

All experimental procedures were authorized by the University of Otago Animal
Welfare Office and Ethics Committee and conducted under the established guidelines.
WT, Cth−/− [56], and PAG-treated WT and Cth−/− mice (C57BL/6J males, 25–30 g) were
allocated to control or experimental groups in a randomized manner. WT mice were
acquired from the Christchurch Animal Research Area, and the Cth−/− mice were bred
by mating Cth heterozygous mice as previously described. Forty-eight mice were used in
total, divided into WT saline sham, Cth−/− saline sham, WT saline sepsis, Cth−/− saline
sepsis, PAG-treated Cth−/− sepsis, and PAG-treated WT sepsis (n = 8 each).

CLP-induced sepsis was performed with a few minor modifications to a previously
described protocol [4]. Briefly, mice were mildly anesthetized using inhaled isoflurane
(2%, 1 L/min O2). Sterile surgical procedures were employed during the CLP operation.
PAG (50 mg/kg) was dissolved in saline and intraperitoneally (i.p) administered 30 min
before CLP (CLP PAG WT and CLP PAG Cth−/−). Sham WT, sham Cth−/−, CLP WT,
and CLP Cth−/− were administered with saline intraperitoneally as a vehicle control.
Disinfectant was applied after the removal of abdominal fur. A small midline incision
through the skin, abdominal wall, and peritoneum was made to expose the caecum, which
was ligated with 5.0 Silkam thread 8–10 mm from the end of the cecum without obstructing
the bowel passage. Thereafter, a 22 gauge (22G)-sized needle was used to perforate the
distal end of the cecum in two different locations. A small amount of feces was squeezed
out through each hole; then, the bowel was repositioned. The abdomen was sutured with
sterile permilene 5.0 thread. The same surgical procedure was performed on sham mice but
without bowel perforation. Buprenorphine (Temgesic, 0.2 mg/kg) was administered by the
subcutaneous route 45 min prior to and 3 h after the surgical procedure (sham or CLP) for
analgesia. Eight hours after surgery, an IP injection of pentobarbital sodium (150 mg/kg)
was administered to euthanize mice. Blood samples were taken from the right ventricle
using heparinized syringes. Plasma was collected after centrifugation (1000× g, 5 min,
at 4 ◦C). Sections of the liver and lung tissues were fixed in 10% formalin for more than
24 h, processed via a series of graded ethanol, and infused with paraffin wax. The rest
of the tissue samples were kept at –80 ◦C for quantification of chemokines and adhesion
molecules, H2S-synthesizing activity, and tissue MPO.

4.2. Myeloperoxidase (MPO) Activity

Leukocyte sequestration into the liver and lung was quantified by measuring tissue
MPO activity. Tissue samples were thawed, homogenized in 20 mM phosphate buffer
(pH 7.4), centrifuged (13,000× g, 10 min, 4 ◦C), and the resulting pellet was resuspended
in 50 mM phosphate buffer (pH 6.0) containing 0.5% w/v hexadecyltrimethylammonium
bromide (Sigma-Aldrich, Dallas, TX, USA). The suspension was subjected to three cycles
of freezing and thawing followed by sonication for 40 s. The reagent mixture consisted of
supernatants (50 mL), tetramethylbenzidine (1.6 mM), sodium phosphate buffer (80 mM,
pH 5.4), and hydrogen peroxide (0.3 mM) and this reagent was incubated at 37 ◦C for
110 s. The reaction was stopped with 50 μL of 2 M H2SO4, and absorbance was measured
at 450 nm (Thermo Fisher Multiskan GO, Ratastie, Finland) and corrected for the protein
content of the tissue sample using results from the Bradford protein assay [57]. The results
are presented as a fold increase over a control group.

4.3. H2S-Synthesizing Activity Assay

H2S-synthesizing activity in liver tissue was measured, according to the protocol
described previously with minor modifications [4]. The liver tissue was homogenized in
20mM mM sodium phosphate buffer (pH 7.4) while kept on ice. The reaction mixture is
composed of sodium phosphate buffer (20 mM, pH 7.4), pyridoxyal 5′-phosphate (10 μL,
18 mM), and L-cysteine (10 μL, 250 mM) in 230 μL of tissue homogenate. The reaction was
performed in a tightly parafilm-sealed microfuge tube and initiated by transferring the
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tubes from ice to a water bath at 37 ◦C. An amount of 250 μL of zinc acetate (1% w/v) was
added after 30 min of incubation in order to capture generated H2S. Then, a mixture of
N, N-dimethyl-p-phenylenediamine sulfate (20 mM) in 7.2 M HCl and FeCl3 (30 mM) in
1.2 M HCl (133 μL, in 1:1 ratio) was added. Subsequently, the samples were incubated in
the dark at room temperature for 20 min. After that, 10% (v/v) trichloroacetic acid was
added to denature the protein and end the reaction. The supernatant was collected after the
centrifugation and absorbance was measured with a 96-well microplate spectrophotometer
at 670 nm. The H2S concentration was measured against a calibration curve of Na2S.
The results are expressed as nmole H2S/mg protein after being normalized for the tissue
sample’s protein concentrations as determined via the Bradford assay.

4.4. Western Blotting

Liver and lung tissue was lysed with homogenizer (Labserv, Fisher Scientific,
Singapore) in lysis buffer (ice-cold RIPA buffer and protease inhibitor). Then, homogenates
were centrifuged at 10,000× g for 10 min at 4 ◦C. Proteins (30 μg) were separated using
10% sodium dodecyl sulfate-polyacrylamide gel via electrophoresis and transferred onto a
polyvinylidene difluoride (PVDF, Bio-Rad, Hercules, CA, USA) membrane via wet transfer
for 1 h. After blocking the membrane with 0.1% (w/v) Tween 20 in tris-buffered saline
(TBST) containing 5% (w/v) non-fat dry milk at room temperature for 1 h, the membrane
was incubated overnight with primary antibody (Table 1) at 4 ◦C. The membrane was
washed with TBST, incubated for 1.5 h with secondary antibody (Table 1) at room tem-
perature, and detected with chemiluminescent reagent (Supersignal West Pico, Thermo
Scientific, Waltham, MA, USA). The detection was carried out using a chemi-doc instrument
(Uvitec, Cambridge, UK).

Table 1. Primary and secondary antibodies used in this study for Western blotting and immunofluo-
rescence microscopy.

Product Antibody/Type Source Catalogue No. Dilution

Western blotting

CTH Primary/Mouse monoclonal Abnova, Taipei City, Taiwan/H00001491-M01 1:1000
GAPDH Primary/Rabbit polyclonal Santa Curz, Dallas, TX, USA/sc-25778 1:2000
ERK1/2 Primary/Rabbit monoclonal Cell Signaling, Danvers, MA, USA/137F5 1:2000

p-ERK1/2 Primary/Rabbit monoclonal Cell Signaling, Danvers, MA, USA/93H1 1:2000
Goat anti-mouse HRP Secondary Santa Curz, Dallas, TX, USA/sc-2005 1:20,000
Goat anti-rabbit HRP Secondary Abcam, Cambridge, UK/ad6721 1:20,000

Immunofluorescence

ICAM-1 Primary/Goat polyclonal R&D System, Minneapolis, MN, USA/AF796 1: 1000
VCAM-1 Primary/Goat polyclonal R&D System, Minneapolis, MN, USA/AF643 1: 200
LYVE-1 Primary/Rabbit polyclonal Abcam, Cambridge, UK/ab14917 1:100
CD31 Primary/Rabbit polyclonal Abcam, Cambridge, UK/ab124432 1:500

Donkey anti-goat Secondary/Texas Red Abcam, Cambridge, UK/ab6883 1:1000
Donkey anti-rabbit Secondary/FITC Abcam, Cambridge, UK/ab6798 1:1000

4.5. Double-Immunofluorescence Staining of Paraffin Sections

Liver and lungs were extracted and fixed in 4% buffered paraformaldehyde. The
fixed tissue was processed and embedded in paraffin. The paraffin-embedded tissues
were sectioned to 4 μm thickness using a LEICA microtome (HistoCore BIOCUT R, Leica
Biosystems, Mt Waverley, Australia) and attached to charged glass slide. Sections were
deparaffined and hydrated followed by antigen retrieval by cooking slides in Tris EDTA pH
9.0 buffer at 100 ◦C for 4 min in a pressure cooker. The slides were left to cool in the buffer
for 2 h. The slides were rinsed in water 3 times, followed by washing in PBS for 5 min.
The tissue sections were permeabilized in 0.1% (w/v) Tween 20 in phosphate-buffered
saline (PBST) buffer for 15 min at 4 ◦C. This was followed by washing sections with PBS
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3 times for 5 min. The slides were drained properly without letting the section dry out.
An ImmEdge pen (H-4000, Newark, CA, USA)was used to draw a hydrophobic barrier
around the tissue section. Sections were blocked with 10% normal donkey serum at room
temperature (humidifying chamber) for 1 h. After this, the sections were incubated in
primary antibody (1:100 for LYVE-1, 1:1000 for ICAM-1, 1:200 VCAM-1, and 1:500 for CD31)
diluted in 1% normal donkey serum overnight at 4 ◦C (in humidifying chamber) (Table 1).
Slides were washed 3 times with PBS. This was followed by secondary antibody (Table 1)
incubation for 2 h with DAPI (4′,6-diamidino-2-phenylindole) at room temperature. Slides
were washed 3 times with PBS. Sections were mounted with anti-fading solution and
observed with an epifluorescence microscope (Carl Zeiss, Oberkochen, Germany).

Mean fluorescence intensity (MFI) was measured using an automated region of interest
selection based on a signal threshold using Fiji ImageJ (downloaded at https://fiji.sc/). This
measurement procedure was followed according to a protocol described previously with
minor modifications [58]. In the previous protocol, the interested stain (targeted protein)
was selected using an automated region of interest based on a signal threshold and then
mean intensity was directly measured. In this modified protocol, the selection of LYVE-1 or
CD31 (Alexa Fluor 488–green) staining was performed with an automated region of interest
based on a signal threshold. The mean intensity of staining of targeted proteins (Cy3–red),
which was measured from the automated region of interest (e.g., yellow ROI’s) selection
obtained above from LYVE-1 or CD 31 (colonized of targeted protein in endothelial cells-
LYVE-1). The background intensity for each image was calculated as the mean intensity
within the blue regions of interest (ROIs). The intensity of layer-specific staining (ICAM-1
and VCAM-1) proteins was determined by subtracting the mean target protein staining
intensity from the background staining intensity. This calculation was performed using
8 confocal images for each group and target protein (ICAM-1 and VCAM-1).

4.6. Histological Analysis

The liver and lung samples were extracted and fixed in 4% buffered paraformaldehyde.
The fixed tissue was processed and embedded in paraffin. The samples were sectioned
(4 μm), stained with hematoxylin/eosin (H&E), and examined via light microscopy using a
Leica microscope. Organ (liver and lung) injury was scored double-blinded, involving an
experienced pathologist (A.M.) as one of the individuals responsible for the assessment
with regard to different treatment groups. Liver sections were assessed for liver injury (bal-
looning degeneration and focal hepatocyte necrosis) and scored for liver injury (ballooning
degeneration) in 2 random fields at 10×magnification (n = 8 per condition) as previously
described [59]. Lung pathology was assessed using a scoring system adapted from the
American Thoracic Society guidelines [60]. The lung injury was based on the extent of
fibrin deposition, leukocyte (neutrophil) infiltration, and alveolar wall thickening. For
scoring, 3 random fields were counted per slide (n = 8 per condition) at 40× magnification.

4.7. NF-κB Activity Assay

NF-κB activation was measured in the nuclear extract of liver and lung tissues as per
the manufacturer’s instructions using a TransAM NF-κB p65 transcription factor assay kit
(Active Motif, Wangarra, Australia). Nuclear extracts (20 μg) were incubated in a 96-well
plate with complete lysis buffer for 1 h before being incubated with a specific primary
antibody against NF-κB p65 for 1 h. After, a secondary antibody conjugated to horse radish
peroxidase (HRP) was added for detection. The microplate reader measured the absorbance
of the enzymatic product at 450 nm. The wild-type or mutated consensus oligonucleotides
were incubated in the wells to determine the assay’s specificity. The results are presented
as a fold increase over a control group.

4.8. Enzyme-Linked Immunosorbent Assay

The protein concentrations of chemokines (MCP-1 and MIP-2α) and adhesion molecules
(ICAM-1 and VCAM-1) were measured in liver and lung with a sandwich EILSA using Du-
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oSet ELISA kits by R&D System (Minneapolis, MN, USA) as directed in the manufacturer’s
protocol. Liver and lung homogenates were prepared by homogenizing 20 mg of tissue in
1 mL of sodium phosphate buffer (20 mM, pH 7.4). The homogenates were centrifuged at
15,000× g for 15 min at 4 ◦C. The supernatant was used to measure adhesion molecule and
chemokine concentrations. Measurements were corrected for the tissue sample’s protein
levels using Bradford protein assay and expressed as picogram per milligram of protein.

4.9. Statistical Analysis

The data are reported as mean ± SD and assessed for Gaussian or normal distribution
using the Shapiro–Wilk test. For normally distributed data, one-way ANOVA with post
hoc Tukey’s test was performed. If the data were not normally distributed, the non-
parametric Kruskal–Wallis test was used. Statistical analysis in this study was conducted
using GraphPad Prism software (version 9, San Diego, CA, USA). Statistical significance
was set at p < 0.05.
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Abstract: Per- and polyfluoroalkyl substances (PFASs) are a group of fluorinated, organic, man-
made chemicals; they do not occur naturally in the environment. This study aimed to determine
the profile and content of PFASs in the volunteers’ blood plasma and urine after the consumption
of fermented red beetroot juice and then correlated it with the blood parameters. Over 42 days,
24 healthy volunteers ingested 200 mL/60 kg of body weight of fermented red beetroot juice. PFASs
were analyzed using the micro-HPLC-MS/MS method. Five perfluoroalkyl substances were found
in the volunteers’ body fluids. After consuming the juice, it was discovered that regarding the
perfluorocarboxylic acids, a downward trend was observed, while regarding the perfluoroalkane
sulfonates, and their plasma content showed a statistically significant upward trend. Analysis of the
hematology parameters indicated that the intake of fermented red beetroot juice showed a significant
decrease in mean corpuscular volume (MCV), platelets concentration, mean platelet volume (MPV),
platelet large cell ratio (P-LCR) at the significance level p < 0.01, and hematocrit (p < 0.05). On the other
hand, the dietary intervention also indicated a significant (p < 0.01) increase in corpuscular/cellular
hemoglobin concentration (MCHC). In the case of blood biochemistry, no significant change was
observed in the blood samples after the intake of the fermented beetroot juice. However, a decreasing
tendency of total cholesterol and low-density lipoprotein concentration (LDL-C) was observed. Based
on the presented results, there is a need to analyze and monitor health-promoting food regarding
undesirable substances and their impact on consumer health.

Keywords: perfluoroalkyl substances; fermented red beetroot juice; human body fluids; blood parameters

1. Introduction

Nowadays, it is believed that vegetables and the nutrients obtained from them are
a crucial part of the daily human diet [1]. These products are considered to be among
the best sources of essential nutrients and bioactive compounds [2]. In addition, many
studies suggest that the intake of vegetables positively affects consumer health. The regular
consumption of vegetables can positively affect the prevention of many diseases, such as
cancer (colorectal and breast cancer) and cardiovascular diseases [3–5].

Red beetroot (Beta vulgaris L. subsp. vulgaris) is one of the most popular vegetables
as a valuable source of vitamins, minerals, and bioactive compounds [6]. Due to the high
phytochemical content, the intake of this vegetable may have positive, beneficial effects
for consumers. Red beetroot shows anti-neurodegenerative, antitumor, anti-inflammatory,
antibacterial, antiviral, cardioprotective, and lipid peroxidation inhibitory activities [7].
Moreover, this vegetable is trendy in the food industry. It produces many red beetroot
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products or additives (such as drinks and concentrated juices, yoghurts, and frozen foods)
and is used in the preparation of natural red dyes [6]. On the other hand, red beetroot may
contain other compounds, such as perfluoroalkyl substances (PFASs) [2].

These molecules are a wide range of synthetic organofluorine compounds which
have been used commonly in the industry [8]. They are a diverse group of compounds
with high thermal, chemical, and biological inertness [9,10]. PFASs remain stable in the
presence of acids, bases, oxidants, and reductants. Furthermore, they exhibit high resistance
to degradation through photolytic or metabolic processes and microbial decomposition.
Nevertheless, their widespread use has led to the contamination of the environment, which,
as a consequence, has led to the exposure of these compounds in humans and animals [8,11].
They are a group of organofluorine compounds, aliphatic hydrocarbons, in which all or
almost all hydrogen atoms are replaced with fluorine. They consist of a hydrophobic alkyl
chain of varying lengths (typically C4 to C16) and a hydrophilic end group, which may
be fully or partially fluorinated. PFASs are classified as persistent and bioaccumulative
substances [12]. PFAAs are ubiquitous in various environmental media and are distributed
globally. Due to their ability to migrate, they can be transferred from water to soils, taken up
by plants, and thus enter the food chain. These substances enter the human body through
the digestive and respiratory systems, as well as through the skin. Moreover, they are not
metabolized and accumulate in the body [13]. Furthermore, direct and indirect contact with
PFAS-containing materials such as oil- and water-resistant materials, detergents, paints, and
fabrics causes a high exposure of humans to their toxic properties [10]. In living organisms,
high absorption levels and low elimination rates of PFASs have been observed [14].

Researchers confirmed that PFASs can be present in human and animal tissues, and in
blood (serum or plasma). Studies indicated that anionic PFASs were detected primarily in
the human plasma/serum [15]. The biomonitoring of PFASs in the human body started
in 2000. Many PFASs have been detected in human matrices, most commonly in blood
samples [16,17]. In recent years, a number of papers have confirmed the occurrence of these
compounds in human blood (both in serum and plasma), as well as in the umbilical cord
and maternal blood [8,17–23]. In addition to blood, some PFASs have also been found in
other human tissues. PFASs were predominantly found in the liver [24,25]. Furthermore,
studies show some accumulation potential in the lungs, kidneys, bones, and the brain [26].
Numerous recent studies have confirmed their presence in seminal plasma [27], the breast
milk [28] of lactating mothers, and umbilical cord blood, all drawing attention to their
influence on the human reproductive system. However, in contrast to most other persistent
organic pollutants (POPs), they do not tend to accumulate in fat tissues but bind to serum
albumin and other cytosolic proteins and accumulate mainly in the liver, the kidneys, and
in bile secretion [26,29]. In addition, positive associations were observed between levels
of PFOS and PFOA detected in the serum, and total cholesterol, low-density lipoprotein
cholesterol, and thyroxine and thyroid hormone concentrations [30,31].

In conjunction with the bioaccumulation and biomagnification potential of PFASs,
these long half-lives can give rise to various processes within the living cell and lead to
concern over their potential hazard to human health. Because of their capacity to modify
surface properties, even at the molecular level, it is essential to elucidate their toxicity and
toxicokinetic activity [32]. Both PFOA and PFOS have shown moderate acute toxicity via
ingestion. The oral LD50 levels assessed for PFOS were 230 and 270 mg kg−1 bw for male
and female rats, respectively [33]. In contrast to PFOS, PFOA is moderately toxic. The LD50
value in rats ranged from 430 to 680 mg kg−1 bw [34]. The suspected toxic effects of PFASs
include the following: liver toxicity, including liver hypertrophy; liver cancer; disruption of
lipid metabolism due to their effect on serum cholesterol and triglyceride levels; function
of the immune system, causing atrophy of the thymus and spleen or suppressed antibody
responses; function of the endocrine system due to their effects on thyroid hormone levels
(triiodothyronine (T3) and thyroxine (T4)); induction of adverse neurobehavioral reactions;
tumor formation; prenatal and neonatal toxicity; decreased birth weight and size; and
even obesity [16,35–46]. Several studies cover the putative modes of action of PFASs on
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a cellular level, but these mechanisms still need to be fully defined. Nevertheless, due to
the structural similarities of PFASs to endogenous fatty acids, these reactions can be partly
attributed to their morphology, and more precisely to activity resulting from their chemical
structure. PFASs are characterized by the high tendency to noncovalent, intracellular
binding to β-lipoproteins, albumin, and other plasma proteins, such as fatty acid-binding
protein (L-FABP) [25]. The proliferation of peroxisomes is one of the main reasons for liver
toxicity observed in laboratory animal studies.

PFASs are extensively applied in various industrial and consumer goods. Fluoro-
surfactants are more effective and efficient in surface activity than their hydrogenated
analogues. These and other properties, such as high thermal, chemical, and biological
stabilities, make PFASs a perfect material for industrial and domestic applications [47,48].
Typical applications encompass the automotive and aviation industries (hydraulic fluids,
low-friction bearings and seals, and materials for car interiors), construction technology
(paints and coating additives and glues), biocides (herbicides and pesticides), electronics
(flame retardants, weather resistant coatings, and insulators), household products (wetting
and cleaning agents, nonstick coatings, and components of cosmetic formulations), medical
articles (stain and water repellents in surgical equipment, raw materials for implants), and
packaging materials (oil and grease repellent materials) and textiles (impregnating agents
for fabrics, leather, and breathable membranes) [10,49,50].

Due to the presence of PFAAs in ambient air, various consumer products, drinking
water, and food, it has become necessary to assess their potential impact on human health
accurately. Researchers have reviewed the occurrence of highly fluorinated compounds
in human matrices in recent years, and there is indisputable evidence that their bioac-
cumulation potential in tissues is high [51,52]. However, there is uncertainty regarding
the accumulation processes themselves and the acute or chronic toxicity effects due to
variations in observed toxic response to PFAAs between species and genders within tested
species. Considering all the aspects, this study aimed to determine the perfluoroalkyl
substances’ content in fermented red beetroot juice and human body fluids (blood plasma
and urine) before and after intake of this product. The novelty of the work lies in linking
dietary exposure to PFASs and blood parameters, bringing a new perspective to our un-
derstanding of these compounds. In this study, we wanted to observe whether, apart from
compounds with beneficial properties for health, this product is a source of toxic substances
and whether they can affect the biomarkers of the human body. In the case of the effect of
the fermentation process on the PFAS content and bioavailability, there is no such scientific
data. To our best knowledge, this paper is the first detailed and cross-sectional investigation
of selected perfluoroalkyl substances in human body fluids after exposure to fermented
red beetroot juice.

2. Results and Discussion

2.1. Perfluoroalkyl Substances Content

The content of perfluoroalkyl substances was tested in fermented red beetroot juice
and the human body fluids (blood plasma and urine) of volunteers before and after the
intake of these products (Table 1). In urine samples, the PFOA was the only perfluoroalkyl
substance found in trace amounts (<LOQ). This confirms the information found in the
literature, i.e., that these compounds metabolize very poorly, and thus they are excreted
from the human body very poorly; they only accumulate in it, which makes them even
more dangerous [13]. For PFASs, a high absorption level is observed with a low elimination
rate of the substance [14]. Available epidemiological studies support an association between
exposure to certain PFASs and various health outcomes, including altered immune and
thyroid function, liver disease, lipid and insulin dysregulation, kidney disease, adverse
reproductive and developmental effects, and cancer [53].
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Table 1. PFASs detected in fermented red beetroot juice and the urine and blood plasma of volunteers.

No. Compounds
Rt

(min)
[M]−
(m/z)

MS/MS
(m/z)

Sample

Perfluorocarboxilic acids
1 PFOA 2.02 413 369 J, B, U
2 PFNA 2.43 463 419 B
3 PFDA 2.86 513 469 B

Perfluoroalkane sulfonates
4 PFOS 2.97 499 80 B
5 PFHS 2.11 399 80 B

Rt—retention time; J—red beetroot juice; B—blood plasma; U—urine.

In the tested fermented red beetroot juice, among the analyzed PFASs, only the most
common perfluoroalkyl substance apart from the PFOS, i.e., the PFOA, was identified,
the content of which was 0.099 ± 0.07 ng/mL. There are many scientific articles about
fermented red beetroot juice. They concern the range of volatile or bioactive compounds of
the polyphenols and red and yellow betalains. Still, none relate to the contained contam-
inants, in particular perfluoroalkyl substances. To the best of our knowledge, this paper
is the first detailed and cross-sectional investigation of selected perfluoroalkyl substances
in human bodily fluids after exposure to fermented red beetroot juice. Likewise, with red
beetroot, recent modern studies have shown a variety of health benefits from it and its
active compounds, and betalains (also betanin) having antioxidative, anti-inflammation,
anticancer, blood pressure and lipid lowering, and also antidiabetic and anti-obesity effects.
Still, it is hard to find information about its contamination, especially with PFASs. In her
study, Sznajder-Karatzyńska et al. [2] investigated 55 samples of locally grown and im-
ported fruits and vegetables. Among other things, they determined the content of 10 PFASs
in red beetroot. In this case, the only identified PFAS was PFOA, and its content ranged
from 0.050 to 0.090 (ng g−1 ww). For beetroot, the frequency of its occurrence was 100%.
There is no possibility of comparing these data with the limits provided by the relevant
agencies because they have not been established and do not exist. On 26 August 2022,
the Commission Recommendation (EU) 2022/1431 on monitoring the presence of perfluo-
roalkyl substances in food was issued. Also, Herzke et al. [54] studied the contamination of
vegetables by PFASs and reported that perfluorocarboxylic acids were the most frequently
detected substances, with PFOA as the most abundant group. Its concentration was found
to be between 0.008 and 0.121 ng g−1 of fresh weight. These findings are in agreement with
our study.

In the case of the volunteers’ blood plasma collected before and after intake of the
fermented red beetroot juice, no statistical difference was observed in the median value of
the content of perfluoroalkyl acids (Table 2). Among the twenty-four volunteers tested, an
upward trend in the PFOA content was observed for five people. A downward trend in the
median value was observed for the other identified perfluorocarboxylic acids, PFDA and
PFNA (Table 2). And for individual results, in the case of PFNA and 10 volunteers, there
was a statistically significant decrease in the analyte content in the tested blood plasma
samples, and for PFDA in as many as 14. The sum of the determined acids also showed a
statistically significant downward trend (Table 2), which can be explained by the fact that,
excluding the consumption of certain products (which was required by the assumptions
of the experiment), the supply of perfluoroalkyl acids was limited. These compounds are
found in significant amounts in packaging dedicated to food storage [31], thus finding their
way into the human body. Reducing the consumption of processed food thus resulted in a
decrease in the supply of these specific compounds in the diet.
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Table 2. Blood plasma profile of PFASs in volunteers before (T0) and after (T1) intake of fermented
red beetroot juice. Values are expressed in ng/mL and are presented as median (P25–P75).

No. Compounds
Blood Plasma Samples p

T0 vs. T1T0 T1

Acids
1 PFOA 0.94 (0.76–1.56) 0.93 (0.77–1.52) 0.627
2 PFNA 0.39 (0.26–0.58) 0.34 (0.23–0.58) <0.001 **
3 PFDA 0.30 (0.20–0.46) 0.23 (0.17–0.38) <0.001 **

Total acids 1.65 (1.29–2.94) 1.49 (1.19–2.64) 0.009 **
Sulfonates

4 PFOS 0.59 (0.44–0.80) 0.71 (0.53–0.96) <0.001 **
5 PFHS 0.11 (0.09–0.17) 0.25 (0.15–0.37) <0.001 **

Total sulfonates 0.67 (0.53–0.92) 0.96 (0.68–1.37) <0.001 **
Total of PFASs 2.66 (1.90–4.47) 2.62 (2.08–4.17) 0.031 *

* p < 0.05; ** p < 0.01.

In the case of the determined perfluoroalkane sulfonates, a statistically significant
upward trend was observed (p < 0.01). Such a situation took place both for individually
identified compounds, i.e., PFOS (14 volunteers) and PFHS (22 volunteers), and for their
sum (Table 2). This slight but statistically significant increase could have been caused by
the supply of other food products consumed by the volunteers.

2.2. Blood Parameters

To the best of the authors’ knowledge, this study is the first to show the effect of
a six-week intake of fermented beetroot juice on the twelve hematology and five blood
biochemistry parameters.

The blood parameter values before and after the intervention are presented in Table 3.
The analysis of the hematology parameters indicated that the intake of the fermented beet-
root juice showed a significant decrease in MCV, platelets concentration, MPV, P-LCR at the
significance level p < 0.01, and hematocrit (p < 0.05). On the other hand, the dietary inter-
vention also indicated a significant (p < 0.01) increase in corpuscular/cellular hemoglobin
concentration (MCHC). In the case of blood biochemistry, no significant change in blood
samples after intake of the fermented beetroot juice was observed (Table 3). However, a
decreasing tendency of total cholesterol and LDL-C concentration was observed. Previously
published data showed an ambiguous influence of red beet products on blood parameters.

Nevertheless, the previous studies investigated only the three blood parameters: total
cholesterol, LDL-C, and HDL-C [55,56]. The study by de Castro et al. [57], conducted
on volunteers (n = 36) with overweight/obesity and dyslipidemia who consumed freeze-
dried red beet leaves (2.5 g/day) for four weeks, showed a significant reduction in LDL.
However, in our study, as mentioned above, the concentration of LDL showed only a
decreased tendency. Also, no statistical difference in the total cholesterol concentration
before and after the intervention was observed in the cited study. In turn, the study
by Asgary et al. [58], conducted on 24 subjects, showed a significant reduction in total
cholesterol and LDL-C after the consumption of raw beetroot juice (250 mL/day) for
two weeks.

On the other hand, Asgary et al. [58] noticed no significant changes in the case of
these same parameters (total cholesterol and LDL-C) after the intake of cooked beetroots
(250 mg/day). The blood parameters may affect the red beet product (food matrix) type,
dose, and intervention time. It should be mentioned that beetroot is rich in several bioactive
compounds, i.e., betalains, phenolics, carotenoids, minerals, and vitamins [55], which may
affect the blood parameters tested. The dominant substances present in beetroot products
are betalains. Betalains are characterized by a strong antioxidant effect, which results from
the structure of their molecule. Therefore, it is primarily thanks to these compounds that
beetroot is among the ten vegetables with the strongest antioxidant properties [56]. Previous
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studies indicate that the consumption of betalains has many positive aspects, including
inhibiting lipid peroxidation, having a protective effect on red blood cells, preventing
oxidative hemolysis, and having anti-carcinogenic properties [59].

Table 3. Descriptive statistics for blood parameters before (T0) and after (T1) consuming fermented
red beet juice, expressed as median (P25–P75).

Blood Parameters
Samples p

T0 vs. T1T0 T1

Hematology

Leukocytes [k/μL] 5.2 (4.9–6.0) 5.1 (4.6–5.8) 0.961
Erythrocytes [mln/μL] 4.6 (4.3–5.1) 4.7 (4.3–4.9) 0.246

Hemoglobin [g/dL] 13.2 (12.9–14.7) 13.6 (12.7–14.1) 0.721
Hematocrit [%] 41.0 (39.0–45.0) 40.0 (37.0–42.0) 0.013 *

MCV [fl] 88.0 (85.0–92.0) 87.0 (84.0–90.0) 0.001 **
MCH [pg] 29.0 (28.0–30.0) 29.0 (28.0–31.0) 0.686

MCHC [g/dL] 32.9 (32.3–33.5) 33.4 (33.1–34.2) <0.001 **
RDW–CV [%] 13.0 (12.0–14.0) 13.0 (12.0–13.0) 0.208

Platelets [k/μL] 273.0 (215.0–318.0) 262.0 (202.0–299.0) 0.002 **
PDW [fl] 14.0 (13.0–15.0) 14.0 (12.0–15.0) 0.083
MPV [fl] 11.2 (10.7–11.9) 10.9 (10.4–11.7) <0.001 **

P–LCR [%] 34.0 (29.0–38.0) 32.0 (28.0–38.0) <0.001 **
Blood biochemistry

Total–C [mg/dL] 184.0 (165.0–197.0) 168.0 (155.0–194.0) 0.074
HDL–C [mg/dL] 69.0 (64.0–86.0) 73.0 (57.0–88.0) 0.897
LDL–C [mg/dL] 80.6 (64.8–109.8) 76.4 (66.4–98.4) 0.128

Triglycerides [mg/dL] 80.0 (48.0–102.0) 71.0 (58.0–81.0) 0.412
Glycated hemoglobin [%] 5.2 (5.0–5.3) 5.2 (5.1–5.3) 0.877

MCV—mean corpuscular volume; MCH—mean corpuscular hemoglobin; MCHC—mean corpuscular/cellular
hemoglobin concentration; RDW-CV—red cell distribution width; PDW—platelet distribution width;
MPV—mean platelet volume; P-LCR—platelet large cell ratio; Total-C—total cholesterol; HDL—high density
lipoprotein; LDL—low density lipoprotein; * p < 0.05; ** p < 0.01.

Changes in blood parameters may signal adverse health effects caused by, e.g., nu-
tritional intervention. One of the blood parameters that showed a decrease after the
consumption of fermented beetroot juice was MCV. MCV is routinely measured in blood
tests and is generally used to help classify the cause of anemia [60]. We observed that
platelet-related parameters, such as platelet count, MPV, and P-LCR, decreased in blood
samples analyzed after nutritional intervention. Generally, the platelet count determines
the bleeding risk and monitors thrombopoiesis [61]. Moreover, increasing evidence de-
scribes the important role of platelets in physiological processes such as immune response,
angiogenesis, and fibrosis formation [61,62]. This suggests that platelets independently
influence morbidity and mortality, rather than merely reflecting underlying disease. An
abnormal platelet count indicates poor prognosis in some patient groups, including in
cancer and in critically ill patients [61,63,64].

The correlations between the individual PFAS compounds, total perfluorocarboxilic
acids, perfluoroalkane sulfonates and PFASs and blood parameters are presented in Figure 1.
Before intervention, moderate positive correlations (0.3 ≤ r < 0.5) were observed between
PFHS and erythrocytes, hemoglobin, and hematocrit. Also, a moderate positive correlation
was calculated between total perfluoroalkane sulfonates and erythrocytes. A good negative
correlation (0.5 to <0.7) was observed between RDW-CV and PFOA, while moderate nega-
tive correlations were determined between RDW-CV and PFNA, total perfluorocarboxilic
acids, and total PFASs. Additionally, moderate positive correlations were observed be-
tween glycated hemoglobin, PFOS, PFHS, and total perfluoroalkane sulfonates. Moreover,
before the intervention, a positive tendency was observed between PFOS and erythrocytes
and LDL-C and between total perfluoroalkane sulfonates and hemoglobin, hematocrit,
and LDL-C. A negative trend was found between total perfluoroalkane sulfonates and
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HDL-C. On the other hand, after diet intervention, a moderate negative correlation was
only observed between cholesterol HDL and PFHS (Figure 1). A negative tendency was
observed between PFOS, total perfluoroalkane sulfonates, and HDL-C. Moreover, a positive
tendency was noticed after the intake of the fermented beetroot juice between PFOS, total
perfluoroalkane sulfonates and erythrocytes and total PFAs and hemoglobin.

Figure 1. Correlation heat map between individual compounds, total acids, sulfates and PFASs and
blood parameters before (A) and after (B) intake of fermented red beetroot juice. (*)—Significant
correlation, (p < 0.05).

However, some limitations of the study should be taken into account. First, the lack
of control over food intake and potential sources of PFASs. Second, we assessed blood
parameters on two points that may not account for intra-individual variability in blood
parameters. Also, the number of participants participating in the study was relatively small,
and could not show unambiguous statistical differences between individual parameters.

3. Materials and Methods

3.1. The Chemicals, Reagents, and Study Material

Gradient reagents, including methanol, acetonitrile, formic acid, and water, were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). A native standard mixture
of PFASs containing seven perfluorocarboxylic acids (PFCAs) such as perfluorobutanoic
acid (PFBA), perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), perfluoro-
heptanoic acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA),
and perfluorodecanoic acid (PFDA) and three perfluoroalkane sulfonates (PFSAs), namely
perfluorobutane sulfonate (PFBS), perfluorohexane sulfonate (PFHxS), and perfluorooctane
sulfonate (PFOS) prepared in methanol, with a chemical purity of >98% each, were pur-
chased from Wellington Laboratories, Inc. (Guelph, ON, Canada). The isotopically labelled
internal standards (ISs), perfluoro-n-[13C8] octanoic acid (13C8-PFOA) in methanol, with
chemical purity of >98%, and sodium perfluoro-1-[13C8] octane sulfonate (13C8-PFOS)
in methanol, with chemical purity of >98%, were obtained from Wellington Laboratories,
Inc. (Guelph, ON, Canada). Auxiliary equipment such as an MPW-351R Centrifuge (MPW
Med. Instruments, Warsaw, Poland), Vacuum Concentrator Plus (Eppendorf AG, Hamburg,
Germany) and ultrasonicator were used for sample preparation.

Stock, intermediate, and working standard solutions of native PFASs and internal
standards (13C8-PFOA and 13C8-PFOS named IS1 and IS2, respectively) were prepared in
MeCN. Intermediate and working standard solutions of native PFASs with concentrations
of 100 ng/mL and 1 ng/mL, respectively, were prepared by diluting the standards with a
mixture of 20% MeOH in water (v/v) with the addition of 1% (v/v) of FA. Internal standard
solutions were prepared according to the above procedure.
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Fermented red beetroot juice was custom-prepared by a fruit and vegetable processing
company in Poland.

3.2. Characteristic of Participants and Study Design

The subjects who met the inclusion criteria (body mass index (BMI) under 30; without
gastrointestinal disturbances, including gastric and duodenal ulcers; and they could not
have participated in other clinical trials within 90 days before the survey, take drugs, abuse
alcohol, be pregnant and breast-feeding, or take any medications or vitamin supplements)
and were certified healthy at a medical interview were accepted to the study. Ultimately,
24 healthy subjects, 5 males and 19 females, aged between 24 and 40, participated in the
experiment (Table 4).

Table 4. Anthropometric parameters and demographic characteristics of the sample (% or mean and
standard deviation, SD).

Characteristics Total

Sample size 24
Sample percentage 100.0
Age (years), mean (SD) 29.5 (3.6)
Gender, n (%)
Women 19 (79.2)
Men 5 (20.8)
BMI (kg/m2), mean (SD) 24.9 (1.8)
Residence, n (%)
Urban 17 (70.8)
Rural 7 (29.2)

The study was conducted for 6 weeks (42 days). For 42 days, once a day, volunteers
consumed a dose of the fermented beetroot juice (200 mL/60 kg of body weight) directly
after breakfast. Every 7 days, the health status of all volunteers was assessed by the doctor,
and they received fermented beetroot juice for the next week. Under fasting conditions,
before consumption (sample zero), and at the end of the experiment, the blood samples
were taken into heparinized vacutainers and then centrifuged (1000× g, 10 min, 4 ◦C).
According to the above sampling scheme (0 and 42 days), urine samples were collected
from the volunteers. After that, the separated plasma and collected urine were frozen and
stored at 80 ◦C until analysis. The study design is presented in Figure 2.

Figure 2. Flow diagram of participant recruitment during the study.

3.3. Ethical Aspects

The experimental design and procedure were accepted by the Bioethical Committee at
the Faculty of Medical Science of the University of Warmia and Mazury in Olsztyn (Poland,
No. 7/2015). All volunteers were fully informed about the potential benefits and risks
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and signed an informed consent form. Moreover, the study was conducted under medical
supervision in the NZOZ Atarax Clinic in Olsztyn, Poland.

3.4. Plasma and Urine Samples Preparation

The perfluoroalkyl substances content was determined in the plasma and urine sam-
ples. The plasma samples were prepared according to Rotander et al. [65]. Briefly, 200 μL
of plasma with 4 μL of ISs solution (2.5 μg mL/1) was extracted with 1.5 mL 100% ace-
tonitrile (MeCN) using ultrasonication followed by vortex extraction, centrifugation and
evaporation to dryness in a vacuum concentrator. The residue was reconstituted with
100 μL of MeOH. Before the micro-HPLC-MS/MS analysis, samples were diluted fivefold
in deionised water with 1% (v/v) of FA addition to the final volume of 500 μL. The same
analytical procedure was applied to blank samples. Each sample for the assay was prepared
in triplicate.

The urine samples were prepared according to Perez et al. [66]. Briefly, 500 μL of urine
with 3.2 μL of ISs solution (2.5 μg mL/1) was mixed. The precipitation of traces of protein
was induced by mixing the samples with acetonitrile (1:1). After centrifugation at 4000 rpm
for 10 min, 400 μL of the supernatant was transferred to a PP tube and evaporation to
dryness in a vacuum concentrator. The residue was reconstituted with 80 μL of MeOH.
Before the micro-HPLC-MS/MS analysis, samples were diluted fivefold in deionised water
with 1% (v/v) of FA addition to the final volume of 400 μL. The same analytical procedure
was applied to blank samples. Each sample for the assay was prepared in triplicate.

3.5. Instrumental Analysis

The investigated substances were analyzed using micro-HPLC/MS/MS with the negative
ion electrospray ionization (ESI) and Multiple Reaction Monitoring (MRM) mode. Chromato-
graphic separation was carried out using an Eksigent LC200 System (AB SCIEX, Concord, ON,
Canada). The column used was a HALO C18 column 50 mm × 0.5 mm × 2.7 μm (Eksigent,
Concord, ON, Canada), and the thermostat was set at the temperature of 45 ◦C with the
mobile phase flow rate of 20 μL/min. A binary gradient consisting of water (A) and
MeCN (B) (both with 0.1% FA) was applied. The gradient was set as follows: 40% B
(0–0.5 min), 40–90% B (0.5–3.0 min), 90% B (3.0–4.0 min), 90–40% B (4.0–4.2 min), and 40%
B (4.2–5.0 min). The injection volume was 5 μL. The autosampler temperature was set
at 40 ◦C. The mass spectrometer used was QTRAP 5500 with ESI (AB SCIEX, Concord,
ON, Canada). The optimal sensitivity for the investigated PFASs was obtained under the
following settings: curtain gas flow, 25 L/min; collision gas flow, 9 L/min; ion spray volt-
age, −4500 V; temperature, 350 ◦C; 1 ion source gas flow, 30 L/min; 2 ion source gas flow,
35 L/min; declustering potential range, −30 to −85 V; entrance potential, −10 V; collision
energy range, −10 to −65 eV; and collision cell exit potential range, −10 to −38 V [67].
Quantitative analyses were performed using the multiple reaction monitoring (MRM)
mode. Data analysis was carried out with Analyst Software (AB SCIEX, Concord, ON,
Canada) (version 1.5.2).

3.6. Analysis of Blood Parameters

The analysis of blood samples was conducted by the Medical Diagnostic Laboratory
of the Provincial Specialist Hospital in Olsztyn, Poland. The blood hematology parameters
included leukocytes, erythrocytes, hemoglobin, platelets, hematocrit, mean corpuscular vol-
ume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular/cellular hemoglobin
concentration (MCHC), red cell distribution width (RDW-CV), platelet distribution width
(PDW), mean platelet volume (MPV), and platelet large cell ratio (P-LCR), and blood
biochemistry parameters were also measured, which included lipid profile (total choles-
terol, triglycerides, high-density lipoprotein (HDL), low-density lipoprotein (LDL)) and
glycated hemoglobin.
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3.7. Statistical Analyses

Statistical analyses were performed using Statistica software (v. 13, StatSoft, Tulsa,
OK, USA). The normal distribution of the data was evaluated using a Shapiro–Wilk W test.
The tested groups showed a non-normal distribution, and therefore quantitative variables
were expressed as median (P25-P75). Comparisons within the groups, between the baseline
and after the exposure to the fermented red beetroot juice, were performed using Wilcoxon
signed-rank tests. Correlations between the concentration of individual PFASs, total acids,
total sulfonates, total PFASs, and blood parameters (leukocytes, erythrocytes, hemoglobin,
hematocrit, MCV, MCH, MCHC, platelets, RDW-CV, PDW, MPV, P-LCR, total cholesterol,
cholesterol HDL, cholesterol LDL, triglycerides, glycated hemoglobin) were analyzed using
a Pearson correlation coefficient test. Statistical significance thresholds were set at p < 0.05
(*) and p < 0.01 (**). The strength of the correlation was described as fair (<0.3), moderate
(0.3 to <0.5), good (0.5 to <0.7), or very good (≥0.7) [68].

4. Conclusions

This was the first time this type of experiment has been carried out, and although
we cannot draw clear conclusions regarding the increase in the content of perfluoroalkyl
substances in human bodily fluids due to the consumption of food contaminated with
them, it proves that such research is necessary and should be continued. In the case
of perfluorocarboxylic acids, a downward trend was observed, while perfluoroalkane
sulfonates’ plasma content showed a statistically significant upward trend. This confirms
previous scientific data showing that these compounds metabolize very poorly; therefore,
they are very poorly excreted from the human body—they only accumulate in it, which
makes them even more dangerous for the consumer. On the other hand, it has been
observed that fermented red beetroot juice can affect blood parameters. The effect of
beetroot products depends on the type of food matrix, dose, and time of intervention.
It is worth mentioning that beetroot is rich in several bioactive compounds (betalains,
phenols, carotenoids, minerals, and vitamins) that can have a synergistic effect on the blood
parameters tested.

More research is needed to determine the sources and impact of PFASs on con-
sumer health. Ongoing research is critical to developing future strategies to control
consumer exposure to PFASs and points to areas for the further improvement of multidis-
ciplinary collaboration.

While preliminary, our study is among the first to explore the correlation between PFAS
consumption and its potential accumulation in bodily fluids, highlighting an understudied
area of consumer health.
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Abstract: Wholegrains contain both fibre and phenolic acids (PAs), and their gastrointestinal modifi-
cations are critical for their bioavailability and bioactivity. We evaluated the modifications on the
PA profile and gut microbiota composition of selected Nigerian wholegrains, following cooking
and gastrointestinal digestion. Red fonio, red millet, red sorghum, and white corn were cooked,
digested, and fermented using an in vitro colonic model. A total of 26 PA derivatives were quanti-
fied in soluble and bound fractions using Ultraperformance Liquid Chromatography-Tandem Mass
Spectrometry (UPLC-MS/MS) analysis. DNA samples were analysed using 16S rRNA amplicon
sequencing to profile the microbiota composition. The results show that cooking and digestion
significantly affected the levels of PAs in all grains (p ≤ 0.05) compared to raw grains. Colonic
fermentation resulted in a peak of total soluble PAs at 4–6 h for red sorghum and white corn and at
24 h for red millet and red fonio. Enterobacteriaceae genera were the most abundant at 24 h in all grains
studied. 3-hydroxybenzaldehyde correlated positively with the relative abundance of Dorea and the
mucus-degrader bacteria Akkermansia (p ≤ 0.05), whereas hydroferulic acid and isoferulic acid levels
correlated negatively with Oscillospira and Ruminococcus (p ≤ 0.05), respectively. Our data indicate
that cooking, digestion, and colonic fermentation affect the release of bound PAs from wholegrains
and, consequently, their metabolic conversion. Furthermore, PA fermentation in the gut is associated
with potentially relevant changes in the microbiota. This in vitro study provides the basis for the
design of an in vivo human intervention study that can confirm the trends herein observed but also
assess the impact on health outcomes.

Keywords: wholegrains; cooking; polyphenols; gut microbiota; digestion; fermentation;
bioaccessibility; next-generation sequencing; UPLC-MS/MS

1. Introduction

Cereal whole grains are part of the family Poaceae (also known as Gramineae), and their
seeds are consumed as food. Wholegrains are a rich source of fibre and phenolic acids (PAs),
and their consumption may be beneficial for the prevention of chronic illnesses, but this is
subject to the bioaccessibility in the gastrointestinal tract and the subsequent bioavailability
of their phenolic compounds [1]. In some continents, cereals serve as the major staple food
for the population, and in Asia and Africa, sorghum and millet are known to be grown and
consumed in addition to other grains [2]. Grains like fonio, sorghum, millet and corn are
gluten-free and can be used as alternative grains in foods for different dietary needs. The
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nutritional value of the above grains is within the range of other grains such as wheat, oats
and barley, with carbohydrate content that can vary from 63 to 86 g/100 g, proteins ranging
from 6 to 12 g/100 g, and fats levels ranging from 0.5 to 5 g/100 g [3–12]. Fonio, millet,
corn and sorghum are consumed widely in Nigeria and are cultivated in the Northern
regions of the country. The grains are often consumed as fermented porridge, which is
eaten by all age groups, from infants to adults and the elderly. They can also be prepared
and consumed in different forms, including fermented drinks and boiled or roasted.

PAs are a class of polyphenols consisting of an aromatic ring, a hydroxyl group and
a carboxylic moiety. The two main groups of PAs are hydroxybenzoic acid (HBA) and
hydroxycinnamic acid (HCA) (Figure 1). Phenolic compounds are known to possess
bioactivity and health benefits [13].

Figure 1. Basic structure of phenolic acids. (A) Hydroxybenzoic acid (vanillic acid (R2 = -OCH3,
R3 = -OH), 4-hydroxybenzoic acid (R3 = -OH), salicylic acid (R1 = -OH), syringic acid (R3 = -OH, R2,
R4 = -OCH3). (B) Hydroxycinnamic acid (p-coumaric acid (R2 = -OH), caffeic acid (R2, R3 = -OH),
ferulic acid (R2 = OH, R3 = -OCH3), R1–R4 = H, except where specified.

There is no research information on the PA content and bioaccessibility of Nigerian
grains; previous studies focus on the total phenolic compounds in the grains [14,15]. The
aim of this study was to investigate the PA content of Nigerian-grown grains. A pilot study
was performed, where a variety of grains, including red and white fonio, red and white
millet, red and white sorghum, ofada rice and corn, were screened for their PA and total
dietary fibre (TDF) content; based on these results, red fonio, red millet, red sorghum and
white corn were selected for digestion and fermentation studies.

We investigated the bioaccessibility of selected PAs using a standardised in vitro di-
gestion model [16]. Furthermore, following digestion, grains were subjected to a 24 h
fermentation to evaluate the impact of their phenolic extract on human colonic microbiota
and vice versa using an in vitro colonic model. Samples were obtained from the fermenta-
tion vessel at time points 0, 4, 6, 8 and 24 h to determine the PA profile of the aliquot, while
DNA profiling was performed using NGS for samples obtained at time points 0, 6, and
24 h [17].

2. Results

2.1. Phenolic Acid and Total Dietary Fiber Content of Raw Grains
2.1.1. UPLC-MS/MS Characterization of PAs

Supplementary Table S1 shows the MS detection parameters, and Supplementary
Table S2 shows the calibration curve parameters for the 26 PA standards used in this study.
For most compounds, at least three daughter fragments were generated from varying
collision energies.
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2.1.2. Total PA and TDF Content of Raw Grains

The TDF of the grains ranged from 3 to 26.7 g/100 g (Table 1). Red sorghum had the
highest, while white fonio had the lowest TDF values.

Table 1. Total phenolic acid content, percentage of total soluble and bound phenolic acid fractions,
and total dietary fibre in raw grains.

Raw Grain
Total PAs

(ng/mg) FW
% Soluble PAs % Bound PAs TDF (g/100 g)

Red fonio 281.4 ± 10.8 a 17.2 ± 1.9 82.8 ± 1.9 6.7
White fonio 132.2 ± 12.1 a 5.1 ± 0.6 94.9 ± 9.7 3
Red millet 1631.2 ± 227.5 b 13.3 ± 0.2 86.7 ± 14.1 11.4

White millet 1466.1 ± 187.1 b 13.6 ± 1.0 86.4 ± 12.0 9.7
Red sorghum 1464.2 ± 184.2 b 26.8 ± 0.0 73.2 ± 8.0 26.7

White sorghum 693.3 ± 38.0 c 0.1 ± 0.0 99.9 ± 5.5 21.7
White corn 2202.5 ± 34.9 d 0.1 ± 0.0 99.9 ± 1.6 14.3
Ofada rice 276.64 ± 25.31 a 0.7 ± 0.3 99.3 ± 9.2 2.7

Samples were analysed in triplicates; results are expressed as mean ± SD. FW = fresh weight; PAs = phenolic acid;
TDF = total dietary fibre. Values with different superscripts (a, b, c, d) differ significantly (p ≤ 0.05).

Grain PAs were extracted in soluble and bound forms, with total PAs calculated
as the sum of soluble and bound PAs and expressed as ng/mg fresh weight. Table 1
shows the total PAs in raw grains. The highest value of total PA concentration was seen
in white corn compared to other grains (2202.5 ± 34.9 ng/mg, p ≤ 0.0001). Apart from
this, significantly high values of total PA concentration (p ≤ 0.0001) were also seen in
red millet (1631.2 ± 227.5 ng/mg), white millet (1466.1 ± 187.1 ng/mg) and red sorghum
(1464.2 ± 18.2 ng/mg) compared to the rest grains. White Sorghum had a total PA con-
centration of 693.3 ± 38.0 ng/mg, which was significantly higher (p ≤ 0.05) than that in
Ofada rice and fonio, which had the lowest total PA concentrations, with values ranging
from (132.2 ± 12.1 to 281.4 ± 10.8 ng/mg). PAs were mostly present in the bound form
between 73.2% and 99.9% of total PAs. Millet and red sorghum had the highest proportions
of soluble PAs (13.3% and 26.8%, respectively).

2.2. Impact of Cooking and Digestion on the Phenolic Acid Profile of Grains

Selected grains were cooked, subjected to simulated digestion and then freeze-dried.
PAs were extracted from cooked and digested grains in soluble and bound forms, with
total PAs calculated as the sum of soluble and bound PAs expressed as ng/mg fresh or
dried weight. Table 2 shows the PA profile of raw, cooked, and digested grain samples.
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Soluble and Bound PAs in Cooked and Digested Grains

The impact of cooking and digestion on the soluble and bound PAs of the grains can be
seen in Figure 2. Cooking significantly reduced the total soluble amount of PAs in red fonio
and also in red millet and red sorghum samples (p ≤ 0.05), whereas it led to a significant
increase in white corn. The amount of soluble PAs measured in the grains after cooking
varied from 1.8 ± 0.8 to 18.5 ± 7.1 ng/mg. The digested grains were also found to contain
a lower amount of soluble forms of PA than raw grains, and this difference was significant
for all grains (p ≤ 0.0001), with the exception of white corn. The levels of soluble PAs in
digested grains ranged from 0.1 ± 0.03 to 2.3 ± 3.2 ng/mg.

Figure 2. Total soluble (a) and bound (b) phenolic acids in raw, cooked, and digested grains. Raw
samples were analysed in triplicate, cooked and digested samples in duplicate; all results are ex-
pressed as mean± SD (2-way ANOVA, Tukey’s multiple comparisons tests, * = p≤ 0.05, ** = p ≤ 0.01,
*** = p ≤ 0.001, **** = p ≤ 0.0001).

The amount of bound PAs measured in cooked grains varied from 373.1 ± 8.0 to
3426.6 ± 920.1 ng/mg. The cooking process significantly increased the levels of bound PAs
in all grains (p ≤ 0.05), with the exception of red fonio. The digestion process also had an
impact on bound PA levels, and a significant increase was observed in red millet samples
(p ≤ 0.001). We also noted how the digestion of white corn samples induced a significant
decrease in the levels of bound PAs when compared to the cooked samples (p ≤ 0.01).
Bound PA levels in digested grains varied from 444.5 ± 45.3 to 3075.4 ± 5.4 ng/mg.

The amount of selected bound HBAs in cooked and digested grains is shown in
Figure 3. Homovanillic acid content was significantly higher in all grains after cooking,
in comparison to the raw forms (p ≤ 0.01), whereas we can notice how the amount of
other bound forms, such as HBAs, increased only in some cooked grains. For example, in
white corn, we measured increased levels of syringic acid, which were also higher in red
fonio samples (p ≤ 0.0001), whereas in red sorghum and millet, we observed increased
levels of 4-OH benzoic acid (p ≤ 0.05). The levels of vanillin in red millet samples and
fonio samples were also increased (p ≤ 0.05). In comparison to raw grains, the digestion
process also affected the levels of PAs, with increases in syringic acid in white corn, red
millet and red fonio (p ≤ 0.0001) and increases in vanillin and homovanillic acid in red
millet and red fonio (p ≤ 0.05). The increase in homovanillic acid and syringic acid in red
fonio was also significant when compared to cooked samples (p ≤ 0.0001). Conversely, the
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digestion process resulted in a significant decrease in homovanillic acid levels in white corn
(p ≤ 0.0001), sorghum (p ≤ 0.0001) and red millet (p ≤ 0.05), and decreased levels of 4-OH
benzoic acid in sorghum (p ≤ 0.05), as well as a decrease in syringic acid levels in red millet
(p ≤ 0.0001), compared to cooked grains.

Figure 3. Amount of selected bound hydroxybenzoic acids in raw, cooked, and digested grains.
Raw samples were analysed in triplicate, cooked and digested samples in duplicate. All results are
expressed as mean ± SD.

For selected bound HCAs (Figure 4), the cooking process significantly increased ferulic
acid levels in all grains (p ≤ 0.0001). Additionally, a significant increase in p-coumaric acid
levels was measured in red millet samples (p ≤ 0.001). In comparison to the raw samples,
the red fonio, sorghum and red millet grains subjected to digestion contained significantly
higher amounts of ferulic acid (p ≤ 0.0001), whereas the red millet samples contained
significantly higher levels of p-coumaric acid (p ≤ 0.0001). In comparison to the cooked
samples, the digested ones were found to contain a significantly higher amount of ferulic
acid for some grains (red millet and red fonio) but a significantly lower amount for others,
such as sorghum and white corn (p ≤ 0.001).

Figure 4. Amount of selected bound hydroxycinnamic acids in raw, cooked and digested grains.
Raw samples were analysed in triplicate, cooked and digested samples in duplicate. All results are
expressed as mean ± SD.
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2.3. In Vitro Colonic Fermentation of Digested Grains
2.3.1. Phenolic Acid Content of Fermented Grains

Digested grains were subjected to in vitro colonic fermentation for 24 h, and aliquots
were collected at 0, 2, 4, 6, 8, and 24 h for assessment of soluble PA content (Figure 5). The
total soluble PA content did not differ significantly over time for any of the grains (p > 0.05),
but the highest levels were measured at different time points for different grains (4 h, 6 h or
24 h for red sorghum, white corn, or red fonio and red millet, respectively. The total soluble
PA forms released from each grain were significantly different in white corn, red sorghum
and red millet in comparison to the negative control group (p ≤ 0.05).

Figure 5. Total soluble phenolic acid concentration at different time points during in vitro colonic
fermentation of digested grains. Samples were analysed in triplicate, except for red millet at 0 h,
white corn at 6 h, and red sorghum at 0, 4, and 6 h, which were analysed in duplicate. All results are
expressed as mean ± SD. DW, dry weight.

Looking at the changes in selected PAs over the fermentation period, 4-OH benzalde-
hyde increased significantly in red fonio, red millet, and red sorghum (p ≤ 0.05) (Figure 6).
In particular, peak levels of 4-OH benzaldehyde were observed at 6 h in red fonio and red
sorghum and at 24 h in red millet. 4-OH benzoic acid levels were significantly higher in red
millet and red sorghum (p ≤ 0.05), with peak values measured after 24 h in both grains. In
addition, the fermentation of white corn substrate resulted in the production of Isoferulic
acid, which was significant (p ≤ 0.05) after 4 h, 6 h, and 24 h.

Figure 6. Changes in selected phenolic acids in red fonio (a,b), red millet (c–e), red sorghum (f,g)
and white corn (h) during in vitro colonic fermentation of digested grains. 2-way ANOVA, Tukey’s
multiple comparisons tests, each time point vs. 0 h (unless otherwise indicated), * = p ≤ 0.05,
** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
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2.3.2. Impact of Digested Grains on Faecal-Derived Microbial Communities from
Healthy Volunteers

The faecal microbial communities of three healthy volunteers were profiled over time
during in vitro colonic fermentation of digested grains to assess whether the different
dynamics of PA conversion were associated with different gut microbiota layouts and
trajectories (Figure 7). The diversity of the microbial communities decreased remarkably
over time for all grains, in parallel with an increase in the relative abundance of unclassified
Enterobacteriaceae (relative abundance, 37% to 61% at 6 h, 55% to 87% at 24 h), particularly
for white corn and red millet. The highest diversity at 24 h was found for red fonio, whose
microbial communities were mainly composed of unclassified Enterobacteriaceae (55%),
Bacteroides (10%), and Veillonella (9%).

Figure 7. Genus-level relative abundance profiles of faecal microbial communities from healthy
volunteers before (T0) and after 6 (T6) and 24 (T24) h of in vitro colonic fermentation with digested
grains. Ctr, negative control (i.e., faecal slurry without any substrate addition). * = bacterial family
with unclassified genera.

Correlation analysis between selected PAs and bacterial genera revealed some trends
(Figure 8). In particular, 3-hydroxybenzaldehyde was positively correlated with Dorea and
the mucus-degrader bacteria Akkermansia (p ≤ 0.05), whereas both hydroferulic and isofer-
ulic acids showed a negative correlation with the bacteria Oscillospira and Ruminococcus,
respectively (p ≤ 0.05). Both Dorea and Oscillospira tended to decrease over time in red
fonio (p ≤ 0.1), while Ruminococcus tended to decrease in white corn (p ≤ 0.1).
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Figure 8. Associations between bacterial genera and phenolic acids during in vitro colonic fermen-
tation of digested grains. (a) scatter plots showing the correlation between genus-level relative
abundances and levels of selected phenolic acids. Only statistically significant correlations (p ≤ 0.05)
with absolute Kendall’s tau ≥ 0.3 are shown. Samples are coloured based on the digested grains
subjected to fermentation (see bottom panel). (b) Boxplots showing the relative abundance distribu-
tion of the genera significantly correlated with PAs. For each digested grain, samples were collected
before (T0) and after 6 (T6) and 24 (T24) h of fermentation. Ctr, negative control (i.e., faecal slurry
without any substrate addition). Wilcoxon test, # = p ≤ 0.1.

3. Discussion

Dietary PAs have been found to beneficially affect health, but their bioaccessibility
can have a significant impact on bioavailability and absorption. In this study, we provided
a comprehensive and accurate assessment of extractable PAs in both soluble and bound
forms in a panel of selected grains. The assessment was provided in raw grains but also
in processed forms of nutritional interest (following cooking and simulated digestion),
applying robust and validated analytical methods. As dietary fibre can bind and influence
the mobility, transition and absorption of PAs in the digestive tract [18,19], ultimately
affecting their bioavailability, the TDF content of the grains was assessed.

The TDF content of grains in this study was found to be as follows: red and white
sorghum > white corn > red and white millet > ofada rice > red and white fonio. Our
results are generally consistent with the available literature, which reports values of 3.3–8%
in hulled fonio, 3.7–15% in pearl millet, 8.6–21.0% in sorghum, 1.4–3.5% in ofada rice,
11.1–15.34% and 2.1–10.1% in corn [3–12,20–22]

The total PA content of the grains selected for analysis in this study ranged from
276.64 to 2202.5 ng/mg, as the total PA amount in wholegrains can differ subject to the grain
type, the environment and farming methods, as well as the different types of processing
applied, the PAs selected for characterisation, as well as the extraction procedures and
analytical methods applied. One study showed that total PAs differed significantly based
on the type of corn [23] and rice cultivars [24]. Other studies showed differences in total
PAs by grain type; for example, total PA content was 61.82 μg/g in raw fonio, 871.48 μg/g
in raw millet, 678.36 μg/g in raw sorghum, and 832.2 μg/g in raw pearl millet [25,26].

The impact of cooking on the PA content in grain samples can vary in relation to several
factors, including processing, for example, milling, and cooking procedures, including
cooking duration and temperature levels, which could affect the bioaccessibility and
amount of extractable PAs. During the process of cooking, the soluble PAs could be

494



Int. J. Mol. Sci. 2023, 24, 14111

leached into the cooking solution, making them susceptible to thermal degradation, or
they could form complexes within the food matrix, causing a decrease in their amount.
Furthermore, during the cooking process, cell wall polymers may, in turn, be broken down
to facilitate the extraction of bound PAs [26,27]. Indeed, our results showed that cooking
led to a decrease in soluble PAs and an increase in bound PAs in most grains. However,
there is conflicting data in the literature. For example, a previous study found that cooking
increased soluble PAs in sorghum and millet [26]. Differences in methods, especially
cooking time (12 min for sorghum and 15 min for millet compared to 43 min and 36 min in
this study), may explain the different observations. The study also reported that cooking
fonio caused an increase in bound PAs, while cooking sorghum caused a decrease in bound
PAs, with syringic and salicylic acids detected only in the bound cooked fractions [26]. A
different study [28] observed that cooking durum wheat caused an increase in its bound
PA content, and the authors suggested that this increase correlated with the increased
antioxidant activity of their cooked samples. Other studies record that cooking waxy corn
and rice caused a decrease in PA content in these grains [27,29]. Cooking was also reported
to increase the total amount of free PAs [24].

The data presented in our study indicate how in vitro gastrointestinal digestion can
reduce total soluble and increase total bound PA compared to raw grains. Literature
data also indicate how boiling together with digestion can have an impact on PA levels,
increasing the levels of ferulic acid in the intestinal digest compared to the digest of
unprocessed sorghum samples [30]. The degradation of soluble PAs in the gastrointestinal
tract (affected by the pH and also by the interaction with digestive enzymes) could result
in the formation of new metabolic entities and a reduction in detectable soluble PA. Bond
formation with cell wall constituents and resultant conversion or confinement of soluble
PA may be a factor in the reduction in soluble PAs in digested samples. On the other
hand, bound PAs can be more durable in the upper gastrointestinal tract due to their
stronger association with cell wall structures, and the loosening of these structures during
cooking, digestion or extraction may facilitate increased accessibility for extraction of bound
PAs [26,30–32].

Bound PAs are not readily accessible in the upper part of the gastrointestinal tract, but
in the lower part, the microbiota may also play a role, affecting their bioaccessibility and
facilitating their release from the food matrix and subsequent biotransformation. Therefore,
as part of the current study, we simulated the colonic fermentation of digested food in a
controlled in vitro environment, which provided valuable insights into the bioaccessibility
of PAs as well as other compounds. In this regard, several studies in the literature report
changes in PA levels during in vitro human colonic fermentation of foods high in PA. For
example, increases in protocatechuic acid and syringic acid and a decrease in vanillic acid
levels have been observed, in addition to a gradual release of PAs from food substances
supplemented with PA, while other reports show a decrease in PAs during the fermentation
period [33–37]. Inter-individual variability in participants’ gut microbiota is well known,
and in combination with differences in the food matrix or experimental methods, may be
an explanation for these differences in results.

In this study, after the cooking and digestion processes, the colonic fermentation
process was also applied to the digested grain material using a validated in vitro intestinal
model. Our results indicate that the total soluble PA content varies during the fermentation
process, with a peak at 4–24 h; during this period, there was a gradual release of PAs
measured during the 24 h fermentation period. Additionally, the analysis of pre-fermented
samples also indicated a high content of bound PA (which was considered not bioaccessible
prior to fermentation). The impact of the interaction between the bound PA forms and the
food matrix and the resulting release of soluble forms from the matrix observed during the
fermentation process could be explained as a result of the extended release of soluble PAs in
the colonic environment. In addition, some specific PAs significantly decreased or increased
over time during fermentation, while others were not detected in the fermented samples.
For example, at 0 h, 3-hydroxybenzaldehyde was the highest PA observed in all the grains
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studied. Thus, over time, its levels decreased significantly in red fonio samples, as well
as in red millet samples, during the 24-h fermentation period. It can be speculated that it
was utilised or metabolised to produce a different end product. On the other hand, 4-OH
benzaldehyde, 4-OH benzoic acid, and isoferulic acid levels were observed to increase
significantly during the 24-h fermentation period in some grains. This might suggest their
release from the fibre into soluble forms or their synthesis through the biotransformation of
other phenolic compounds in the grains by the action of the gut microbiota.

Once in the large intestine, the bound PA forms are degraded under the action of
esterase activities, and the final metabolic product is likely to result from the synergis-
tic action of the gut microbial taxa present. Biotransformation reactions that are likely
to occur in the large intestine and affect the phenolic compounds present in the digesta
can include hydrolysis, demethylation, reduction, decarboxylation, dihydroxylation and
β-oxidation. These reactions can be carried out using bacterial species from the genera
Bifidobacterium (phylum Actinobacteria), Eggerthella, Lactobacillus, Clostridium, Eubacterium,
Streptococcus, Ruminococcus (phylum Firmicutes) Peptostreptococcus, and Escherichia (phylum
Proteobacteria) [38–41]. β-oxidation reactions can also occur and cause the reduction in the
hydrocarbon side chains in HCAs. A combination of different microbiota species, such as
Escherichia coli and Enterococcus faecalis, was found to be responsible for the caffeic acid con-
version to 3-hydroxyphenylpropionic acid, while benzoic acids can be measured as the end
product [42]. A plausible pathway for the biotransformation of HCAs through the action
of gut microbes is the degradation of HCAs to phenylpropionic acid derivatives, where
demethylation can also occur. The formed metabolic derivatives can then be subjected to a
series of β-oxidations to produce benzoic acids [43].

The results of in vitro colonic fermentation experiments showed an overall predomi-
nance of unclassified Enterobacteriaceae members at 6–24 h in all study groups, as reported
in oat fermentation studies [44]. Enterobacteriaceae species are able to metabolise ferulic
acid to produce vanillin [45]. In our study, prior to fermentation, soluble ferulic acid levels
were seen in low amounts in all the forms of the grains, but these grains contained high
levels of bound ferulic acid. For most grains, relatively low levels of soluble ferulic acid
were also measured, except for white corn (14.57 ± 16.49 ng/mg at 6 h). It is, therefore,
possible to hypothesise that, to some extent, the bound forms of ferulic acid may have been
biotransformed into other products. For example, after fermentation of the white corn
substrate, high levels of isoferulic acid were measured, whereas after fermentation of red
millet and red sorghum substrates, high levels of hydroferulic acids were measured, proba-
bly suggesting that some of the bound ferulic acids were biotransformed to these related
compounds. The microbiota analysis also showed reduced proportions of Ruminococcus
spp. at 6 h in white corn. Interestingly, the relative abundance of Ruminococcus spp. corre-
lated negatively with isoferulic acid. As anticipated, white corn had the highest amount
of isoferulic acid compared to other grains during the fermentation period, with a peak
at 6 h (69.55 ± 85.68 ng/mg), suggesting a possible inhibitory effect against Ruminococcus.
No data are available in the literature, but it should be noted that ferulic acid, which was
the highest in white corn at 6 h as well, can suppress the growth of cellulolytic bacteria,
including Ruminococcus spp. [46].

A prolonged positive effect of the soluble PA compounds in the colonic environment
may emerge from the progressive release of soluble PA from the food matrix throughout
the fermentation process. Additionally, the ability of the microbiota to alter PAs results
in a variety of metabolites that, if taken into systemic circulation, may be advantageous
for colonic health and may produce advantageous bioactivity in vivo. The health benefit
of phenolic compounds, including PAs, may be attributed to their antioxidant and anti-
inflammatory nature, which makes them relevant in the prevention of chronic illnesses [47].

In addition to antioxidant and anti-inflammatory benefits, phenolic compounds ex-
hibit antibacterial, neuroprotective, anticancer, and cardioprotective functions [48]. For
instance, ferulic acid’s metabolic product vanillic acid has been shown to have antibacte-
rial, anticancer, and anti-inflammatory characteristics, while ferulic acid-4-O-sulfate and
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dihydroferulic acid have also been shown to have anti-inflammatory and cardioprotective
qualities [49–53]. According to a study, pro-inflammatory cytokines were observed to be
inhibited using derived phenolic acid metabolites [41].

Research is still ongoing to determine the precise mechanisms underlying these actions,
but some indications suggest that phenolic compounds and their metabolites may act as
antioxidants by linking with free radicals and extinguishing them while promoting the
production of endogenous antioxidant enzymes [48]. They also function as antimicrobial
agents by creating hydrogen bonds with bacterial cell membrane bilayers or interacting with
cell wall constituents to compromise the microbial cells’ barrier of defence. Additionally,
they might bind toxins and disrupt the bacterial cell’s energy metabolism [54,55].

Finally, in this study, 3-hydroxybenzaldehyde, which decreased over time in red
fonio and red millet, had a positive correlation with Akkermansia. This bacterial genus has
been shown to promote metabolic health (and is now available as a postbiotic for weight
management and glycemic control), but its ability to degrade mucus raises questions about
its overall safety [56,57].

4. Materials and Methods

4.1. Chemical Reagents

Twenty-six PA compounds and some potential metabolites; (vanillic acid (VA),
isovanillic acid (IVA), 4-hydroxybenzaldehyde (4-HBALD), 3-hydroxybenzaldehyde (3-
HBALD), 4-hydroxybenzoic acid (4-HBA), 3-hydroxybenzoic acid (3-HBA), salicylic acid
(SA), 4-hydroxyphenylacetic acid (4-HPA), 3-hydroxyphenylacetic acid (3-HPA), 2-
hydroxyphenylacetic acid (2-HPA), vanillin (VN), 3,4- and 3,5-dihydroxybenzoic acid
sum (3,4- and 3,5-DHBAs), 2,5-dihydroxy benzoic acid (2,5-DHBA), 2,4-dihydroxybenzoic
acid (2,4-DHBA), p-coumaric acid (pCA), gallic acid (GA), hippuric acid (HA), caffeic acid
(CA), 3,4-dihydroxyhydrocinnamic acid (3,4-DHCA), homovanillic acid (HVA), syringalde-
hyde (SYRALD), ferulic acid (FA), isoferulic acid (IFA), hydroferulic acid (HFA), syringic
acid (SYRA), and sinapic acid (SNA), 3,5-dichloro-4-hydroxybenzoic acid (used as internal
standard), bile extract, pancreatin, α-amylase and pepsin were purchased from Sigma-
Aldrich (Gillingham, UK). Analytical grade NaOH, CaCl2, and HCl were also used, in
addition to LC-MS grade solvents (formic acid, ethyl acetate, acetonitrile methanol, ethanol)
and water. Peptone water (BDH, Poole, UK), yeast extract (Oxoid, Basingstoke, UK), NaCl,
K2HPO4 (BDH), KH2PO4 (BDH), MgSO4 × 7H2O (Fisher Scientific, Loughborough, UK),
CaCl2 × 6H2O (0.01 g/L), NaHCO3 (Fisher Scientific), tween-80, hemin (0.05 g/L), vita-
min K (10 μL/L), L-cysteine HCl (0.5 g/L), bile salts (0.5 g/L) (Oxoid, Basingstoke, UK),
resazurin solution 0.025 g/100 mL (4 mL/L, pH 7), QIAamp DNA Stool Kit (QIAGEN,
Hilden, Germany), phosphate-buffered saline (Oxoid, Basingstoke, UK), inulin (P95-FOS,
Orafti, Tienen, Belgium), were also used.

4.2. Wholegrains

All grains analysed in this study were purchased from a Nigerian market located in
Jos (9.8965◦ N, 8.8583◦ E). The grains included red and white varieties of fonio (Digitaria
spp. Iburua and exilis) (also known as acha), red and white varieties of millet (Pennisetum
glaucum), red and white varieties of sorghum (Sorghum bicolor), white corn (Zea mays) (also
known as maise), and ofada rice (Oryza glabberimma).

4.3. Total Dietary Fibre (TDF) Determination

The total dietary fibre (TDF) levels of the wholegrain samples were determined using
the Association of Official Analytical Chemists (AOAC) Official method 991.43 [58]. The
results were expressed as g/100 g.

4.4. Wholegrain Processing (Cooking and Digestion)

Raw grains were milled and used for PA extraction. A preliminary screening analysis
of the raw grains was made and led to the selection of the 4 grains utilised for the study.
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The selection was made to include grains with varied fibre and PA contents. Selected grains
(red fonio, red millet, red sorghum and white corn) were further studied to assess the
impact of cooking and in vitro digestion on PA levels. Selected raw samples (100 g) were
weighed and boiled in water until tender, with cooking times of 15 min, 36 min, 43 min
and 79 min for red fonio, red millet, red sorghum and white corn, respectively (Table 3).
After cooking, the samples were kept at −20 ◦C until digestion.

Table 3. Cooking protocol for grains.

Cereal Grain Initial Weight (g) Volume of Water Used (mL) Cooking Time (min) Cooling Time (min) Final Weight (g)

Red fonio 101.13 600 15 15 551.86

Red millet 100.29 550 36 15 178.92

Red sorghum 100.61 500 43 10 176.89

White corn 100.33 750 79 10 152.99

After cooking, the samples were further processed in order to simulate the different
phases of the digestion process (oral, gastric, and intestinal), with a procedure similar
to the one described in [16] with minor adjustments. The oral phase of the digestion
was performed as follows: a 10 g aliquot of milled and boiled samples was mixed with
distilled water, and α-amylase was added (5 mg dissolved in 10 mL of 1 mM CaCl2). The
mixture was then kept at 37 ◦C for 30 min on a shaker. The gastric digestion phase was
then simulated by adjusting the pH of the oral digest to 2 and adding 12 M HCl. Pepsin
(51.2 mg/mL of sample) was then added, and the mixture was incubated at 37 ◦C for 2 h
on a shaker. After incubation, the pH was increased to 7.5 to simulate the small intestinal
conditions, using 6 M NaOH. Pancreatin (4 mg/mL of sample) and bile extract (25 mg/mL
of sample) were added, and the mixture was kept at 37 ◦C for 2 h on a shaker. The final
digested material of each sample was subsequently freeze-dried and kept at −20 ◦C until
the subsequent analysis for PA characterisation by UPLC-MS/MS and in vitro colonic
fermentation.

4.5. Colonic Fermentation
4.5.1. Basal Media Composition

The basal media was made by mixing yeast extract (Oxoid, Hampshire, UK), Peptone
water (BDH, Poole, UK), KH2PO4 (BDH), MgSO4 × 7H2O NaCl, K2HPO4 (BDH), (Fisher
Scientific, Loughborough, UK), CaCl2 × 6H2O (0.01 g/L), NaHCO3 (Fisher Scientific),
tween-80, hemin (0.05 g/L), vitamin K (10 μL/L), L-cysteine HCl (0.5 g/L), bile salts
(0.5 g/L) (Oxoid, Basingstoke, UK) and resazurin solution 0.025 g/100 mL (4 mL/L, pH 7).
The obtained solution was heated, cooled, poured into Duran bottles, autoclaved and stored
until use.

4.5.2. In Vitro Fermentation

Faecal samples obtained from three healthy volunteers who were not taking any medi-
cations or supplements were used for this study. Faecal samples were diluted (1:10 w/v)
in phosphate-buffered saline (0.1 mol/L phosphate-buffered solution, pH 7.4) and ho-
mogenised (Stomacher 400, Seward, UK) for 2 min at 240 paddle beats per min in vitro
colonic fermentation was performed according to [17] in an anaerobic pH-controlled batch
culture system. Five vessels were used for each faecal slurry; four of these vessels were
used to ferment the digested grains (red fonio, red millet, red sorghum and white corn),
and one vessel for the negative control, i.e., faecal slurry without any substrate addition.
Each vessel was inoculated with 5 mL of fresh faecal slurry (1/10 w/w). Digested freeze-
dried grain substrates (1% w/w dry solid/total dietary fibre) prepared in basal medium
(full description of the basal medium composition is indicated in 2.5.1) were fermented.
Batch cultures were run in three replicates (n = 3) over a period of 24 h, and samples were
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collected from each vessel at 0, 2, 4, 6, 8 and 24 h for PAs extraction. Microbiota profiling
was performed for 0, 6 and 24 h aliquots.

4.6. PAs Extraction and Analysis

PAs were extracted in soluble (free and conjugated) and bound fractions from 100 mg
of raw and digested milled grains according to the method of [59] with slight modifications.
An aliquot of 100 mg of the milled whole grain samples was used for the extraction proce-
dure, and it was spiked with 5 μL of internal standard solution. 1 mL of 80% water/ethanol
solution was also added to the solution. The solution was agitated with a vortex mixer and
then sonicated for 10 min. The obtained solution was then centrifuged at 13,200 rpm for
15 min. The supernatant was collected, 1 mL of 80% ethanol was added, and the process
was repeated to extract the phenolic acids. The residue was collected and used for the
extraction of bound phenolic acids, while the combined supernatants were evaporated with
nitrogen steam. The samples were then further processed in order to extract the conjugated
phenolic acids as follows: a 400 μL aliquot of 2 M NaOH was added, and the samples
were agitated and kept in the dark for 4 h. After this step, the solution was acidified by
adding 80 μL 12 M HCl and then vortexed. 500 μL of ethyl acetate was added, and the
sample was mixed again to facilitate extraction of the PAs. The solution was centrifuged
(13,200 rpm, 5 min), and the supernatant was collected and evaporated. Ethyl acetate
(500 μL) was added to the samples, and the extraction process was repeated again. The
supernatant was then collected and combined with the first supernatant aliquot and dried
under a nitrogen stream. The dried samples were kept at −20 ◦C until the subsequent PAs
analysis. Before the extraction of bound PAs, 10 μL of internal standard was added to the
residue. An alkaline hydrolysis procedure was performed with the addition of 400 μL of
NaOH (2 M). The samples were kept in the dark for 4 h during the hydrolysis. Following
this step, an aliquot of HCl (120 μL) was added to the solution to adjust the pH. The PAs
were then extracted in ethyl acetate (800 μL) and centrifuged (13,200 rpm, 5 min) twice.
The two supernatants were combined and fully evaporated under a nitrogen stream. The
evaporated samples were kept at −20 ◦C until the time of analysis.

The process described above was used for the extraction of PAs from cooked samples;
100 mg equivalent of cooked grains was used for the extraction. Fermented samples (200 μL)
were extracted and assayed for soluble PAs as described above; extracts were evaporated
to dryness and purified using solid phase extraction (see below).

4.6.1. Solid Phase Extraction (SPE)

The evaporated samples were reconstituted by adding 0.5 mL acidified water
(1% formic acid) and subjected to SPE as follows: Phenomenex SPE cartridges (StrataTM-X
33 μm, polymeric, reverse phase, 100 mg 3 mL−1) were used, and preconditioned by adding
3 mL acidified methanol (1% formic acid), followed by 3 mL acidified water. The acidified
water was allowed to elute through the cartridge, and 0.5 mL of acidified water was then
added to the column. A 0.5 mL aliquot of reconstituted sample was also loaded onto the
column and eluted through the column. The column was rinsed twice with 0.5 mL of
acidified water and then washed twice with 6 mL of water before applying the vacuum.
After the washing steps, the sample eluent was collected into clean tubes using acidified
methanol (2.5 + 0.75 mL) as an eluting solvent, and the vacuum was then applied. The
eluted samples were evaporated and reconstituted with acidified water (100 μL), vortexed
(1 min), sonicated (2 min), mixed again (1 min), and transferred into a 96-well plate for
UPLC-MS/MS analysis.

4.6.2. Ultraperformance Liquid Chromatography-Tandem Mass Spectrometry
(UPLC-MS/MS)

Samples were filtered using 0.45 μm Polytetrafluoroethylene (PTFE) membrane filters
prior to injection into the UPLC system. The PAs characterised by the samples were
performed on a Waters Acquity H class UPLC system coupled to a Waters Xevo TQ micro
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Mass spectrometer (Waters, Milford, MA, USA). The chromatographic separations were
performed on sample aliquots (2 μL) injected on an Acquity UPLC HSS T3 1.8 μm column
(2.1 × 100 mm) with an HSS T3 1.8 μm Vanguard pre-column at 45 ◦C (0.65 mL min−1 flow
rate). The mobile phase consisted of 0.1% v/v formic acid/water (phase A) and 0.1% v/v
formic acid/acetonitrile. (Phase B) and the gradient was 99% A, 99% A, 70% A, 5% A, 5% A,
99% A, and 99% A scheduled at 0, 1, 10, 12, 13, 13.10 and 16 min, respectively. Twenty-
six PA standards were infused for MS tuning and Multiple Reaction Monitoring (MRM)
method optimisation. Three fragments were targeted for each analyte, and the one with
the most intense signal was used for quantification. Calibration curves were used for the
quantification of each compound using analytical grade standards (0.05–100 μg/mL range)
and plotted against peak areas; R2 values (all higher than 0.95), limit of detection (LOD)
and limit of Quantification (LOQ) concentrations were estimated as part of the method
development and validation, and signal to noise ratios limits were set to (S/N) ≥ 3 (LOD)
and S/N ≥ 10 (LOQ). LC-MS data were analysed using MassLynx software (V4.1, Waters,
Milford, MA, USA). Total PA content was reported as the sum of both soluble and bound
forms of PAs and expressed as ng/g fresh or dry weight.

4.7. Gut Microbiota Profiling

The gut microbiota profiling of the fermented samples was performed using the
QIAamp DNA Stool Kit (QIAGEN, Hilden, Germany) on the DNA extracted from sample
aliquots (250 mg) according to the kit instructions. The DNA concentration was measured
on a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Thermo Scientific,
Waltham, MA, USA). 16S rRNA amplicon sequencing and bioinformatics were applied as
previously reported [17].

4.8. Statistical Analysis

PA analyses were performed in datasets for analysis conducted in triplicate for each
raw and fermented sample and in duplicate for cooked and digested samples. The statistical
analysis for all PA data was conducted on GraphPad Prism version 8 software (GraphPad
Software, Boston, MA, USA). One-way ANOVA was performed to determine any significant
differences in PA levels between grains, whereas a two-way ANOVA was performed to
verify any significant effect of cooking and digestion on PA levels. Post hoc Tukey’s multiple
comparison test (p ≤ 0.05) was used for both analyses. All results have been reported as
mean ± SD.

Statistical analysis for the gut microbiota was performed as reported by [17], using the
packages stats and vegan on R software (v4.2.0, R Foundation for Statistical Computing,
Vienna, Austria). Non-parametric tests (Kruskal–Wallis test followed by post hoc Wilcoxon
test) were performed using the stats package. Kendall rank correlation test was used
to assess the associations between genus-level relative abundances and PA levels. Only
statistically significant correlations with absolute Kendall’s tau ≥ 0.3 were considered. A
p-value ≤ 0.05 was considered statistically significant; a p-value between 0.05 and 0.1 was
considered a trend.

5. Conclusions

In this study, we investigated the PA profile of specific Nigerian-grown grains and
further investigated how cooking, in vitro gastrointestinal digestion and in vitro colonic
fermentation affected the PA profiles in selected grains. Our results indicated that in vitro
gastrointestinal digestion of grains induced a decrease in total soluble PAs and an increase
in total bound PA when compared to raw grains. The appearance of new metabolic forms
not measured in the raw grains was also observed. Our data also suggest a relationship
between the PA profiles of Nigerian grains and the configuration of the gut microbiota.
However, further studies are needed to investigate the directionality of this relationship
and the underlying mechanisms. Our data indicate how the PAs in the grains were able to
significantly modulate the large intestine environment, and the current findings provide a
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robust starting point for further confirmation of the observed trends. Our findings provide
a basis for a future in vivo study that also focuses on the potential beneficial effects of
grains and their PAs on host health.
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Abstract: Cannabidiol (CBD), derived from the cannabis plant, has gained significant attention
due to its potential therapeutic benefits. However, one of the challenges associated with CBD
administration is its low bioavailability, which refers to the fraction of an administered dose that
reaches systemic circulation. This limitation necessitates the exploration of various approaches to
enhance the bioavailability of CBD, thus helping to maximize its therapeutic potential. A variety of
approaches are now emerging, including nanoemulsion-based systems, lipid-based formulations,
prodrugs, nanocarriers, and alternative routes of administration, which hold promise for improving
the bioavailability of CBD and pave the way for novel formulations that maximize the therapeutic
potential of CBD in various medical conditions. This opinion piece presents the current understanding
surrounding CBD bioavailability and considers strategies aimed at improving both its absorption
and its bioavailability.

Keywords: bioavailability; cannabidiol; CBD; solubility; stability

1. Introduction

Cannabidiol (CBD) is a phytocannabinoid extracted from cannabis plant species, in-
cluding Cannabis indica, Cannabis sativa, or Cannabis ruderalis (also commonly known as
hemp or marijuana) [1]. Although structurally similar to the psychoactive cannabinoid
delta-9-tetrahydrocannabinol (THC), CBD does not cause intoxication or euphoric states
and thus has low abuse potential while exhibiting a wide range of pharmacological ef-
fects [2]. A number of studies and clinical trials are now emerging that show CBD exhibits
various therapeutic effects in conditions that range from epilepsy, psychotic disorders,
anxiety, diabetes, sleep disorders, cardiovascular diseases, rheumatoid arthritis, pain, skin
aging, antioxidant, and inflammation to cancer therapy [3–5]. As the therapeutic virtues
of CBD are becoming better known and accepted, and given its favorable safety profile,
a large number of countries globally have now legalized the use of CBD for medicinal
purposes [6].

Studies suggest that CBD’s molecular activities are via the human endocannabinoid
system (ECS), which includes two main cannabinoid receptors (CB1 and CB2) and endoge-
nous ligands called endocannabinoids known to modulate CB receptor activities [7–9].
CB1 receptors are predominantly found in the central nervous system (CNS) and are
highly expressed in regions such as the cerebral cortex, basal ganglia, hippocampus, and
cerebellum. CB1 receptors are also present in peripheral tissues like the heart, liver, pan-
creas, muscles, adipose tissue, and the reproductive system. CB2 receptors are mainly
expressed in cells related to the immune system, such as leukocytes, and are also found in
the spleen, thymus, bone marrow, and other tissues related to immune functions. Although
the therapeutic benefits of CBD are mainly generated from CBD’s role in the ECS, CBD
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does not directly activate the cannabinoid receptors instead, it has been shown to influ-
ence endocannabinoid balance [9]. There are two endocannabinoids, anandamide (AEA)
and 2-arachidonoylglycerol (2-AG), that act as ligands for the cannabinoid receptors, and
degradation of these endocannabinoids by fatty acid amide hydrolase (FAAH) and monoa-
cylglycerol lipase (MAGL) enzymes has been shown to regulate CB receptor activities.
CBD by inhibiting FAAH enzymatic activity has been shown to increase endogenous levels
of AEA, which in turn has been shown to modulate the CB receptors, thereby indirectly
exhibiting a wide range of pharmacological effects (for further details, see review [9]).

In addition, CBD also binds with varying affinity to a series of other receptors, includ-
ing but not limited to transient receptor potential vanilloid (TRPV), peroxisome proliferator-
activated receptor gamma (PPARγ), as well as G protein-coupled receptors like GPR55 and
serotonin 1A receptor (5-HT1A). CBD has allosteric binding activity with these receptors,
where CBD binds to CB1 as an inverse agonist/antagonist; its binding to CB2 and GPR55
sees it acting as an antagonist; and on TRPV receptors and 5-HT1A, it acts as a partial
agonist, respectively. It is also an inhibitor of the FAAH enzyme, and inhibition of FAAH
and its interaction with 5-HT1A and TRPV1 receptors were found to play a role in CBD’s
antipsychotic properties. The anti-depressive and anxiolytic activities of CBD were also
attributed to its interaction with 5-HT1A. CBD has also shown high affinity for receptors
and channels related to epilepsy, including TRPV receptors, T-type Ca2+ channels, serotine
receptors, and GPR55. Studies have also shown that by inhibiting FAAH enzymes and
GABA receptors, CBD is able to influence sleep. On the other hand, suppression of IFN-γ
and TNF-α production and inhibition of T-cell proliferation by CBD were attributed to its
role in diabetes. The affinity and action of the CBD-related receptors and the molecular
mechanisms of action of the therapeutic effects of CBD within different disease contexts
have been summarized in detail by Peng, J. et al., 2022 [9]. Furthermore, CBD has also been
shown to exhibit antioxidant properties not by interacting with any receptors or enzymes
but simply due to the presence of two hydroxyl groups in its chemical structure (Figure 1)
that endow it with antioxidant activity [10].

To date, several CBD-based drugs have been approved by the United States Food
and Drug Administration (FDA), the European Medicines Agency (EMA), the Australian
Therapeutic Goods Administration (TGA), and other regulatory agencies worldwide [11].
Some examples of approved CBD-based drugs include Epidiolex, which is currently ap-
proved by the FDA as an oral solution and primarily prescribed for managing seizures
associated with Lennox–Gastaut syndrome or Dravet syndrome in patients 2 years of age
and older [12]. Arvisol is another patented oral tablet that contains pure, natural CBD and
is recommended for the treatment of Rett syndrome, schizophrenia, and epilepsy. Several
other CBD-based medications are also currently undergoing clinical or pre-clinical trials for
their therapeutic application in conditions such as those mentioned above; for details, see
the review by Stella, B. et al., 2021 [13]. In addition, due to its antioxidant capabilities, there
are now more than a few CBD-based skincare products also marketed in the form of oils,
gummies, capsules, and even creams [10].

Nevertheless, even though CBD is increasingly being successfully used as a thera-
peutic agent and for assisting in the management of several conditions, future CBD-based
medications and clinical applications remain subject to a number of limitations and chal-
lenges. Low oral bioavailability of CBD remains one of, if not the most challenging, issues
posing a hindrance to the further success of these compounds as therapeutic agents. This
opinion piece therefore aims to highlight some of the challenges associated with the poor
bioavailability of CBD molecules, with the objective of presenting some of the current
strategies being explored to overcome these challenges. To compile a comprehensive opin-
ion piece, an extensive search of the literature was conducted on relevant databases like
PubMed, Scopus, Science Direct, and Web of Science. Only peer-reviewed journal articles
and already patented formulations/methods claiming to improve the solubility and/or
bioavailability of CBD were included. Also, articles not dating back to more than 5–10 years
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were selected in order to highlight recent and relevant research. Older articles were only
included if they were seminal or had biological significance.

Figure 1. An illustration summarizing the range of different chemical modification or encapsulation
approaches currently being examined in order to enhance CBD solubility, along with a variety of
administration routes (Image created on Biorender.com).
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2. CBD Chemical Structure, Absorption, and Bioavailability

CBD is a 21-carbon terpene phenolic compound, thus making it a relatively large
molecule. Its chemical structure is composed of a long linear hydrocarbon chain with a
benzene ring at one end, as shown in Figure 1. This structure gives it a large hydrophobic
area, which contributes to its lipophilicity and hydrophobicity [14]. Thus, CBD’s poor
water solubility and high lipophilicity result in its relatively low and inconsistent bioavail-
ability [15].

As a hydrophobic molecule, CBD is primarily absorbed through passive diffusion
in the gastrointestinal tract. After oral administration, CBD interacts with bile salts and
forms micelles, which facilitate its absorption by the small intestine [16]. The absorption
of CBD can be influenced by factors such as formulation, food intake, and individual
variations. In addition, evidence of its interaction and effects on the gastrointestinal
microbiota is now emerging, which may also influence its absorption and activity (for
further details, see the following review papers [17–19]). Once absorbed, CBD, being
hydrophobic, binds to plasma carrier proteins, particularly lipoproteins and albumin, for
transportation throughout the body. Although the search for intracellular transporters for
phytocannabinoids is still being extensively researched, studies have shown fatty acid-
binding proteins (FABPs) act as soluble intracellular carriers for the transportation of these
hydrophobic compounds from the plasma membrane to the site of action [20]. FABPs are
intracellular proteins that mediate AEA transport to its catabolic enzyme FAAH, primarily
localized in the endoplasmic reticulum [21]. CBD has been shown to bind soluble FABPs
for transportation to FAAH enzymes, and binding of CBD to FABPs has also been shown
to inhibit transportation of AEA, resulting in reduced catabolism of AEA by FAAH [20,21].
Being lipophilic, CBD also tends to accumulate in lipophilic tissues such as adipose tissue,
further contributing to its low bioavailability [22]. Despite these absorption obstacles and
poor bioavailability, one of the advantages of CBD is that it can cross the blood–brain barrier
and appears not to be a substrate for P-glycoprotein, thus making it an interesting drug for
central nervous system applications [23]. Another advantage of CBD is that not only can
it be structurally modified but also successfully formulated into various different dosage
forms for administration via different routes, which presents a plethora of possibilities to
overcome these obstacles. The following section highlights some of the factors affecting the
bioavailability of these compounds and the delivery approaches being trialed in order to
improve the bioavailability and solubility of CBD for enhanced therapeutic benefits.

3. Factors Affecting the Bioavailability of CBD

Physiochemical properties of CBD, like solubility and stability, along with its bioactiv-
ity, permeability, and metabolism, are some of the main elements that affect the bioavailabil-
ity and absorption rates of CBD compounds, as well as variable pharmacokinetic profiles
and possible polymorphisms. Studies have shown polymorphisms to significantly impact
the behavior of the CBD molecule and, in turn, its potential therapeutic activity. CBD
presents in two or more inherent crystalline forms that can affect its stability, which is a
concern as this, in turn, influences CBD’s absorption rate and thus its bioavailability [24].
CBD is also known to be sensitive to light [25], temperature [26] and auto-oxidation [10].
Mazzetti, et al. (2020) demonstrated that CBD samples stored in the dark showed less
degradation compared to CBD samples exposed to light [25]. CBD is also sensitive to
heat, where incubation of CBD compounds under high-temperature conditions for long
periods of time can reduce CBD stability [26]. Furthermore, oxidation of CBD has been
shown to contribute to its degradation, thus altering the pharmacological properties of
CBD and reducing its potential therapeutic benefits, as most of it would be broken down
before it reaches the bloodstream [10]. Although the greatest limitation in CBD drug de-
velopment comes from the poor solubility of these compounds, another major factor that
affects CBD’s bioavailability is that it undergoes extensive first-pass metabolism when
taken orally [27,28].
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After oral administration, the portion of the CBD that is absorbed first travels to the
liver via the hepatic portal system, where it undergoes extensive first-pass metabolism [27,28]
primarily by cytochrome P450 (CYP) enzymes and specifically the CYP3A subfamily [29]. These
enzymes convert CBD into various metabolites, the main ones being 7-carboxy-cannabidiol
(7-COOH-CBD), 7-hydroxy-cannabidiol (7-OH-CBD), and a minor metabolite called 6-hydroxy-
cannabidiol (6-OH-CBD). Among the identified major metabolites of CBD in humans, the
most abundant metabolite, 7-COOH-CBD, was found to be inactive, which further impacts
the bioavailability of these compounds [15]. The remainder is then transported in the blood
to the site of action. Since the effectiveness of any CBD medication depends primarily
on its successful delivery and uptake at the intended site of action, increasing efforts are
being made to improve the bioavailability of cannabinoids. Hence, different routes of
administration that can help bypass the first-pass hepatic metabolism are constantly being
investigated in order to improve bioavailability [27,28].

4. Administration Routes of CBD

The choice of administration route can significantly impact the bioavailability, onset
of action, and overall effectiveness of CBD. There are a variety of different administration
routes, for example, oral, sublingual, dermal and transdermal, topical, subcutaneous, rectal,
intramuscular, intraperitoneal, and smoking or inhalation, that have been implicated in
improving CBD bioavailability.

Administration of CBD via the oral route is the most common and convenient for pa-
tients and involves the ingestion of CBD products such as capsules, edibles, or tinctures [30].
However, it is associated with several drawbacks. Firstly, CBD being hydrophobic results
in low absorption of the drug, and what is absorbed is subjected to extensive first-pass
metabolism, resulting in a low and variable reported oral bioavailability of approximately
9–13% [4,14]. Secondly, the oral route’s onset of action is delayed compared to other routes,
typically ranging from 30 min to 2 h [15]. To overcome this problem, studies have suggested
oral consumption of CBD with food with high lipid content or in a lipid solution, which
has been shown to enhance CBD bioavailability [3,4,31].

In addition, other routes of administration have also been investigated that have been
shown to improve CBD bioavailability. One such route is the sublingual administration
of CBD. This route allows CBD oil or extract to be absorbed directly into the bloodstream
through the sublingual mucosa, which helps to bypass first-pass metabolism. Studies have
shown CBD administered through the sublingual route results in a higher bioavailability of
approximately 12% to 35% compared to the 9–13% observed for oral administration [32,33].
Currently, orally disintegrating tablets, or orodispersible (ODTs) CBD tablets, have also
been developed by several different methods with varying formulations for sublingual
administration, as these tablets are designed and formulated to disintegrate directly in the
mouth for absorption [34–36]. ODTs also have the advantage of delivering large amounts of
CBD that increase bioavailability, mainly due to the ease of manufacturing, where CBD can
be compressed directly as solid or liquisolid powdered tablets [34–36]. In a study aimed
at developing ODTs with CBD using varying formulations, an optimal formulation had a
disintegration time of 27 s and 99.3± 6% of CBD released within 30 min [36]. Another study
showed CBD–Ethanol liquisolid ODTs to exhibit a similarly high dissolution efficiency of
93.5 ± 2.6% [34].

However, the highest concentration of CBD in the blood was found using an intra-
venous injection method, followed closely by inhalation via smoking, which facilitated
rapid delivery of CBD [3,4,37]. Inhalation of CBD involves vaporizing CBD oil or smok-
ing CBD by using a vaporizer or traditional smoking methods, and these appear to offer
some of the highest bioavailability among all administration routes, approximately 31–45%.
However, studies have shown that vaporizing or smoking CBD has the effect of shortening
the half-life of CBD in the blood [4,33]. In addition, a recent study showed that vaping CBD
induces a potent inflammatory response with higher oxidative damage, leading to increased
pathological changes associated with lung injury compared to vaping nicotine [38]. Hence,
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there is a pressing need for further investigation and for alternative routes or strategies to
improve CBD solubility and bioavailability.

Other routes that have also been investigated include dermal and transdermal admin-
istration. This route involves applying CBD-infused products, such as creams or lotions,
directly to the skin, enabling CBD to penetrate through the skin layers and reach the
systemic circulation. However, both dermal and transdermal routes offer limited bioavail-
ability (1% to 10%) [33,39], and several studies reported the accumulation of CBD in the
outermost layers of the epidermis without penetration to the deeper tissue layers (see re-
view articles [4,11,14,40]). Another topical application involving the ocular administration
of CBD, primarily for conditions such as glaucoma or inflammation, has also shown limited
systemic absorption, with CBD predominantly acting locally within the eye [41]. Although
topical administration routes target specific areas of the body, providing limited systemic
absorption and localized relief, particularly for conditions such as inflammation, arthritis,
and muscle pain, these routes are still associated with low bioavailability [37].

Evaluation of additional routes, such as the subcutaneous administration route where
CBD was injected into the fatty tissue layer beneath the skin, has been shown to provide
a slow and sustained release of CBD into the systemic circulation and bypass the liver
first-pass metabolism [42,43]. Similar advantages were also provided by the intramuscular
administration route, which involves injecting CBD directly into the muscle tissue [44].
However, these routes are associated with a delayed onset of action due to the slow re-
lease of the compound into the circulation. A current study aimed at investigating the
intraperitoneal administration of CBD using nanoparticle delivery systems for ovarian
cancer treatment showed rapid absorption of CBD into systemic circulation and provided
high bioavailability [45], but this has the disadvantage of being an invasive procedure.
Recently, rectal administration of CBD, in the form of suppositories or enemas, has been
shown to be a very promising route, as it not only bypasses first-pass metabolism but also
offers higher bioavailability in the range of 13% to 50% in comparison to oral administra-
tion [4,38]. Yet, there remains a lack of detailed studies, clinical trials, or preclinical trials
examining the pharmacokinetics of CBD when administered rectally, and one cannot ignore
the discomfort associated with rectal administration.

Despite several drawbacks, pharmaceutical-grade, regulated cannabinoid-based medic-
inal products are increasingly becoming readily available for prescription worldwide, either
as an oily or alcoholic formulation, in soft-gel capsules, liquid solutions, sublingual drops or
tablets, or as oromucosal sprays [11]. However, they still only offer limited bioavailability
and are associated with poor solubility and stability. These present major difficulties in de-
signing and systemically delivering cannabinoid-based formulations for most therapeutic
applications. As such, a variety of studies aimed at developing new CBD formulations to
overcome the physicochemical limitations of the molecule by delivering it through different
routes remain ongoing [13,46]. In the meantime, alternate approaches are emerging, which
are now aiming to improve and modulate drug solubility by using advanced carriers. Some
of these strategies and approaches are highlighted and discussed below.

5. Approaches to Improve CBD Solubility and Bioavailability

Several techniques have been utilized to improve the drug’s dissolution profile, reduce
its degradation, and promote and control its site-specific release, all in order to improve
CBD bioavailability. One such approach involves the incorporation or complexing of CBD
with advanced carriers in order to formulate amorphous solid dispersions, polymer-based
CBD inclusion complexes, lipid-based formulations, and/or nanoformulations admin-
istered via different routes [13]. These CBD formulations have been shown to exhibit
enhanced solubility profiles, which in turn facilitate CBD absorption, resulting in improved
bioavailability. Figure 1 illustrates the different approaches currently being tried to enhance
CBD solubility, including via a variety of administration routes.
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6. Lipid-Based CBD Formulations

Increasingly, investigations are turning to the use of lipid-based formulations, which
tend to enhance the solubility and delivery of various lipophilic drug molecules. There are
now numerous studies of CBD lipid-based formulations where CBD has been encapsulated
in macro- or nano-structured lipid carriers like lipid nanocapsules, liposomes, vesicles, or
loaded into self-emulsifying drug delivery systems (SEDDS) as nanoemulsions and/or
as microemulsions to increase water solubility [11,47]. Distinct lipid nanocapsules with
CBD located either in the oily core or at the surface have shown a 3.4-fold increase in
solubility and permeability across the blood–brain barrier in comparison to CBD alone,
due to their small particle size (20–55 nm), and have been implicated in treating gliomas
in the brain [47–49]. Studies using vesicular CBD delivery systems also showed enhanced
solubility and bioavailability. A vesicular lipid–CBD system termed ethosome, composed
mainly of phospholipids, ethanol, and water, showed enhanced permeability through
the skin, resulting in a 40% CBD plasma concentration after transdermal application in
comparison to the 1–10% general seen from transdermal or dermal application of CBD [50].
Additionally, cardanol (a compound that acts as a co-surfactant when combined with
cholesterol), when used as a solvent for CBD, has been shown to produce self-assembled
nano-vesicular systems with enhanced aqueous solubility [51].

Other lipid-based methods to increase oral CBD bioavailability include self-emulsifying
drug delivery systems (SEDDS). These are isotropic mixtures of oils, surfactants, and co-
solvents that tend to emulsify into macro- or nanodroplets in an aqueous medium, such as
in the gut, thereby providing in situ drug solubilization. The small nature of the droplets
increases the surface area available for drugs to be dissolved and absorbed, thereby in-
creasing both the solubility and bioavailability of cannabinoids [14,52–54]. For example,
a patented oral CBD-based formulation named PTL101, manufactured using proprietary
gelatin matrix pellets, demonstrated greater bioavailability of about 31–34% compared to a
reference oromucosal spray in humans [55–57]. VESIsorb® (Baar, Switzerland) is another
novel lipid-based delivery system that self-assembles into a colloidal delivery system on
contact with water, resulting in a 4.4-fold increase in CBD plasma concentration [58]. Echo
Pharmaceuticals and Ananda Scientific are also investigating formulations using their
patented lipophilic compound delivery technology to increase CBD’s water solubility. Cur-
rently, both compounds are in preclinical or clinical development phases [14]. Several other
types of CBD nano- and microemulsions have also been developed using different oily
mediums like soybean oil, sesame oil, and triglycerides with/without stabilizers, resulting
in a high CBD load observed for all the emulsions in comparison to CBD alone [40,47,59].

7. Polymer-Based CBD Inclusion Complexes

Polymer-based CBD inclusion complexes, especially those produced using biodegrad-
able polymers, have attracted attention as promising advanced drug carriers to enhance
CBD solubility, bioavailability, stability, and different drug release profiles.

CBD inclusion complexes formed using two different biodegradable polymers, (poly-
lactic-co-glycolic acid) (PLGA) and poly-ε-caprolactone (PCL) showed significantly dif-
ferent particle sizes and release profiles. Each polymer interacted differently with the
release medium, leading to different degradation routes and rates, which further resulted
in different drug diffusion times and profiles [45,47,60–62]. Hernán Pérez de la Ossa et al.
(2012) developed spherical CBD-loaded poly-ε-caprolactone microparticles with a size
range of 20–50 nm and high CBD entrapment efficiency to improve bioavailability by
allowing slow release of the drug over a period of 10 days [62]. PLGA–CBD inclusion
nanocomplexes coated with chitosan were also developed that showed significantly higher
absorption after 2 and 6 h of incubation, resulting in higher bioavailability [40,63]. Rao
et al. (2022) showed encapsulation of CBD in Poloxamer 407 (P407), which is a triblock
copolymer composed of (poly)ethylene oxide and (poly)propylene oxide sections, results
in the formation of self-assembled nanomicelles with improved bioavailability [64]. In a
further study, zein/whey protein nanoparticles loaded with CBD showed a significantly
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increased solubility of ca. 196 μg/mL in comparison to 12.6 μg/mL observed for CBD. The
zein/whey protein–CBD nanoparticles also showed protection from CBD degradation by
heat and UV light, thereby providing excellent storage stability [65].

Another approach to increasing solubility includes the use of cyclodextrins (CD) to
carry lipophilic molecules by means of complexation methods [47,66,67]. Cyclodextrins
can accommodate small organic molecules like CBD within their lipophilic central cavity,
resulting in water-soluble CBD inclusion complexes with an apparent solubility of up to
5000 μg/mL. Several studies have also investigated the efficacy of different isoforms of
cyclodextrin, such as α-CDs, β-CDs, and γ-CDs [47,66–72]. The water solubility of CD–
cannabinoid complexes can be further improved by chemically derivatizing β-CD. AOP
Orphan Pharmaceuticals significantly increased the aqueous solubility and bioavailability
of the drug by using randomly methylated β-CD and hydroxypropyl-β-CD in a patented
technology [11,73]. Medexus pharmaceuticals and Vireo Health LLC have developed two
proprietary formulations of CBD and cyclodextrins with improved CBD solubility and
bioavailability and are currently undertaking clinical trials [14]. Another patent application
has been filed for the complexation of cannabinoids with sulfo-alkyl-β-CD in the presence of
Cremophor EL (polyoxyl-35 castor oil) to promote cannabinoid solubility [74]. Furthermore,
CBD–cyclodextrin complexes have the advantages of being cost-effective, easy to produce,
and can be delivered in a solid-state dosage form with improved stability and shelf-life [47].

8. Solid-Based CBD Formulations

CBD nanocrystals, CBD on carbon xerogel microspheres, and CBD conjugates are
examples of other approaches currently being explored to improve CBD solubility. CBD
nanocrystals were developed to improve the stability, bioavailability, and therapeutic effects
of CBD. A patent by Dickman D and Levin D (2017) describes a novel CBD crystalline form
with increased aqueous solubility due to its lower melting point temperature [75]. Further-
more, solid CBD nanocrystals can help improve the bioavailability of the compounds as
they can allow 100% of the drug to reach the gastrointestinal tract. BeneCeed™, a 200 mg
CBD tablet by Columbia Care, is now being assessed under a UK clinical trial [11]. A
randomized, open-label crossover trial is underway in Australia for two patent applica-
tions, filed by AusCann Group Holdings Ltd., Perth, Australia, for solid compositions
containing either a single or a blend of CBD, medium-chain triglycerides, surfactants, and
colloidal anhydrous silica [76,77]. Axim Biotech Inc., New York, NY, USA, has developed
a controlled-release chewing gum containing a 1:1 combination of CBD and THC to treat
patients with multiple sclerosis-related pain and spasticity, Parkinson’s disease, dementia,
restless leg syndrome, and post-herpetic neuralgia [78,79]. A patent by GW pharmaceuticals
lists solid-state CBD as a potential clinical consideration in the treatment of inflammatory
bowel disease [14,80]. Echo Pharmaceuticals has also developed a CBD pill formulation
(Arvisol®, Leiden, The Netherlands) with improved bioavailability to treat neurological
conditions, including Rett syndrome, schizophrenia, and epilepsy [81,82]. Furthermore, a
dry, compressed cannabis inhalable formulation developed by Tetra Bio-Pharma, Orleans,
ON, USA, is currently being tested in clinical trials in Canada and the USA [11].

Carbon xerogel microspheres are also claimed to provide an excellent carrier system
for CBD due to their high purity, multiple controlled forms with well-developed and fitted
porosity, and excellent surface chemistry [83,84]. A number of CBD gel formulations by
Botanix pharmaceuticals are in early clinical development for transdermal applications
to treat acne, psoriasis, and dermatitis [85–87]. Formulations based on CBD–carbon xero-
gel microspheres showed enhanced bioavailability when implemented for both oral and
intranasal applications [14]. Zynerba Pharmaceuticals has also developed a permeation-
enhanced CBD gel, “Zygel”, for transdermal applications that is now in phase II clinical
trials [88].
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CBD conjugation is another useful method for overcoming problematic properties of
the drug by increasing the bioavailability, solubility, dissolution rate, physical form, melting
point, tableting, stability, or permeability of CBD complexes [11,14,47]. For example,
TurboCBDTM capsules developed by Lexaria Bioscience Corp. (Columbia, CA, USA)
showed that association of CBD with long-chain fatty acids allowed higher concentrations
of CBD to enter the circulatory system, resulting in a plasma concentration of 80–85%
by 90 min [89]. Harris et al. (2019) showed conjugation of CBD with poly(2-oxazoline)
connected via releasable linkages, resulting in a significantly slower hydrolytic release
of the cannabidiol than the corresponding PEG–CBD and dextran–CBD conjugates [90].
Artelo Biosciences has developed a CBD–tetramethylpyrazine conjugate, ART12.11, that
is currently in the nonclinical phase of pharmaceutical development targeted towards
post-traumatic stress disorder (PTSD), inflammatory bowel disease (IBD), stroke, and
rare diseases. This CBD–tetramethylpyrazine conjugate offered increased efficacy and
bioavailability by acting synergistically and changing the physiochemical properties that
are associated with ineffective absorption [14]. Claritas Pharmaceuticals, Seattle, WA, USA,
is developing an oral CBD/naproxen combination drug that targets the spinal cord to treat
acute and chronic pain. They are also working on an intravenous (IV) formulation of the
CBD/naproxen drug [11]. Preclinical trials using CBD conjugates pioneered by Diverse
Biotech Inc. (Orlando, FL, USA) are also currently underway for the treatment of cancer [91].
In addition to these approaches, water-soluble CDB derivatives like L-valine-ester or bi-
sulphate CBD derivatives have also been developed by Kalytera for different routes of
administration [92]. It is important to note, however, that many of the approaches to
enhancing CBD bioavailability highlighted above still require consideration of the mode of
administration, CBD extraction process, manufacturing techniques, product formulations,
pharmacokinetic profiles, and ultimately the targeted therapeutic application.

9. General Discussion

Over the past several decades, numerous strategies and CBD formulations have
been explored, such as route of administration, medium of administration, conjugation,
and structural modifications of CBD itself, in order to overcome the challenges of low
bioavailability. Several of these strategies and formulations have been highlighted in
this opinion piece. We have seen how different encapsulation approaches, such as mi-
cro/nanoemulsions, dendrimers, liposomes, micelles, biodegradable polymer particles,
and nano-structured lipid carriers, both at the nano- and micro-scale platforms, have been
formulated using various strategies to improve the solubility and bioavailability of CBD
to varying degrees. The use of long-chain triglycerides such as sesame oil, cocoa butter,
tricaprin, or lipids from food has also been shown to improve CBD bioavailability, particu-
larly by contributing to the lymphatic absorption of these cannabidiols [11]. Previously, the
use of lipids has proven valuable for increasing the bioavailability of lipophilic drugs, such
as cannabinoids. This, however, is greatly dependent on the type and length of the lipid
chain, degree of saturation, and digestibility of the oily excipients, which may all influence
the oral absorption and bioavailability of CBD, resulting in variable outcomes [93]. The use
of several different adjuvants, like surfactants, solubilizers, cosolvency, hydrotrophy, and
novel excipients, alone or in combination, has also been shown to improve solubility [11].
The use of nonionic surfactants like macrogolglycerol hydroxystearate to form CBD mi-
celles demonstrated a two-fold increase in CBD bioavailability. But potential drawbacks of
using adjuvants include the need to use significant amounts of these compounds, which
might lead to irritation within the gastrointestinal tract. There is also the possibility of
drug leakage from capsules and stability concerns, including the potential migration of
co-solvents and drug precipitation during storage [93]. Polymeric encapsulation of CBD
in PLGA and surface modification using coating agents like vitamin E, lecithin, chitosan,
and PEG–chitosan increased encapsulation efficiency [45,60]. Despite their potential, there
are certain drawbacks associated with the utilization of polymeric nanoparticles. These
drawbacks pertain to their constrained shapes, chemical composition, broad size distribu-
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tion, tendency to aggregate, and electromagnetic characteristics, all of which can result in
issues such as limited absorption when taken orally, instability within the bloodstream, and
insufficient dispersion in tissues. While most polymeric nanoparticles tend to be spherical
in shape, their synthesis can yield a diverse array of sizes, resulting in batch-by-batch
inconsistency at the industrial scale [94].

Apart from different formulations, the use of diverse strategies for CBD delivery has
also been implemented. For example, several nanoparticle-based CBD delivery systems
consisting of nanoconjugated cannabidoils in a multifunctional metallic nanocarrier, ei-
ther classified as inorganic, organic, or hybrid nanosystems, depending upon the specific
requirements and administration route, are currently in preclinical or clinical develop-
ment [11,13,74]. Furthermore, lipid-based CBD nanoformulations are also a promising
strategy; however, self-emulsifying CBD delivery systems (SEDDS) have become a more
lucrative technique to improve CBD bioavailability. A study showed that the addition of
natural absorption enhancers like curcumin, resveratrol, and piperine to SEDDS can further
increase CBD oral bioavailability in vivo, with piperine having the maximum effect [76].
Despite the implementation of several new and novel approaches, its lipophilic nature, low
bioavailability, and excessive first-pass metabolism still remain as challenges that largely
impact access to CBD-based therapeutics.

In recent years, structural modification or complexation of CBD with cyclodextrins or
carbohydrates has also shown promising results, where further structural and chemical mod-
ification of the cyclodextrins can greatly increase CBD solubility and hence bioavailability.
Structural modification of several other lipophilic drugs by complexation with cyclodextrins
or modified carbohydrates to enhance solubility has been successfully utilized and is now
marketed worldwide for their therapeutic effects (for details, see reviews [95–98]). These
complexes also have the ability to be formulated for delivery through various routes of
administration, thus giving them an added advantage over other techniques [95–98]. Com-
plexation does have definite advantages; however, proof that complexation does not alter the
physiochemical and therapeutic characteristics of the drug remains to be confirmed and
warrants further investigation.

10. Conclusions and Future Perspectives

CBD has gained significant attention for its potential therapeutic and medical benefits.
Poor bioavailability, however, remains one of the significant obstacles to CBD’s develop-
ment and application for these purposes. Increasing bioavailability by improving CBD
solubilization in the aqueous phase appears to be the main current focus. Utilizing tech-
nologies like nanoemulsion and liposomal delivery, co-administering with healthy fats,
exploring sublingual administration, and considering inhalation or solubility enhancement
methods, along with structural modification and/or complexation of the compounds, have
all been shown to significantly improve their bioavailability. Future research will no doubt
focus on further optimizing CBD formulations in order to overcome their physiochemical
limitations. These include exploring new carriers, understanding the impact of different ad-
ministration routes on bioavailability, and conducting thorough pharmacokinetics studies.
In addition, long-term safety studies and clinical trials are needed to evaluate the efficacy
and safety of CBD formulations with improved bioavailability across a variety of medical
conditions. Although the field of CBD research is moving rapidly, it remains to be seen
which of these various approaches will provide the best outcomes for the delivery of CBD
and its positive short- and long-term effects and efficacy.
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Abstract: Quercetin, a flavonoid compound widely distributed in many plants, is known to have
potent antitumor effects on several cancer cells. Our previous study revealed that the acetylation of
quercetin enhanced its antitumor effect. However, the mechanisms remain unknown. This study
aimed to elucidate the bioavailability of acylated quercetin in the HepG2 cell model based on its antitu-
mor effect. The positions of quercetin 3,7,3′,4′-OH were acetylated as 3,7,3′,4′-O-tetraacetylquercetin
(4Ac-Q). The inhibitory effect of 4Ac-Q on HepG2 cell proliferation was assessed by measuring
cell viability. The apoptosis was characterized by apoptotic proteins and mitochondrial membrane
potential shifts, as well as mitochondrial reactive oxygen species (ROS) levels. The bioavailability of
4Ac-Q was analyzed by measuring the uptake and metabolites in HepG2 cells with high performance
liquid chromatography (HPLC)—photodiode array detector (PDA) and—ultraviolet/visible detector
(UV/Vis). The results revealed that 4Ac-Q enhanced the inhibitory effect on HepG2 cell proliferation
and induced its apoptosis significantly higher than quercetin. Protein array analysis of apoptosis-
related protein indicated that 4Ac-Q increased the activation or expression of pro-apoptotic proteins,
including caspase-3, -9, as well as second mitochondria-derived activator of caspases (SMAC), and
suppressed the expression of apoptosis inhibiting proteins such as cellular inhibitor of apoptosis
(cIAP)-1, -2, Livin, Survivin, and X-linked inhibitor of apoptosis (XIAP). Furthermore, 4Ac-Q stimu-
lated mitochondrial cytochrome c release into the cytosol by enhancing ROS level and depolarizing
the mitochondrial membrane. Finally, the analysis of uptake and metabolites of 4Ac-Q in HpG2
cells with HPLC-PDA and -UV/Vis revealed that 4Ac-Q was metabolized to quercetin and several
different acetylated quercetins which caused 2.5-fold higher quercetin present in HepG2 cells than
parent quercetin. These data demonstrated that acetylation of the quercetin hydroxyl group signifi-
cantly increased its intracellular absorption. Taken together, our findings provide the first evidence
that acetyl modification of quercetin not only substantially augments the intracellular absorption of
quercetin but also bolsters its metabolic stability to elongate its intracellular persistence. Therefore,
acetylation could serve as a strategic approach to enhance the ability of quercetin and analogous
flavonoids to suppress cancer cell proliferation.

Keywords: quercetin; acylation; bioavailability; apoptosis; metabolites

1. Introduction

Quercetin, known as a flavonol-type flavonoid, is a widespread polyphenol found
in many vegetables, fruits, and tea. The pharmacological effects of quercetin, including
antioxidant, anti-inflammatory, anti-atherosclerotic, anti-tumor, antihypertensive, and pre-
vention of cerebrovascular diseases, have been reported [1]. Consuming large amounts of
quercetin is considered to decrease the risk of lung cancer [2], stomach cancer [3], and colon
cancer [4,5]. Partial data indicated that quercetin could inhibit hepatocellular carcinoma cell
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growth by inducing apoptosis/cell death and cell cycle arrest. The combination of cancer
therapy of fluorouracil (5-FU) with quercetin showed an additive or synergistic inhibitory
effect on hepatocellular carcinoma cell growth [6]. Quercetin could also enhance the anti-
cancer effects of doxorubicin chemotherapy on hepatocellular carcinoma cells, companying
with the protection of normal hepatocytes [7].

Therefore, quercetin is considered a promising chemopreventive compound for poten-
tial chronic disease-preventive effects. On the other hand, quercetin has low bioavailability
due to poor absorption [8,9] and rapid metabolism. Those properties limit the potential
application of quercetin. Recent studies have attempted to improve its bioavailability
and bioactivity by modifying quercetin structure with various chemical methods [10–12].
Acylation is one such modification, especially the O-acylation of quercetin, which has been
reported to improve various biological activities, such as anticancer, antivirus, antiplatelet,
and cytoprotection effects [13–16]. In our previous studies, we replaced the hydroxy groups
of quercetin with methyl, benzyl, and acetyl groups to evaluate the changes in their bioac-
tivity [17,18]. Of which, 3,7,3′,4′-O-tetraacetylquercetin (4Ac-Q), which was acylated at
the 3,7,3′,4′-OH positions of quercetin revealed a higher ability of apoptosis induction in
myeloid human leukemia cancer cells (HL-60 cell). However, the molecular regulators
of the higher apoptotic response are not fully understood, and the effects of 4Ac-Q on
intracellular absorption, metabolism, and bioavailability remain unknown. This study
aimed to elucidate the bioavailability of 4Ac-Q by the HepG2 cell model based on its
antitumor effect. The inhibitory effect of 4Ac-Q on HepG2 cell proliferation was assessed
by measuring cell viability. The apoptosis was characterized by proteomic analysis of
35 human apoptosis-related proteins and mitochondrial membrane potential shifts, as
well as mitochondrial reactive oxygen species (ROS) levels. To finally obtain an under-
standing of how quercetin bioavailability is altered by acetylation, the cellular uptake and
metabolism of 4Ac-Q and parent quercetin in HepG2 cells were evaluated by measuring
their metabolites with HPLC-PDA and -UV/Vis. Our study will clarify the effects of the
O-acylation of the quercetin hydroxyl group on its bioavailability and antitumor activity.

2. Results

2.1. 4Ac-Q Enhances the Inhibitory Effect on HepG2 Cell Proliferation

In a previous study, the cell growth inhibitory effects of quercetin on HepG2 cells
revealed a concentration- and time-dependent manner in an 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyltetrazolium bromide (MTT) assay. A significant inhibition of cell growth was
observed after 48 h treatment with an IC50 value of 76.1 μM [19]. Therefore, in this study, to
compare the inhibitory effect of quercetin and 4Ac-Q on HepG2 cell proliferation, both dose-
and time-course dependence were investigated via MTT assay. As shown in Figure 1C,
4Ac-Q significantly enhanced the inhibitory effect on HepG2 cell proliferation at 72 h in
both 40 μM and 80 μM than quercetin, although both quercetin and 4Ac-Q inhibited HepG2
cell proliferation in a dose- and time-dependent manner.
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Figure 1. Chemical structure of quercetin (Q) (A) and 4Ac-Q (B), and the viability of HepG2 cells
treated with Q or 4Ac-Q in the indicated times and doses (C). Cells were treated with 40 μM and
80 μM of Q or 4Ac-Q for 24, 48, and 72 h, respectively. Cell viability was determined via MTT assay.
Data from at least three independent triplicated experiments were presented as mean ± SD, n = 9,
and * mark denoted significant differences (* p < 0.05) between Q and 4Ac-Q.

2.2. 4Ac-Q Enhances Cell Death via Both Apoptosis and Necrosis

Next, we evaluated whether the proliferation inhibition of HepG2 cells by 4Ac-Q
was due to apoptosis induction. After staining cells with Annexin V- fluorescein isothio-
cyanate (FITC) and propidium iodide (PI), 25,000 cells were counted by flow cytometry
and sorted into apoptotic fraction (early (FITC+/PI−) + late (FITC+/PI+) and necrotic
fraction (FITC−/PI+). Cell death was induced for 24–72 h with 80 μM of Q or 4Ac-Q. As
shown in Figure 2, 4Ac-Q induced significantly higher apoptosis than quercetin at 24 h
(Figure 2A) and 48 h (Figure 2B). Interestingly, 4Ac-Q induced significantly higher necrosis
than quercetin at 72 h with a similar apoptosis as quercetin (Figure 2C). Consistent with the
cell viability data (Figure 1C), 4Ac-Q enhanced inhibitory effectiveness on cell proliferation
inhibition via increasing both apoptosis and necrosis at 24–48 h, and mainly via increasing
necrosis after 72 h, compared with parent quercetin.
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Figure 2. 4Ac-Q and quercetin (Q)-induced apoptosis and necrosis in HepG2 cells. HepG2 cells were
treated with 80 μM 4Ac-Q or Q for (A) 24 h, (B) 48 h, and (C) 72 h, respectively. Left panels indicated
the flow cytometry pattern of Annexin V-FITC/PI fluorescence intensity, and right panels showed
the quantitative graph of apoptotic (black column) and necrotic (gray column) cell fractions. Results
are expressed as the percentage of cell death of HepG2 cells treated with 0.1% dimethyl sulfoxide
(DMSO) (Cont) or 4Ac-Q or Q (mean ± SD, n = 3) and statistically analyzed using one-way ANOVA
followed by Tukey’s test. Data from at least three independent triplicated experiments are presented
as mean ± SD, n = 9, and * mark denoted significant differences (** p < 0.01) between Q and 4Ac-Q.

2.3. 4Ac-Q Significantly Regulates the Level of Apoptosis-Related Proteins Than Quercetin

To fully understand the mechanisms of 4Ac-Q-induced cell death, we first used protein
array analysis of 35 apoptosis-related proteins (Figure 3A) to compare the expression level
of each protein between Q and 4Ac-Q treatment (Figure 3B). As shown in Figure 3C,
cleavage of caspase-3 and reduction in procaspase-3 were significantly detected in the 24 h
treatment with 80 μM of Q and 4Ac-Q (Figure 3C). On the other hand, 4Ac-Q significantly
suppressed the expression of apoptosis inhibitor proteins, including cellular inhibitor
of apoptosis (cIAP-1), -2, Livin, Survivin, and X-linked inhibitor of apoptosis (XIAP)
(Figure 3D). Furthermore, the expression level of the mitochondrial pro-apoptotic protein
second mitochondria-derived activator of caspase/direct inhibitor of apoptosis-binding
protein with low pI (SMAC/Diablo), which is involved in the execution of apoptosis by
inhibiting the IAP family [20], was found to be significantly higher in 4Ac-Q treatment than
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that in quercetin treatment (Figure 3E). Meanwhile, there was no change in the expression
of high temperature requirement A2 (HtrA2)/Omi, which inhibits the function of IAP, as
well as SMAC/Diablo.

Figure 3. Protein array analysis of 35 apoptosis-related proteins in HepG2 cells treated with quercetin
(Q) and 4Ac-Q. (A) The location of each apoptosis-related protein on the human apoptosis antibody
array membrane. Of which, the protein with significant change was labeled in the black boxes.
(B) Representative array images indicating the protein levels of various apoptosis-related proteins in
HepG2 cells treated with 0.1% DMSO (Cont), 80 μM Q, or 4Ac-Q for 24 h. (C) The mean pixel density
of pro-caspase-3 and cleaved caspase-3 in the Q or 4Ac-Q-treated group relative to the non-treated
group (Cont). (D) The mean pixel density of IAP family proteins including cIAP-1 and -2, Livin,
Survivin, and XIAP. (E) The mean pixel density of IAP antagonist SMAC/Diablo. * p < 0.05, ** p < 0.01,
significant differences between quercetin and 4Ac-Q.
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Furthermore, to check the accuracy of protein array analysis results, some important
factors in the regulation of apoptosis, such as SMAC/Diablo, procaspase-9, XIAP, and
Poly (ADP-ribose) polymerase (PARP), were reconfirmed via Western blotting (Figure 4).
Almost all of them showed a similar expression pattern as protein array analysis data.
In comparison with quercetin, 4Ac-Q significantly increased the protein expression of
SMAC/Diablo (Figure 4A) and significantly reduced the protein expression of XIAP
(Figure 4B), procaspase-9 (Figure 4C), as well as full PARP (Figure 4D).

Figure 4. The typic expressions of some apoptosis factors were confirmed by Western blotting. HepG2
cells were treated with 80 μM of quercetin (Q) or 4Ac-Q for 24 h or with 0.1% DMSO (Cont). Protein
levels of SMAC/Diablo (A), XIAP (B), Caspase-9 (C), and PARP (D) in HepG2 cells were detected by
Western blotting. Quantification data were normalized by β-Actin level, and each value represents
mean ± SD of 3 repeated experiments. * p < 0.05, ** p < 0.01, significant differences between quercetin
and 4Ac-Q.

2.4. Mitochondrial Dysfunctions Are Involved in 4Ac-Induced Apoptosis

Mitochondria have been reported to play a key role in the regulation of apoptosis [21].
Especially, extra ROS production triggers mitochondrial dysfunctions, including the loss of
mitochondrial membrane potential and the release of cytochrome c from the mitochondrion.
Thus, we first measured the ROS levels with MitoSOX Red, a chemical probe that selectively
reacts with superoxide in the mitochondrion. As shown in Figure 5A, 4Ac-Q produced
significantly higher ROS level than quercetin, although both quercetin and 4Ac-Q caused
a significant increase in mitochondrial ROS levels at 6 h compared to control. Next, we
measured membrane potential loss by JC-1 staining, a membrane-permeable fluorescent
probe that can measure mitochondrial membrane potential. As shown in Figure 5B, 4Ac-Q
decreased significantly mitochondrial membrane potential more than quercetin, although
both quercetin and 4Ac-Q caused a significant decrease in mitochondrial membrane poten-
tial at 6 h compared to control. Furthermore, we separated cytoplasmic and mitochondrial
fractions from HepG2 cells treated with quercetin (Q) or 4Ac-Q or 0.1% DMSO (Cont) and
then detected the protein levels by Western blotting (5A). Both quercetin and 4Ac-Q signifi-
cantly increased cytoplasmic cytochrome c levels and significantly reduced mitochondrial
cytochrome c levels compared to control. 4Ac-Q showed significantly stronger actions
than quercetin. These data demonstrated that 4Ac-Q induced apoptosis by ROS-mediated
mitochondrial dysfunction pathway.
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Figure 5. Mitochondrial dysfunctions by quercetin (Q) and 4Ac-Q. (A) Mitochondrial ROS generation
was monitored by MitoSOX Red mitochondrial superoxide chemical probe. ROS level was expressed
as relative fold to control HepG2 cells (Cont) treated with 0.1%DMSO. (B) Alterations in mitochon-
drial membrane potential (Ψm) were measured by flow cytometry using the JC-1 staining method,
and the ratio of red/green fluorescence intensity was presented asΨm). (C) Cytochrome c release.
Mitochondrial (Mito-Cyt c) and cytosolic fractions (Cyto-Cyt c) were fractionated, and cytochrome c
release was detected by Western blotting. The amount of cytochrome c in the cytosolic or mitochon-
drial fractions was normalized, respectively, by compartment-specific glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) or mitochondrial cytochrome c oxidase subunit 4 (COX-4) protein levels.
Data from at least three independent triplicated experiments are presented as mean± SD, and * mark
denoted significant differences (* p < 0.05, ** p < 0.01, between quercetin and 4Ac-Q).

2.5. 4Ac-Q Enhances the Cellular Uptake in HepG2 Cells

The above data indicated that 4Ac-Q induced HepG2 cell apoptosis in a similar
apoptotic pathway as quercetin, but with stronger ability. It caused us to speculate that the
acetylation of the hydroxyl group of quercetin may affect the absorption and/or metabolism
of quercetin to improve its bioactivity. To clarify this speculation, we first determined the
amounts of quercetin and 4Ac-Q taken up in HepG2 cells by HPLC-PDA and -UV/Vis
detector with selectable wavelengths ranging from UV to visible light.
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Figure 6A shows a three-dimensional chromatogram of quercetin-added HepG2 cells
via HPLC-PDA detection. One major peak (retention time 32.82 min) and two smaller
peaks were observed. The retention time of the major peak was consistent with the
dominant peak in the chromatogram shown in Figure 6C, which was monitored at 370 nm, a
characteristic wavelength of quercetin, and was assumed to be quercetin. On the other hand,
the three-dimensional chromatogram of 4Ac-Q-added HepG2 cells showed several peaks.
Of which, the retention time of the major peak was consistent with the dominant peak in
the chromatogram shown by Figure 6F, which was monitored at 320 nm, a characteristic
wavelength of 4Ac-Q, and was assumed to be 4Ac-Q. Besides this, the peak at a retention
time of 32.74 min was consistent with that of quercetin, shown in Figure 6D. Other peaks
are unknown metabolites. In comparison of quercetin levels obtained from Figure 6C,D,
approximately 2.5-fold higher quercetin was observed in 4Ac-Q-added HepG2 cells than
by quercetin addition. It is worth noting that the total peak area of the chromatograms in
the 4Ac-Q treatment was quite larger than that of quercetin. This suggests that acetylation
of the hydroxyl group of quercetin significantly increased its intracellular absorption.

Figure 6. Chemical profile of HepG2 intracellular extract analyzed by HPLC-PDA and -UV/VIS.
(A,B) Three-dimensional chromatograms of intracellular extracts from quercetin or 4Ac-Q-added
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HepG2 cells for 3 h detected by HPLC-PDA (wavelength: 210–700 nm). Three-dimensional HPLC
was represented by a 3D chromatogram with the retention time, absorption wavelength, and peak
intensity of the components as the three axes. (C,D) HPLC-UV/Vis chromatograms of quercetin
at maximum absorption wavelength (370 nm). (E,F) HPLC-UV/Vis chromatograms of 4Ac-Q at
maximum absorption wavelength (320 nm).

2.6. 4Ac-Q Bolsters the Metabolic Stability to Elongate Its Intracellular Persistence

To clarify the unknown metabolites in quercetin and 4Ac-Q-added HepG2 cells, we
next investigated these metabolites by liquid chromatography–mass spectrometry (LC-MS)
analysis based on HPLC-UV/Vis profiling.

HPLC-UV/Vis profiling of quercetin detected two major metabolites (M1 and M3),
excluding quercetin itself. Similarly, HPLC-UV/Vis profiling of 4Ac-Q detected five major
metabolites (M1–M5), excluding both quercetin and 4Ac-Q. These HPLC profiling peaks
were identified via electrospray ionization mass spectrometry (ESI-MS) analysis. In partic-
ular, the peaks corresponding to quercetin and 4Ac-Q were identified by co-elution with
standard substances. The mass spectrum of quercetin metabolites showed that the [M+H]+

ions of M1 and its fragment ions were detected at m/z 383.0 and m/z 303.0, respectively,
and the [M+H]+ ions of M3 were detected at m/z 317.0, suggesting that M1 and M3 may
be quercetin-3′-sulfate and isorhamnetin, respectively (Figure 7B). The mass spectrum
of 4Ac-Q metabolites showed that the [M+H]+ ions of M1, M2, M3, M4, and M5 were
detected at m/z 383.0, 345.0, 317.0, 387.0, and 429.0, respectively. These data suggested
that M1, M2, M3, M4, and M5 would be Q-3′-O-sulfate, Mono-acetyl quercetin (1Ac-Q),
isorhamnetin, di-acetyl-quercetin (2Ac-Q), and tri-acetyl-quercetin (3Ac-Q), respectively
(Figure 7C). Additionally, there were no detectable quercetin-glucuronides or glucuronide
conjugates of 3′-methylquercetin from LC–MS data.

Furthermore, the time courses of the metabolite formation of quercetin and 4Ac-Q
were shown in Figure 7D,E. The HepG2 cells were incubated with either quercetin or
4Ac-Q for 0, 3, 6, 12, or 24 h. The graph of quercetin metabolic rates showed that quercetin
decreased in a time-dependent manner; conversely, metabolite M1 increased significantly
over time. The quercetin metabolite M3 decreased after 6 h. On the other hand, 4Ac-Q
decreased in a time-dependent manner and disappeared at 12 h. Quercetin, as one of the
metabolites of 4Ac-Q, peaked at 3 h and decreased over time, and metabolite M1 increased
in a time-dependent manner. However, compared to quercetin metabolism in Figure 7D,
the percentage of metabolic conversion to M1 was found to be low. Interestingly, the
metabolite M3 showed different patterns between quercetin and 4Ac-Q metabolism. M3
peaked at 6 h and then reduced during quercetin metabolism, while M3 peaked at 12 h
and then reduced during 4Ac-Q metabolism. These data indicated that a portion of 4Ac-Q
is transformed into quercetin, as well as several different acetylated quercetins during
its metabolism. This partial deacetylation may have caused a delay in the metabolism
of quercetin.
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Figure 7. LC-MS analysis of HepG2 cell culture medium after treatment with quercetin(Q) and 4Ac-Q
for the indicated times. (A) HPLC chromatograms of metabolites of quercetin (left side) and 4Ac-Q
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(right side). (B) Extracted ion chromatograms corresponding to different m/z values for the peaks of
the HPLC chromatograms. (C) List of metabolites predicted based on the results of LC-MS analysis.
Time-course changes in metabolites of quercetin (D) and 4Ac-Q (E) in HepG2 cells. Each graph was
derived from the average of three independent measurements, respectively.

3. Discussion

Acylated polyphenols from natural plant sources are often modified in glycosidic
sugar chains and have been reported to stabilize pigment and structure [22,23] and to
enhance cytoprotective, antioxidant, and anti-inflammatory effects [24–26]. In contrast,
there are few reports of acylation of aglycones in nature and few information on O-acylated
flavonoids [10,12]. Thus, we synthesized 4Ac-Q via acetylation of its hydroxyl group. The
structural confirmation was carried out via nuclear magnetic resonance (NMR) spectral
analysis. It has been reported that a new chemical shift (δ) in the signal, indicative of
the acetyl group around δ = 2.3 ppm, is a distinctive feature of 4Ac-Q resulting from the
acetylation of hydroxyl groups at the 3,7,3′,4′-positions [18,27]. The four new signal peaks
in our synthesized 4Ac-Q were observed to be attributed to the acetyl group, appearing
at δ = 2.34 ppm and 2.37 ppm, which confirmed the synthesis was successful. The signal
attributions and integration ratios aligned perfectly with previous reports [18,27], further
substantiating the acetyl modification of the hydroxyl group.

In this study, 4Ac-Q exhibited significantly stronger inhibition of cell proliferation
compared to quercetin. Our previous experiments with HL-60 cells revealed that the IC50
value of 4Ac-Q and quercetin was 19 μM and 58 μM, respectively, which resulted in a
3.05-fold higher inhibitory effect on cell proliferation for 4Ac-Q compared to quercetin.
These data suggested that 4Ac-Q also exhibits higher inhibitory activity than quercetin,
even in adherent cells. Moreover, quercetin with all hydroxyl groups acetylated also
showed 2.59 times stronger inhibition of cell growth than quercetin in MCF-7 breast cancer
cells [13]. Although the cell types and the number of acetyl modifications differ, acetylation
may enhance the anticancer activity of quercetin. It is necessary for further evaluation of the
effects of changes in the number and position of acetyl groups on physiological activity and
cellular characteristics. On the other hand, Rubio et al. reported that quercetin 3-methyl
ether tetraacetate induced apoptosis in HL-60 cells via the activation of caspases with
cytochrome c release [28]. Thus, the activation pathways of the apoptosis-inducing proteins
are possibly not determined by the acetylation site. In future studies, it is also required to
investigate relative enzyme activity inhibition as part of quercetin acetylation’s anticancer
efficacy. Quercetin is known to target various molecular kinase enzymes including Raf-1,
MEK1 [29], ERK1/2, SEK1, JNK1/2, RSK2, and PI3K [30]. Silico analysis using a molecular
docking model has reported that quercetin is bound to the same ATP-binding region as
the specific PI3K inhibitor LY294002, which is considered a promising target for cancer
therapy. Moreover, the slight differences in the mode of binding to the target protein can
alter the inhibitory effect on PI3K [31]. It is interesting that a methylated derivative of
quercetin effectively inhibited matrix metalloproteinase-1 (MMP-1), an enzyme involved
in cancer invasion and metastasis, with a more potent effect than quercetin itself [32].
Methylated quercetin was reported to inhibit MMP-1 by binding near its active center, the
metal ion, suggesting the position of the methyl group and the type of substituent may
vary based on the specific protein. Therefore, future studies should examine the acetylation
and other substituent modifications of hydroxyl groups, their positions and numbers, and
the bioactivity of specific target proteins.

As an important aspect of this study, our data revealed that 4Ac-Q was taken up
into the cell in larger amounts in a shorter time than parent quercetin and metabolized
slowly (Figures 6 and 7). The hydroxyl group of quercetin has been reported to be a target
for glucuronidation and sulfate conjugation in phase II metabolism in the liver [33]. The
hydroxyl groups of 4Ac-Q are replaced by the acetyl group, which may be prevented
from these metabolic processes. Methylated flavonoids have been reported to prolong the
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metabolic stability [34]. In this study, more than 80% of quercetin was converted to sulfate
conjugate in 24 h treatment in HepG2 cells (Figure 7D). On the other hand, only 40% of
4Ac-Q was converted to sulfate conjugate in 24 h treatment. Interestingly, 4Ac-Q itself
disappeared after 12 h of incubation, while the monoacetylated quercetin was produced
and remained in unmetabolized form after 24 h (Figure 7E). These data indicated that
4Ac-Q was more resistant to metabolism than quercetin.

Acetylation of (-)-epigallocatechin-3-O-gallate (EGCG) is reported to enhance a 30-fold
cellular uptake and a 2.2-fold half-life in plasma elimination compared to EGCG [35].
Similarly, the conversion of the methyl group to an acetyl group at the C5 position of
tangerine, a polymethoxyflavonoid, increased cellular uptake and prolonged its elimination
half-life in mouse plasma [36]. Mono-acylated luteolin derivatives are considered to protect
luteolin from metabolic activity [37]. These studies suggest that acetylation of the hydroxyl
group of flavonoids may improve cellular uptake and avoid rapid metabolism, which is
largely in agreement with the 4Ac-Q results in this study.

The increase in cellular uptake of quercetin acetyl derivatives was thought to be due
in part to the change in polarity resulting from the substitution of the hydroxyl group
with an acetyl group, thereby increasing bioaccessibility. Carrasco-Sandoval reported that
the bioaccessibility of various phenolic compounds depended mostly on the chemical
properties, especially their polarity [38]. Additionally, aglycones of flavonoids tend to form
aggregates due to hydrophobic interactions among aromatic moieties and the hydrogen
bonding of hydroxyl groups. This phenomenon is considered a key factor that reduces their
solubility and restricts their bioavailability [39,40]. Based on our data combined with other
reports, it can be inferred that the O-acetylation of quercetin may mitigate this aggregation
by obstructing the formation of hydrogen bonds between hydroxyl groups and altering
the compound’s polarity. Indeed, the crystal packing diagram of our single-crystal X-ray
structure analysis of pentaacetyl quercetin shows that hydrogen bonding is inhibited by the
presence of acetyl groups [41]. These observations align with the previous chemical and
physicochemical findings [38], [39], and [40], supporting the hypothesis that acetylation
plays a significant role in altering the behavior of phenolic compounds. On the other hand,
deacetylation of 4Ac-Q in the metabolic process was thought to occur via hydrolysis by
human-carboxylesterase 1 (hCE1) and human-carboxylesterase 2 (hCE2) present in HepG2
cells [42–44]. hCE2 especially prefers substrates with small acyl groups and large alcohol
groups [45]; for example, it hydrolyzes benzoyl ester and the acetyl group of aspirin [46,47].
Thus, we considered that the deacetylation of 4Ac-Q in this study may also involve hCE2
reaction. It is necessary to confirm the active state of hCE2 in the metabolic process of
4Ac-Q in the next study.

In summary, our findings provide the first evidence that acetyl modification of
quercetin not only substantially augments the intracellular absorption but also bolsters its
metabolic stability, thereby prolonging its intracellular persistence. This implies that acety-
lation could serve as a strategic approach to enhance the bioactivity efficacy of quercetin
and analogous flavonoids. Investigations on the structure–activity relationships of the
acetylation of flavonoids remain a critical area for future exploration.

4. Materials and Methods

4.1. Chemicals and Antibodies

Quercetin was purchased from Sigma-Aldrich (St. Louis, MO, USA). Stock solution
of sample was prepared in DMSO and diluted with complete culture media immediately
before use. An equal volume of DMSO was added to controls. MTT and β-Actin antibody
were purchased from Sigma-Aldrich LLC (St. Louis, MO, USA). The antibodies against
caspase-3, caspase-9, PARP, cytochrome c, COX-4, and GAPDH were from Cell Signaling
Technology (Danvers, MA, USA), whereas the antibodies against XIAP were from Abcam
(Cambridge, MA, USA). SMAC/Diablo antibody was from Proteintech (Tokyo, Japan).
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4.2. Synthesis of 4Ac-Q

4Ac-Q was prepared using the chemical synthesis method as described previously [18].
In brief, acetic anhydride (4 equiv.) was added to a quercetin solution (5 mmol) in dry
pyridine at room temperature. After stirring the mixture for 10 min, it was quenched
in ice-cold water. The resulting precipitate was collected by filtration and subsequently
washed with ice-cold water. The compound was then recrystallized from methanol. The
chemical structures of the acetylated quercetin were characterized by 1H-NMR. Spectra
were recorded on a JEOL ECA-600 spectrometer (600 MHz for 1H, JEOL, Tokyo, Japan)
using [D6]CDCl3 as the solvent and tetramethylsilane (TMS) as the internal standard. The
purity was confirmed to be >97% by HPLC.

4.3. Cell Culture

Human hepatocellular carcinoma cell lines HepG2 were obtained from RIKEN Cell
Bank (RCB1648) (Ibaraki, JP). The cells were cultured at 37 ◦C in a 5% CO2 atmosphere
in Dulbecco’s-Modified Eagle Medium (DMEM) containing 10% fetal bovine serum and
1% of penicillin–streptomycin glutamine for 24 h and then treated by samples in indicated
times and doses.

4.4. Cell Viability Assay

Cell viability was determined by an MTT assay, as described previously [48]. In brief,
HepG2 (9.35 × 104/well) cells were plated into each well of 12-well plates. The cells were
treated with 40 or 80 μM of samples for 48 h. MTT solution was then added to each well
and incubated for another 4 h. The resulting MTT–formazan product was dissolved by the
addition of DMSO. The amount of formazan was determined by measuring the absorbance
at 550 nm with Multiskan TM FC (Thermo ScientificTM, Waltham, MA, USA). The cell
viability was expressed as the optical density ratio of the treatment to control.

4.5. Apoptosis Detection by Annexin V-FITC/Propidium Iodide Flow Cytometry

Apoptosis induction was quantitatively assessed via flow cytometry using the FITC
Annexin V Apoptosis Detection Kit I (BD Biosciences, San Diego, CA, USA) according to
the manufacturer’s manual [48]. In brief, HepG2 (2.4 × 105/Well) was plated into each
well of 6-well plates. After treatment with 80 μM of samples for 24, 48, or 72 h, HepG2 cells
were suspended in 100 μL of binding buffer and then incubated with FITC Annexin V and
PI staining solution for 15 min. The cells were analyzed at FL1 (530 nm) and FL3 (630 nm)
with the flow cytometry (CyFlow®, Sysmex Partec GmbH, Görlitz, Germany).

4.6. Protein Array Analysis of Apoptosis-Related Proteins

Proteome profiling of apoptosis-related protein was assessed with proteome profiler
human apoptosis array kit (R&D Systems, Milpitas, CA, USA) according to the manufac-
turer’s manual. Briefly, HepG2 cells were treated with DMSO control, 80 μM of quercetin or
4Ac-Q, then cultured for 24 h, and each cell lysate was prepared in the array kit lysis buffer.
Cell lysates are diluted and incubated overnight at 4 ◦C with nitrocellulose membranes
containing various duplicates of 35 different apoptotic antibodies to detect proteins. The
membranes were washed to remove unbound proteins, followed by incubation with a
cocktail of biotinylated detection antibodies. Then, the levels of apoptosis-related pro-
teins were assessed using an HRP-conjugated antibody followed via chemiluminescence,
and each array membrane was scanned using LumiVision Analyzer140 .exe (TAITEC,
Saitama, Japan).

4.7. Western Blot Analysis

HepG2 cells were treated with DMSO (control), Quercetin, or 4Ac-Q for defined times
and then collected by centrifugation at 1700× g for 10 min. After the cells were lysed as de-
scribed previously [48], equal amounts of lysate protein were run on sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred onto
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polyvinylidene difluoride (PVDF) membrane (GE Healthcare UK, Amersham, England).
Immunoblotting was performed following our previous method [48]. Bound antibodies
were detected using the enhanced chemiluminescence (ECL) system, and relative amounts
of proteins associated with specific antibodies were quantified using LumiVision Analyzer
(TAITEC, Saitama, Japan).

4.8. Subcellular Fractionation for Cytochrome c Detection

Mitochondria were prepared as described in our previous study [48] using the mi-
tochondria/cytosol fractionation kit (BioVision, Milpitas, CA, USA). The harvested cells
were suspended in a cytosol extraction buffer. After incubation on ice for 10 min, cells
were homogenized and centrifuged at 700× g for 10 min. The supernatant was further
centrifuged at 10,000× g for 30 min., and the cytosol and mitochondrial fractions were
isolated. The supernatant was designated as the cytosol fraction. The pellet was dissolved
in mitochondria extraction buffer and used as the mitochondrial fraction.

4.9. Determination of Mitochondrial Membrane Potential (ΔΨm)

Mitochondrial membrane potential in HepG2 cells was determined by flow cytometry
as described previously [49] using the JC-1 MitoMP Detection Kit (Dojindo Molecular
Technologies, Kumamoto, Japan). HepG2 cells (2.4 × 105/well) were seeded in a 6-well
plate and treated with DMSO, 80 μM quercetin, or 4Ac-Q for 0.5 h. Afterward, the cells
were incubated for 30 min with JC-1 (2 μg/mL) in the dark. After incubation, the cells were
washed twice with hanks’ balanced salt solution (HBSS), suspended in a total volume of
200 μL of imaging buffer solution, and analyzed using a flow cytometer.

4.10. Determination of ROS Production

ROS production was measured via flow cytometry using MitoSOXTM Red mitochon-
drial superoxide indicator (Invitrogen-Life Technologies, Carlsbad, CA, USA) as described
previously [49]. For flow cytometric analysis, HepG2 (2.4 × 105/well) cells were plated
into each well of 6-well plates. After treatment with 80 μM of samples for 30 min, HepG2
cells were incubated with 50 μM MitoSOX Red for 10 min. The cells were collected by
centrifugation at 1700× g for 10 min and washed with phosphate-buffered saline (PBS).
The fluorescence was detected using the flow cytometer.

4.11. Uptake of Quercetin and Acylated Quercetin into HepG2 Cells

The uptake of quercetin and 4Ac-Q into HepG2 cells was measured by the method of
Wong et al. [50]. The cells were culturedto 80% confluent, and the medium was changed
every 2 days. Uptake experiments were performed by adding 80 μM quercetin or 4Ac-Q to
a serum-free medium. After 3 h of sample treatment, the supernatant was removed, and
the pellet was washed two times with ice-cold PBS containing 0.2% bovine serum albumin
(BSA) and one time with ice-cold PBS without BSA. The cells were collected with 50%
methanol and stored at −80 ◦C for at least 24 h. Extraction was performed by sonication for
10 min, followed by the addition of ice-cold acetone to twice the volume of 50% methanol.
The samples were placed in a −20 ◦C freezer for 1h and centrifuged at 17,000× g for 5 min.
The supernatant was collected and evaporated for dryness in vacuo at 30 ◦C and stored at
−20 ◦C until HPLC analysis.

4.12. HPLC Analysis

Cellular uptake of samples was analyzed via HPLC unit (LC-2000Plus series; JASCO Cor-
poration, Tokyo, Japan) using COSMOSIL(R) πNAP packed column 4.6 mm I.D. × 250 mm
(Nacalai Tesque, Kyoto, Japan). The solvent system was a mixture of water (A) and acetoni-
trile (B) with a flow rate of 1.0 mL/min and a gradient of 100% B for 0–25 min and 20% B for
25–30 min, starting with an A/B ratio of 80:20, returning to the initial condition for 10 min.
A photodiode array (PDA) detector was used for scanning, accumulating spectral data for
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all peaks in the absorption wavelength range 200–700 nm and recording chromatograms at
280, 320, and 370 nm, respectively.

4.13. Preparation of Metabolites of Quercetin and Acylated Quercetin in HepG2 Cells

Metabolites in HepG2 cells were measured based on the method of O’Leary et al. [51]
with a few modifications. The cells were seeded in 58 cm2 dishes at a density of around
1.12 × 105 cells/cm2 and allowed to adhere overnight. Cells were cultured to 80% conflu-
ent, and the medium was changed every 2 days. On the day of the experiment, cells were
washed twice with PBS, and a fresh medium was added. The cells were further incubated
with 80 μM of quercetin or 4Ac-Q for 0, 3, 6, 12, or 24 h, respectively. At each time, the
supernatant medium was collected and immediately cooled on ice. The medium was
processed for HPLC analysis as follows: cold methanol containing 1 mM ascorbic acid was
added 1.5 times as much as the collected medium. Samples were centrifuged at 13,500× g
for 10 min at 4 ◦C. The pellet was dried by rotary evaporation and resuspended in 1 mL of
50% acetonitrile. Samples were filtered through a 0.22 μm filter prior to analysis by HPLC
and LC-MS.

4.14. Liquid Chromatography–Mass Spectrometry (LC-MS) Characterization of Metabolites

For LC/MS analysis, a QTRAP® liquid chromatography-electrospray ionization-
tandem mass spectrometry (LC-ESI-MS/MS) 3200 system (1.7 with HotFix 2, AB Sciex Pte.
Ltd., Framingham, MA, USA) was connected to the LC20 HPLC instrument (Shimadzu
Corporation, Kyoto, Japan) via an ESI interface. The analytical column was a phase C18
(octadecyl) (TSKgel ODS-100V, L × I.D. 150 mm × 3.0 mm, 3 μm particle size; Tosoh Cor-
poration, Tokyo, Japan) equipped with a UV detector (280 nm) at a flow rate of 0.4 mL/min
and with an injection volume of 10 μL. The mobile phase was solvent A (99.9% water +
0.1% formic acid) and solvent B (99.9% acetonitrile + 0.1% formic acid), starting with 10%
solvent B at 0 min and gradient to 100% solvent B for 45 min. The mass spectrometer was
monitored in the positive mode. The optimized detection parameters were as follows: scan
type, electrospray ionization (ESI), ionization mode: positive mode, curtain gas: 20 psi,
collision gas: High, ion spray voltage: 5.5 kV, temperature: 600 ◦C, ion source gas1: 50 psi,
ion source gas2: 80 psi, and interface heater: ON.

4.15. Statistical Analysis

Statistical analysis of data was determined by one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test, using SPSS v26 and GraphPad Prism 9
software. Data are expressed as the mean ± standard deviation (SD). All experiments
were conducted in biological triplicates (n = 3) with at least three individual replicates,
and uptake and metabolism experiments generated at least three biological replicates. The
significance level was set as p-values less than 0.05.

5. Conclusions

Hydroxyl group acetylation of quercetin enhances its intracellular absorption and
metabolic stability, which strengthen the anticancer activity, including cell growth inhibition
and apoptosis induction of cancer cells. This innovative approach will provide a novel
strategy against cancer cell growth, not only for quercetin but also for related flavonoids.
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Abstract: The thermal stability of bovine serum albumin (BSA) in Tris buffer, as well as the effect of
sinapic acid (SA) on protein conformation were investigated via calorimetric (differential scanning
microcalorimetry—μDSC), spectroscopic (dynamic light scattering—DLS; circular dichroism—CD),
and molecular docking approaches. μDSC data revealed both the denaturation (endotherm) and
aggregation (exotherm) of the protein, demonstrating the dual effect of SA on protein thermal stability.
With an increase in ligand concentration, (i) protein denaturation shifts to a higher temperature
(indicating native form stabilization), while (ii) the aggregation process shifts to a lower temperature
(indicating enhanced reactivity of the denatured form). The stabilization effect of SA on the native
structure of the protein was supported by CD results. High temperature (338 K) incubation induced
protein unfolding and aggregation, and increasing the concentration of SA altered the size distribution
of the protein population, as DLS measurements demonstrated. Complementary information offered
by molecular docking allowed for the assessment of the ligand binding within the Sudlow’s site I of
the protein. The deeper insight into the SA–BSA interaction offered by the present study may serve
in the clarification of ligand pharmacokinetics and pharmacodynamics, thus opening paths for future
research and therapeutic applications.

Keywords: sinapic acid; serum albumin; thermal stability; denaturation; aggregation

1. Introduction

Thermal denaturation of proteins is a key factor in biotechnological processes and
pharmaceutical applications. The complex influence of various ligands on the proteins
unfolding is far from being elucidated. The interaction of proteins with polyphenols may
result in various changes in the physicochemical and functional features for both sides.
Additional information concerning the effect of phenolic compounds on protein thermal
stability is needed to control the functional properties of proteins.

Sinapic acid (SA, 3,5-dimethoxy-4-hydroxycinnamic acid) is a naturally occurring
hydroxycinnamic acid, found in plants, fruits, vegetables, several cereals, and oil crops [1–4]
with potential use in food processing, cosmetics, and in the pharmaceutical industry. SA
acts as an anti-inflammatory [5], antidiabetic [6], anticancer agent [7] with antioxidant [8],
antibacterial [9], chemopreventive [10], neuroprotective [11], and antihypertensive [12]
effects. At pH 7.4, SA is present as an anion (Figure 1), the COOH group (pKa = 4.47) being
dissociated [13].

Bovine serum albumin (BSA) is a globular protein that binds and transports a wide
range of endogenous and exogenous ligands, playing a significant role in the pharmacoki-
netic behavior of a variety of drugs [14]. Its structural and functional similarities with the
human serum albumin (HSA) made it a model protein for research purposes.
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Figure 1. Chemical structure of carboxylate form of sinapic acid (SA).

BSA presents two important binding sites for the ligands: Sudlow’s site I, located in
subdomain IIA, and Sudlow’s site II, located in subdomain IIIA [15]. The native structure
of BSA is the key to its biological function, but at high temperatures the protein loses
its activity [16]. As a result, the thermal stability of protein is an active field of funda-
mental research, and the use of polyphenols to modulate aggregate formation seems very
promising. The effect of SA on thermally driven denaturation and aggregation of serum
albumin above its melting temperature is of great theoretical and practical importance
since protein aggregation is associated with various diseases, such as Alzheimer’s and
systemic amyloidosis [17]. The quest for new aggregation inhibitors for amyloid-forming
proteins is crucial in the progress of novel therapeutics. Moreover, recent results pointed
to thermal denaturation and aggregation as a threat to global distribution of biologics
and research-use-only (RUO) proteins in a relatively high temperature environment [18].
Calorimetric [19], spectroscopic [20], and molecular docking [21,22] approaches are exten-
sively used to study and analyze the interaction of different ligands with proteins and their
applications in various research domains.

In our previous papers we evaluated the influence of different polyphenolic com-
pounds on protein (BSA, hemoglobin) thermal stability. Furthermore, the aim of this study
is to provide a better understanding of the impact of SA on heat-induced denaturation
and aggregation of BSA. A previous study [23] using fluorescence measurements resulted
in a binding constant of 4.5 × 105 M−1 for SA to BSA at 298 K with a stoichiometry of
1.26. The site-marker competitive experiment indicated subdomain IIA of the protein as
the binding site of SA. Accordingly, two concentrations of SA were used to evidence the
impact of free (excess) and bound ligands on protein thermal stability. Also, the present
study reveals the influence of Tris buffer on the protein aggregation process that could be
calorimetrically evidenced.

2. Results and Discussions

2.1. Evaluation of Protein Thermal Stability by Differential Scanning Microcalorimetry (μDSC)

Previous calorimetric studies [24] concerning BSA thermal stability in phosphate
buffer evidenced only the endothermal denaturation process. That was confirmed by our
previous contributions [25–27]. In other words, the phosphate buffer covers the exothermal
calorimetric signature of the aggregation process; although, the later takes place in the
temperature range investigated. This is the reason for using complementary techniques to
investigate the aggregation process in phosphate buffer: dynamic light scattering, asymmet-
ric flow field-flow fractionation, and analytical ultracentrifugation [28]. Detection of both
processes within the same DSC run was demonstrated by Barone et al. [24] in acetate buffer.
The present study demonstrates the possibility of obtaining the DSC thermal signatures of
protein denaturation and aggregation processes in Tris buffer. It also evidenced changes
of these signatures produced by the presence of sinapic acid. Protein aggregation in Tris
buffer is caused by the interaction of Tris buffer molecules with the exposed hydrophobic
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groups of denatured protein [29]. Tris buffer exhibits a pKa dependence with tempera-
ture [30]. However, pH measurements performed in the temperature range used for the
μDSC method indicated that the results of this study were not significantly affected by the
pH change with increasing temperature (Figure S1 from Supplementary Material).

Ligand binding on protein modifies the protein thermal stability, and this effect could
be estimated by μDSC measurements [31]. Figure 2 presents the μDSC sigmoid baseline
subtracted thermograms of the protein, in the absence and presence of SA, allowing for the
evaluation of the ligand concentration influence on BSA thermal stability.

 
Figure 2. μDSC sigmoid baseline subtracted thermograms of BSA and BSA-SA systems.

Two signals could be noticed in the μDSC scans: (i) an endothermic one correspond-
ing to the denaturation process of BSA, and (ii) an exothermic peak occurring at higher
temperatures, related to the aggregation process of protein induced by the exposure of
the hydrophobic residues. The thermodynamic parameters corresponding to the denat-
uration and aggregation processes of protein, in the absence and presence of increasing
concentrations of SA, were calculated and are presented in Figure 3.

Figure 3. Thermodynamic parameters (A) temperatures and (B) enthalpies of BSA thermal denat-
uration and aggregation processes as a function of SA:BSA molar ratio. Standard deviations are
presented as error bars.

SA exerts a dual effect on BSA thermal stability in dynamic scanning conditions:

1. The denaturation temperature (Td) of protein increases with the SA concentration,
pointing to a stabilization effect of SA on the protein native structure. Moreover,
Figure 3 displays an increase in the denaturation enthalpy change (ΔHd) with an
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increasing in the ligand concentration. This may be ascribed to a lower exposure to
the solvent molecules of the native protein’s buried hydrophobic regions, during the
unfolding process in the presence of SA [32].

2. The aggregation temperature (Tagg) and the absolute value of the enthalpy change
(|ΔHagg|) decrease with SA concentrations: the ligand binding weakens the unfolded
structure of protein. For a 10:1 SA:BSA molar ratio, the denaturation process and
the aggregation one slightly overlap, producing a supplementary decrease in the
calculated |ΔHagg| value.

SA binding to the native form of the protein delays the protein denaturation, mani-
festing as an increase in Td. A significant impact was observed for a 10:1 SA:BSA molar
ratio, pointing to the stabilization effect of the excess free ligand. A similar influence
was obtained for morin, a polyphenol that belongs to the flavanol class of flavonoids, in
interaction with BSA [25]. The stabilization of protein structure could be generated by
the electrostatic attraction between the negatively charged SA and the positively charged
amino acid residues from the protein binding site, as observed by our group for the caffeic
acid interaction with BSA [26].

The exposure of the hydrophobic core of the protein to the solvent molecules during
unfolding is reduced in the presence of SA, the protein structure becomes more compact,
and the ΔHd value increases, as reported for the gallic acid effect on the BSA structure [27].
SA stabilizes the protein structure against thermal denaturation, in good agreement with
data obtained by our group that report the enhancement of serum albumin thermal stability
in the presence of various polyphenols (morin, caffeic acid, gallic acid, quercetin). The
stabilization of the human serum albumin by the methotrexate drug [33], warfarin, and
benoxaprofen [34] was also reported.

With increasing temperature, the hydrogen bonds that stabilize the native protein
structure weaken, easing the exposure of hydrophobic protein groups to the solvent. As
previously presented in the literature [29], a possible mechanism for the aggregation of
BSA in Tris buffer is related to the favorable (exothermic) interaction of the hydrophobic
groups of the unfolded protein with the buffer molecules. This favorable effect is added
to the favorable protein–protein interaction and the result (the thermal fingerprint) is
a well evidenced exothermic peak. As ligand binding to the unfolded/partially folded
BSA decreases the Tagg and |ΔHagg| of the protein, SA acts as promoter of aggregation
above the denaturation temperature. Also, the adsorption of free polyphenol on the
protein surface could cause conformational changes in the protein structure that further
promote aggregation [35]. A similar action was reported for morin binding on bovine
serum albumin.

2.2. Circular Dichroism (CD) Spectra

The conformational change in the protein’s secondary structure in static conditions
(isothermal incubation) was monitored by CD. The influence of SA concentration on the
BSA secondary structure after incubation at 277 K and 338 K is presented in Figure 4.

At 298 K, the protein secondary structure is predominantly α-helix, and SA presence
induces an increase in the negative mean residue ellipticity (MRE) value, as a result of
the ligand–protein interaction. The stabilization effect on the secondary structure of the
protein, observed for both 1:1 and 10:1 SA:BSA molar ratios, could be correlated with μDSC
data, where Td increases in the presence of the ligand. Similar results were obtained for the
interaction of morin [25], caffeic acid [26], and caffeoylquinic acids [36] with BSA.

After protein incubation at 338 K for 20 and 48 h, the CD spectra of BSA in the presence
and absence of SA show a significant decrease in MRE values at 208 and 222 nm assigned to
the α-helix structure, thereby indicating the thermal denaturation of the protein. Increasing
the concentration of SA induces an increase in the CD signal even after incubation at 338 K.
This is more evident after 48 h for a 10:1 SA:BSA molar ratio, pointing to the stabilization
effect of the ligand on the protein structure. Both the bound ligand (1:1 SA:BSA molar
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ratio) and the free ligand (10:1 SA:BSA molar ratio) cause conformational changes in the
protein structure.

 

Figure 4. CD spectra of BSA in the absence and presence of different concentrations of SA after
incubation at (A) 24 h 277 K, (B) 20 h at 338 K, and (C) 48 h at 338 K.

The protein secondary structure content obtained by Dichroweb (Figure 5) displays an
increase in the α-helix structure with a simultaneous strand decrease for BSA in the presence
of SA; this may be interpreted as complementary structural proof for the stabilization effect
of SA evidenced in μDSC measurements.

Figure 5. The secondary structure content of BSA and BSA–SA systems after incubation at 277 K and
338 K.

After incubation at 338 K for 20 h, the α-helix content of BSA decreases, while the β

and unordered structure increase, indicating the protein thermal denaturation. Increasing
the concentration of SA stabilizes the protein structure, the α-helix content increases, and
the strand and random coil contents slightly decrease. After 48 h at 338 K, the denaturation
of protein is more evident, the native structure of the protein is disrupted along with a
concomitant increase in the strand and random coil contents [37]. SA acts as a stabilizer
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only at high concentrations, enhancing the α-helix content, while the strand and random
coil contents decrease.

2.3. Changes in the Hydrodynamic Dimeter of BSA Aggregates Investigated by Dynamic Light
Scattering (DLS)

DLS measurements were carried out to determine the sizes of aggregates formed
after incubating the protein samples in the absence and presence of SA. The intensity and
number size distributions (Figures S2 and S3 from Supplementary Material) of the BSA
solution at 277 K show a single population with the hydrodynamic diameter (Dh) value of
6.62 nm, corresponding to the native protein structure (monomeric form) which is in good
agreement with the size of BSA reported in the literature [38]. In the presence of increasing
concentrations of SA, no significant change in the Dh and polydispersity index (PDI) values
could be observed (Figure 6).

Figure 6. Hydrodynamic diameter and PDI of BSA population as a function of SA:BSA molar ratio.
Standard deviations are presented as error bars.

After sample incubation for 20 h at 338 K, the DLS analysis still indicates a monomodal
size distribution for the protein in the absence and presence of SA, with increasing particle
size and PDI values as a consequence of denaturation and concomitant aggregation [39].
A high concentration of SA (10:1 SA:BSA molar ratio) induces a significant enhancement
of PDI and Dh values, demonstrating the free ligand impact on protein aggregation at
high temperatures. For a low concentration of SA, the aggregation effect is reduced
compared to free BSA. In time, at 338 K, the size distributions of BSA and BSA–SA systems
slightly change, so that after 48 h, a single population corresponding to larger aggregates is
evidenced by DLS measurements. With increasing the incubating time at 338 K, the PDI
values increase, suggesting the presence of a larger size species as result of the aggregation
effect of the ligand. The influence of SA on the size distribution of the protein population at
high temperature is manifested in two ways: At a low concentration (90.9 μM), after 20 h at
338 K, SA binding stabilizes the protein structure, in agreement with the CD results; after
a longer incubating time (48 h), the ligand binding causes an opposite effect, promoting
aggregation. At a high concentration (909 μM), SA promotes protein aggregation after 20 h
at 338 K and the effect is maintained in time at 48 h incubation, with the same intensity, in
good agreement with the CD results.
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2.4. Molecular Docking

Molecular docking of SA with BSA (Figure 7) was used to identify the most favorable
binding site of the ligand within the native structure of the macromolecule and to find the
amino acid residues involved in the interaction.

 

Figure 7. Molecular docking of SA and BSA; (A) SA is presented as stick and balls and the protein
as solid ribbon. (B) The 2D representation of SA–BSA complex; the close amino acid residues are
presented in green, dashed lines represent intermolecular interactions of different origin (electrostatic—
orange line; π-alkyl—pink lines; π-σ—purple lines; π-π T-shaped—magenta lines; van der Waals
interactions—light green lines).

SA binds to subdomain IIA (Sudlow’s site I) of BSA with a binding affinity of
−6.2 kcal/mol, corresponding to a binding constant of 3.52 × 104 M−1, and the inter-
action is mainly driven by hydrophobic forces and electrostatic interaction, as shown in
Table 1.

Table 1. Molecular interactions between SA and the amino acid residues in BSA binding site obtained
by molecular docking.

Amino acid Residue Distance, Å Type of Interaction

HIS241 4.75 electrostatic
ALA290 3.69 hydrophobic
HIS241 5.50 hydrophobic
LEU237 4.80 hydrophobic

The present findings are consistent with the outcomes of previous investigations that
indicated the binding of other polyphenols in the vicinity of TRP 213 of BSA [40,41].

3. Materials and Methods

3.1. Materials

BSA (A7030, lyophilized powder, purity ≥ 98%, CAS: 9048-46-8, Sigma-Aldrich, Saint
Louis, MI, USA) and SA (D7927, purity 98.0%, CAS: 530-59-6, Sigma-Aldrich, Bangalore,
India) were used with no further purification. Solutions of the protein and ligand were
prepared in 25 mM Tris buffer (Trizma base, Honeywell Fluka, Charlotte, NC, USA, purity
99%) at pH 7.4. For μDSC, the samples of BSA (90.9 μM) in the absence and presence of
SA were allowed to equilibrate for 24 h at 277 K and brought to room temperature before
measurements. Similarly, for CD and DLS measurements, the protein samples (75 μM) in
25 mM Tris buffer, pH 7.4, were incubated at 277 K for 24 h in the absence and presence of
ligand in various concentrations (SA:BSA molar ratio 1:1, 10:1). After this, the BSA samples
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were further used in different ways: (i) diluted to the working concentration (50 μM for
CD and 37.8 μM for DLS measurements) and measured at 298 K, or (ii) kept at 338 K in an
incubator without stirring. At certain time intervals (20 h and 48 h), aliquots were taken
from solution, cooled to room temperature, diluted to the working concentration (50 μM
for CD and 37.8 μM for DLS measurements), and used for measurements at 298 K.

3.2. Methods
3.2.1. Differential Scanning Microcalorimetry (μDSC)

The thermal stability of BSA in the absence and presence of different concentrations
of SA was studied in Tris buffer 25 mM, pH 7.4, using μDSC7 evo calorimeter (Setaram,
Caluire, France) in the temperature range of 298 K–368 K, at 1 K min−1 heating rate.
The thermodynamic parameters (enthalpy change and temperature) of denaturation and
aggregation processes were determined by Calisto v.1077 software using a tangential
sigmoid baseline. The per mol quantities were calculated from the absolute values (Joules),
taking into account the sample volume and the protein concentration.

3.2.2. Circular Dichroism (CD)

The secondary structure of protein and the effect of SA binding at 277 K and after
incubation at 338 K were evaluated using CD measurements by a JASCO J-815 spectropo-
larimeter (Jasco, Japan), equipped with a Peltier-type temperature controller. Far-UV CD
spectra of BSA were obtained with three accumulations for each measurement, using a
1 cm quartz cuvette. The protein concentration (0.5 μM) was maintained constant. The
time constant, scan speed, resolution, and sensitivity were set at 1 s, 100 nm min−1, 1.0 nm,
and 100 mdeg, respectively. The CD spectra of the samples were baseline-subtracted by
using the spectrum of 25 mM Tris buffer, pH 7.4. The CD results were expressed in terms
of mean residue ellipticity (MRE) in deg cm2 dmol−1 [36]. The secondary structure content
of protein in the absence and presence of SA was evaluated using the K2D analysis algo-
rithm [42] from the Dichroweb website [43] between 200 and 260 nm in order to remove
the effect of chloride ions absorption below 200 nm [44]. Normalized root-mean square
deviations (NRMSD) lower than 0.2 (the acceptable upper limit) were obtained for all fits
of CD spectra [45,46] and are presented in Table S1 in Supplementary Material.

3.2.3. Dynamic Light Scattering (DLS)

The hydrodynamic diameter (Dh) of BSA (37.8 μM) and BSA–SA systems was de-
termined by DLS measurements using a Nano ZS (Malvern Instruments, Worcestershire,
UK) instrument with laser incident beam at λ = 633 nm and a fixed scattering angle of
173◦ equipped with a temperature-controlled system. A 0.22 μm pore-sized microfilter
was used to filter all of the solutions. The analysis of intensity fluctuations enables the
determination of the diffusion coefficients of particles, which are converted into a size
distribution. Scattering data were collected as an average of 5 measurements [47], and
the mean Dh value in the intensity distribution and the polydispersity index (PDI) were
presented.

3.2.4. Molecular Docking

Molecular docking study of SA binding with BSA was performed for predicting the
binding site, the interaction forces, and the binding affinity. The protein structure (PDB
ID: 4F5S) [48] was obtained from the RSCB Protein Data Bank [49]. The geometry of the
SA anion was optimized by DFT/B3LYP/6-311G++ level of theory using the Gaussian
03 software [50], as previously described [51]. The molecular docking was performed
using the Autodock Vina 1.1.2 software [52]. Autodock tools [53] were used for protein
and ligand file preparation to add all hydrogen atoms, to assign the Gasteiger charges,
to detect and assign the rotatable bonds of SA. The Lamarckian genetic algorithm was
applied to determine the optimum binding site of the SA anion to BSA, set as rigid. The
grid box which covers the amino acid residues of Sudlow’s site I and Sudlow’s site II
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was set up with 40 points in each of the X, Y, and Z dimensions centered on x, y, and z
coordinates of 1 × 19 × 109, with a grid point spacing of 1 Å. The exhaustiveness of the
global search was set to 8. The maximum number of binding modes was 9. The maximum
energy difference between modes was 3 kcal/mol. The best docking mode in Autodock
Vina was the minimum energy conformation of the ligand–protein complex (the largest
ligand binding affinity). One possible (best) binding site was identified as Sudlow’s site
I. The conformer with the lowest binding energy was selected for analysis. The type of
interaction was evaluated using the BIOVIA Discovery studio 2019 [54].

4. Conclusions

The results of this study provide significant insight into polyphenol–protein interaction
and its impact on protein thermal stability. The thermal stability of BSA and the impact of
SA concentration were evaluated using calorimetric and spectroscopic approaches. μDSC
data pointed to the dual action of SA on BSA thermal stability. On the one hand, SA binding
to the native form of the protein increases its thermal stability, and on the other hand, SA
promotes protein aggregation above the denaturation temperature. At a low concentration,
bound SA interacts directly with BSA in a site-specific manner: the native structure of
protein is stabilized, resulting in a reduced exposure of the partially unfolded protein
surface upon heating. At higher concentrations, non-bound (free) SA present in excess
may interact with the protein surface, with displacement of the solvent molecules and
thereby screening the solvent–protein interaction and enhancing the thermal stability of the
later [55]. Presented CD data revealed both conformational changes induced by SA binding
that stabilizes the protein structure, and the protein partial unfolding after incubation at
higher temperature. After heating above the denaturation temperature, aggregation of the
partially unfolded molecules is possible. As evidenced by DLS measurements, the BSA
aggregates increased in size with the increasing concentration of SA. Sudlow’s site I in
subdomain IIA of BSA was identified as the binding site for the SA using molecular docking.
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Abstract: Bioactive compounds extracted from plum seeds were identified and quantified, aiming
to establish how the brandy manufacturing process affects the properties and possible cascade
valorization of seed residues. Extraction with n-hexane using Soxhlet has provided oils rich in
unsaturated fatty acids (92.24–92.51%), mainly oleic acid (72–75.56%), which is characterized by
its heart-healthy properties. The fat extracts also contain tocopherols with antioxidant and anti-
inflammatory properties. All the ethanol–water extracts of the defatted seeds contain neochlorogenic
acid (90–368 μg·g−1), chlorogenic acid (36.1–117 μg·g−1), and protocatechuate (31.8–100 μg·g−1) that
have an impact on bioactive properties such as antimicrobial and antioxidant. Anti-amyloidogenic
activity (25 mg·mL−1) was observed in the after both fermentation and distillation extract, which
may be related to high levels of caffeic acid (64 ± 10 μg·g−1). The principal component analysis
showed that all plum seed oils could have potential applications in the food industry as edible oils
or in the cosmetic industry as an active ingredient in anti-aging and anti-stain cosmetics, among
others. Furthermore, defatted seeds, after both fermentation and distillation, showed the greatest
applicability in the food and nutraceutical industry as a food supplement or as an additive in the
design of active packaging.

Keywords: bioactive compounds; Prunus domestica L. seed; cascade valorization; oils; brandy
processing; oxidative stability; antioxidant activity; antimicrobial activity; anti-amyloidogenic activity;
nutraceutical application

1. Introduction

Currently, there is a growing interest in the agri-food industries for the development
of healthier and more nutritious foods, enhancing the emerge of so-called “bioactive
compounds”. They are known to be natural extra-food components with biological and
functional activities, such as antioxidant, anti-inflammatory, anti-diabetic, anti-cancer,
anti-viral, and anti-tumor activities, which protect the human body from high levels of
free radicals and reactive oxygen species (ROS) related to cell damage [1]. Some of the
main bioactive compounds that have aroused the interest of the scientific community are
polyphenols, unsaturated fatty acids, and tocopherols, among others [2].

One of the richest sources of bioactive compounds that are poorly studied is Prunus
domestica L. seed residues [3]. During the production of plum brandy, large quantities of
intact plum stone residues are generated, and although they provide flavor and aromas in
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the brandy, plum seeds are one of the main by-products that are discarded (15–30 wt.% of
the entire stone). This practice, which is usually carried out with plum fruits that are out of
specification and cannot be marketed, consists of crushing the plum fruit with a crusher
whilst keeping the stone intact, and a subsequent fermentation process in fermentation
tanks for 25–30 days to obtain plum brandy with a low alcohol content. Afterwards, it is
subjected to a distillation process to separate the alcohol from the aromas and is left to
age in stainless steel vessels for a year. Then, the alcohol content is lowered to 42◦ with
water, thus obtaining the plum brandy that ready to be marketed [4]. Bibliographic data
indicate that plum seeds undergo changes in their composition during processing to obtain
brandy [5]. Therefore, understanding the impact of each stage of plum brandy processing
on the remaining seeds, both in terms of the composition of bioactive compounds and
their bioactivities, will allow for the designing of efficient valorization, focused on the utter
exploitation of the resulting extracts.

According to the nutritional composition, the principal component of these seed
by-products from plum brandy processing are oils, which are commonly recovered via
Soxhlet extraction with n-hexane used as a solvent [6]. Particularly, plum seed oils stand
out for their high content of unsaturated fatty acids (UFA), mainly oleic acid (C18:1n9c)
(60–73%) and linoleic acid (C18:2n6c) (16–31%) [6–8]. These fatty acids positively con-
tribute to the healthy lipid indexes of the oils (desirable fatty acid (DFA), hypocholes-
terolemic/hypercholesterolemic (H/H) ratio, atherogenicity (AI), and thrombogenicity
(TI)). Moreover, these compounds have an important role in the prevention of cardiovas-
cular diseases, decreasing the concentration of low-density lipoproteins (LDL) that are
deposited in the blood vessels, reducing arrhythmia, mortality from coronary heart diseases,
and the rate of atherosclerosis, as well as blood pressure [6,9]. Other bioactive components
present in the oils are tocopherols, also known as Vitamin E precursors. The predominant
tocopherol in plum seed oils is γ-tocopherol (15.5–16.2 mg·kg−1). Notwithstanding, the
active form with the greatest functionality in the body is α-tocopherol (12.3–3.55 mg·kg−1)
since it can reduce blood cholesterol levels, as well as coronary mortality or cardiovas-
cular diseases. On the other hand, β-tocopherol (9.2–11.2 mg·kg−1) and δ-tocopherol
(2.7–4 mg·kg−1) could display anti-inflammatory and antioxidant activities against oxida-
tive stress [10]. Besides tocopherols, fatty acids are also crucial to increase the oxidative
stability of oils, thus avoiding the formation of toxic degradation products that reduce their
nutritional quality [11].

Nevertheless, after the oil extraction process, a second-generation biowaste is gener-
ated, namely defatted plum seeds, which may contain compounds with positive biological
activities for the human organism such as phenolic compounds [12]. Among the phenolic
compounds found in defatted plum seeds, the main ones were rutin (64–5670 μg·g−1),
2,3-dihydroxybenzoic acid (400–3780 μg·g−1), gallic acid (143–1890 μg·g−1), catechin and
epicatechin (1070 and 9.5 μg·g−1, respectively), syringic acid (8.7–900 μg·g−1), chlorogenic
acid (250–300 μg·g−1), and caffeic acid (3–300 μg·g−1) [13,14]. It has been reported that
the presence of these phenolic compounds in defatted plum seed extracts exhibited high
antioxidant and neuroprotective activities that inhibit β-amyloid (Aβ) aggregation as well
as antimicrobial activities against the growth of pathogens (Escherichia coli and Staphylo-
coccus aureus among others). This highlights the impetus for the use of these residues as
natural functional and nutritional ingredients [3,15–17]. However, Prunus seeds, especially
those that have been subjected to high temperatures, may present amygdalin, a cyanogenic
glucoside recognized by the European Food Safety Authority (EFSA) as an anti-nutritional
and toxic compound for the body [18]. Therefore, it is essential to determine the presence
of this contaminant, which will also define the potential use of the extracts. And in those
extracts that contain this contaminant, it is necessary to apply detoxification processes to
ensure its reduction or even its elimination [19].

The high content of bioactive compounds in P. domestica L. seeds, with well-known
benefits for human health, makes the search for new industrial applications feasible [3].
In contrast, the enrichment of antioxidants in plum seed oils makes them interesting for
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their use in the food industry as promising substitutes for olive and grape oils. In recent
years, plum kernels have gained attention as potential edible cooking oils due to their high
oil content [20]. In addition, its outstanding oxidative stability, as well as its antioxidant
activity, allows for new applications in the cosmetic industry as an active ingredient in the
production of anti-aging, anti-stain, and other potential cosmetics [21]. Not to mention its
remarkable heart-healthy indexes, which open new ways for application in the nutraceutical
industry for the elaboration of functional foods [22]. On the other hand, phenolic extracts
of defatted plum seeds could be of interest to the food and nutraceutical industries as
additives in active packaging formulation that protects food from external oxidants, as
well as in the pharmaceutical industry as an active ingredient in the elaboration of drugs
against neurodegenerative diseases, diabetes, and other important diseases [23–26]. Hence,
the antioxidant activity that polyphenols are associated with could justify their use in the
cosmetic industry to formulate anti-aging, anti-stain, and sunscreen cosmetics, to name but
a few [25,27].

In this line, the present work aims to develop a cascade valorization process of plum
seed waste generated in the different stages of plum brandy manufacturing (before fermen-
tation (PBF), after fermentation (PAF), and after both fermentation and distillation (PAFD))
for the obtention of bioactive compounds of special interest such as unsaturated fatty acids,
tocopherols, and phenolic compounds. Likewise, the effect of processing on the profile
and composition of those compounds in the obtained extracts was evaluated. For this
purpose, conventional Soxhlet extraction was used to separate the oils from the defatted
seed residues. The resulting oils were characterized in terms of fatty acid profile and their
respective heart-healthy indexes, the composition of tocopherols, as well as the evaluation
of their antioxidant activities, and the determination of their oxidative stability against lipid
degradation. Following this, phenolic compounds were extracted from defatted plum seeds
using a matrix solid-phase dispersion (MSPD) methodology, being thereafter characterized
in terms of individual and total polyphenol content, antioxidant, anti-amyloidogenic, and
antimicrobial activities to explore their potential application in nutraceutical, cosmetic
and/or pharmaceutical industries.

2. Results and Discussion

2.1. Determination of Soxhlet Extraction Yields of Plum Seeds

The oil content of plum seeds (PBF, PAF, and PAFD) obtained during the different
stages of plum brandy production was determined using the Soxhlet extraction procedure
with n-hexane as a solvent [28]. There were considerable differences in the appearance of
the oils related to the manufacturing step they proceeded from (Figure S1), with a yellowish
tone observed in the PBF and PAF seed oils, contrasting with a dark orange in the PAFD
seed oil along with a stronger and more intense aroma. Similarly, significant differences
were observed in the weight percentages of plum seed oils and defatted plum seeds. These
percentages by weight are shown in Table 1.

Table 1. Oils and defatted seeds percentages from plum seed waste.

Sample
Seed Oil

(%, w)
Defatted Seed

(%, w)

PBF (37.6 ± 0.4) a (62 ± 1) a

PAF (45.2 ± 0.1) b (47 ± 4) b

PAFD (68 ± 1) c (30 ± 2) c

Values are expressed as mean± standard deviation (n = 3) in dry weight. Values followed by a different superscript
in a column differ significantly (p-value < 0.05), according to one-way analysis of variance (ANOVA) and Fisher’s
Least significant difference (LSD) test. All data were expressed on a dry basis. Moisture content of initial seeds:
plum before fermentation (PBF) (4.5 ± 0.7%), plum after fermentation (PAF) (2.6 ± 0.1%), and plum after both
fermentation and distillation (PAFD) (1.9 ± 0.2%). Moisture content of defatted seeds: PBF (4.45 ± 0.07%), PAF
(2.4 ± 0.1%), and PAFD (1.82 ± 0.06%).
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According to the results in Table 1, significant differences (p-value < 0.05) were ob-
served in the contents of each industrial step oil and defatted seed by-products. Regarding
the oil content, PBF seed presented the lowest value, withal it was observed that the oil
yield increased in the other samples (PAF and PAFD), indicating a direct correlation be-
tween the industrial procedure and the extraction itself. However, the opposite behavior
was observed when it came to the percentages of defatted plum seeds, the by-products
generated in the Soxhlet extraction process. Accordingly, the highest value was achieved
in the PBF seed, decreasing during processing and reaching the lowest value in the PAFD
kernel. This is attributed to the potential extraction of other hydrophilic components of
the seeds during Soxhlet extraction, which enriches the content of defatted seeds. That
being so, the lower content of defatted seed in PAFD may be related to its lower content of
hydrophilic compounds, such as proteins, sugars, and even polyphenols [12].

Furthermore, these results are in line with data found in the literature. The fat content
of plum seeds of the variety P. domestica L. extracted by Soxhlet using n-hexane as a solvent
usually varies between 30 and 38.7%, w [6,12]. Concerning the effect of processing on oil
content, Rodríguez-Blázquez et al. [12] demonstrated that defatted P. avium L. seed residues
decreased their content during brandy processing, thereby increasing their oil content.

In this context, both the oil extracted from the seeds and the by-product of defatted
seeds could present numerous bioactive compounds with excellent properties or activities,
such as polyphenols, tocopherols, and unsaturated fatty acids, among others [6,12,27].
Hence, exploring their nutritional value and potential content has become an emerging
requirement for the scientific community.

2.2. Evaluation of the Lipid Profile of Plum Seed Oils
2.2.1. Fatty Acid Composition

As previously reported, plum kernel oils are well known for their desirable lipid profile
composed mostly of oleic and linoleic acid, with multiple benefits for human health [6,8,17].

In the present work, the fatty acid content of different oils obtained from three plum
seed residues (PBF, PAF, and PAFD) was determined to study the effect of processing on
the lipid content. The resulting lipid profiles of the plum seed oils are shown in Table 2.

Table 2. Fatty acid composition of plum seed oils.

Fatty Acids PBF Oil (%) PAF Oil (%) PAFD Oil (%)

Palmitic acid (C16:0) (5.60 ± 0.05) a (5.52 ± 0.01) a (5.15 ± 0.01) b

Palmitoleic acid (C16:1n7) (0.765 ± 0.004) a (0.586 ± 0.006) b (0.59 ± 0.03) b

Margaric acid (C17:0) (0.0439 ± 0.0008) a (0.04 ± 0.01) a (0.048 ± 0.002) a

Cis-10-heptadecenoic acid
(C17:1n10c) (0.082 ± 0.004) a (0.092 ± 0.001) b (0.0879 ± 0.0009) b

Stearic acid (C18:0) (1.9 ± 0.1) a,b (1.85 ± 0.06) a (2.13 ± 0.04) b

Oleic acid (C18:1n9c) (75.56 ± 0.04) a (74 ± 1) a,b (72 ± 1) b

Linoleic acid (C18:2n6c) (15.83 ± 0.02) a (18.1 ± 0.9) a,b (20 ± 1) b

Arachidic acid (C20:0) (0.176 ± 0.001) a (0.174 ± 0.001) a,b (0.157 ± 0.003) b

∑ SFA (7.76 ± 0.07) a (7.58 ± 0.09) b (7.49 ± 0.06) b

∑ UFA (92.24 ± 0.07) a (92.42 ± 0.09) b (92.51 ± 0.06) b

∑ MUFA (76.40 ± 0.05) a (74 ± 1) a,b (72 ± 1) b

∑ PUFA (15.83 ± 0.02) a (18.0 ± 0.9) a,b (20 ± 1) b

PUFA/SFA ratio (2.04 ± 0.02) a (2.38 ± 0.09) a (2.7 ± 0.2) b

Results are represented in percentages with estimates of standard deviation (n = 2). Values on the same row
with different letters denote significant differences (p-value < 0.05) among samples according to ANOVA and
Fisher’s LSD test. SFA: saturated fatty acids. UFA: unsaturated fatty acids. MUFA: monounsaturated fatty acids.
PUFA: polyunsaturated fatty acids (unsaturation ≥ 2). PUFA/SFA: ratio between polyunsaturated and saturated
fatty acids.

A total of eight fatty acids were identified in the PBF, PAF, and PAFD seed oil samples
(Table 2). Plum seed oils, independent of which stage the seeds were collected from
during the brandy manufacturing process, were found to be a good source of UFA, mainly
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C18:1n9c and, to a lesser extent, C18:2n6c. In addition, considerable amounts of C16:0 and
C18:0 were also identified. The remaining four fatty acids were found in small amounts
in all samples. These results are comparable with those shown in the literature for plum
seeds of the variety P. domestica L. Specifically, Rodríguez-Blázquez et al. [6] found that
plum seed oil, which was extracted by Soxhlet using n-hexane, mainly contain C18:1n9c
(72.7± 0.2%) and C18:2n6c (16.4± 0.2%) and, in smaller amounts, C16:0 (5.71± 0.03%) and
C18:0 (2.86 ± 0.05%). Górnás et al. [29] extracted plum seed oils of the same variety with
an ultrasound probe using n-hexane and reported a composition of C18:1n9c (60.2 ± 7.4%),
C18:2n6c (31.8 ± 6.9%), C16:0 (5.2 ± 0.7%), and C18:0 (1.5 ± 0.4%). Finally, Vladić et al. [8]
determined that the lipid profile of P. domestica L. seed oils, extracted via supercritical CO2
and cold pressing, was also predominantly C18:1n9c (65–68%), C18:2n6c (22–25%), C16:0
(5.79–5.80%), and C18:0 (1.62–1.92%).

To study the effect of plum seed processing on the lipid content of the seed oil, a one-
factor ANOVA statistical study and Fisher’s LSD test were carried out (Table 2). PAFD seed
oil showed significant differences (p-value < 0.05) in all fatty acids, except C17:0 and C18:0,
in comparison with PBF seed oil. Moreover, it is noteworthy that C17:0 was the only one
that did not present significant differences (p-value ≥ 0.05) within the process. In addition,
several studies affirm that the lipid profile of oils, as well as their bioactive compounds,
can be modified with the processing that seeds undergo [5,30]. On one hand, Rabrenović
et al. [5] studied the effect of processing that plum seeds of the “Čačanska rodna” variety
underwent in obtaining plum brandy and demonstrated that C16:0 content in the obtained
cold-pressed oils suffered a significant modification after the distillation procedure in
slivovitz brandy manufacturing. The same was observed with the content of SFA, UFA, and
MUFA. However, the PUFA content does not differ significantly (p-value < 0.05) between
the different processed seed residues. Curiously, they found that after distillation, trans-
fatty acids begin to appear, such as elaidic acid (C18:1n9t) or linoelaidic acid (C18:2n6t),
although in small amounts. It may be related to the isomerization process that C18:1n9c
and C18:2n6c undergo with the temperature applied in the distillation process, although
the presence of these trans fats heavily reduces the nutritional quality of the oils. On the
other hand, Bjelica et al. [30] demonstrated that wine processing of grape seed residues was
a significant factor to consider in the lipid content of grape seed residue oils. In this case,
they did not observe the appearance of trans-fatty acids and confirmed that the content of
C18:1n9c, C18:2n6c, MUFA, and PUFA was modified during the different processing stages.

The presence of high amounts of unsaturated fatty acids, mainly C18:1n9c and
C18:2n6c, in all plum seed oils studied means that they can be considered healthy for
humans [31]. C18:1n9c is the main MUFA found in the circulatory system and is well
known for its many benefits to human health [32]. It is known to be the key energy
molecule in the maintenance and development of cell membranes. One of its most char-
acteristic effects is its antioxidant character, as it can regulate both the synthesis and the
activities of antioxidant enzymes, even reducing oxidative stress, one of the main hypothe-
ses of Alzheimer’s disease [33]. Along with its ability to decrease the expression of proteins
related to cholesterol transport, thus reducing cholesterol absorption and oxidation of LDL
and preventing atherosclerosis. This fatty acid also has potential anti-cancer activities as it
can inhibit the overexpression of oncogenes and their apoptotic effects [32–34]. Regarding
C18:2n6c, a major constituent of the dietary PUFA ratio and omega-6 essential fatty acid, it
has been highlighted in the scientific community for its many positive activities on human
health. Data available in the literature suggest that circulating concentrations of C18:2n6c
can reduce the risk of cardiovascular disease not only due to its cholesterol-lowering effect
but also its beneficial effect on glucose metabolism. In addition to C18:1n9c, several studies
suggest that it may have a beneficial effect on inflammatory parameters, causally correlated
with the development of many degenerative diseases, and may also reduce the concen-
tration of LDL, which cause dysrhythmia, coronary heart disease mortality, and blood
pressure [35–37]. In addition, the presence of a higher MUFA content compared to PUFA in
plum seed oils is potentially interesting as monounsaturated fatty acids are characterized
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by increased stability of oils against lipid oxidation, as well as higher anti-inflammatory
activities that help to reduce the risk of developing coronary heart disease [6]. In tandem
with the high PUFA/SFA ratio of the plum seed oils, which allows for the reduction in
cholesterol levels in the blood. Thus, the levels were higher than the recommendations
of the UK Department of Health [38], which established the PUFA/SFA ratio in the hu-
man diet above 0.45 to present outstanding benefits for the prevention or treatment of
cardiovascular diseases.

All things considered, the lipid profile of the plum seed residue oils suggests that these
oils may have an interesting value-added potential that needs to be explored; therefore, the
determination of healthy quality indexes is necessary to evaluate their possible bioactivities
for human health.

2.2.2. Heart-Healthy Lipid Quality Indexes

The determination of heart-healthy indexes of oils is an important factor in ensuring
their lipid quality [9]. Healthy lipid indexes determined for PBF, PAF, and PAFD seed oils
are shown in Table 3.

Table 3. Heart-healthy lipid indexes of plum seed oils.

Lipid Indexes PBF Oil PAF Oil PAFD Oil

Desirable fatty acid
(DFA) (%) (94.18 ± 0.05) a (94.27 ± 0.03) a (94.64 ± 0.01) c

Atherogenicity (AI) (0.0607 ± 0.0005) a (0.0597 ± 0.0002) b (0.0557 ± 0.0002) c

Hypocholesterolemic/Hypercholesterolemic (H/H) (16.3 ± 0.1) a (16.62 ± 0.05) b (17.8 ± 0.1) c

Oleic acid/linoleic acid ratio (O/L) (4.772 ± 0.002) a (4.1 ± 0.3) a,b (3.6 ± 0.3) b

Values are represented as mean ± standard deviation (n = 2). Values with different letters in the same row denote
significant differences (p-value < 0.05) among samples according to ANOVA and Fisher’s LSD test.

According to the DFA index, the formation of two homogeneous groups (p-value < 0.05)
was observed (one group was formed between PBF and PAF seed oils, and the other group
was formed via PAFD seed oil). High values were found in all seed oils (Table 3), evidencing
their high hypocholesterolemic properties, and their capacity to reduce blood cholesterol
levels in humans. In addition, the H/H ratio is positively correlated with the DFA index
and measures the bioactive properties of oils. The values of H/H obtained for plum seed
oils were statistically different (p-value < 0.05), indicating that this oil quality parameter
was modified via processing, and in all studied cases, they were characterized by high
values, which confirms that the seed oils studied could reduce the risk of suffering from
cardiovascular diseases and could even have bioactive properties such as anti-inflammatory,
even managing to reduce the risk of suffering from diabetes [9,39]. Considering the values of
the AI index, significant differences (p-value < 0.05) were observed in all oils. Furthermore,
according to data found in the literature [9], the low levels obtained for this index in all oils
could be suitable for the prevention of coronary heart disease. Thus, the lower this value,
the healthier the food, indicating the promising potential of these plum seed oils. Finally,
the oleic acid/linoleic acid (O/L) ratio was calculated, which is positively correlated with
the oxidative stability of the oils [40]. Higher ratios of O/L are associated with a longer shelf
life because C18:2n6c (which has two double bonds) is more susceptible to the degradation
process than C18:1n9c (which only has one double bond). The oils from plum seed residues
obtained in the different stages of plum brandy manufacturing presented high values of the
ratio (O/L), and the PAFD seed oil presented statistically significant differences (p-value
< 0.05) with the PBF seed oil. Therefore, the variation in the O/L ratio in PAFD seed oil
may indicate that it is more exposed to oxidative degradation processes [41]. Overall, the
lipid indexes and, therefore, the fatty acid content of the plum seed oils were modified
during brandy processing. Although PAFD seed oil showed the most suitable heart-healthy
indices, namely lower AI and higher DFA and H/H values, its lowest O/L ratio could
favor oil degradation and hence the formation of toxic compounds that could drastically
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reduce their nutritional quality. In this line, all the studied oils showed heart-healthy
lipid indexes that may be of interest as an active ingredient in the food or nutraceutical
industry for the prevention of cardiovascular diseases [42]. While PBF and PAF seed oils
would be suggested as a potential use in the elaboration of cosmetics against anti-aging
or atopic dermatitis, as they present high ratios of O/L, which increase their oxidative
stability [40,41].

2.3. Determination of Tocopherols Content of Plum Seed Oils

Tocopherols are paramount bioactive constituents of vegetable oils. These compounds
are known to be associated with a lower risk of coronary heart disease and cancer. In
addition, these compounds prevent lipids and lipid-containing foods from oxidizing during
storage, prolonging their stability and shelf life, which is essential when it comes to food
production and marketing [43].

The content of tocopherols in plum seed oils before fermentation, after fermentation,
and after both fermentation and distillation was determined using a high-performance
liquid chromatographic coupled to a photodiode array detector (HPLC/PDA). While the
target was the determination of all four vitamin E isoforms (α-, β-, γ-, and δ-tocopherol),
this separation was not achieved. Based upon bibliographic research, a stationary phase
such as pentafluorophenylsilica (PFPS) was supposedly selective between these slightly
different analytes [44], albeit none of them were even retained. Further research landed
upon using C18 columns, highlighting the fact that such a stationary phase would never
allow the separation between β- and γ-tocopherol due to their similarities in their chemical
structures [45]. Abidi et al. [46] suggested the possibility of increasing the separation by
using 2-propanol as the organic modifier of the mobile phase, given its lower dissociating
effect toward analytes. Nonetheless, the resolution between β- and γ-tocopherol peaks
was not acceptable with the mobile phase propanol–water 70:30 (v/v), only allowing the
detection of high β-tocopherol concentration (which was not expected in plum samples).
This fact, together with the broadening of the other chromatographic peaks, which de-
creased the sensitivity of the method, led to the selection of only methanol as the optimal
mobile phase.

Table 4 includes the main analytical characteristics of the chromatographic method
developed for the determination of tocopherols. Accordingly, the method was proved to
be linear (R2 > 0.9990) in two concentration ranges for all three analytes, other than the
β-tocopherol, given its coelution with γ-tocopherol. As far as reproducibility is concerned,
it appears that the method developed meets the requirements, particularly for the repro-
duction of peak areas. The coefficient of variation is less than 5% in all cases. Regarding the
retention factor, given the nature of liquid chromatography itself, it is also reproducible,
although its coefficient of variation is higher than the former.

Table 4. Calibration curve for α-, γ-, and δ-tocopherol.

Compound
LOD/LOQ
(mg·L−1)

Linear
Range

(mg·L−1)

Calibration Curve CV (%) Intraday (n = 3)
CV (%) Interday

(N = 9)

a b (L·mg−1) R2 k Area k Area

α
0.17 */0.5

**
0.5–20 *;

20–100 **
(0 ± 2)·103 *;
(0 ± 5)·104 **

(115 ± 2)·102 *;
(132 ± 7)·102 **

0.9990 *;
0.9942 **

1.39 *; 2.10 **
0.56 *; 1.20 **
1.75 *; 2.12 **

4.3 *; 2.3 **
3.7 *; 2.4 **
3.8 *; 2.5 **

6.4 *; 3.9 ** 3.7 *; 2.6 **

γ
0.17 */0.5

**
0.5–20 *;

20–100 **
(3 ± 4)·103 *;
(0 ± 5)·104 **

(129 ± 4)·102 *;
(146 ± 7)·102 **

0.9975 *;
0.9957 **

1.30 *; 1.79 **
0.58 *; 1.24 **
2.42 *; 2.22 **

5.2 *; 2.0 **
3.6 *; 3.2 **
2.9 *; 2.7 **

6.9 *; 4.0 ** 4.3 *; 2.9 **

δ
0.10 */0.3

**
0.3–20 *;

20–100 **
(7 ± 5)·103 *;
(0 ± 1)·104 **

(88 ± 4)·102 *;
(117 ± 2)·102 **

0.9923 *;
0.9996 **

1.02 *; 1.94 **
0.50 *; 1.37 **
2.93 *; 2.45 **

3.5 *; 1.9 **
4.5 *; 3.1 **
3.3 *; 2.2 **

6.7 *; 4.1 ** 4.1 *; 2.6 **

* Analytical parameter for α-tocopherol: 10 mg·L−1, γ-tocopherol: 5 mg·L−1, and δ-tocopherol: 2 mg·L−1.
** Analytical parameter for α-tocopherol: 100 mg·L−1, γ-tocopherol: 50 mg·L−1, and δ-tocopherol: 50 mg·L−1.
Limits of detection (LOD) and quantification (LOQ) calculated as 3.3 and 10 times the background noise signal,
respectively. All measures were taken at a wavelength of 292 nm.
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According to what other authors have stated, the main tocopherol source in plum
oil is the γ- homolog [47,48], which, in this study, varied between 5.7 and 11.2 mg·kg−1,
whereas α- and δ-tocopherol ranged from 2.02 to 2.5 mg·kg−1 and 1.48 to 2.2 mg·kg−1,
respectively. These results are in accordance with those obtained by Popa et al. [47];
in addition, the values are only comparable to a certain extent, considering the scarce
information available in the literature about composition changes provoked by processing.
The multifactorial ANOVA test performed with the obtained values confirmed that there are
significant differences (p-value <0.05) between all the analytes in every sample, especially
for the γ- homolog, experiencing a great decrease during the fermentation and a noticeable
increase after distillation. The α- and δ- homologs present an alike behavior, increasing the
concentration during the fermentation process and then maintaining it in the distillation.
As can be observed in Figure S2, after fermenting, the appearance of two new peaks within
the 5 and 6 min mark is visible. Those two peaks are only present in PAF and PAFD,
indicating that during the said procedure, a change is induced in the samples, in addition
to the drastic variety in the γ-tocopherol concentration.

As far as the total tocopherol content goes (Figure 1), a decrease in tocopherol content
with fermentation can be easily observed, and then, during the distillation process, it
increases yet again. Hubert et al. [49] suggested that this may be attributed to the incubation
temperature during the fermentation step or the presence of O2 that oxidizes the substrate
via Ultraviolet-Visible or heat exposure. Notwithstanding, Winkler-Moser et al. [50] claimed
that the total tocopherol content was higher in the post-fermentation samples, despite it
being lower in tocopherol content, due to a possible transformation of tocopherols into
tocotrienols and vice versa. Not only do tocopherols participate in those antioxidant
reactions, but also in “side reactions” that are not fully unraveled yet, in tandem with
an interconversion [50]. Bruscatto et al. [51] stated that the accelerated degradation of
α-tocopherol resulted in secondary reactions of the tocoferoxil radical with hydroperoxides
of fatty acids, which were not oxidized, to form new radicals. However, it may have
also reacted with hydroperoxides, forming peroxil radicals and increasing lipid oxidation
reactions. The oxidative degradation tocopherols experience is greatly influenced by the
oxidation of unsaturated fatty acids, which increases with lipid oxidation, high oxygen
concentration and the presence of radicals. It is not possible to only correlate the variation
in the concentration to the oxidation reactions, considering it does not explain the increase
in γ-tocopherol. Although there is no information concerning how the procedure directly
affects the seed, previously, it has been discussed how the presence of alcohol enhances the
porosity of the seed, and therefore, it makes it easier for the tocopherols to migrate to the
must, which would explain why the concentration of the γ-homolog experiences a great
decrease. As the process continues throughout the distillation, the alcohol evaporation has
a detrimental effect on the migration, in contrast with the preconcentrating effect for the
tocopherols in the seed.

As previously reported, concerning the properties of each homolog, Hensley et al. [52]
stated that higher levels of α-tocopherol may induce a decrease in γ, undesirably, due to
the capacity of γ-tocopherol to prevent myocardial diseases as well as be less prone to
cancer induction than the former. Aksoz et al. [10] indicated that α- and γ-tocopherol have
antagonist effects, and a high γ/α concentration ratio implies a higher risk of obesity. In
this study, as the β homolog is minoritarian in comparison to γ, it was overruled. Hence,
the obtained ratios were (5.0 ± 0.2), (2.27 ± 0.02), and (4.5 ± 0.1) for PBF, PAF, and PAFD,
respectively, which implies that the oil with the lower risk is the one obtained from seeds
after fermentation, albeit α-tocopherol is observed to reduce the mortality of a heart stroke
in contrast with what was observed with γ-tocopherol. Likewise, Seppanen et al. [53]
contrasted in a thorough review what other authors have prior observed, landing upon
the conclusion that the α-tocopherol is more susceptible to suffer oxidation because of
donating its hydroxyl radical than the γ homolog. Therefore, this tocopherol is believed to
have higher antioxidant activity, at the very least, at a proven concentration of 40 mg·L−1,
in contrast with the γ-tocopherol, which requires between 100 and 200 mg·L−1 to equate
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its capacity. Jung et al. [53] demonstrated that at concentrations higher than 100, 250, and
500 mg·L−1 of α-, γ-, and δ-tocopherol, respectively, they acted as pro-oxidants during
lipid oxidation, resulting in an increase in the levels of hydroxyperoxide and conjugated
dienes. Furthermore, they hypothesized that the higher the concentrations of tocopherols
in lipids, the greater the amounts of radical intermediates formed from the oxidation of
tocopherols during storage.

Figure 1. Tocopherol content in three plum seed oils. Values are expressed as mean ± standard
deviation (n = 4). Different colors represent each tocopherol, in addition to a different pattern and a
different letter denote significant differences in their content at a p < 0.05 value according to ANOVA
and Fisher´s LSD test. PBF: plum before fermentation, PAF: plum after fermentation, and PAFD:
plum after both fermentation and distillation. All data are expressed as mean ± standard deviation
(n = 4) mg per kg of dry plum initial seed (moisture content of PBF (4.5 ± 0.7%), PAF (2.6 ± 0.1%),
and PAFD (1.9 ± 0.2%).

2.4. Determination of Total Phenolic Content and Individual Polyphenols of Defatted Plum Seeds

The consumption of phenolic compounds has been shown to have positive health
effects, such as preventing a variety of chronic degenerative diseases and delaying the
aging process [14]. In this case, seeds obtained from plum kernels that do not meet market
specifications were submitted to the correlation analysis between total phenolic content
(TPC) and total flavonoid content (TFC) and the effect of plum brandy manufacturing. The
TPC and TFC values from phenolic extracts are shown in Figure 2.

According to the TPC results represented in Figure 2, two homogeneous groups
(p-value < 0.05) were observed. On one hand, PBF seed phenolic extract with PAF extract
formed the first group, and on the other hand, PAFD phenolic extract. A statistically
significant (p-value < 0.05) increase in TPC was observed in PAFD extract ((2.4 ± 0.5)
mg GAE·g−1 defatted seed) contrasting with the phenolic extracts PBF ((0.63 ± 0.06) mg
GAE·g−1 defatted seed) and PAF ((0.57 ± 0.08) mg GAE·g−1 defatted seed). Accordingly,
Sheikh et al. [14] demonstrated that the TPC of P. domestica L. seeds subjected to various
thermal processes ranged from 0.912 to 0.685 mg GAE·g−1. Furthermore, Mehta et al. [16]
determined that the TPC of dried P. domestica L. seeds were 1.05 mg GAE·g−1. The highest
TPC (p-value < 0.05) was observed in the defatted seed after fermentation and distillation,
with respect to the other two defatted seeds, PBF and PAF. This increase may be attributed
to the high temperatures to which the plum pits were subjected during the distillation
process and could be the result of a simple phenolic compounds reaction, which could lead
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to the formation of browning products favored at high temperatures and an increase in
polyphenolic content when released [14].

Figure 2. Total phenolic content (TPC) (mg GAE·g−1 defatted seed) and total flavonoid content (TFC)
(mg QE·g−1 defatted seed) of plum seed extracts obtained under optimal MSPD extraction conditions.
GAE: gallic acid equivalent; QE: quercetin equivalent. All data are expressed on a dry basis (moisture
content of PBF defatted seed (4.45 ± 0.07%), PAF defatted seed (2.4 ± 0.1%), and PAFD defatted seed
(1.82 ± 0.06%), as mean ± standard deviation (n = 3). Standard calibration curves of TPC:
(y = (4.7 ± 0.5)·103x + (1.7 ± 0.7)·10−3, R2 = 0.9992) and of TFC: (y = (3.50 ± 0.0.08)·103x + (14
± 2)·10−3, R2 = 0.9845). Mean values with different letters and with different patterns denote
significant differences with p-value < 0.05, according to ANOVA and Fisher´s LSD test.

Considering the total flavonoid content, values between 0.9 and 1.3 mg QE·g−1 de-
fatted seeds were obtained (Figure 2), which were slightly higher than those found in
other studies performed on plum seeds of the European variety (<0.58 mg QE·g−1) [16,54].
Likewise, no statistically significant differences (p-value < 0.05) were observed between
the different plum samples; hence, plum brandy processing does not seem to affect the
TFC content.

For the identification and quantification of individual phenolic compounds from three
defatted plum seed samples, a non-targeted high-performance liquid chromatography
coupled to a quadrupole time-of-flight mass spectrometer (HPLC-ESI-QTOF-MS) method-
ology was employed. Table S1 shows the retention time obtained for each polyphenol, its
respective molecular formula, its molecular pseudo-peak, and its identified fragments. In
all cases, a minimum of three fragments were obtained, which allowed for the unequivocal
identification of each polyphenol present in the samples. The fragment used for quan-
tification, which corresponded to the most intense fragment in all cases, is indicated in
bold. A total of seventeen phenolic compounds were identified. Accordingly, ten phenolic
acids, including five hydroxybenzoic acids, were identified as follows: gallic acid (peak 1,
RT = 2.7 min), 2,3-dihydroxybenzoic acid (peak 2, RT = 4.9 min), vanillic acid (peak 7,
RT = 9.2 min), syringic acid (peak 10, RT = 9.7 min), and protocatechuate (peak 4,
RT = 5.0 min), as well as five hydroxycinnamic acids including the following: neochloro-
genic acid (peak 3, RT = 4.9 min), chlorogenic acid (peak 6, RT = 7.8 min), caffeic acid (peak
9, RT = 9.6 min), p-coumaric acid (peak 11, RT = 11.8 min), and trans-ferulic acid (peak 12,
RT = 15.2 min). Finally, seven low-molecular-weight flavonoids were identified, includ-
ing two flavanols: catechin (peak 5, RT = 7.5 min) and its isomer, epicatechin (peak 8,
RT = 9.8 min), a flavanone hesperidin (peak 15, RT = 18.4 min), and four flavanols:
kaempferol (peak 17, RT = 32.6 min), kaempferol-3-rutinoside (peak 13, RT = 17.7 min),
isorhamnetin-3-rutinoside (peak 14, RT = 17.9 min), and quercetin (peak 16, RT = 27.0 min).
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The phenolic compounds identified in defatted plum seed extracts are in line with those
reported in other studies. As such, Sheikh et al. [14] identified eleven phenolic compounds
in plum seeds: gallic acid, chlorogenic acid, catechin, syringic acid, caffeic acid, trans-ferulic
acid, 2,3-dihydroxy benzoic acid, quercetin, and three new phenolic compounds: rutin
trihydrate, ellagic acid, and tannic acid. Savic et al. [13] found rutin, epigallocatechin,
gallic acid, trans-ferulic acid, syringic acid, epicatechin, caffeic acid, and p-coumaric acid.
Furthermore, a non-phenolic compound was detected in phenolic extracts from PBF and
PAF seeds but not in PAFD. The peak occurred at 6.8 min, with a precursor [M-H] ion
at m/z 456.151211 and MS/MS fragments at m/z 391.2956, 323.0798, 263.0537, 221.0551,
161.0341, and 119.0294, resulting in the molecular formula C20H27NO11. According to
the literature [55], the fragment at m/z 323 was produced because of the neutral loss of a
disaccharide [M-H-133], which allowed for the unequivocal identification of this substance
known as amygdalin. Amygdalin, a cyanogenic diglucoside compound (D-mandelonitrile-
β-D-gentiobioside; syn: D-mandelonitrile-β-D-glucosido-6-β-glucoside), is responsible for
the bitterness as well as the toxicity of seeds of the Prunus family, including plum seeds [56].
Amygdalin itself is not considered toxic, but its complete hydrolysis generates, in the pres-
ence of the enzyme β-glucosidases or α-hydroxynitrilolyases, hydrogen cyanide (HCN), a
highly toxic and anti-nutritive compound, and glucose and benzaldehyde [18,56]. Several
studies [14] reported that HCN undergoes a degradation process at high temperatures, and
accordingly, it has not been found in the defatted plum seed after both fermentation and
distillation due to the high temperatures applied during the distillation and subsequent
defatting process. Nowadays, it is well known that amygdalin is supposed to be harmful
to the human body when levels are exceeded in oral, intramuscular, or intravenous admin-
istration [18,56]. The permitted limits set by the European Commission (EU) Regulation
(2017/123712) have been particularly a maximum HCN level of 5 mg·kg−1 in canned
stoned fruits and 35.5 mg·kg−1 in alcoholic beverages [57]. In humans, the lethal dose
of HCN is considered 50 mg, which is equivalent to 0.8 mg·kg−1 body weight. A blood
cyanide level of 0.5 mg·L−1 is cited in the literature as the threshold for toxicity in humans.
Makovi et al. [58] used a similar equipment (HPLC-QTOF-MS) and established the limit of
detection (LOD) of amygdalin as 0.015 mg·mL−1; thus, as in PAFD seed was not detected, it
means that it may contain amygdalin concentrations below that value. Despite the toxicity
with which amygdalin is correlated, there is currently a scientific gap, given that several
in vitro studies have proven that amygdalin could induce the apoptosis of cancer cells,
as well as inhibit their proliferation, which could be potentially interesting in the treat-
ment of neurodegenerative diseases and cancer [59,60]. Be that as it may, amygdalin has
even been shown to have potential anti-inflammatory, antinociceptive, and neurotrophic
effects [18,55,61,62]. Although its potential benefits are not known with absolute certainty,
hence in vivo and clinical studies and safety measures are needed to assess its effects on
human health. Nevertheless, it is important to point out that there are still no studies
indicating its dermal toxicity levels, and it has been shown that it could have a valuable
topical application; therefore, in this line, Gago et al. [63] have shown that an amygdalin
analog could reduce the proliferative capacity of psoriasis-stimulated keratinocytes and
their inflammatory response in vivo and in vitro. In view of the above, and considering
the toxicity of HCN, it would be necessary, firstly, to quantify the former in the extracts
obtained from the seed residues before fermentation and after fermentation to ultimately
define their suitability as nutraceuticals or agri-food ingredients. Likewise, the application
of methodologies to reduce amygdalin levels to minimum values, such as the detoxification
processes [14], could be of interest for guaranteeing secure exploitation and applicability of
those phenolic seed extracts.

The results corresponding to the phenolic quantification of the three defatted plum
seeds evaluated (PBF, PAF, and PAFD) are shown in Table 5. Neochlorogenic acid, chloro-
genic acid, protocatechuate, 2,3-dihydroxybenzoic acid, caffeic acid, and quercetin were
the main polyphenols found in the three types of samples. Savic et al. [13] reported trans-
ferulic acid (143 μg·g−1), p-coumaric acid (118 μg·g−1), rutin (64 μg·g−1), epigallocatechin
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(19 μg·g−1), epicatechin (9.5 μg·g−1), syringic acid (8.7 μg·g−1), gallic acid (6.4 μg·g−1),
and caffeic acid (3 μg·g−1) as major phytochemicals in P. domestica L. seeds. Meanwhile,
Sheikh et al. [14] found that rutin (5670 μg·g−1), 2,3-dihyroxybenzoic acid (3780 μg·g−1),
gallic acid (1890 μg·g−1), catechin (1070 μg·g−1), syringic acid (900 μg·g−1), caffeic acid
(300 μg·g−1), and chlorogenic acid (250 μg·g−1) were the main polyphenols present in plum
seeds. In relation to the latter study, the presence of lower quantities of phenolic compounds
in the PBF, PAF, and PAFD seeds of this present study may be due to the plum brandy
manufacturing process itself, as well as the subsequent defatting to which they have been
subjected, which may favor the degradation or loss of labile phenolic compounds [4,64].

Table 5. Quantification of phenolic compounds by HPLC-ESI-QTOF-MS in defatted plum seed extracts.

Compound
PBF

(μg·g−1)
PAF

(μg·g−1)
PAFD

(μg·g−1)

2,3-Dihydroxybenzoic acid A 27.3 ± 0.1 a 86 ± 4 b 35 ± 2 c

Neochlorogenic acid B 217 ± 1 ab 368 ± 98 b 90 ± 3 a

Chlorogenic acid B 36.1 ± 0.7 a 117 ± 22 b 51 ± 14 a

Vanillic acid A n.q. 0.9 ± 0.1 a n.q.

Caffeic acid B 3.6 ± 0.3 a 14 ± 2 a 64 ± 10 b

Syringic acid A n.q. n.d. n.q.

p-Coumaric acid C 2.3 ± 0.9 a 2.301 ± 0.009 a 6.1 ± 0.3 b

trans-Ferulic acid D 18.5 ± 0.6 a n.d. 3.4 ± 0.2 b

Kaempferol 3-rutinoside E n.q. n.d. n.q.

Isorhamnetin 3-rutinoside F 1.86 ± 0.08 a n.q. n.q.

Quercetin F 15.1 ± 0.7 a 28 ± 2 a 15 ± 8 a

Kaempferol E 1.38 ± 0.02 a 0.9 ± 0.3 a 19 ± 12 a

Gallic acid G 8.9 ± 0.1 a 34 ± 2 b n.q.

Hesperidin H n.d. n.q. n.q.

Catechin I n.d. n.d. n.q.

Epicatechin J n.d. n.d. n.q.

Protocatechuate A 31.80 ± 0.08 a 100 ± 11 b 39 ± 7 a

Total phenolic acids 346 ± 1 a 722 ± 123 b 289 ± 12 a

Total flavonoids 18.4 ± 0.7 a 29 ± 2 a 34 ± 19 a

Total phenolics 364.2 ± 0.7 a 752 ± 121 b 324 ± 0.7 a

Upper-case letters indicate which calibration curve is applied. Standard calibration curves: A—2,3-
dyhydroxibenzoic acid (y = (1.7 ± 0.1)·107x + (1.0 ± 0.1)·106, R2 = 0.9962, LOD = 1.1 μg·L−1 and
LOQ = 3.7 μg·L−1); B—caffeic acid (y = (2.98 ± 0.07)·107 x + (8.0 ± 0.7)·105, R2 = 0.9990, LOD = 2.5 μg·L−1

and LOQ = 8.3 μg·L−1); C—p-coumaric acid (y = (1.7 ± 0.1)·107x + (8.0 ± 0.7)·105, R2 = 0.9964, LOD = 1.1 μg·L−1

and LOQ = 3.7 μg·L−1); D—trans-ferulic acid (y = (5.4 ± 0.1)·106x + (1.0 ± 0.1)·105, R2 = 0.9993, LOD = 1.7 μg·L−1

and LOQ = 5.7 μg·L−1); E—kaempferol (y = (3.6 ± 0.1)·107 x + (1.0 ± 0.1)·106, R2 = 0.9962, LOD = 1.4 μg·L−1

and LOQ = 4.7 μg·L−1); F—quercetin (y = (3.6 ± 0.1)·107 x + (3 ± 1)·106, R2 = 0.9965, LOD = 1.4 μg·L−1, and
LOQ = 4.7 μg·L−1); G—gallic acid (y = (2.0 ± 0.1)·107 x + (1.0 ± 0.1)·106, R2 = 0.9962, LOD = 8.6 μg·L−1, and
LOQ = 28.7 μg·L−1); H—hesperidin (y = (1.37 ± 0.02)·107 x + (3 ± 1)·105, R2 = 0.9997, LOD = 0.3 μg·L−1, and
LOQ = 0.1 μg·L−1); I—catechin (y = (1.61 ± 0.01)·107 x + (9 ± 1)·104, R2 = 0.9998, LOD = 0.9 μg·L−1, and
LOQ = 3.0 μg·L−1); J—epicatechin (y = (1.31 ± 0.02)·107 x + (2 ± 1)·105, R2 = 0.9996, LOD = 0.8 μg·L−1, and LOQ
= 2.7 μg·L−1); n.d. = not detected; n.q. = not quantified. All data are expressed on a dry basis (moisture content
of PBF defatted seed (4.45 ± 0.07%), PAF defatted seed (2.4 ± 0.1%), and PAFD defatted seed (1.82 ± 0.06%), as
mean ± standard deviation (n = 3). Mean values with different lower-case letters denote significant differences
with p-value < 0.05, according to ANOVA and Fisher´s LSD test.w

According to the functionalities, the main phenolic compounds determined in the
seeds studied were neochlorogenic, chlorogenic, and protocatechuate acids, which are
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known to be phenolic compounds with neuroprotective, antibacterial, anti-inflammatory,
anti-cancer, anti-diabetic, and hypoallergenic activities [65–68]. 2,3-dihydroxybenzoic acid
is attributed to present antibacterial properties against the growth of pathogens such as
Escherichia coli, Listeria motocytogenes, or Staphylococcus aureus among others; thus, it is
widely used against antibiotic resistance [69]. Caffeic acid, one of the main compounds
coming only from the defatted PAFD seed, stands out not only for its effect against oxidative
stress but also for its photoprotective effect against ultraviolet radiation, therefore reducing
inflammation, genetic mutation, and immunosuppression in human skin cells [70]. In
addition, it is key to preventing lipid oxidation and increasing the shelf life of food [71].

Regarding the effect of processing on the phenolic profile of defatted plum seed ex-
tracts, three different trends in the variation in phenolic composition with seed processing
were observed (Table 5). Firstly, 2,3-dihydroxybenzoic acid, neochlorogenic acid, chloro-
genic acid, gallic acid, vanillic acid, protocatechuate, and quercetin showed an increase in
their content after the fermentation process (PAF phenolic extract). This could be explained
by the fact that during the fermentation process, the appearance of alcohol could increase
the porosity of the seeds, allowing the release of these phenolic compounds that, previously
to the process, could be found bound to sugars or other biomolecules [72,73]. Other than
quercetin, the increase in the content of these phenolic compounds in PAF phenolic extract
was statistically significant (p-value < 0.05) compared to PBF extract. In addition, once the
seeds were subjected to a subsequent distillation process (PAFD), a significant decrease
(p-value < 0.05) in all the above was observed except for quercetin. According to the
literature [74], the high temperatures used in the distillation process favor the degradation
of phenolic compounds. Further to this, caffeic acid and p-coumaric acid showed a separate
behavior, in which their content increased, although not in a statistically significant (p-value
≥ 0.05) way after the fermentation process. Nevertheless, after the subsequent distillation
process, a statistically significant increase (p-value < 0.05) was observed in both cases. As
indicated by Bjelica et al. [30], after the distillation process, the porosity of the seeds also
increases even more, which could favor the separation of both compounds from the oil and
enrichment therefore in the defatted seeds, along with an increase in the content of caffeic
acid in PAFD phenolic extract, which could be explained by the fact that high temperatures
favor the oxidative degradation process of vanillic acid into caffeic acid [75]. Hence, the
content of vanillic acid decreases simultaneously as the content of caffeic acid increases
in PAFD extract [72]. Regarding trans-ferulic acid and kaempferol, a different trend from
those mentioned above was observed. PAF defatted seed extract presents a decrease in the
content of both with respect to the initial seed extract (PBF). As indicated by Jericó-Santos
et al. [72], this could be explained due to the fact that during the alcoholic fermentation pro-
cess, a membrane diffusion mechanism of phenolic compounds from the plum seed to the
plum must generates a concentration gradient observed by the loss of phenolic compounds
in the plum seed and, at the same time, an increase in the content of phenolic compounds
in the plum must. Therefore, the decrease in the content of these flavonoids in defatted
plum seeds during the brandy production process could be attributed to the migration of
phenolic compounds from the seed toward the pulp or other by-products, enriching the
brandy obtained in phenolic compounds. Subsequently, after having undergone a later
distillation process, a statistically significant (p-value < 0.05) increase was observed in both
cases and could be correlated with the fact that these phenolic compounds probably were
attached to previously glycosylated units and after being subjected to high temperatures
they were released, thus heavily increasing their content.

Regarding the total phenolic acids (Table 5), a significant increase (p-value < 0.05)
was observed in PAF phenolic extract with respect to the initial PBF. After the distillation
process, PAFD extract significantly decreased (p-value < 0.05) its concentration with respect
to PAF phenolic extract. In accordance with other studies that claimed alcohol capacity to
increase the porosity of the seed in the fermentation process, which favors the release of
phenolic compounds that could be bound to glycosylated units, and after the distillation,
the degradation of phenolic compounds is favored [72,74]. This behavior differs from that
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observed in the Folin–Ciocalteu spectrophotometric method to determine total polyphenol
content. In the latter (Figure 2), it was observed that after both fermentation and distillation
processes, the total polyphenol content increased, albeit, considering the low selectivity of
the Folin–Ciocalteu reagent, it is likely that it is also reacting with the sugars released in the
fermentation process and, therefore, interfering with the measurement [76]. In addition,
Folin–Ciocalteu reagent can also react with other interferences, such as aromatic amino
acids, proteins, or dehydroascorbic acid, which can affect the precision of the assay. Thus,
high temperatures could also favor the formation and condensation of polymeric structures,
such as sugars, which can react with the Folin–Ciocalteu reagent [77]. With respect to the
total flavonoid content (Table 5), no significant differences (p-value ≥ 0.05) were observed
between the three processes, although an increase is noteworthy, which correlates with that
observed with the TFC aluminum complexation colorimetry method.

Overall, it is not only important to determine the phenolic composition of defatted
plum seeds, but it is also necessary to evaluate their antioxidant activities to investigate
their quality and their possible industrial applications.

2.5. Evaluation of Bioactive Properties of Plum Seed Oils and Defatted Plum Seeds
2.5.1. Antioxidant Activity

• Plum seed oils

The determination of the antioxidant capacity of oils is a crucial quality factor as
it depends on the composition of bioactive compounds such as unsaturated fatty acids,
tocopherols, and others [30]. One of the most popular methods for testing the antioxidant
activity of oils is the 2,2-diphenil-1-picrylhydrazil (DPPH) radical scavenging assay [31].
Therefore, this method was used to determine the antioxidant capacity of plum seed
oils (PBF, PAF, and PAFD). The antioxidant activity expressed as the concentration of
oil required to scavenge 50% of DPPH free radical was represented in Table 6. Trolox
was used as standard and its IC50 was ((2.5 ± 0.1) × 10−3 mg·mL−1). The IC50 values
of the three oils studied ranged from 20 to 36 mg·mL−1. In addition, two statistically
homogeneous groups were observed where PAFD seed oil showed significant differences
(p-value < 0.05) with PBF and PAF oils. The increase in the IC50 value and, thus, the
decrease in the antioxidant capacity of plum seed oil that has undergone fermentation and
subsequent distillation may be due to the high temperatures used in the distillation process,
which favor the degradation of bioactive compounds with potential antioxidant capac-
ity [74]. Furthermore, these results could be attributed to the significant decrease in C16:0
content in PAFD seed oil (Table 2), which has been described as a potent antioxidant [78].
Regarding tocopherol content, the only significant difference observed in PAFD oil, with
respect to the others, was the increase in β- + γ-tocopherol, given a higher content of the
ratio of these tocopherols against the α homolog, which is known to be the active form
with high antioxidant properties, could considerably reduce its antioxidant activity.

Table 6. Antioxidant activity determined after 24 h storage of plum seed oils.

Plum Seed Oils
DPPH

IC50 (mg·mL−1 of Oil)

PBF (20 ± 3) a

PAF (21 ± 1) a

PAFD (36 ± 2) b

Values are expressed as mean ± standard deviation (n = 2). Values with different letters denote significant
differences (p-value < 0.05) among samples according to ANOVA and Fisher’s LSD test. IC50 values represent the
concentration of oil required to scavenge 50% of DPPH free radical.

Notwithstanding, another quality parameter for oils is their stability against lipid
oxidation. Hence, the oxidative stability of plum seed oils was measured over a period
of 1–22 days using the DPPH free-radical scavenging method. The results obtained are
represented in Figure 3. The trend adopted by the IC50 data in the studied plum seed oils
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(PBF, PAF, and PAFD) was non-linear and fitted adequately to a logarithmic model (with
correlation coefficients (R2) between 0.8205 and 0.9727). As a result, a logarithmic model of
the first-order degradation kinetic reaction was used to follow the change in antioxidant
capacity during storage time. A constant trend was observed in the kinetic curves of PBF
and PAF seed oils, which indicated their high stability against lipid oxidation.

Figure 3. Kinetic curves of logarithmic model of IC50 values versus storage time of PBF, PAF and
PAFD oils. IC50 values represents the concentration of oil required to scavenge 50% of DPPH
free radical.

However, a different trend was observed in PAFD seed oil, where a progressive
increase in IC50 could be observed with storage time, which showed that this oil was more
susceptible to lipid oxidation.

On the other hand, the half-life time (t1/2) was calculated for each oil following the
procedure indicated by Rodríguez-Blázquez et al. [6]. The parameters corresponding to the
linear fit (intercept, slope, and correlation coefficient (R2)) are represented in Table 7.

Table 7. Kinetics parameters corresponding to the linear fit (intercept, slope, and correlation coefficient
(R2)) of lnc.antioxidants versus storage time of plum kernel oils.

Plum Seed Oils
Intercept

(mg·mL−1)
Slope
(h−1)

t1/2 (h) R2

PBF (−4.2 ± 0.1) × 10−3 (4.05 ± 0.04) 1732 (72 days) 0.78
PAF (−2.0 ± 0.5) × 10−4 (4.03± 0.01) 3465 (144 days) 0.64

PAFD (−9 ± 3) × 10−3 (3.7 ± 0.2) 81 (3 days) 0.86
A linear trend in the data was observed in all plum seed (PBF, PAF, and PAFD) oils. The slope refers to the first-
order constant (k) and the intercept to the logarithm of the initial concentration of antioxidant compounds (lnC0).

According to the results indicated in Table 7, it was observed that all plum seed oils
conformed to first-order kinetics with a high correlation factor (R2) ranging from 0.64 to 0.86.
The half-life time (t1/2) in which the oils are considered stable was different for each of them.
The longest shelf life was observed for PAF seed oil. PBF seed oil presented a high half-life
of 1732 h (72 days); however, a drastic decrease in this parameter was observed in PAFD
seed oil. Hence, the results obtained may indicate that the oil composition significantly
affects their antioxidant activity and, thus, the oxidative stability [41]. A crucial factor in
the oxidative stability of oils is the O/L ratio [79]. That being so, PAFD seed oil had the
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lowest proportion of oleic acid with respect to linoleic acid (3.6 ± 0.3), which could explain
its lower stability against lipid oxidation since linoleic acid (which has two double bonds)
is more susceptible to degradation than oleic acid (which only has one double bond). In
addition to the fatty acid content of the oils, other bioactive compounds that influence
oxidative stability are tocopherols. According to the tocopherol content shown in Figure 1,
PAFD seed oil differed from the others in the significant increase in the content of β- +
γ-tocopherol, so a greater proportion of these tocopherols compared to the α homolog
could result in a detrimental effect on oxidative stability [80].

According to the results obtained, it seems that the fatty acid content was the main
variability factor in the oxidative stability of the oils, yet it is necessary to further study the
possible correlations of tocopherols and fatty acids in the lipid fraction to fully prove it.
Overall, PBF and PAF oils, due to their high stability against lipid degradation and their
relevant antioxidant activity, could present potential applications in the cosmetic industry
as an active ingredient in the production of anti-aging or other potential cosmetics [81].
However, in the case of PAFD oil, because of the low oxidative stability compared to PBF
and PAF oils, the implementation of natural stabilizing agents is required to increase their
stability [82].

• Defatted seed phenolic extracts:

Concerning PBF, PAF, and PAFD phenolic extracts, the antioxidant capacity was
measured using two different methods: the DPPH -assay and the in vitro thiobarbituric
acid reactive substances (TBARS) tissue-based assay, using the porcine brain as a biological
substrate to evaluate the inhibition of lipid peroxidation. This assay was developed to
estimate the oxidative damage caused to lipid membranes by oxidizing agents via the
degradation product, malondialdehyde (MDA), which reacts with thiobarbituric acid (TBA)
to form MDA-TBA2 adducts [77]. The results obtained for the antioxidant activity of
defatted plum seeds are shown in Table 8.

Table 8. Antioxidant capacity (DPPH free-radical scavenging assay and TBARS assay) of defatted
plum seed phenolic extracts.

Defatted Seed Phenolic
Extracts

DPPH
IC50 (mg·g−1)

TBARS
IC50 (mg·g−1)

PBF (1.0 ± 0.2) a (2.1 ± 0.1) b

PAF (0.9 ± 0.2) a (5.0 ± 0.6) b

PAFD (1.9 ± 0.1) b (1.3 ± 0.1) a

Values are represented as mean ± standard deviation (n = 3) on a dry basis (moisture content of PBF defatted seed
(4.45 ± 0.07%), PAF defatted seed (2.4 ± 0.1%), and PAFD defatted seed (1.82 ± 0.06%). Values with different
letters denote significant differences (p-value < 0.05) among samples according to ANOVA and Fisher’s LSD test.
IC50 values represent the concentration of defatted phenolic extracts sample required to scavenge 50% of DPPH
free radical.

All the defatted seed phenolic extracts studied (Table 8) presented adequate antiox-
idant activity (DPPH IC50 of 0.9–1.9 mg·g−1 and TBARS IC50 of 1.3–5.0 mg·g−1). The
positive control, Trolox, presented a value of IC50 = 2.5 ± 0.1 mg·mL−1 for the DPPH
antioxidant activity assay and a value of IC50 = 11.6 ± 0.2 mg·mL−1 for the TBARS assay.
In addition, the Trolox positive control showed a low coefficient of variation for DPPH
(4%) and TBARS assays (2%), showing a high reproducibility in the applied methods. In
the DPPH and TBARS assays, two statistically homogeneous groups (p-value < 0.05) were
obtained. In the DPPH trial, PBF and PAF phenolic extracts showed significant differences
(p-value < 0.05) with PAFD phenolic extracts, while in the TBARS assay, PAF phenolic
extract showed statistically significant differences (p-value < 0.05) with respect to the other
two phenolic extracts. Considering both assays, two different trends were observed. In the
case of the DPPH free-radical scavenging assay, the antioxidant capacity in PAF extract
increased, which resulted in a lower IC50 value, contrary to what was obtained after the con-
secutive distillation process (PAFD), where the antioxidant capacity decreased with respect
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to PBF phenolic extract. Furthermore, according to the results shown in Table 5, this radical
antioxidant capacity may be influenced by variations in the content of 2,3-dihydroxybenzoic
acid, neochlorogenic acid, chlorogenic acid, gallic acid, vanillic acid, protocatechuic acid
and quercetin in the defatted seed extracts under study. The TBARS anti-lipid peroxidation
assay showed that after fermentation, the antioxidant capacity decreased, contrasting with
an increment that occurred after distillation, compared to the PBF extract. Considering the
phenolic content results shown in Table 5, TBARS antioxidant activity could be influenced
by the variations in the phenolic content: caffeic acid, p-coumaric acid, and kaempferol.

In accordance with the antioxidant results presented in Table 8, all plum seed phenolic
extracts presented outstanding lipid peroxidation inhibition activity, being useful as active
ingredients in the development of active packaging to protect foods from external oxidizing
agents and, thus, prolonging their shelf life [25]. In addition, all phenolic extracts showed
high DPPH antiradical activity, which may be useful in the cosmetic industry as active
ingredients in the development of anti-aging cosmetics, anti-stain, or even sunscreens [27].
Yet, the presence of amygdalin in PBF and PAF defatted seeds limits their application, re-
quiring an amygdalin detoxification process to reduce its levels and, subsequently, security
trials to ensure their applicability in the industrial sectors [18].

2.5.2. Neuroprotective Activity

Another bioactivity to consider is the neuroprotective one. Several studies [83,84]
demonstrated that polyphenols can interact with Aβ peptides and form the polyphenol-
protein Aβ interaction that blocks the self-association of Aβ42 monomers to produce
low-molecular-weight oligomers. Aβ42 plaques are known as the main neuropathology of
Alzheimer´s disease, being the keystone of the “amyloid cascade hypothesis”.

Therefore, neuroprotection offered by defatted plum seed phenolic extracts after both
fermentation and distillation was evaluated as the ability to inhibit Aβ42 induced aggrega-
tion. This specific extract was chosen because it was the only one in which the presence
of amygdalin had not been detected. Under normal conditions, in the absence of this neu-
rodegenerative disease, Aβ42 protein fibrils remained disaggregated, as shown in Figure 4a.
However, in metal-induced Alzheimer´s disease, Aβ42 fibrils formed aggregates often
called amyloid plaques. This increase in amyloid aggregation can be observed in Figure 4b,
where co-incubation with Fe(II) induced fibrils to form a dense tangle. Curcumin, used as a
negative control due to its well-known anti-amyloidogenic properties, inhibited amyloid
aggregation induced by Fe(II) (Figure 4c). Likewise, to evaluate the neuroprotective effect
of PAFD phenolic extract, two different concentrations were tested (25 and 50 mg·L−1). In
the absence of metal, no increase in amyloid aggregation was observed, making PAFD seed
extract non-neurotoxic under these conditions (as shown for 25 mg·L−1 in Figure 4d). How-
ever, the highest concentration (50 mg·L−1) was not able to totally inhibit metal-induced
aggregation (Figure 4f), although a slight improvement was observed in comparison to
Fe(II)-induced aggregation. On the other hand, the lowest plum extract concentration
(25 mg·L−1) could totally inhibit Aβ42 aggregation (Figure 4e), providing a similar pattern
to the obtained with curcumin, therefore being the most effective concentration for the
treatment of this condition. The optimum concentration of phenolic extract that allowed
maximum inhibition of metal-induced and Aβ42 aggregation was comparable to that ob-
tained by Gómez-Mejía et al. [85] for grape (Vitis vinifera L.) seed extracts, where they
observed a similar effect at concentrations of 15 and 29 mg·L−1 phenolic extract.

Regarding fibril morphology, in normal conditions, the average width was (9 ± 2) nm,
which slightly reduced in the presence of plum extract to (6.5± 0.6) nm (for 25 mg·L−1) and
(6 ± 1) nm (for 50 mg·L−1). However, an increase up to (13 ± 2) nm was measured in the
presence of Fe(II), which could be reduced to (6 ± 1) nm via co-incubation with curcumin.
Similar measures were observed in the case of Fe(II) with plum extract at 25 mg·L−1

((6.1 ± 0.6) nm), while the negative effect of 50 mg·L−1 extract was also confirmed under
this parameter, achieving widths of (11 ± 2) nm, statistically similar to Fe(II) ones.
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 4. Transmission electron microscopy micrographs of Aβ42 fibers under the effect of plum
extract at different concentrations. (a) Aβ42 alone, (b) Aβ42 + Fe(II), (c) Aβ42 + Fe(II) + curcumin,
(d) Aβ42 + 25 mg·L−1 of extract, (e) Aβ42 + Fe(II) + 25 mg·L−1 of extract, (f) Aβ42 + Fe(II) + 50 mg·L−1

of extract. Concentration of: Aβ42= 50 μM; Fe(II)= 50 μM; Curcumin = 50 μM.

As a whole, it can be clearly stated that PAFD phenolic extract inhibited Aβ42 protein
aggregation and minimized the fibrils width, including that induced by metals, which is
highly enhanced, highlighting its potential as a nutraceutical ingredient with neuroprotec-
tive properties [85].

2.5.3. Antimicrobial Activity

Antimicrobial activity is considered another interesting bioactive property of phenolic
compounds in the development of food packaging applications or agri-food ingredients [25].
The results of the antimicrobial activity against two ubiquitous foodborne pathogens are
presented in Table 9. As such, the lowest minimal inhibitory concentration values against
Escherichia coli Gram-negative bacteria were observed for PAF and PAFD phenolic extracts
(minimal inhibitory concentrations (MIC) = 20 mg·mL−1). However, PBF phenolic extract
required concentrations above 20 mg·mL−1 to inhibit bacterial growth. With respect to
the positive control streptomycin, the MIC against E. coli was obtained for a concentra-
tion of 20 mg·mL−1, which showed the appropriate antimicrobial activity of the extracts.
Regarding the Staphylococcus aureus Gram-positive bacteria, only PAFD phenolic extract
displayed antimicrobial potential, with a MIC value of 20 mg·mL−1. A more effective
concentration was achieved with streptomycin standard (2.5 mg·mL−1), which showed its
effectiveness in inhibiting bacterial growth. The differences in the antimicrobial activities of
each of the phenolic extracts may be correlated with the difference in phenolic composition,
hence the necessity to study their correlations via more advanced studies. In addition, the
antimicrobial activities obtained for plum seed phenolic extracts agree with those reported
by Alam et al. [15]. Thus, according to the antimicrobial results of the defatted plum
seed extracts shown in Table 9, PAFD phenolic extract could be applicable as an added
ingredient in the design of active packaging to prevent the growth of Staphylococcus aureus
in food [25]. Similarly, PAF and PAFD phenolic extracts could have the same applicability
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in inhibiting the proliferation of Escherichia coli bacteria in food. Once again, in the case
of PAF phenolic extract, it is crucial to apply detoxification methods as well as carry out
safety tests to ensure its unhazardousness.

Table 9. Antimicrobial activity of plum seed phenolic extracts.

Phenolic Extracts
Gram-Negative Bacteria

Escherichia coli
MIC (mg·mL−1)

Gram-Positive Bacteria
Staphylococcus aureus

MIC (mg·mL−1)

PBF >20 >20
PAF 20 >20

PAFD 20 20
Streptomycin

antibiotic-positive standard 20 2.5

Values are represented as mean ± standard deviation (n = 3). MIC means minimal inhibitory concentration.

2.6. Multivariate Statistical Analysis

With the aim to correlate the composition of plum seed oils and defatted seed phe-
nolic extracts with their bioactive activities, a multivariate statistical analysis by principal
component analysis (PCA) was carried out.

For plum seed oils, correlations between total fat content, fatty acid, and tocopherol
content with DPPH free-radical scavenging activity and oil oxidative stability were studied.
In addition, the processing effect upon the plum seeds was investigated. The resulting
PCA has allowed the reduction in fourteen studied experimental factors to two principal
components (PC) that explained 100% of the total data variability (Figure 5). PBF seed oil
was characterized by the highest C16:1n7 content, while PAFD oil was characterized by
the highest C18:0 content. PAF oil was depicted by the maximum C17:1n7c content and
the greatest stability against lipid oxidation. With respect to the oil antioxidant activity, a
positive correlation was observed between DPPH antioxidant capacity (low level of IC50)
and C16:0, as well as C20:0 content, and to a lesser extent, with C18:1n9c content. This
correlates with what was observed by Rodríguez-Blázquez et al. [6] for Prunus seed oils. A
high negative correlation was established between the oxidative stability and C18:0 content,
in tandem with a negative correlation between β- + γ-tocopherol content and oxidative
stability. All this indicated that PAFD oil had the lowest oxidative stability due to a higher
content of β- + γ-tocopherol and C18:0.

Figure 5. Two-dimensional principal component analysis plot of scores (PBF, PAF, and PAFD seed
oils ) and loadings (fat content, fatty acid content, tocopherol composition, antioxidant activity (IC50

value), and oxidative stability of plum seed oils).
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Considering everything mentioned above, the PAF seed oil with the highest content
of C17:1n7c could have potential applicability as an active ingredient in the preparation of
drugs against cardiovascular diseases since this MUFA can reduce total and LDL choles-
terol levels. In relation to carbohydrates, they increase high-density lipoprotein (HDL)
cholesterol levels and thus decrease plasma triglyceride levels [86]. Not only its greater
oxidative stability but also its high antioxidant activity allows its use in the production of
anti-aging cosmetics, among others. PBF seed oil could also be of interest in the production
of cosmetics as well as in the pharmaceutical industry as a treatment against cardiovascular
diseases due to the high levels of C18:1n9c and C16:1n7 found [6,81]. Both PBF and PAF
seed oils are the most interesting for their applicability in the nutraceutical, cosmetic, and
food industries since PAFD oil is the one with the least oxidative stability, requiring natural
stabilizers that increase its useful life. Moreover, its high content of C18:0, a saturated fatty
acid, is known for increasing blood cholesterol levels with negative effects on health.

On the other hand, for plum seed phenolic extracts, correlations between individual
polyphenols, TPC, and TFC, as well as the different bioactive properties (antioxidant
and antimicrobial activities), were considered in the PCA plot in Figure 6. Vanillic acid,
syringic acid, kaempferol-3-rutinoside, isoharmentin-3-rutinoside, hesperidin, catechin,
and epicatechin were not included in the PCA study due to their low concentration in the
samples, close to the limit of detection and the limit quantification of the method, which
makes its contribution to the multivariate study irrelevant or minimal.

Figure 6. Principal component analysis biplot of scores (PBF, PAF and PAFD plum seed phenolic
extracts) and loadings (individual polyphenols, TPC, TFC, thiobarbituric acid reactive substances
(TBARS) and DPPH antioxidant assays and antimicrobial activities against Escherichia coli and Staphy-
lococcus aureus).

According to the PCA biplot represented in Figure 6, It was observed that PBF de-
fatted seed phenolic extract was characterized by the highest content of trans-ferulic acid,
while PAF extract presented high levels of 2,3-dihydroxybenzoic acid, neochlorogenic acid,
chlorogenic acid, gallic acid, vanillic acid, protocatechuate, and quercetin. In addition, these
kinds of polyphenols were correlated by the greater antioxidant capacity DPPH (lower
IC5O). For its part, PAFD phenolic extract was characterized by high levels of p-coumaric
acid, kaempferol, which contributes to the TFC, as well as high content of caffeic acid,
which seems to have the greatest effect on TPC. In addition, the latter extract presented the
highest antioxidant capacity, TBARS, so these polyphenols contribute to increasing the shelf
life of foods [25]. This residue was also positively correlated with the greatest antimicrobial
activity with respect to Staphylococcus aureus (lowest MIC) and, to a lesser extent, with
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Escherichia coli. Regarding the phenolic profile involved in antimicrobial activity, it was
observed that gallic acid had the highest activity against the growth of Escherichia coli, while
caffeic acid had the highest activity against the growth of Staphylococcus aureus. According
to literature data, gallic acid is well known to have outstanding activity against the growth
of the Escherichia coli pathogen, so much so that a high content of this polyphenol in pheno-
lic extracts could be of interest [87]. Not to mention caffeic acid, which is also recognized for
its inhibitory work on the growth of Staphylococcus aureus, hence has potential application in
the design of active packaging against the growth of this pathogen in food, thus increasing
its shelf life [25,88].

To summarize everything that has been already mentioned, PAFD phenolic extract
would be the most interesting to be applied in the food and nutraceutical industry since it
is the only one where amygdalin was not detected and thus could be included as an active
ingredient in the production of active packaging against Escherichia coli and Staphylococcus
aureus [25]. Furthermore, the presence of p-coumaric acid with kaempferol could highlight
its applicability as a dietary supplement against cardiovascular diseases or even in the
cosmetic industry in the production of cosmetics that reduce the development of erythema
and skin pigmentation due to exposure to ultraviolet radiation [89,90]. Withal, the other two
defatted seed extracts cannot be left behind since PAF and PBF phenolic extracts presented
the greatest DPPH antioxidant activity and high levels of trans-ferulic acid, which may
increase the protection against oxidative stress, respectively. Thus, a possible applicability
for these extracts may be the nutraceutical industry once the amygdalin is removed [27,91].

3. Materials and Methods

3.1. Reagents, Standards, Bacterial Strains, and Solvents

Analytical grade reagents were required in the experimental procedures: n-Hexane
(96%), methanol (MeOH, ≥99%), and ethanol absolute (EtOH, ≥99.8) for HPLC gradi-
ent quality; acetonitrile (ACN) and formic acid (FA) of MS quality. Hydrochloric acid
(HCl, 37%) and sulfuric acid (H2SO4, 95–97%) were supplied by Scharlab (Barcelona,
Spain). Dimethyl sulfoxide (DMSO, ≥99.9%), 2N Folin–Ciocalteu reagent, 2,2-diphenyl-
1-picrylhydrazyl (DPPH, ≥99.9%), sodium methoxide (95%), trichloroacetic acid (TCA,
99%), thiobarbituric acid (≥98%), sanitary ethanol (96%), 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP), curcumin (>65%), and LB broth with agar and Tryptic Soy Broth (TSB) were all
supplied by Sigma-Aldrich (St. Louis, MO, USA). Curcumin was stored at −20 ◦C prior to
analysis. Amyloid β protein fragment 1–42 (Aβ1–42) (A9810, CAS: 107761-42-2, MW 4514.04
g mol−1) was also obtained from Sigma-Aldrich (St. Louis, MO, USA) for incubation
assays and stored at −80 ◦C until analysis. The standard Trolox (≥97%) was provided
by Sigma-Aldrich (Burghasen, Germany). 2-Propanol for HPLC gradient (C3H8O, PrOH),
Aluminum chloride 6-hydrate (99%), sodium carbonate anhydrous, sodium hydroxide
(NaOH, 98%), p-iodonitrotetrazolium chloride (INT, 98%), ferrous-sulfate heptahydrate
(FeSO4·7H2O, 98%), and sodium nitrite (≥98%) were obtained from Panreac (Barcelona,
Spain). Silica was purchased from Fisher Scientific (Pittsburgh, PA, USA).

Fatty acid standards FAME 37 component SUPELCO Ref CRM47885, tridecanoic
acid (C13:0, ≥99%), and ethyl nonanoate (>98%) were purchased from Sigma-Aldrich
(Barcelona, Spain).

α-tocopherol (≥96%), γ-tocopherol (≥96%), and δ-tocopherol (≥90%) standards were
purchased from Sigma-Aldrich (St. Louis, MO, USA). β-tocopherol stock solution was
supplied by Sigma-Aldrich (St. Louis, MO, USA) and was already dissolved in methanol,
and the remaining stock solutions of 1000 mg·L−1 were prepared, dissolving the adequate
quantity of analyte in methanol as well. Those solutions were later further diluted for the
purpose of a calibration curve into solutions of 0.3, 0.5, 2.0, 5.0, 10.0, 20.0, 50.0, 75.0, and
100 mg·L−1. Stock solution stability was also considered, and it was established in three
months, at the very least, via conservation in darkness in the freezer at −20 ◦C.

Phenolic standards gallic acid monohydrate (≥98.0%), chlorogenic acid (≥95.0%),
dihydroxybenzoic acid (≥97.0%), caffeic acid (≥98.0%), catechin (≥98.0%), p-coumaric
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acid (≥98.0%), epicatechin (≥98.0%), rutin trihydrate (≥95.0%), trans-ferulic acid (98%),
myricetin (≥96.0%), resveratrol (≥99.0%), quercetin (≥95.0%), kaempferol (≥97.0%), and
naringin (≥95.0%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Hesperidin
(≥98.0%) was provided by European Pharmacopoeia. Phenolic stock solutions (200 mg·L−1)
were prepared in MeOH, an ethanol–water mixture 80:20 (v/v) (quercetin), or a 5% (v/v)
DMSO aqueous solution (hesperidin). They were stored in the dark at 4 ◦C or at −80 ◦C
(hesperidin, trans-ferulic, myricetin, and caffeic acid) for up to one month. Fresh working
standard solutions were prepared daily by diluting stock solutions as required. Nylon
membrane filters with 0.22 μm pore size (Teknokroma, Barcelona, Spain) were used for
mobile phase filtration before chromatographic analysis.

The antimicrobial activity of the extracts was evaluated against Gram-positive bacteria
Staphylococcus aureus (ATCC 29213) and Gram-negative bacteria Escherichia coli (ATCC
25922). Streptomycin sulfate salt was used as a positive standard and was provided by
Sigma-Aldrich (St. Louis, MO, USA).

3.2. Raw Materials

Plum stones of the family P. domestica L. and the variety of “Queen Claudia” before fer-
mentation (PBF), as well as those obtained after different stages of plum brandy production, in
particular stones after fermentation (PAF) and after both fermentation and distillation (PAFD)
were provided by The Jerte Valley Cooperatives Group (Cáceres, Spain, 2022 campaign).
The plum used to obtain plum brandy was crushed with rubber rollers, keeping the stone
intact. The resulting intact stones, together with the pulp, were subjected to a biological must
fermentation phase at a controlled temperature (18–20 ◦C) for 25–30 days. Subsequently, it
was subjected to a distillation process using indirect heat in batch-loaded stills.

For the pretreatment of the plum pits, the experimental procedure proposed by
Rodríguez-Blázquez et al. [6] was followed. Plum stones were air-dried at 40 ◦C (Dig-
itheat oven, J.P Selecta®, Abrera, Barcelona, Spain) for 24 h and manually separated into
their two components: shell and seed, using a hammer. The seeds were then crushed in
an ultracentrifuge crusher (Retsh™ ZM200, Haan, Germany), and the particle size was
reduced and homogenized to below 1 mm with a stainless-steel sieve.

3.3. Moisture Content of Seed Samples

Plum seeds moisture content was determined according to the standard procedure
AOAC 925.10 [92], with some modifications. Approximately 2 g of seed sample was
weighed on a dried crucible and introduced in an oven at 105 ◦C for 2 h and 30 min until
a constant weight was obtained. After cooling, the crucible was weighed again, and the
free water content was calculated as sample weight loss and expressed as a percentage in
weight (mean ± standard deviation, n = 3).

3.4. Soxhlet Extraction of Plum Seeds

Oil extraction from plum seeds was performed following standard Soxhlet extrac-
tion [28] and the after-treatment described by Rodríguez-Blázquez et al. [6,12]. Approxi-
mately 15 g of plum seed with a particle size of less than 1 mm were extracted with 150 mL
of n-hexane (seed-solvent ratio (1:10)) under reflux at 69 ◦C for 6 h (6–8 cycles per hour).
Then, the solvent was evaporated using a rotary evaporator (Buchi™ Rotavapor™ R-100,
Fisher Scientific, Hampton, VA, USA) at 69 ◦C. The collecting flask with the resulting plum
oil and the by-product defatted plum seed contained in the cellulose cartridge were dried
and placed in a vacuum oven (Vaciotem-TV, digital, J.P Selecta®, Abrera, Barcelona, Spain)
at 40 ◦C for 24 h. This procedure was carried out in triplicate for each plum seed. Plum
seed oils were stored in airtight, amber-colored glass bottles and kept at −20 ◦C, whereas
the defatted plum seeds were stored in a clear plastic zip-lock bag until analysis. The
percentages in weight (w, %) of plum seed oils and defatted plum seed by-products were
expressed as mean ± standard deviation both on a dry basis.
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3.5. Phenolic Extraction of Defatted Plum Seeds

With the aim of extracting phenolic compounds from defatted plum seed by-products,
a sustainable MSPD method was used.

For this purpose, the optimized MSPD extraction previously developed was ap-
plied [12]. Briefly, 0.1000 g of defatted plum seeds and 0.1000 g of silica dispersant were
mixed for 2 min to obtain a homogeneous powder and they were transferred to a 5 mL
plastic tube. Then, 3 mL of EtOH-water (80:20 (v/v)) were added, and the mixture was
stirred for 10 min at 402.48× g, using a vortex. A clear supernatant was collected after
centrifugation for 30 min at 1528× g (centrifuge 5804, Eppendorf, Hamburg, Germany).
Samples were prepared in triplicate.

3.6. Characterization of the Lipid Profile and Evaluation of the Health Lipid Indexes of Plum
Seed Oils

The determination of fatty acid profile in the extracted plum seed oils was carried
out using a gas chromatography (Agilent 6890) coupled to a Mass Spectrometer (Agilent
5973) following the internal derivatization procedure to fatty acid methyl esters (FAME).
Prior to the chromatography analysis, the methyl esters of fatty acids were formed by
methylation with sodium methoxide and esterification in an acid medium according to
the usual methods described in the bibliography [93,94] with some modifications. In a
12 mL screw-capped tube, approximately 20 mg of seed oil were added with 0.6 mL of
a methanolic internal standard solution (tridecanoic acid; 1730 mg·L−1) and 1.4 mL of
a methanolic sodium methoxide solution (4.3%, w/v). After stirring, the tube was kept
for 10 min in an oven (Digitheat oven, J.P Selecta®, Abrera, Barcelona, Spain) at 60 ◦C.
Then, 2 mL of a solution of sulfuric acid (4%, v/v) in methanol were added and again kept
at 60 ◦C in an oven (Digitheat oven, J.P Selecta®, Abrera, Barcelona, Spain) for 20 min.
For methyl esters extraction, 1 mL of distilled water and 1.5 mL of n-hexane were added.
After shaking and centrifugation, 960 μL of n-hexane were recovered and placed in a 2 mL
chromatography vial, followed by the addition of 40 μL of a solution of ethyl nonanoate
(6400 mg·L−1) in n-hexane, which was used as an internal standard. Finally, 1 μL was then
injected into the gas chromatography system.

The chromatographic separation was carried out in a capillary chromatographic
column (30 m length × 0.25 mm of internal dimeter × 0.25 μm film thickness) (DB-WAX-
UI, J&W Scientific, Folsom, CA, USA). The column oven program was: 80 ◦C (5min),
8 ◦C/min from 80 ◦C to 145 ◦C, isothermal at 145 ◦C for 27 min, 4 ◦C /min up to 230 ◦C,
and isothermal at 230 ◦C for 20 min. The injector temperature was 240 ◦C, and the injection
was in split mode (1:40). The column flow was 1 mL·min−1.

The mass spectrometer was operated in the electronic impact ionization mode
(70 eV) and in SCAN (m/z range: 35–400) and SIM (m/z = 74, 87, 348, and 382) com-
bined acquisition mode. Compound identification was carried out via a comparison of
retention times and mass spectra of the reference compounds (commercial FAME mix
and ethyl nonanoate) with those reported in the mass spectrum library NIST 2.0. The
chromatogram of the FAME 37 SUPELCO standard mixture was registered and included
in Figure S3. Moreover, the chromatograms of PBF, PAF, and PAFD seed oils are rep-
resented in Figure S4, Figure S5, and Figure S6, respectively. In addition, for quantifi-
cation purposes, tridecanoic acid was used as an internal standard. Methyl esters inte-
gration peaks were carried out by using SIM chromatograms, and for ethyl nonanoate,
m/z = 88 of the SCAN chromatograms. For obtaining the response factors (RF) of the methyl
esters, the commercial mix was injected at three different concentrations (not diluted and
diluted 1

2 and 1
4 ), obtaining an average RF. That average RF was used to establish the

percentage of each methyl ester in samples, and the results corresponding to the average
RF with their respective standard deviation are shown in Table S2. It presented a variation
among samples lower than 3.8%, thus indicating the correct derivatization process. The
limit of detection (LOD) and quantification (LOQ) was determinate considering 3.3 times
the background noise signal for the former and 10 times for the latter. Analyses were
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performed in duplicate, and the composition of the plum seed oils was expressed as a
percentage (%) considering the RF obtained for each fatty acid standard using Equation (1).

Ci
m

Ctm (%) =

Ai
m

Rfi

∑n
i=1

Ai
m

Rfi

× 100 (1)

where Ci
m is the concentration of each FAME in the sample, Ct

m is the total concentration
of FAMEs in the sample, Ai

m is the individual area for each FAME, and Rfi is the response
factor obtained for each standard FAME.

According to the fatty acid profile obtained for each plum seed oil, the respective
healthy nutritional value of each of them was determined. For this purpose, the total
content of SFA, UFA, MUFA, and PUFA was determined, as well as the AI index, TI index,
H/H ratio, and DFA index, as defined by Rodríguez-Blázquez et al. [6]. The following
equations were used:

∑ SFA = C16 : 0 + C17 : 0 + C18 : 0 + C20 : 0 + C22 : 0 + C24 : 0 (2)

∑ UFA = ∑ MUFA + ∑ PUFA (3)

∑ MUFA = C16 : 1n7 + C18 : 1n7c + C18 : 1n9c (4)

∑ PUFA = C18 : 2n6c + C18 : 3n3 + C20 : 1n9 (5)

DFA = ∑ MUFA + ∑ PUFA + C18 : 0 (6)

AI =
C12 : 0 + 4(C14 : 0) + C16 : 0

∑ MUFA + ∑ PUFA
(7)

H/H =
C18 : 1 + ∑ PUFA
C14 : 0 + C16 : 0

(8)

where C12:0 is dodecanoic acid, C14:0 is myristic acid, C16:0 corresponds to palmitic acid,
C16:1n7 is palmitoleic acid, C17:0 is margaric acid, C18:0 is stearic acid, C18:1n7c is cis-
vaccenic acid, C18:1n9c is oleic acid, C18:2n6c is linoleic acid, C18:3n3 is α-linolenic acid,
C20:0 is arachidic acid, C20:1n9 is 11-eicosenoic acid, C22:0 is behenic acid, and C24:0 is
lignoceric acid.

Finally, the O/L ratio was determined as another widely used parameter to establish
the quality of plum seed oils [79].

3.7. Characterization of Tocopherols in Plum Seed Oils

The analysis of α-, β-, γ-, and δ-tocopherol was carried out via HPLC-PDA, following the
procedure previously described by Aksoz et al. [10]. The equipment consisted of a Jasco LC-
NetII/ADC degasser, a Jasco PU-2089 Plus quaternary gradient pump, and a Jasco Md-2018
Photodiode Array Detector. A Luna C18 column (5 μm 150 × 4.6 mm 100 Å, Phenomenex,
Torrance, CA, USA) was capable of separating three out of four analytes, other than the β and
γ homologs, using pure methanol as the mobile phase. The flow rate was set at 1 mL·min−1,
and the UV-vis detection was performed at both 292 and 305 nm. The identification of
tocopherols was based on the comparison of retention time and spectral characteristics with
those of the standards. Quantitative analyses were performed at 292 nm, given the higher
signal sensitivity, using two external calibration curves, one at low concentrations (n = 5)
between 0.5 and 20.0 mg·L−1 for γ- and α-tocopherol and 0.3–20.0 mg·L−1 for δ-tocopherol;
and the other for high concentrations (n = 4), between 20.0 and 100 mg·L−1. The estimation
of the LOD and LOQ was achieved considering 3.3 times the background noise signal for
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the former and 10 times for the latter. The robustness of the method was studied at 10 and
100 mg·L−1 for α, 5 and 50 mg·L−1 for γ, and 2 and 50 mg·L−1 for δ, via the injection of
the same standard solution for each of the two calibration curves thrice (n = 3) during three
consecutive days (N = 9). The precision results were calculated as an analysis of the peak area
and the retention factor (Table 4).

Finally, for the analysis of plum seed oils, samples were filtered through a 0.45 μm
nylon filter beforehand and diluted in a 1:3 ratio using 2-propanol as a solvent, following
the protocol developed by Aksoz et al. [10]. Samples were analyzed in quadruplicate, and
the results were expressed as mean ± standard deviation in mg per kg of dry plum seed
sample. For illustrative purposes, Figure S2 represents the corresponding chromatogram
for each sample, as well as the standard mixture used for reference.

3.8. Determination of Phenolic Compounds from Defatted Plum Seed Extracts
3.8.1. Spectrophotometric Methods

The total phenolic content of defatted plum seed extracts was determined using the
Folin–Ciocalteu method [12]. After combining 750 μL of defatted plum seed extracts with
70 μL of the Folin–Ciocalteu reagent, 60 μL of 7.5 (w/v) of Na2CO3, and Milli-Q water to a
final volume of 10 mL, the absorbance of the solution was measured at 720 nm (Thermo
Scientific Multiskan spectrophotometer, Agilent Technologies, Santa Clara, CA, USA) and
the obtained results were displayed in terms of mg of gallic acid equivalent per gram of
defatted seed dried sample (mg GAE·g−1 defatted seed), using gallic acid as standard
(0–40 μM). The assay was performed in triplicate.

The total flavonoid content of defatted plum seed extracts was measured by the
aluminum complexation colorimetry method [12]. Briefly, 750 μL of defatted plum seed
extracts were combined with 2 mL of Milli-Q water and 150 μL of 5% (w/v) NaNO2 for
5 min. Then, 150 μL of 10% (w/v) of AlCl3 were added to the mixture and left for 5 min.
After that, 1 mL of 1 M NaOH was added to stop the reaction solution and left for 15 min,
which was then diluted to a volume of 10 mL with Milli-Q water. The absorbance of the
flavonoid-Al (III) complex was measured at 415 nm, and the results were represented as
mg of quercetin equivalent per gram of defatted seed dried sample (mg QE·g−1 defatted
seed) using quercetin as standard (0–45 μM).

3.8.2. Chromatographic Method

The individual polyphenol determination of the plum seed phenolic extract at the
different stages of brandy processing was performed by HPLC-ESI-QTOF-MS, following
the procedure previously described by Rodríguez-Blázquez et al. [12].

Agilent liquid chromatography system (Mod. 1200) was used consisting of a quater-
nary pump (G1311A), a coupled degasser (G1322A), an automatic injector with thermostat
(G1367B), a column module with thermostat (G1316A), and a QTOF mass spectrometer
(G1316A), with electrospray ionization (ESI) source at atmospheric pressure and JetStream
technology, operating in negative mode and scanning (SCAN) mode in the range m/z
100–1000. A capillary voltage of 4 kV and a pressure of 45 psi were employed in the
chromatographic analyses. Nitrogen was used as the fogging and drying gas (10.0 L·min−1,
325 ◦C), and the data treatment was performed using Masshunter Data Acquisition B.05.00,
Masshunter Qualitative Analysis B.07.00, and Massprofinder Professional B.08.00.

The chromatographic separation was carried out using a Synergi™ C18 Fusion-RP
80 Å (150 mm, 3 mm I.D., 4 m, Phenomenex, Torrance, CA, USA), maintained at 30 ◦C.
The flow rate was set to 0.5 mL·min−1 and the injection volume to 20 μL. Moreover, a
mobile phase consisting of 0.1% (v/v) formic acid (FA) aqueous solution (solvent A) and
acetonitrile (solvent B) was used, operating in gradient elution as follows: 10% of solvent
B was held for 0.1 min, it then increased linearly to 35% in 30 min, and achieved 70% in
5 min. This state was maintained for 2 min, after which a final linear increase to 90% B
was obtained in 3 min and maintained for 5 min. Finally, the gradient was re-equilibrated.
The identification and quantification of phenolic compounds present in defatted plum
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seed extracts were focused on high-resolution mass data collected from commercial stan-
dards and databases (FooDB and Mass Bank), and 5-level external calibration curves
were obtained for the phenolic standards. When phenolic standards were not available, a
semi-quantification was performed using the most similar standard available. In addition,
the LOD and LOQ were determined considering the former is 3.3 times the background
noise signal and 10 for the latter. Finally, the results were represented in mg per gram
of defatted dried seed. Figures S7–S23 represent the standard solution mass spectrum
of gallic acid, 2,3-dihydroxibenzoic acid, p-coumaric acid, quercetin, kaempferol, caffeic
acid, trans-ferulic acid, hesperidin, catechin, epicatechin, chlorogenic acid, kaempferol
3-rutinoside, neochlorogenic acid, vanillic acid, protocatechuate, syringic acid, amygdalin,
and isorhamnetin 3-rutinoside. Figure S24 represents the corresponding chromatograms
obtained for PBF, PAF, and PAFD samples.

3.9. Evaluation of Bioactive Properties of Plum Seed Oils and Defatted Plum Seed Extracts
3.9.1. Antioxidant Activity

Free-radical scavenging assay: The scavenging ability of plum seed oils and defatted
seed by-products was evaluated against the DPPH.

On one hand, for the evaluation of the antioxidant capacity of plum seed oils, the
method proposed by Rodríguez-Blázquez et al. [6] was followed. Briefly, in a 96-well
microplate, 30 μL of eight methanolic working solutions (0–30 μL) made by diluting oil
solutions in DMSO (448–850 mg·mL−1) were combined with 270 μL of a 6·10−5 M DPPH
methanolic solution, following incubation for 60 min in the dark. Finally, the absorbance
was measured at 515 nm. The results were represented as IC50 values (mg·mL−1 of oil),
e.g., the concentration of sample needed to inhibit 50% of the original DPPH concentration,
after the oil concentrations were plotted against the remaining DPPH percentages. Trolox
was employed as a positive control. The experiment was run in duplicate, up for 22 days,
to evaluate the oxidative stability of plum seed oils during storage. For this purpose, the
data were fitted to first-order kinetics, and from this logarithmic calibration, the half-time
was determined for each of the plum seed oils.

On the other hand, the antioxidant activity of the phenolic extracts was determined as
described by Rodríguez-Blázquez et al. [6]. Concisely, 10–100 μL of sample aliquots and
100 μL of 0.28 mM DPPH solution in MeOH were combined to prepare a working solution
in a 96-well microplate, with a total volume of 200 μL. Furthermore, a DPPH control and a
blind control (defatted plum seeds mixed with pure MeOH) were prepared. Trolox served
as a reference substance. The absorbance was measured at 515 nm after a 60 min incubation
in the dark. Lastly, the IC50 value was calculated and reported as milligrams of extract per
gram of defatted dried seed. The assay was performed in three independent experiments.

Lipid peroxidation assay: The antioxidant activity of the phenolic extract of defatted
plum seeds estimated as the capability to inhibit lipid peroxidation was evaluated via
the in vitro TBARS method. The TBARS assay was conducted with porcine brain cell
homogenates and sample extract at concentrations of 4.0–0.125 mg·mL−1, in accordance
with the protocol outlined by Gómez-Mejía et al. [77]. The inhibition ratio was calculated
as the remaining percentage and represented in mg extract·g−1 of defatted dried seed at
the IC50 value after the solutions’ absorbance was measured at 532 nm. Every sample
underwent three independent examinations. Furthermore, Trolox was employed as a
positive control.

3.9.2. Anti-Amyloidogenic Activity

The anti-amyloidogenic effect was evaluated in the phenolic extract of PAFD defatted
seed re-dissolved in HCl on pre-treated Aβ42 monomer, employing Transmission electron
microscopy (TEM) according to the procedure previously described by Vicente-Zurdo
et al. [95], with slight modifications. Briefly, properly pre-treated Aβ42 monomer was
daily dissolved to obtain a final Aβ42 working solution of 200 μM. In the aggregation
experiments, a daily preparation of a 200 μM Fe(II) metal solution was conducted. Working
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solutions were prepared by diluting stock solutions in 10 mM HCl, including Aβ42 alone,
Aβ42 + Fe(II), Aβ42 + PAFD phenolic extract, and Aβ42 + Fe(II) + PAFD phenolic extract.
PAFD phenolic extracts were prepared and tested at concentrations of 25 and 50 mg·L−1,
while Aβ42 and Fe(II) were added at 50 μM. To evaluate amyloid inhibition capacity, all
working solutions were incubated at 37 ◦C for 48 h and subsequently analyzed using TEM.
Curcumin (50 μM) served as a negative control due to its recognized anti-amyloidogenic
properties [96].

For TEM analysis, 1.5% (w/v) phosphotungstic acid was employed for negative stain-
ing of Aβ42 fibrils. After removing the excess staining solution, the prepared grids were
transferred and examined using a JEOL JEM 1400 Plus transmission electron microscope
operating at 120 kV. TEM images were captured at different magnification powers. A com-
parative analysis was conducted to observe differences in the aggregation effect and the
width of fibrils among the obtained images from the protein alone, in the presence of metal,
in the presence of the target plum extracts, and in the presence of both. The fibril measure-
ments were performed using the ImageJ software (https://imagej.net/ij/download.html)
(n = 200).

3.9.3. Antibacterial Activity

The antibacterial activity of defatted plum seed phenolic extracts re-dissolved in
water (0.156–20 mg·mL−1) was tested against a Gram-negative bacteria (Escherichia coli)
and a Gram-positive bacteria (Staphylococcus aureus) by the microdilution method com-
bined with the p-iodonitrotetrazolium chloride (INT) rapid colorimetric assay proposed
by Gómez-Mejía et al. [77]. Briefly, 100 μL of each diluted defatted plum seed extract
(0.156–20 mg·mL−1) were mixed with 100 μL Tryptic Soy Broth (TSB) and 10 μL of bacteria
suspension in sterile water at 5.2 × 108 CFU·mL−1. For each inoculum, Streptomycin
(0.625–20 mg·L−1) was used as a positive control in the TSB medium. In addition, three
more controls were added: TSB medium inoculated with bacterial suspension, defatted
seed phenolic extracts in TSB medium, and non-inoculated TSB medium. After incubation
at 37 ◦C for 1 h, inhibition of bacterial growth was visually verified by color change after the
addition of INT dye (50 μL at 0.2 mg·mL−1). Antibacterial activity results were expressed
as MIC; mg·mL−1.

3.10. Statistical Analysis

Data were statically analyzed by LSD multiple comparison test, ANOVA, multifactorial
ANOVA, and PCA using the software package Statgraphics 19 (Statgraphics Technologies,
Inc., Rockville, MD, USA).

4. Conclusions

In this work, formerly low-interest residues of plum seed employed in the plum
brandy manufacturing process were explored, revealing a cascade valorization process
to obtain high-value bioactive added compounds such as polyphenols, tocopherols, and
unsaturated fatty acids. To establish the effect of processing in the seed samples and
therefore, in the obtained compounds, a Soxhlet extraction using n-hexane as a solvent
was effectively performed to separate antioxidant oils from defatted seed by-products. A
sustainable and reliable MSPD extraction procedure was also employed to obtain phenolic
extracts with bioactive potential.

As far as results go, it has not been observed that any of the brandy processing
stages (before fermentation, after fermentation, and after both fermentation and distillation)
positively affect the properties of the plum seeds, which showed that depending on the
applicability that is sought, it may be of most interest to use the oil or the defatted seed.
Considering the lipid fraction, in which the main components were C18:1n9c (72–75.56%)
and C18:2n6c fatty acids (15.83–20%) with outstanding heart-healthy lipid indexes, par-
ticularly, PBF and PAF seed oils presented the greatest applicability in the nutraceutical,
pharmaceutical and cosmetic industries, characterized by a high content of UFA, specifically
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C16:1n7 (0.765 ± 0.004%) and C17:1n7c (0.092 ± 0.001%), respectively. Both fatty acids
contributed positively to the excellent oxidative stability (72–144 days for PBF and PAF
seed oils, respectively) and to the antioxidant activity (IC50 = 20–21 mg·mL−1). Chiefly,
PAF presented the lowest γ/α ratio (2.27 ± 0.02).

Regarding the hydrophilic fraction of the seeds, all defatted plum seed phenolic ex-
tracts (PBF, PAF, and PAFD) showed high antiradical activity (IC50 = 0.9–1.9 mg·g−1) and
anti-lipid peroxidation activity (IC50 = 1.3–5.0 mg·g−1) with potential applicability in the
nutraceutical, pharmaceutical or cosmetic industries. Albeit, in PBF and PAF phenolic
extracts, it is necessary to remove amygdalin since it negatively affects their nutritional
value. This stage is not necessary for the PAFD phenolic extract since amygdalin was not
detected, which makes this extract stand out considerably from the others. In addition, it
was the one that presented the greatest inhibition against Escherichia coli and Staphylococcus
aureus growth (MIC = 20 mg·mL−1), Aβ42 aggregation (25 mg·mL−1), and lipid peroxida-
tion (1.3 mg·g−1), with potential use in the nutraceutical industry or as an active ingredient
in the manufacturing of food packaging.
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45. Gliszczyńska-Świgło, A.; Sikorska, E. Simple Reversed-Phase Liquid Chromatography Method for Determination of Tocopherols
in Edible Plant Oils. J. Chromatogr. A 2004, 1048, 195–198. [CrossRef] [PubMed]

46. Abidi, S.L.; Mounts, T.L. Reversed-Phase High-Performance Liquid Chromatographic Separations of Tocopherols. J. Chromatogr.
A 1997, 782, 25–32. [CrossRef]

47. Popa, V.M.; Bele, C.; Poiana, M.A.; Dumbrava, D.; Raba, D.N.; Jianu, C. Evaluation of Bioactive Compounds and of Antioxidant
Properties in Some Oils Obtained from Food Industry By-Products. Rom. Biotechnol. Lett. 2011, 16, 6234–6241.
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Abstract: Sirtuins (SIRTs) belong to the family of nicotine adenine dinucleotide (NAD+)-dependent
class III histone deacetylases, which come into play in the regulation of epigenetic processes through
the deacetylation of histones and other substrates. The human genome encodes for seven homologs
(SIRT1-7), which are localized into the nucleus, cytoplasm, and mitochondria, with different enzymatic
activities and regulatory mechanisms. Indeed, SIRTs are involved in different physio-pathological
processes responsible for the onset of several human illnesses, such as cardiovascular and neurodegen-
erative diseases, obesity and diabetes, age-related disorders, and cancer. Nowadays, it is well-known
that Citrus fruits, typical of the Mediterranean diet, are an important source of bioactive compounds,
such as polyphenols. Among these, flavonoids are recognized as potential agents endowed with a
wide range of beneficial properties, including antioxidant, anti-inflammatory, hypolipidemic, and
antitumoral ones. On these bases, we offer a comprehensive overview on biological effects exerted
by Citrus flavonoids via targeting SIRTs, which acted as modulator of several signaling pathways.
According to the reported studies, Citrus flavonoids appear to be promising SIRT modulators in
many different pathologies, a role which might be potentially evaluated in future therapies, along
with encouraging the study of those SIRT members which still lack proper evidence on their support.

Keywords: SIRT1; SIRT2; SIRT3; SIRT4; SIRT5; SIRT6; SIRT7; polyphenols; flavonoids; Citrus fruits

1. Introduction

Sirtuins, known as silent information regulator proteins (SIRTs), are nicotine adenine
dinucleotide (NAD+)-dependent class III histone deacetylases, able to regulate epigenetic
processes by removing the acetylated groups from histones and other substrates [1,2].
Indeed, in recent decades, SIRTs emerged for their capability to also target transcription
factors and metabolic enzymes, playing a pivotal role in the regulation of cellular home-
ostasis [3]. The chemical reaction promoted by SIRTs consists initially of the cleavage of the
N-glycosidic bond of NAD+, forming an imidate intermediate, which can either combine
with nicotinamide, regenerating NAD+, or proceed forward until deacetylation. The latter
is favored by the formation of a bicyclic intermediate through the nucleophilic bond be-
tween the imidate and the 2′-OH group. Finally, the collapse of the bicyclic intermediate
leads to the deacetylated lysine product (Figure 1) [4].

Interestingly, SIRTs are found in all living organisms, phylogenetically conserved in
eubacteria, archaea, and eukaryotes [5,6]. In this regard, the first member of this family was
the silent information regulator 2 (Sir2p), originally known as mating type regulator 1 pro-
tein (MAR1), discovered more than 40 years ago by Karl and collaborators in the budding
of Saccharomyces cerevisiae [7]. The human genome encodes for seven homologs (SIRT1-7)
with different enzymatic activities, regulatory mechanisms, subcellular localizations, and
targets [8]. In particular, SIRT1 is localized in the nucleus, where it interacts with several
transcription regulator factors, while SIRT2 is predominant in the cytosol, although it can
also translocate into the nucleus [5,9]. SIRT3, SIRT4, and SIRT5 are mitochondrial enzymes
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and play a key role in a wide range of mitochondrial metabolic processes, whereas SIRT6
and SIRT7 are located in the nucleus and nucleolus, respectively [10]. From a structural
point of view, human SIRTs are characterized by a common core of about 250 amino acids
with N- and C-terminal regions of different length acquiring diverse conformational states,
which permit bonds with multiple substrates exerting different features in the cells [11].

Figure 1. The chemical reaction catalyzed by SIRTs consists of forming an imidate intermediate, which
can either combine with nicotinamide, regenerating NAD+, or proceed forward until deacetylation of
acetyl-lysine residues.

The SIRT family plays a biological role in the human organism as well as in specific dis-
ease cases. Physiologically, SIRTs are implied in several processes which take place within
the cell, such as energy metabolism, through regulation of mitochondrial (i.e., SIRT1, SIRT3)
and ribosome (SIRT7) biogenesis and maintaining lipid (i.e., SIRT1, SIRT5, and SIRT6), glu-
cose (i.e., SIRT4 and SIRT6), and protein (i.e., SIRT5) homeostasis. Growth, differentiation,
and cell death are also subjected to the control of SIRTs, through regulation of the cell cycle
(i.e., SIRT2) and chromatin formation (i.e., SIRT1). SIRTs are also able to guarantee genomic
stability, to monitor biological processes such as those of DNA transcription and repair,
and microtubule organization (i.e., SIRT6) [12]. In addition, mechanisms of neurogenesis
and protective effects against oxidative (i.e., SIRT3) and inflammatory (i.e., SIRT6) events
depend on SIRT activity as well [13]. On these bases, SIRTs act as “cellular sensors” since,
in response to stress phenomena caused by metabolic deficits or oxidative damage, they
counteract aging by contributing to cell survival [14] (Figure 2). Consistent with this,
changes in SIRT expression and activity are associated with pathological conditions, rang-
ing from insulin resistance and type 2 diabetes (T2D) [15], to oxidative stress and kidney
damage [16], cardiovascular and gynecological diseases [2,17,18], rheumatoid arthritis [19],
neuro-inflammation [20,21], and various types of cancer [22–24]. In this light, a regulation
of SIRT activity might support the treatment of the above-mentioned diseases.

Nowadays, we are observing an ever-increasing interest in phytochemicals from
several plant sources. This is due mainly to their beneficial effects in counteracting a
wide plethora of illnesses such as obesity and its related comorbidities [25,26], inflamma-
tion [27,28], cancer [29,30] and neurodegeneration [31,32]. Phytochemicals are organic
metabolites produced by plants and fungi and can be classified in two groups according
to their functions. The first group includes primary metabolites involved in plant growth,
development, reproduction, and metabolism, while the second one consists of secondary
metabolites, which are able to protect plants from injury and diseases [33]. Among the
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latter, flavonoids are largely studied for their capability to protect and mitigate several
diseases, exerting many different biological effects such as cardio-protective [34], anti-
cancer [35,36], neuroprotective [37], antioxidant [38], and anti-obesity effects, as well as
their role in the management of insulin resistance [39,40]. Interestingly, several scientific
reports highlighted the beneficial effects of flavonoids contained in both Citrus fruits and
their juices that, together with their byproducts [41], represent a real treasure for human
health [42,43], for their capability to target multiple molecular targets [44–47].

Figure 2. Biological effects mediated by the deacetylase activity of SIRTs.

This review collects the most relevant evidence on the potential of Citrus flavonoids to
target and modulate human SIRTs, thus shedding light on the key role of these proteins in
several physio-pathological processes for eventual future therapeutic approaches.

2. Citrus Fruits and their Flavonoids

Citrus fruits are typical of the Mediterranean diet and represent one of the pillars of
many other dietary patterns. According to several studies, Citrus derivatives play a pivotal
role in the prevention and/or management of different diseases [48–50]. The actors of these
effects are acknowledged to be the flavonoids present in Citrus fruits. The biosynthesis
of these compounds arises from the oxidative deamination of the aromatic amino acid
phenylalanine and tyrosine in plants. The originated coumaroyl derivative can either
undergo oxidation to give molecules such as caffeic and ferulic acids, or condensate with
hydroxybenzyl derivatives (i.e., gallic acid), coming from the shikimate pathway, to give
chalcones. The cyclization of these latter compounds creates the backbone of flavonoids,
which is a benzo-pyrone moiety. Depending on the presence of unsaturation in the pyrone
ring, flavonoids may be divided into flavones and flavanones [38]. In addition, the presence
of a hydroxy group in the pyrone ring characterizes two other subclasses, namely flavonols
(3-hydroxyflavones) and flavanonols (3-hydroxyflavanone). The most representative ones
in Citrus fruits are flavones, flavanones, and flavonols (Figure 3). This basic structure can
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be variously substituted with both hydroxy and methoxy groups. In particular, in Citrus
fruits, polyhydroxy flavonoids are generally present in juice and pulp, while polymethoxy
flavonoids are present in the peel, and hence in the essential oils [51]. The aglycones can be
also linked to sugar residues, which are commonly D-glucose and L-rhamnose in Citrus
fruits, via the hydroxy groups (O-glycosides) or, less commonly for Citrus fruits, via the
carbons of the benzopyrone moiety (C-glycosides).

Figure 3. Molecular structures of the main flavonoids and polyphenolic precursors present in Citrus
fruits and investigated for their role in the various SIRTs.

Among the Citrus species mainly cultivated, Citrus sinensis (orange) represents the
most relevant fruit crop worldwide. An interesting anti-anxiety property has been as-
cribed to the essential oil of this fruit [52]. It has been reported that orange juice in-
take improves lipid metabolism by reducing triglycerides and cholesterol levels in obese
and insulin-resistant subjects [53]. Interestingly, it is the flavonoid content in orange
juice that is crucial in its effects. Indeed, several studies reported that the flavonoid-rich
extract from orange juice (OJe) exerts, among other things, anti-inflammatory [54] and
anti-convulsant [55] effects.

Citrus limon (lemon) is the other uncontested member of the Citrus genus and several
studies report its beneficial effects on human health [56]. Indeed, it has been shown that
in lemon juice nanovesicles, plenty of flavonoids hampered the proliferation of different
tumor cell lines by activating TRAIL-mediated apoptotic cell death [57]. These flavonoid-
rich nanovesicles have been also shown to inhibit redox imbalance in H2O2-stressed human
dermal fibroblasts, via the AhR/nuclear transcription factor 2 (Nrf2) signaling pathway, as
well as in LPS-stressed zebrafish [58].
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Other scientific reports investigated the beneficial effects of Citrus reticulata (mandarin)
juice (MJ) in both in vitro and in vivo experimental models. In particular, Testai and
collaborators highlighted MJ capability to counteract metabolic syndrome, improving
mitochondrial membrane potential in high-fat diet-fed rats [59]. On the other hand, it
has been found that MJ is able to restore mitochondrial membrane potential, exerting
antioxidant effects [60], as well as to hamper the proliferation and migration of anaplastic
thyroid cancer cells [61].

Citrus bergamia Risso (bergamot) is cultivated to retrieve its essential oil (BEO), mainly
employed in the perfume industry and aromatherapy [62]. Moreover, it has been found that
BEO is able to exert anti-inflammatory and analgesic properties [63], while its coumarin
fraction at low concentration hinders cancer cell proliferation [64]. Bergamot juice (BJ),
which was considered as an industrial byproduct until the last decade, has been recently
considered together with its flavonoid-rich extract (BJe), for its anti-inflammatory [65],
anticancer [66,67], and anti-infective [68,69] properties, and in association with resveratrol
and curcumin, it was shown to be able to mitigate cadmium-induced kidney damage [70].
Furthermore, recent studies highlighted that bergamot flavonoid fraction can be employed
in the management of metabolic syndrome and against non-alcoholic fatty liver diseases
(NAFLDs) [71,72].

3. SIRT1

SIRT1 is found in the cellular nucleus, and it is encoded by the SIRT1 gene located
on chromosome 10q22.1. It is characterized by a catalytic core containing a fold with a
larger NAD+ binding sub-domain of Rossman and a smaller subdomain containing a Zn2+

binding site [73] (Figure 4). Moreover, SIRT1 is able to deacetylate histones (H1, H3, and H4)
and transcriptional factors such as p53 and NF-κB by employing NAD+. This mechanism
permits the attachment of ADP-ribose with the acetylic moiety of the substrate, releasing
nicotinamide (NAM) and 2′-O-acetyl-adenosine diphosphate-ribose [74].

Figure 4. Crystal structure of the SIRT1 catalytic domain (in green) bound to NAD (in orange) and
zinc (in violet; PDB: 4I5I).

Several studies reported the involvement of SIRT1 in the pathogenesis, development,
and treatment of different illnesses, including inflammation [75], cancer [74], and neuro-
logical and metabolic diseases [76–78]. The modulation of SIRT1 is one of the multiple
mechanisms by which Citrus flavonoids exert their biological properties.

In the context of oxidative pathogenesis, flavonoids were shown to exert a positive
modulation on SIRT1. Indeed, in oxidative stress conditions such as those caused by expo-
sure to environmental contaminants, Helmy and co-workers demonstrated that hesperidin
(HES) exerts antioxidant effects through SIRT1 activation. This counteracted the aberration
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of miR-126-3p and miR-181a observed in testicular damage and promoted their expres-
sion [79]. In addition, the flavonoid fisetin (FIS) was able to improve the quality of sperm
in Wistar rats, by counteracting oxidative toxicity induced by glutamate at the testicular
level [80], via an increase in SIRT1 and p-AMPK. Similarly, a common Citrus flavonoid,
naringenin (NGN), was able to activate the AMPKα/SIRT1 axis, thus restoring mitochon-
drial Ca2+ balance and lowering radical oxygen species (ROS) levels in in vitro and in vivo
models of ROS-induced endothelial damage [81]. Consistently, the same flavonoid pro-
tected against pain sensitivity caused by chronically disturbed sleep, through the activation
of SIRT1, hampering both oxidative stress and inflammation [82].

Given the well-known link between inflammation and oxidative stress, it has been
reported that FIS and the quercetin (QUE) glycoside, rutin (RU), mitigated both inflamma-
tion and oxidative stress in nucleus pulposus of mesenchymal stem cells (NPMSCs) and in
chondrocytes, respectively, by activating SIRT1 [83,84]. Along the same line, an increase in
SIRT1 deacetylase activity mediated by myricetin (MYR) was associated with NF-κB inhibi-
tion in A549 cells according to an in vitro model of chronic obstructive pulmonary diseases
and asthma [85]. This flavonoid has been largely studied for its antioxidant, antifungal [86],
antiviral [87], neuroprotective [88], and anticancer [89] properties. Interestingly, Wang and
colleagues proved that HES was capable of counteracting both inflammation and oxidative
stress, via SIRT1/peroxisome proliferator-activated receptor-gamma coactivator 1-alpha
(PGC-1α)/NF-κB signaling pathways [90]. Remarkably, through the same mechanism
of action, NGN was able to regulate ovarian function in polycystic ovary syndrome [91].
Another molecular mechanism underlying the anti-inflammatory and antioxidant effects
of Citrus flavonoids leading to SIRT1 upregulation was investigated by Abo El-Magd. In
this study, HES was able to hamper both inflammation and oxidative stress through the
activation of the FOXO/SIRT1 axis in a murine model of hepatic encephalopathy [92].
Interestingly, the flavone luteolin (LU), largely found in Citrus fruits, revealed its capability
to hamper renal fibrosis acting on the same SIRT1/FOXO3 pathway [93].

Several studies supported the involvement of the AMPK/SIRT1 axis in the anti-
inflammatory effects observed for flavonoids. Remarkably, Risitano and co-workers re-
ported that BJe was able to mitigate the inflammatory response in LPS-stimulated THP-1
cells, through SIRT1-mediated NF-κB inhibition [94]. Interestingly, molecular mechanisms
underlying the anti-inflammatory effect of Bje were deeply investigated by Maugeri and col-
leagues. This study reported that this extract and its single flavonoids are direct activators of
SIRT1 in both cell-free and in silico experimental models, and it was able to increase SIRT1
deacetylase activity by a mechanism implying 5′ adenosine monophosphate-activated
protein kinase (AMPK) activation in vitro [95].

This mechanism was common to the other two in vitro studies. Indeed, naringin
(NAR) and hesperetin (HSP) exerted their anti-inflammatory effects in human nucleus pul-
posus cells (NPCs) [96] and hepatocellular carcinoma (HepG2) cell lines [97], via activation
of the SIRT1/AMPK axis. Again, this activation was favored by other Citrus flavonoids,
including LU, orientin (ORI), and tangeretin (TAN). In this way, LU prevented atheroscle-
rosis in LDL receptor-deficient mice by reducing macrophage inflammation [98], while ORI
was able to mitigate mitochondrial dysfunction in rat NPCs [99]. Finally, TAN showed
both anti-inflammatory and antioxidant properties in an in vitro model of neuroprotection,
promoting both the upregulation of SIRT1 and the phosphorylation of AMPK, which hin-
dered NF-κB activation [100]. Similarly, caffeic acid (CA) and its phenethyl ester (CAPE),
activating the AMPK/SIRT1 axis, showed neuroprotective effects against Cd-induced neu-
rotoxicity, by attenuating neuronal apoptosis and neuro-inflammation [101,102]. Therefore,
the activation of AMPKα/SIRT1 pathways can be considered as one of the most important
mechanisms by which Citrus flavonoids exert their biological effects.

At a central level, other mechanisms involving SIRT1 accounted for the protective
effects of flavonoids, mainly related to their antioxidant and anti-inflammatory properties.
This is the case of NGN, well-known for its different biological effects [42], some of which
are related to SIRT1 modulation. Indeed, a recent study, carried out both in vitro and
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in vivo, revealed that NGN protected from both brain function decline and dry age-related
macular degeneration, by exerting SIRT1-mediated antioxidant effects [103,104]. Further-
more, the activation of SIRT1 by HES promoted the inhibition of NADPH oxidase-4 (NOX4)
expression and protection against oxidative and inflammatory damage characterizing an
in vivo model of neuropathy [105]. Remarkably, neurological dysfunctions also represent
one of the most relevant age-related disorders. In this regard, Ahmad and co-workers ob-
served that FIS was able to mitigate both inflammation and oxidative stress by modulating
SIRT1/Nrf2 signaling pathways and suppressing the activated c-Jun N-terminal kinase
(p-JNK)/NF-κB pathways in an in vivo model of age-related neurological disorders [106].
Finally, flavanone NAR might be considered as a therapeutic tool in the management of
age-related disorders for its capability to counteract mitochondrial dysfunction in mice,
through the activation of SIRT1 [107].

Interesting SIRT1-mediated anti-inflammatory mechanisms also concern the metabolic
context. Several studies collected in a narrative review highlighted the beneficial effects of
polyphenols on metabolic disease linked to their anti-inflammatory properties [40]. Indeed,
the flavonoid nobiletin (NOB) was able to reduce liver inflammation and fibrosis through
the suppression of the NOD-like receptor thermal protein domain-associated protein 3
(NLRP3) inflammasome in a SIRT1-dependent manner [108]. Liver inflammation was also
mitigated by HSP, another relevant flavonoid found in Citrus fruits, exerting, similar to
HES, antioxidant, anti-inflammatory, and anticancer properties, and also counteracting
lung disorders [109–111]. In particular, HSP acted as a SIRT1 activator, which in turn led to
the suppression of RelA/p65 acetylation, hampering NF-κB activation [112]. In the same
context, Hua and co-workers proposed NGN as an activator of SIRT1 in the liver, leading
to the improvement of non-alcoholic steatohepatitis (NASH). As a SIRT1 activator, NGN
hindered hepatic inflammation and oxidative stress by promoting the deacetylation of liver
kinase B1 (LKB1), PGC-1α, and NF-κB [113]. Interestingly, the same flavonoid was also able
to prevent the pathogenesis of fibrotic disorders in vivo and in vitro through the regulation
of signaling molecules, such as SIRT1, NF-κB, and ROS [114].

Moreover, it was recently reported that treatment with diosmin (DIO) against colitis
counteracted colon oxidative damage and inflammation, through the upregulation of SIRT1
circular RNA (Circ-SIRT1) [115]. Also noteworthy is a study in which the association of
HES and QUE increased SIRT1 levels in the liver and kidneys of diabetic rats, mitigating
oxidative damage and hampering NF-κB activation [116]. Along this line, considering that
one of the most validated methods to evaluate liver and kidney damage is the employ-
ment of lipopolysaccharides (LPSs), Rostami and collaborators demonstrated through this
method the modulatory effect of MYR on SIRT1. Indeed, MYR reduced the serum levels
of hepatic parameters, as well as the oxidative and inflammatory factors, through a mech-
anism characterized by the upregulation of hepatic SIRT1 [117]. Similarly, endotoxemic
kidney injury was mitigated by RU in C57BL/6 mice by suppressing both oxidative and
inflammatory processes via the activation of SIRT1 [118].

SIRT1-mediated antioxidant and anti-inflammatory activities were also responsible for
cardio-protective effects induced by flavonoids in both in vitro and in vivo models. Along
this line, LU as well as RU counteracted hypoxia/reoxygenation (H/R) in an in vitro model
of myocardial injury [119] as well as in vivo myocardial ischemia/reperfusion (I/R) injury
via activation of the SIRT1/NLRP3/NF-κB pathway [120]. Thanks to its antioxidant and
anti-inflammatory properties, HSP and FIS showed cardio-protective effects by activating
the SIRT1/Nrf2 signaling pathway [121,122].

In addition to the widely discussed antioxidant and anti-inflammatory effects, Citrus
flavonoids were shown to play a relevant role by also hampering metabolic disorders through
several other mechanisms, involving SIRT1 modulation. Overweight and obesity are becoming
one of the major public health problems worldwide. Among the main comorbidities related
to obesity are insulin resistance and type-2 diabetes (T2D), hypertension and cardiovascular
disease (CVD), dyslipidemia, NAFLD, and renal dysfunctions [25]. A recent meta-analysis
highlighted the beneficial effects of polyphenol supplementation on NAFLD [123]. Indeed,
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regarding disorders related to lipid metabolism, it has been demonstrated that NOB is capable
of restoring the expression of SIRT1, blocked by high levels of free fatty acids in hepatocytes,
thus reprogramming the altered circadian clock [124], as well as counteracting lipotoxicity
in vitro [108]. On the other hand, NEO showed its therapeutic potential in the regulation of
lipid metabolism by hampering lipogenesis in the liver and activating fatty acid oxidation
thanks to the activation of SIRT1 [125]. The increase in SIRT1 mRNA expression was also
observed in the brown adipose tissue of Swiss male mice treated with gallic acid (GA), leading
to the improvement of body metabolism and glucose homeostasis [126]. In this latter context,
Kaempferol 3-O-rutinoside (KOR) caused the overexpression of SIRT1, which in turn led to the
upregulation of insulin-dependent phospho-insulin receptor substrate (p-IRS), protein kinase
B (AKT), and AMPK signaling pathways, stimulating GLUT4 activation in vitro [127]. On the
contrary, as regards liver dysfunction due to fat accumulation, Li and collaborators proposed
kaempferol (KMF) as an activator of AMPK/SIRT1, in order to mitigate NAFLD [128]. There-
fore, it appears that the activation of SIRT1 plays a pivotal role in the management of hepatic
illnesses. Interestingly, Sayed and co-workers performed molecular docking simulations,
suggesting that flavonoids are able to modulate SIRT1, eliciting pharmacologic activities in
different hepatic diseases [129]. In this regard, both in vitro and in vivo studies promoted
NAR as a modulator of SIRT1 activation, hindering pro-inflammatory, pro-oxidant, and
pro-apoptotic signaling pathways [130].

Other biological effects of Citrus flavonoids mediated by SIRT1 modulation are exerted on
endothelial dysfunction and cardiovascular aging [131]. In this context, NOB protected from
myocardial I/R injury through the downregulation of miRNA-433 (miR-433), which favors
SIRT1 upregulation [132], and it also protected against hepatic I/R injury by SIRT1/forkhead
box O3a (FOXO3a) activation [133]. Again, the flavonoid NAR, isolated from immature dry
fruits of Citrus wilsonii, was able to exert anti-apoptotic, anti-inflammatory, and antioxidant
effects, attenuating the severity of myocardial I/R injury through SIRT1 activation [134]. The
myocardial degenerative processes are often associated with senescence, and in this context,
Testai and colleagues reported that NGN was able to target SIRT1, thus protecting against the
myocardial degradative processes associated with senescence [135].

Finally, SIRT1 can be implied in tumorigenesis. In this process, an upregulation of
SIRT1 was associated with the antiproliferative effect of NOB. Indeed, this flavone reduced
the proliferation of nasopharyngeal carcinoma C666-1 cells, inducing apoptosis through
the upregulation of the Poly ADP ribose polymerase (PARP-2)/SIRT1/AMPK axis [136].
Another interesting anticancer mechanism proposed for the employment of GA was the
activation of the SIRT1/Nrf2 signaling pathways, which in turn led to the upregulation of
the telomerase reverse transcriptase (hTERT) gene expression in HepG2 cells [137].

In Table 1, the evidence regarding the effects of flavonoids present in Citrus fruits
through SIRT1 modulation is reported.

Table 1. Effects of Citrus flavonoids elicited via the modulation of SIRT1 in cells or animal models.

Experimental Models Citrus Flavonoid Effect Reference

Wistar rats HES Antioxidant effect by activating
miR-126-3p/miR-181a-SIRT1 network [79]

Wistar albino rats FIS Reduction in testicular toxicity via
SIRT1 activation [80]

SD rats
HUVEC cells NGN Antioxidant effect against endothelial damage by

activating AMPKα/SIRT1 [81]

Swiss albino mice NGN
Amelioration of chronic sleep
deprivation-induced pain
via SIRT1 activation

[82]

Primary rat NPMSCs FIS
Anti-inflammatory and antioxidant effects
mitigating intervertebral disc degeneration
through the activation of SIRT1 pathway

[83]
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Table 1. Cont.

Experimental Models Citrus Flavonoid Effect Reference

Rat chondrocytes RU Mitigation of osteoarthritis pathogenesis
through the activation of SIRT1 [84]

A549 cells MYR Anti-inflammatory effect via SIRT1/NF-κB
pathway [85]

C57BL/6 mice HES Anti-inflammatory and antioxidant effects by the
upregulation of SIRT1/NF-κB [90]

SD rats NGN
Mitigation of polycystic ovary syndrome by
upregulating the gut microbiota and
SIRT-1/PGC-1α

[91]

SD rats HES
Antioxidant and anti-inflammatory effects via
SIRT1/FOXO activation in hepatic
encephalopathy

[92]

NRK49F cells/in vivo LU Attenuation of renal anemia caused by renal
fibrosis through the SIRT1/FOXO3 pathway [93]

THP-1 cells NGN, NAR, HSP, NEO Anti-inflammatory effect through the
modulation of AMPK/SIRT1 axis [94,95]

Human NPCs NGN Anti-inflammatory effect through the activation
of AMPK/SIRT1 axis [96]

HepG2 cells HSP Anti-inflammatory effect by activating
SIRT1-AMPK pathway [97]

THP-1 cells/LDLR−/−
knockout mice

LU Counteraction of atherosclerosis via the
AMPK/SIRT1 signaling pathway [98]

Rat NPCs ORI Antioxidant effect against mitochondrial
dysfunction through AMPK/SIRT1 axis [99]

BV2 cells/primary microglia TAN Anti-inflammatory effect via upregulation of
SIRT1 in microglia [100]

Kunming mice CA Neuroprotective effect via the activation of
AMPK/SIRT1 [101]

PC12 cells CAPE Neuroprotective effect via the activation of
AMPK/SIRT1 [102]

SD rats QUE/NGN Anti-inflammaging effect by increasing SIRT1
level in hippocampus [103]

Kunming mice
ARPE-19 cells NGN Antioxidant effect by upregulation of SIRT1 [104]

SD rats
Rat glial C6 cells HES Antioxidant and anti-inflammatory effects by

SIRT1/NOX4 activation [105]

C57BL/6N mice FIS Protection from neuroinflammation by activation
of SIRT1/Nrf2 axis [106]

Swiss mice NAR Protection from mitochondrial dysfunction in
lung by activation of SIRT1 [107]

AML-12 cells NOB Suppression of NLRP3 inflammasome by
activating SIRT1 [108]

RAW264.7/AML-12—
BALB/C

mice
HSP Protection from hepatic inflammation via

AMPK/CREB through SIRT1 activation [112]

ApoE−/− mice
AML-12 cells

NGN
Anti-inflammatory, antioxidant, antifibrotic
effects in NAFLD/NASH by activating
hepatic SIRT1

[113]
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Table 1. Cont.

Experimental Models Citrus Flavonoid Effect Reference

C57BL/6 mice/Caco-2 and
IEC-6 cells DIO Amelioration of colon inflammation and

oxidative stress via the circ-SIRT1/SIRT1 axis [115]

Wistar rats HES/QUE Antioxidant effect by upregulating SIRT1,
hampering NF-κB activation [116]

C57BL/6 mice MYR Antioxidant and anti-inflammatory effects
through the upregulation of hepatic SIRT1 [117]

C57BL/6 mice RU Alleviation of acute endotoxemic kidney injury
by upregulating SIRT1 [118]

H9c2 cells RU Mitigation of H/R in myocardial injury
increasing SIRT1 expression [119]

SD rats LU Mitigation of myocardial ischemia reperfusion
injury via SIRT1/NLRP3/NF-κB [120]

Kunming mice HSP Antioxidant, anti-inflammatory effects in
myocardial ischemia by activation of SIRT1/Nrf2 [121]

HepG2 cells/Primary
hepatocytes from C57BL/6 NOB Mitigation of lipid metabolism by upregulating

SIRT1 in hepatocytes and circadian rhythms [124]

HepG 2 cells/
Homozygous C57BL/6 (C57)

mice
NEO Reduction in lipid metabolism through

AMPK/SIRT1/PGC-1α axis [125]

L6 cells KOR Stimulation of glucose uptake through SIRT1
induction [127]

HepG2 cells/db/db mice KMF Counteraction of NAFLD through the activation
of SIRT1/AMPK axis [128]

AML-12 cells NAR Protection from liver damage by upregulation
of SIRT1 [130]

H9c2 myocardial cells NOB Protection against myocardial I/R injury via the
modulation of the miR-433/SIRT1 axis [132]

C57BL/6 mice NOB Protection against hepatic I/R via
SIRT1/FOXO3a activation [133]

SD rats NAR
Attenuation of myocardial I/R by reducing
oxidative stress and inflammation, through
SIRT1 activation

[134]

Enzymatic assay,
computational study,
C57BL/6J, H9c2 cells

NGN Anti-senescence effect by reducing inflammation
and ROS enhancing the expression of SIRT1 [135]

C666-1 nasopharyngeal
carcinoma cells NOB Antiproliferative effect by the upregulation of

PARP-2/SIRT1/AMPK pathways [136]

Caffeic acid (CA), caffeic acid phenethyl ester (CAPE), diosmetin (DIO), fisetin (FIS), gallic acid (GA), hesperetin
(HSP), hesperidin (HES), human nucleous polposus cell (HNPc), human umbilical vein endothelial cell (HUVEC),
kaempferol (KMF), kaempferol 3-O-rutinoside (KOR), luteolin (LU), myricetin (MYR), naringenin (NGN), naringin
(NAR), neohesperidin (NEO), nobiletin (NOB), nucleous polposus cells (NPCs), orientin (ORI), quercetin (QUE),
rutin (RU), Sprague-Dawley (SD), tangeretin (TAN).

4. SIRT2

SIRT2 possesses a catalytic core of 304 amino acids and an N-terminal helical extension
of 19 residues. The catalytic core is composed of an elongated pattern with two domains;
the larger can be found in many different NAD(H)/NADP(H) binding enzymes, and the
smaller domain contains a structural zinc atom. These two domains are separated by a
large lipophilic area containing an active site for deacetylation of substrates [138] (Figure 5).
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Figure 5. Human SIRT2 (in magenta) in complex with zinc (in violet) and NAD (in orange; PDB: 4RMG).

Given the multiple roles played by SIRT2 in regulating physiological and pathological
signal transduction, it can be considered as a key target for the treatment of different
illnesses [139], including neuroinflammation and Parkinson’s disease [140,141], as well
as cancer [142] and CVD [143]. Interestingly, a QUE analogue derivative, 2-Chloro-1,4-
naphtoquinone-quercetin, was able to hamper SIRT2 enzymatic activity by docking the
substrate in the binding site [144], thus suggesting SIRT2 inhibition as a potential mecha-
nism through which Citrus flavonoids exert biological effects.

It is well-known that neurodegenerative diseases, such as Parkinson’s, are associated
with oxidative stress. In this regard, FIS was employed as a neuroprotective agent in
a model of neuronal aging induced by oxidative stress and inflammation in rat brain.
In particular, FIS exerted its neuroprotective effect by reducing pro-oxidant species and
apoptotic cell death as well as ameliorating mitochondrial membrane depolarization in
aging rat brain. The mechanism by which FIS exerted its effect is based on the upregulation
of autophagy genes (ATG3 and BECN1) and the downregulation of the SIRT2 gene in aging
brain [145]. In the same field, a recent study reported that treatment with ferulic acid (FA)
causes the blocking of oxidative stress through ERK1/2-mediated activation of the Nrf2
and SIRT2 inhibition in an in vitro model of Parkinson’s disease [146].

In the context of tumorigenesis, Maugeri and colleagues reported the anticancer effect
of BJe against hematologic malignancies, employing THP-1 monocytes as a model of acute
myeloid leukemia. Indeed, BJe exerted its anticancer effect, resulting in a reduction in
cell proliferation, blockage of the cell cycle in S-phase, and induction of apoptosis. This
occurred because BJe inhibited SIRT2 activity and its gene expression, thus increasing the
acetylation and then activity of p53. Finally, the reduced phosphorylation of AKT resulted
in the link between SIRT2 and p53, suggesting the involvement of the SIRT2/AKT/p53
pathway underlying the anti-leukemic effects mediated by Bje [147]. More in depth, it was
revealed that the flavanones present in Bje, namely NAR, HSP, NGN, and NEO, can block
SIRT2 activity on the isolated recombinant enzyme, and the association of both NAG and
HSP reduces THP-1 cell proliferation. Moreover, as observed in docking studies, these two
flavanones bind the SIRT2 inhibitory site, acting as anti-leukemic agents [148].

It is noteworthy that, in contrast to other studies, Deng and co-workers revealed
that limonin (LIM), a furanolactone belonging to the limonoid family, was able to exert
protective effects against doxorubicin-induced cardiotoxicity through the activation of Nrf2
and SIRT2 signaling pathways [149].

Table 2 gathers the studies dealing with the role of Citrus flavonoid in modulating SIRT2.
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Table 2. Effects of Citrus flavonoids after modulation of SIRT2 in cells or animal models.

Experimental Models Citrus Flavonoid Effect Reference

Enzymatic assay 2-Chloro-1,4-
naphtoquinone-quercetin Potent inhibition of SIRT2 enzymatic activity [144]

Wistar rat
Primary neuronal cells FIS

Neuroprotective effect against aging-induced
oxidative stress by the downregulation of
SIRT2 gene

[145]

Enzymatic assay
SH-SY5Y cells FA Antioxidant effect via the inhibition of SIRT2 activity [146]

THP-1 cells NGN/HSP Anti-leukemic effect via reduction in SIRT2 activity [148]

Ferulic acid (FA), fisetin (FIS), hesperetin (HSP), naringenin (NGN).

5. SIRT3

SIRT3 is a NAD+-dependent deacetylase found mainly in mitochondria. SIRT3 is the
only sirtuin affecting human lifespan, playing a key role in several mitochondrial metabolic
processes such as oxidative stress and energy metabolism [150] (Figure 6).

Figure 6. Crystal structure of SIRT3 (in cyan) in complex with zinc (in violet) and NAD (in orange;
PDB: 4BV3).

Several studies highlighted the involvement of SIRT3 in neurodegenerative dis-
orders [151], ischemic stroke, traumatic brain injury, intracerebral hemorrhage, neuro-
inflammation along with heart failure, oxidative stress, autophagy, and apoptosis [152–154].
The beneficial effects of Citrus flavonoids on human health have been deeply investigated,
representing important ingredients for nutraceuticals and functional foods [155].

Although it is well-known that obesity-related insulin resistance may be mitigated
by shifting from a high-fat diet to a normo-caloric one [156], the supplementation of
Citrus flavonoids such as MYR to the diet could be employed as a therapeutic tool against
obesity, since it was demonstrated to favor the upregulation of SIRT3 expression in adipose
tissue, improving mitochondrial metabolism in C57BL6/J mice [157]. Under hyperglycemic
conditions, HSP, the aglycone form of HES present in peels of Citrus fruits, was shown
to exert protective effects by counteracting LPS-induced secretion of pro-inflammatory
cytokines in THP-1 macrophages. The mechanism underlying this anti-inflammatory
effect included the blocking of TLR2/4, MyD88, and NF-κB phosphorylation through the
upregulation of both SIRT3 and SIRT6 [158]. Furthermore, considering that hyperglycemic
conditions lead to an increase in ROS production, an interesting study revealed that FIS
and LU are able to hinder ROS production in high-glucose-treated THP-1 monocytes
through the activation of SIRT1, SIRT3, SIRT6, and FOXO3a [159]. Remaining in the field of
diabetic pathology, it has been reported that apigenin (API) improves renal injuries in both
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male Zucker lean (fa/+) rats (ZLRs) and male Zucker diabetic fatty (fa/fa) rats (ZDFRs)
through the downregulation of NAD+-degrading enzyme CD38 and the increase in both
intracellular NAD+/NADH ratio and SIRT3 [160].

At the hepatic level, Li and collaborators documented, in both in vitro and in vivo
models, the anti-fibrotic effect of a monomer compound derived from HSP through the acti-
vation of AMPK/SIRT3, thus suggesting its employment as a hepatoprotective agent [161].
Similarly, this also occurred at the lung level, where baicalein (BAI) exerted its protective
effect against fibrosis, regulating lung fibroblasts through an increase in SIRT3 expres-
sion [162].

However, oxidative stress and inflammation represent the main etiological causes
of several pathologic conditions. Along this line, the antioxidant properties of Citrus
flavonoids, even exerted through a modulation of SIRTs, led to beneficial effects in different
ailments and oxidative disorders. NAR was able to fight mitochondrial oxidative stress
in myocardial I/R-induced cardiomyocyte apoptosis through a mechanism involving the
upregulation of the AMPK-SIRT3 axis [163]. Again, API exerted neuroprotective effects by
increasing SIRT3 mitochondrial activity, reducing the accumulation of injured mitochondria,
and promoting mitophagy [164]. Another two Citrus flavonoids, acacetin (ACA) and LU,
were able to target SIRT3, promoting its upregulation, which in turn reduced the mitogen-
activated protein kinase (MAPKs, p-38 and p-JNK) activation, by mitigating the oxidative
damage and the skin photoaging caused by UVA and UVB, respectively, in both in vitro
and in vivo experimental models [165,166].

Interestingly, SIRT3 was negatively associated with cancer. Consistently, Wang and col-
leagues reported that MYR-loaded nanoliposomes are able to inhibit cell survival in glioblas-
toma cells, through the downregulation of both SIRT3 and phosphorylated p53 [167].

In Table 3, the studies reporting the effects of Citrus flavonoids on SIRT3 are listed.

Table 3. Effects of Citrus flavonoids due to the modulation of SIRT3 in cells or animal models.

Experimental Models Citrus Flavonoid Effect Reference

C3H10T1/2 cells/C57BL6/J
mice MYR Anti-obesity effect through the upregulation of SIRT3

ex-pression in adipose tissue [157]

THP-1 cells HSP Suppression of inflammation in diabetes via
TLR/MyD88/NF-κB increasing SIRT3 [158]

THP-1 cells FIS/LU Suppression of oxidative stress in hyperglycemic
condition through the upregulation of SIRT1, SIRT3, SIRT6 [159]

ZLRs and ZDFRs rats API Mitigates mitochondrial oxidative stress through the
upregulation of SIRT3 [160]

LX-2 cells/C57BL/6J mice HSP Hepatoprotective effect by activating the
AMPK/SIRT3 pathway [161]

Mice BAI Counteraction of lung fibrosis by restoring
SIRT3 expression [162]

SD rats/H9c2 cells NAG Antioxidant effect in myocardial I/R through the
activation of AMPK/SIRT3 axis [163]

Swiss albino mice API Attenuation of neurotoxicity via promoting mitochondrial
homeostasis by activating SIRT3 [164]

SD rats/Human dermal
fibroblasts cells LU Protection from skin photoaging by upregulating the

SIRT3/MAPKs axis [165]

SD rats ACA Protection from skin photoaging by upregulating the
SIRT3/MAPKs axis [166]

DBTRG-05MG cells MYR Antiproliferative effects in glioblastoma cells by reducing
SIRT3 levels [167]

Acacetin (ACA), apigenin (API), baicalein (BAI), fisetin (FIS), hesperetin (HSP), luteolin (LU), myricetin (MYR),
naringin (NAG).
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6. SIRT4

Among the three mitochondrial SIRTs, SIRT4 has received the least focus from the sci-
entific community [168]. Nevertheless, its key roles in both lipid and glutamine metabolism,
as well as other possible enzymatic activities, have been reported [169]. The lack of studies
is also reflected in the fact that the crystal structure of human SIRT4 is still missing, even
though those of Xenopus tropicalis and Danio rerio possess a sequence similarity of the
catalytic core of 67% and 65%, respectively [170] (Figure 7).

Figure 7. Crystal structure of SIRT4 (in purple) from Xenopus tropicalis in complex with ADP-ribose
(in yellow) superimposed to NAD (in orange) and zinc (in violet; PDB: 5OJN).

Along this line, the evidence on the role of natural molecules in SIRT4 is very limited.
However, it has been reported that rhamnetin (RHM), one of the most abundant methyl
esters in Citrus fruits, protected cardiomyoblasts against H2O2-induced cell death, also
enhancing cell protection against redox imbalance. These effects were ascribed to a modu-
lation of mitogen-activated protein kinases (MAPKs), which were upstream influenced by
an induction of both SIRT3 and SIRT4 expression, thus supporting RHM cardio-protection
(Table 4) [171].

Table 4. Effects of rhamnetin in modulating SIRT4 activity.

Experimental Models Citrus Flavonoid Effect Reference

H9c2 cardiomyoblast cells RHM Cardioprotective and antioxidant effects due to
an increase in both SIRT3 and SIRT4 expression [171]

Rhamnetin (RHM).

7. SIRT5

SIRT5 is a NAD+-dependent deacetylase, containing both positively charged tyro-
sine and arginine in the active site, which are able to remove the acyl groups negatively
charged from proteins [172]. SIRT5 consists of two domains; the larger one is a typical
NAD+ binding site containing six parallel beta-strands (β1–3 and β7–9) forming a central
sheet surrounded by several alpha-helices (α1, α2, α7, α10–13), while the smaller one is
characterized by structural zinc ions and five α-helices (α3–5, α8–9) and three antiparallel
β-sheets (β4–6) [173] (Figure 8).

SIRT5 is mainly localized into the mitochondrial matrix, playing a key role in the detox-
ification of ROS and in the regulation of protein substrates in fatty acid metabolism [174]. In
this regard, recent studies revealed that SIRT5 is involved in metabolic diseases, particularly
in hepatic steatosis [175], in cancer, and in SARS-CoV-2 infection [176]. Emerging evidence
supports the capability of QUE to modulate SIRT5 expression, promoting the mitigation
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of several illnesses. In this frame, Chang and collaborators investigated the mechanism
by which QUE counteracts myocardial fibrosis, improving cardiac function through an
increase in SIRT5 expression, which in turn hampered oxidative stress and inflammatory
response [177]. Furthermore, a recent study reported the capability of QUE to block DNA
damage through the upregulation of SIRT5, which leads to the inhibition of PI3K/AKT
phosphorylation, thus promoting apoptosis in an in vitro model of lung cancer [178]. In
Table 5, the evidence on the effects of Citrus flavonoids on SIRT5 is reported.

Figure 8. Crystal structure of SIRT5 (in yellow) in complex with zinc (in violet) and NAD (in orange;
PDB: 3RIY).

Table 5. Effects of Citrus flavonoids due to the modulation of SIRT5 in cells or animal models.

Experimental Models Citrus Flavonoid Effect Reference

HL-1 cells/C57BL/6J mice QUE Antioxidant and anti-inflammatory effects
increasing SIRT5 expression [177]

BEAS-2B, Human NSCLC,
A559 and H1299 cells QUE

Inhibition of DNA damage and induction of
apoptosis via the direct binding and
upregulation of SIRT5, along with the
modulation of PI3K/AKT pathway

[178]

Quercetin (QUE).

8. SIRT6

SIRT6 is a nuclear member of SIRT family formed by 355 amino acids, characterized
by the typical core of about 250 amino acids, plus N-terminal extension, enzymatic core
domain residues, and C-terminal extension [179]. In detail, SIRT6 is characterized by
two domains. The large domain contains the nucleotide binding element as well as the
Rossmann fold, which is elected for NAD+ binding. As regards the small domain, it is
unique for SIRT6, containing Zn2+ binding loop able to stabilize the enzyme structure as
well as the integrity of the catalytic domain [180] (Figure 9).

SIRT6 is able to promote long-chain fatty acid group deacetylation, as well as to
catalyze the reaction of mono-ADP-ribosylation in chromatin silencing of the DNA repair
proteins [181]. Moreover, SIRT6 acts as a signaling regulator of several illnesses, including
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cardiovascular diseases and diabetes mellitus, and it plays a pivotal role in the regulation
of brain mitochondrial processes and in cancer [17,182–185]. Interestingly, through the
employment of a screening method for the identification of novel SIRT modulators from
plant extract, it has been observed that QUE is a candidate able to target SIRT6 [186].

Figure 9. Crystal structure of SIRT6 (in gray) in complex with ADP-ribose (in yellow) superimposed
to NAD (in orange) and zinc (in violet; PDB: 6QCD).

Structurally, You and colleagues reported that QUE-based compounds activate as well
as inhibit SIRT6 through the isoform-specific binding site for pyrrolo[1,2-a]quinoxalines,
which can be considered as a versatile allosteric site for the modulation of SIRT6 [187].
Biologically, the activation of SIRT6 was associated with several beneficial effects. A very
recent study investigated chalcone isoliquiritigenin (ISL), present in grapefruits, highlight-
ing its capability to upregulate SIRT6, attenuating vascular endothelial cell pyroptosis
mediated by NLRP3 [188].

Since SIRT6 plays a pivotal role in glucose and lipid metabolism, several studies
focused on its modulation. In particular, it has been reported that HES is able to target and
increase SIRT6 expression in THP-1 cells, mitigating diabetic inflammation, through the
modulation of TLR/MyD88/NF-κB signaling pathways [158]. Interestingly, in the same
in vitro model, Kim and co-workers suggested that LU and FIS inhibit high glucose-induced
ROS production through the activation of SIRT1, SIRT3, SIRT6, and FOXO3a [159].

Therefore, the capability of Citrus flavonoids to counteract inflammatory processes was
observed to occur through a modulation of SIRT6. Along this line, LU suppressed in vitro
TNF-α-induced inflammatory injury and senescence via the SIRT6/NF-κB [189]. To support
the well-known anti-inflammatory effects of HSP, Jing and co-workers suggested that it
counteracts neuro-inflammation in vivo, by mitigating oxidative stress via SIRT6/NLRP3
in mice [190]. In the same field, the CAPE appeared to play a key role in neurological
complication after anesthesia and surgery though a mechanism involving SIRT6/Nrf2
activation, reducing oxidative stress and favoring microglia-protective polarization [191].

On the contrary, the downregulation of hippocampal SIRT6 induced by FA coun-
teracted depression-like behaviors by increasing the activity of AKT/collapsin response
mediator protein 2 (CRMP2) signaling in mice [192].

Table 6 lists the studies which investigated the role of SIRT6 and Citrus flavonoids.
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Table 6. Effects of Citrus flavonoids due to the modulation of SIRT6 in cells or animal models.

Experimental Models Citrus Flavonoid Effect Reference

THP-1 cells HSP
Mitigation of diabetic inflammation through the
modulation of TLR/MyD88/NF-κB signaling
pathways, increasing SIRT6 expression

[158]

THP-1 cells LU/FIS Inhibition of ROS production through the
elevation of SIRT6 and FOXO3a expression [159]

Enzymatic assay/U2OS cells QUE, LU Modulation of SIRT6 activity [187]

HUVEC cells ISL Decrease in vascular endothelial cell pyroptosis
via the upregulation of SIRT6 [188]

HNPC cells LU
Anti-inflammatory effect by upregulating SIRT6
and hindering the downstream activation of
NF-κB pathway

[189]

C57BL/6J mice HSP Counteraction of neuroinflammation and
oxidative stress by increasing SIRT6 levels [190]

C57BL/6J mice/BV2 cells CAPE
Mitigation of post-operative cognitive
dysfunction, hindering oxidative stress by
enhancing the SIRT6/Nrf2 pathway

[191]

C57BL/6 mice/Human
HEK-293T and mouse HT-22 cells FA

Reduction in depression-like behaviors by
suppressing AKT/CRMP2 and acting as
downregulator of SIRT6

[192]

Caffeic acid phenethyl ester (CAPE), ferulic acid (FA), fisetin (FIS), hesperetin (HSP), isoliquiritigenin (ISL),
luteolin (LU), quercetin (QUE).

9. SIRT7

SIRT7 is a NAD+-dependent histone deacetylase composed of 400 amino acids, show-
ing deacetylase, desuccinylase, and deglutarylase activities [193]. SIRT7 contains a con-
served catalytic core with long flanking N- and C-terminal extensions [194], and it has been
reported that SIRT7 can be found in a chromatin-enriched fraction [195], despite the fact
that a full crystal structure is still lacking (Figure 10).

Figure 10. Crystal structure of N-terminal domain of human SIRT7 (PDB: 5IQZ).

It has been reported that SIRT7 plays a key role in the regulation of chronic in-
flammation [196], as well as in different kinds of cancer, including breast cancer [197],
melanoma [198], and ovarian cancer [199]. As with the other SIRTs, Citrus flavonoids have
been investigated for their effects on SIRT7. In this regard, it has been reported that HSP
was able to target SIRT7, exerting a protective effect against calcific aortic valve disease
both in vitro and in vivo. This effect was due to HSP’s capability to directly bind SIRT7,
hampering the release of pro-inflammatory cytokines and ROS production, mitigating
dysfunctional mitochondria, via the upregulation of Nrf2 [200].
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Another study reported that FA, at low concentration, exerted neuroprotective effects
and prevented neuronal apoptosis in H2O2-stressed PC12 cells. This is due to the stabiliza-
tion and degradation of p53 through an increase in both SIRT1 and SIRT7 gene expression
in vitro [201]. In Table 7, the studies reporting the effects of Citrus flavonoids on SIRT7
are reported.

Table 7. Effects of Citrus flavonoids on the modulation of SIRT7 in cells or animal models.

Experimental Models Citrus Flavonoid Effect Reference

C57BL/6 mice/
Docking studies/Human VICs HSP

Protective effect in the aortic valve, increasing
the SIRT7-mediated activation of the
Nrf2–ARE axis

[200]

PC12 cells FA Neuroprotective effect through the upregulation
of SIRT1 and SIRT7 [201]

Hesperetin (HSP), ferulic acid (FA).

10. Conclusions

SIRTs are NAD+-dependent deacetylases able to maintain cellular homeostasis by
silencing genes and modulating the activity of different factors, thus unleashing cascades
of numerous events when in action. Given also their widespread localization within cells
(i.e., nucleus, cytoplasm, and mitochondria), it is not surprising that SIRTs are involved
in several physio-pathological conditions. During recent decades, this has captured the
interest of the scientific community, which has put forth great effort to unravel the true
significance of SIRT regulation in cells. The multi-target capacity of natural products per-
fectly accords with the essence of SIRTs. Indeed, in this review, we highlighted the fact
that Citrus flavonoids are able to elicit a wide plethora of biological effects via modulating
the activity of SIRTs, acting as crossroads. Antioxidant, anti-inflammatory, hypolipidemic,
and neuroprotective effects were exhibited by flavonoids through the activation of SIRT1,
SIRT3, and SIRT6. On the contrary, the inhibition of SIRT2 was mainly associated with
antiproliferative and neuroprotective effects. Beneficial effects, such as cardioprotective
effects, were preliminarily observed from SIRT4 activation, and anti-inflammatory and an-
ticancer effects were related to SIRT5 activity, while neuroprotective effects were mediated
by SIRT7 (Figure 11).

Figure 11. Pathways influenced by Citrus flavonoids via the modulation of SIRTs. Green arrows
indicate activation, while red ones indicate inhibition.

597



Int. J. Mol. Sci. 2024, 25, 1956

Notably, the evidence of some members of the SIRT family is rich and robust, whereas
others are still lacking studies to precisely define their role and hence investigate com-
pounds able to target them. Considering that SIRTs belong to a family of multi-functional
enzymes, a deepening of the current knowledge on the neglected SIRT members would
be highly encouraged among scientists. Again, potential interactions on SIRTs or on more
than one SIRT simultaneously should be considered, in order to fully define the mechanism
of action and the selectivity rate of natural allies, such as Citrus flavonoids. Consequently,
this could help to better establish their place in the management of several human illnesses.

To date, epigenetic inhibitors, such as histone deacetylase and DNA methyltrans-
ferase inhibitors, appear to represent an emerging scenario over conventional therapies,
in different clinical settings. However, the impact of SIRT modulation on human health
remains an open challenge among researchers. Adequate and well-established findings are
essential for the development of effective therapies based on SIRTs. In this context, future
investigations could pave the way towards combination therapies including natural and
synthetic drugs or, even better, represent the starting point for the development of potent
scaffolds targeting SIRTs.

Overall, this review helps in outlining a direction for further studies, thus suggesting
Citrus flavonoids as holding potential promise in the development of novel effective drugs
acting on the SIRT family.
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Abstract: Environmental sustainability is an increasing challenge in the pharmaceutical field, leading
to the search for eco-friendly active ingredients. Among natural ingredients, propolis arises as
an excellent alternative, being a complex substance with pharmacological properties. This work
aims to explore the potential of propolis as a new pharmaceutical ingredient for the replacement
of conventional vulvovaginal antifungals. Propolis extracts were obtained by Ultrasound-Assisted
Extraction using different solvents (water, water/ethanol (50:50, v/v), and ethanol). Afterwards, the
extracts were characterized regarding total phenolic content (TPC), antioxidant/antiradical activities,
radical scavenging capacity, antifungal activity against strains of Candida species, and viability
effect on two female genital cell lines. The aqueous extract achieved the best TPC result as well
as the highest antioxidant/antiradical activities and ability to capture reactive oxygen species. A
total of 38 phenolic compounds were identified and quantified by HPLC, among which ferulic acid,
phloridzin and myricetin predominated. Regarding the anti-Candida spp. activity, the aqueous
and the hydroalcoholic extracts achieved the best outcomes (with MIC values ranging between
128 and 512 μg/mL). The cell viability assays confirmed that the aqueous extract presented mild
selectivity, while the hydroalcoholic and alcoholic extracts showed higher toxicities. These results
attest that propolis has a deep potential for vulvovaginal candidiasis management, supporting its
economic valorization.

Keywords: antioxidant activity; natural products; phenolic compounds; ultrasound-assisted extraction;
vulvovaginal candidiasis

1. Introduction

The global population continues growing, being estimated to reach totals near 8.5 billion
people by 2030 and 10.9 billion by 2100 [1]. A 30% increase in food supplies will be needed
in comparison to the present, while major challenges are also expected to emerge in food
security and agricultural practices [2]. Therefore, the search for sustainable development
has generated an attempt to use natural matrices and products that are readily available,
adding value to local resources and generating profits for small producers. At the same
time, the use of plant and animal extracts in traditional medicine is one of the oldest human
practices, particularly in developing countries where modern medicines are not always
available or affordable [3]. Fruits and vegetables have long been described as excellent
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sources of polyphenols with demonstrated benefits for human health, such as antioxidant
and cytoprotective activities [4]. Honey and related products, including propolis, are no
exception [5]. Propolis is a natural adhesive resinous material produced by honeybees that
results from the mixture of collected exudates of leaves, branches, and buds around the
beehive with bee salivary secretions and beeswax. This complex matrix is used to build
and seal cracks in the hive, protecting it from pathogens [6,7]. Propolis has a typically dark
brown color, being solid and brittle at lower temperatures and becoming softer and stickier
above 20 ◦C due to its resinous nature. Low toxicity and multiple functionalities also justify
the traditional use of propolis for medical purposes [6]. Indeed, more than 300 constituents
have been identified as bioactive [6,8]. Generally, propolis has been described as a rich
source of benzoic acids and derivatives, cinnamic alcohol, cinnamic acid and respective
derivatives, sesquiterpenes and triterpene hydrocarbons, benzaldehyde derivatives, alcohols,
ketones, and heteroaromatic compounds, terpenes and sesquiterpene alcohols and their
derivatives, aliphatic hydrocarbons, minerals, sterols and steroidal hydrocarbons, sugars,
and amino acids [6,8,9]. Most important, the different combinations of these compounds are
responsible for the antibacterial [10–12], antifungal [13,14], antiviral [15], anticancer [16,17],
anti-inflammatory [18] and antioxidant [19–21] activities of propolis.

In particular, the ability of propolis to inhibit the growth of Candida species involved
in vulvovaginal candidiasis (VVC) has recently attracted the attention of researchers [22–26].
VVC is typically caused by Candida albicans (around 90%), although cases of non-albicans
VVC also occur and are usually more challenging to manage. Indeed, the failure of phar-
macological treatments has increased due to intrinsic or acquired fungal resistance and
can lead to cases of recurrent VVC (RVVC) [27]. This last condition affects 4% of women
worldwide, causing genitourinary discomfort and inflammatory symptoms, and inter-
fering with quality of life [28]. Hence, new alternative treatments are greatly required.
Despite several previous reports on the potential application of propolis for the manage-
ment of VVC [22–26], the use of the crude residue lacks the potential to yield products that
could be used in the preparation of reproducible or even safe pharmaceutical products.
Ultrasound-assisted extraction (UAE) arises as a green alternative extraction method, its
main advantages being low-cost equipment and better extraction time as well as lower
energy requirements [29]. This technique is based on cavitation, a phenomenon generated
by the propagation of strong ultrasound waves in liquids [30] that cause the collapse of
cavitation bubbles, leading to cell disruption and promoting a good penetration of the
solvent into the cells and, consequently, to a better extraction of bioactive compounds [31].
Additionally, the probe system is more powerful than the ultrasound bath, producing
additional energy and faster chemical reactions [30]. Therefore, the extraction of propolis
bioactive compounds to manage vulvovaginal candidiasis could benefit from this sustain-
able technique that can be easily scaled up, constituting a more economical and eco-friendly
alternative for industrial application [30]. To the best of our knowledge, this is the first
study that employs UAE to obtain active ingredients from propolis crude residue.

In this work, eco-friendly UAE is employed to prepare different extracts of propolis
obtained from the Natural Park of Montesinho, an area with protected designation of origin
in northeast Portugal (Trás-os-Montes region). Extracts were screened and characterized
in terms of phenolic composition, radical scavenging activity, antioxidant/antiradical
properties, toxicity towards human genital cell lines, and biological activity against Candida
species, aiming to select the best one to be used against VVC.

2. Results and Discussion

2.1. TPC and Antioxidant/Antiradical Activities

TPC is a spectrophotometric method widely used to evaluate the antioxidant activity
of extracts from herbs, fruits, or cereals, among others [32–35]. The TPC results and
antioxidant/antiradical activities of propolis extracts are summarized in Table 1.
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Table 1. Total phenolic content (TPC) and antioxidant/antiradical activities of propolis extracts based
on their abilities to reduce ferric iron (Fe3+) to ferrous iron (Fe2+) and to sequester the ABTS radical.
Results are expressed as mean ± standard deviation (n = 3). Different letters (a, b, c) in the same
column indicate significant differences between mean values (p < 0.05).

Propolis Extracts
TPC FRAP ABTS

mg GAE/g dw IC50 (μg/mL) IC50 (μg/mL)

Aqueous 217.7 ± 5.1 a 77.2 ± 2.1 a 202.8 ± 14.9 a

Hydroalcoholic 119.0 ± 5.3 b 169.8 ± 4.4 b 463.1 ± 39.6 b

Alcoholic 79.7 ± 3.8 c 284.3 ± 6.7 c 469.7 ± 33.9 b

The aqueous extract achieved the best result, followed by the hydroalcoholic and the
alcoholic ones (217.7, 119.0, and 79.7 mg GAE/g dw, respectively). Significant differences
were observed among all extracts (p < 0.01). According to Silva et al. [36], the TPC of
propolis from Trás-os-Montes region ranged between 72.2 mg GAE/g dw and 277.2 mg
GAE/g dw. Interestingly, a lower concentration was observed for the aqueous extract
(72.2 mg GAE/g dw) in contrast to the present study (217.7 mg GAE/g dw). This dif-
ference may be due to the extraction method employed by the authors, which consisted
of palynological processing using water, methanol, or 80% ethanol/water (1/10, v/v) as
solvents [36]. In another study, Campo et al. [20] reported that the phenolic content was
influenced by the sample’s origin, achieving a lower value in propolis obtained from the
northern part of Portugal, probably due to the different apicultural practices implemented
by beekeepers [36].

The antioxidant activity of propolis extracts was assessed by the FRAP assay, while
the antiradical activity was screened via the ABTS method (Table 1). The aqueous ex-
tract presented the highest antioxidant activity, achieving an IC50 value of 77.2 μg/mL,
while the hydroalcoholic and the alcoholic extracts obtained IC50 values of 169.8 μg/mL
and 284.3 μg/mL, respectively, with significant differences being observed between all
extracts (p < 0.05). Similarly, Lagouri et al. [37] studied the antioxidant activity of propo-
lis collected from the Greek mainland (West Macedonia) and Rhodes (Greece), being
both extracted with methanol, methanol 80% (v/v), and water, through conventional
extraction procedures. The extract from West Macedonia prepared with methanol 80%
obtained an IC50 value of 0.0065 mg/mL, while the aqueous extract from Rhodes reached
an IC50 value of 0.1690 mg/mL [37], results considerably worse than the ones achieved in
the present study.

Regarding antiradical activity, IC50 values ranged between 202.8μg/mL and 469.7 μg/mL
for the aqueous and alcoholic extracts, respectively (Table 1). Once again, significant differences
were observed between the aqueous extract and the other extracts (p < 0.05), in contrast to
the alcoholic and hydroalcoholic extracts (p = 0.349). Vongsak et al. [38] also analyzed the
antiradical activity of propolis from three stingless bee species, Lepidotrigona ventralis Smith,
L. terminata Smith, and Tetragonula pagdeni Schwarz, collected in Thailand. The extracts were
prepared by sonication, with 80% of ethanol at 40 ◦C for 30 min, and, subsequently, with
hexane at 40 ◦C for 20 min [38]. The ABTS assay led to IC50 values that varied between
59.5 and 605.4 μg/mL for T. pagdeni and L. terminata, respectively [38]. These results were in
line with the ones obtained in the present study. As can be observed in Table 1, the aqueous
extract presented the best results, followed by the hydroalcoholic and alcoholic extracts, which
can be explained by the high polarity and affinity of water to the polar compounds. It should
also be highlighted that the extraction yields for the aqueous, hydroalcoholic and alcoholic
extracts were, respectively, 14.41 ± 0.71%, 24.63 ± 1.23%, and 48.66 ± 2.43%.

2.2. Identification and Quantification of the Phenolic Profile

The identification of the phenolic compounds of the different extracts may justify the
antioxidant and antiradical activities observed. A total of 38 compounds were identified in
the extracts (Table 2). Figure 1 summarizes the chromatograms attained for the polyphenol’s
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standard mixture, as well as the aqueous, hydroalcoholic, and alcoholic extracts. In line
with the results achieved for the spectrophotometric methods (Section 3.1), the aqueous
extract showed the highest phenolic content.

Table 2. Phenolic compounds identified and quantified in propolis extracts through HPLC-
DAD analysis (n = 3). Results are expressed as mean ± standard deviations (mg of phenolic
compound/100 g dw).

Phenolic Compound
Aqueous Hydroalcoholic Alcoholic

(mg/100 g dw) (mg/100 g dw) (mg/100 g dw)

Phenolic acids
Gallic acid 34.1 ± 1.7 26.6 ± 1.3 13.9 ± 0.7

Protocatechuic acid 74.0 ± 3.7 17.1 ± 0.9 <LOD
Neochlorogenic acid 49.1 ± 2.5 <LOD 6.1 ± 0.3

Caftaric acid 26.3 ± 1.3 27.1 ± 1.4 9.5 ± 0.5
Chlorogenic acid 168 ± 8 27.6 ± 1.4 22.0 ± 1.1

4-O-caffeyolquinic acid 293 ± 15 112 ± 6 44.4 ± 2.2
Vanillic acid 2638 ± 132 29.4 ± 1.5 7.1 ± 0.4
Caffeic acid <LOQ 12.2 ± 0.6 6.4 ± 0.3

Syringic acid 26.6 ± 1.3 29.0 ± 1.4 14.4 ± 0.7
p-coumaric acid 767 ± 38 585 ± 29 256 ± 13

Ferulic acid 2833 ± 142 2193 ± 110 1081 ± 54
Sinapic acid <LOQ ND ND

3,5-di-caffeoylquinic acid 507 ± 25 241 ± 12 113 ± 6
Ellagic acid <LOD 60.9 ± 3.0 32.9 ± 1.6

3,4-di-O-caffeoylquinic acid 20.9 ± 1.0 <LOQ 18.8 ± 0.9
Cinnamic acid 215 ± 11 ND ND

Σ Phenolic acids 7652.0 ± 382.5 3360.9 ± 168.5 1625.5 ± 81.7
Flavanols

(+)-Catechin 95.0 ± 4.7 72.4 ± 3.6 19.6 ± 1.0
(−)-Epicatechin <LOQ 16.6 ± 0.8 ND

Σ Flavanols 95.0 ± 4.7 89.0 ± 4.4 19.6 ± 1.0
Flavanones
Naringin 35.7 ± 1.8 529 ± 26 249 ± 12

Naringenin 9.0 ± 0.5 <LOQ <LOD
Σ Flavanones 44.7 ± 2.3 529.0 ± 26.0 249.0 ± 12.0

Flavonols
Quercetin-3-O-galactoside 17.3 ± 0.9 ND ND

Quercetin-3-O-glucopyranoside <LOQ ND ND
Rutin <LOD ND ND

Myricetin 1783 ± 89 2839 ± 142 1444 ± 72
Kaempferol-3-O-glucoside 63.5 ± 3.2 39.5 ± 2.0 3.2 ± 0.2
Kaempferol-3-O-rutinoside 58.0 ± 2.9 22.2 ± 1.1 <LOD

Isorhamnetin-3-O-rutinoside <LOD 40.1 ± 2.0 22.6 ± 1.1
Isorhamnetin-3-O-glucoside ND ND ND

Quercetin <LOQ 20.1 ± 1.0 17.2 ± 0.9
Quercitrin ND ND ND
Tiliroside 55.4 ± 2.8 12.2 ± 0.6 3.0 ± 0.2

Kaempferol 24.6 ± 1.2 17.5 ± 0.9 13.0 ± 0.6
Σ Flavonols 2001.8 ± 100.0 2990.06 ± 149.6 1503.0 ± 75.0

Flavones
Apigenin <LOD <LOQ 7.6 ± 0.4
Chrysin 10.9 ± 0.5 5.0 ± 0.3 2.9 ± 0.1

Σ Flavones 10.9 ± 0.5 5.0 ± 0.3 10.5 ± 0.5
Others

Caffeine 75.9 ± 3.8 75.5 ± 3.8 12.3 ± 0.6
trans-polydatin 163 ± 8 54.0 ± 2.7 48.3 ± 2.4

Resveratrol <LOQ <LOQ ND
Phloridzin 2036 ± 102 1834 ± 92 996 ± 50
Phloretin 24.6 ± 1.2 44.7 ± 2.2 20.0 ± 1.0

trans-epsilon viniferin <LOD <LOQ ND
Σ Others 2299.5 ± 115.0 2008.2 ± 100.7 1076.6 ± 54.0

ND: not detected; LOD: limit of detection; LOQ: limit of quantification.
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Figure 1. HPLC-DAD chromatograms at 280 nm for (a) polyphenols standard mixture of 5 mg/L,
(b) propolis aqueous extract, (c) propolis hydroalcoholic (50:50; v/v) extract and (d) propolis al-
coholic extract. Peak identification: (1) gallic acid, (2) protocatechuic acid, (3) neochlorogenic
acid, (4) (+)-catechin, (5) caftaric acid, (6) caffeine, (7) chlorogenic acid, (8) 4-O-caffeyolquinic
acid, (9) vanillic acid, (10) caffeic acid, (11) syringic acid, (12) (−)-epicatechin, (13) p-coumaric
acid, (14) ferulic acid, (15) sinapic acid, (16) trans-polydatin, (17) naringin, (18) 3,5-di-caffeoylquinic
acid, (19) quercetin-3-O-galactoside, (20) resveratrol, (21) quercetin-3-O-glucopyranoside, (22) rutin,
(23) phloridzin, (24) ellagic acid, (25) 3,4-di-O-caffeoylquinic acid, (26) myricetin, (27) cinnamic acid,
(28) quercitrin, (29) kaempferol-3-O-glucoside, (30) isorhamnetin-3-O-glucoside, (31) kaempferol-
3-O-rutinoside, (32) isorhamnetin-3-O-rutinoside, (33) naringenin, (34) trans-epsilon viniferin,
(35) quercetin, (36) phloretin, (37) tiliroside, (38) kaempferol, (39) apigenin, and (40) chrysin.

The main compounds present in the three extracts were phenolic acids, mostly fer-
ulic acid. Vanillic and p-coumaric acid were also quantified in considerable amounts in
the aqueous extract, while p-coumaric acid and 3,5-di-caffeoylquinic acid were the most
representative phenolics (after ferulic acid) in the hydroalcoholic and alcoholic extracts.
Flavonols were the second major class of compounds present in hydroalcoholic and al-
coholic extracts, representing 33.30% and 33.51%, respectively. Myricetin was the main
flavonol quantified in all extracts, followed by phloridzin. Catechin was identified in all ex-
tracts, although epicatechin was only identified in the hydroalcoholic extract. Additionally,
apigenin, a well-known flavone, was only identified in the alcoholic extract, while chrysin
was present in all extracts.

The different extracts revealed high levels of flavonoids, in accordance with a previous
report for European samples of propolis [39]. Ozkok et al. [40] evaluated the phenolic
composition of propolis collected from different Turkish regions and reported the pres-
ence of six phenolic acids, namely caffeic acid, p-coumaric acid, trans-ferulic acid, pro-
tocatechuic acid, trans-cinnamic acid, and caffeic acid phenethyl ester. The authors also
quantified flavonoids, such as quercetin (1.12–4.14 mg/g), galangin (0.72–40.79 mg/g),
apigenin (1.07–17.35 mg/g), and pinocembrin (1.32–39.92 mg/g), although some of these
compounds were not evaluated in this study. Lagouri et al. [37] analyzed the phenolic com-
position of Greek propolis and reported the presence of caffeic acid (0.64–4.17 mg/g), ferulic
acid (0.53–1.41 mg/g), p-coumaric acid (0.83–3.00 mg/g), apigenin (0.48–2.74 mg/g), and
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galangin (1.32–8.55). Once again, the Portuguese propolis used in the present work seems
to be richer in phenolic compounds when compared to the Greek propolis. These works
demonstrate the richness of propolis in phenolic compounds and, most importantly, the
influence of geographic conditions and the different extraction procedures on the bioactive
composition of this complex matrix.

As expected, the phenolic profile results corroborate the antioxidant/antiradical re-
sults. The main phenolic compound quantified was ferulic acid, which is associated with
antioxidant, antimicrobial, anti-inflammatory, anti-thrombosis, and anti-cancer proper-
ties [41]. In addition, the aqueous extract showed high amounts of vanillic acid when
compared to the other extracts (2638 mg/100 g dw), which may justify the higher anti-
radical activity observed, being in line with previous authors [42]. Moreover, myricetin
was also found in high quantities, acting as an antifungal against C. albicans, and reducing
biofilm formation [43,44]. Catechin is another excellent antioxidant identified in the ex-
tracts. When used in combination with lower doses of antimycotics, catechin significantly
inhibits the growth of fluconazole-resistant C. albicans [45]. These results highlight the
antioxidant and anti-candidiasis effects of the phenolic compounds present in the propolis
extracts prepared.

2.3. In Vitro Scavenging Capacity against ROS

ROS production is a consequence of normal metabolism, performing various physio-
logical functions [46]. Although the role of moderately increased ROS levels in activating
antifungal activity of neutrophils and macrophages may be beneficial for host response
to vulvovaginal infection [47,48], the excessive production of these reactive species can
exacerbate the inflammatory state associated with VVC [49]. The ROS scavenging capacities
of the different extracts are summarized in Table 3.

Table 3. O2
•− and HOCl scavenging capacities of propolis extracts. Values are expressed as

mean ± standard deviation (n = 3). Different letters (a, b) in the same column indicate significant
differences between mean values (p < 0.05).

ROS
O2

•− HOCl

IC50 (μg/mL)

Propolis extracts
Aqueous 67.3 ± 1.0 a 7.5 ± 1.2 a

Hydroalcoholic 651.4 ± 11.2 b 11.3 ± 0.8 a

Alcoholic >1000 38.1 ± 3.9 b

Positive Controls
Gallic acid 24.6 ± 1.5 0.7 ± 0.1
Catechin 84.4 ± 4.6 0.1 ± 0.01

Regarding the O2
•− uptake capacity, an IC50 value of 67.3 μg/mL was obtained for

the aqueous extract, while a significantly higher value (651.4 μg/mL) was determined
for the hydroalcoholic extract (p < 0.01). The scavenging capacity of the alcoholic extract
was mild (inhibition percentage up to around 20%) at the highest tested concentration
(1000 μg/mL). Furthermore, the aqueous extract attested a superior capacity to scavenge
this oxygen species than the positive control catechin (IC50 = 84.4 μg/mL), supporting the
excellent capacity of this extract.

Regarding the HOCl scavenging potential, the aqueous extract also achieved the high-
est activity (IC50 = 7.5 μg/mL), followed by the hydroalcoholic (IC50 = 11.3 μg/mL) and al-
coholic extracts (IC50 = 38.1 μg/mL). Significant differences were observed (p < 0.05) for the
alcoholic extract when compared to the other two, but not between the aqueous and the hy-
droalcoholic extracts (p = 0.130). Francisco et al. [50] registered IC50 values of 226.8 μg/mL
and 13.3 μg/mL, respectively, for the scavenging activity against O2

•− and HOCl of the
Brazilian propolis, highlighting the promising results for the extracts proposed in the
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present study. Additionally, the results are in line with the in vitro antioxidant/antiradical
activities reported in the previous sections as well as the phenolic composition described.
The higher scavenging efficacy of the aqueous propolis extract may be due to its superior
content in phenolic compounds, particularly ferulic acid, well-known for its capacity to
neutralize free radicals and act on the reduction of xanthine oxidase and cyclooxygenase
activity [51]. Phloridzin is the main flavone found in propolis extracts and may inhibit
the formation of O2

•− as well as lipid peroxides [52]. Flavonols, such as kaempferol,
quercetin, and myricetin, have huge potential as ROS scavengers due to the number of
hydroxyl groups on the B-ring [53,54]. Overall, the scavenging capacity of the aqueous and
hydroalcoholic propolis extracts may be beneficial for the purpose of VVC management.

2.4. Antifungal Activity

The activity of the different extracts against six standard ATCC Candida spp. strains
was determined according to the clinically relevant CLSI M27-A4 method (Table 4).

Table 4. Anti-Candida activity of propolis extracts. Results are presented as MIC and MFC values
against ATCC strains and vaginal isolates of Candida species. Results are presented singly or as
range values (n = 3). Sensitivity of each strain to fluconazole is presented for reference purposes.

Strains
Fluconazole

Susceptibility

Aqueous Hydroalcoholic Alcoholic

MIC
(μg/mL)

MIC
(μg/mL)

MFC
(μg/mL)

MFC
(μg/mL)

MIC
(μg/mL)

MFC
(μg/mL)

C. albicans ATCC 90028 S 256 128–256 >512 >512 512 >512
C. albicans ATCC 64550 R 128–256 128–512 >512 >512 512 >512
C. glabrata ATCC 2001 S-DD ≈512 ≈512 >512 >512 ≈512 >512

C. parapsilosis ATCC 22019 S 256 128 512 >512 512 >512
C. krusei ATCC 6258 S-DD 512 256–512 >512 >512 ≈512 >512

C. tropicalis ATCC 750 S ≈512 256–512 >512 >512 ≈512 >512

S: susceptible; S-DD: susceptible (dose-dependent); R: resistant.

All extracts presented fungistatic activity, with MIC values varying from 128 to
512 μg/mL, with mild differences between extracts. The higher activity of the aqueous
and hydroalcoholic extracts when compared to the alcoholic one may be related to their
superior polyphenol content. Touzani et al. [55] also suggested that the antifungal activity
of propolis is related to the presence of this type of compound. Values of MFC higher
than 512 μg/mL for nearly all strains further reinforce the fungistatic nature of the tested
extracts. Importantly, anti-Candida activity appeared to be maintained for strains resistant
or featuring dose-dependent susceptibility to fluconazole, suggesting that the extracts
could be useful in cases of azole-resistant VVC, particularly those with scarce availability
of alternative treatment options [56]. According to Tobaldini-Valerio et al. [57], propolis
extracts with MIC values < 800 μg/mL are potentially useful inhibitors of Candida spp. and
considered suitable for topical therapy. Additionally, Duarte et al. [58] proposed a broader
classification for plant products, stating that MIC values around 0.5 mg/mL indicate strong
antifungal inhibitory activity. According to these authors, MIC values up to 2 mg/mL
are still indicative of suitable activity for medical use. Thus, all tested extracts seem to be
suitable as promising antifungal candidates for managing candidiasis.

2.5. Cytotoxicity Activity

The effect of propolis extracts on the viability of two relevant human cell lines of
genital origin, viz. HEC-1-A and Ca Ski [59,60], was tested after 4 h of incubation. The
relatively short time of exposure was selected to better mimic the typically brief residence
time of drug products in the vagina [61]. The results are summarized in Table 5.
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Table 5. Effects of propolis extract exposure on the viability (%) of HEC-1-A and Ca Ski cell lines at dif-
ferent concentrations, as measured by the resazurin assay. Values are expressed as mean ± standard
deviation (n = 3). Different letters (a, b, c, d) in the same line indicate significant differences between
mean values (p < 0.05).

Sample
Concentration (μg/mL)

128 256 512 1024 2048

HEC-1-A

Aqueous extract 102.70 ± 5.14 a 102.50 ± 6.01 a 59.30 ± 2.97 b 56.60 ± 5.83 b 66.11 ± 8.06 b

Hydroalcoholic extract 91.80 ± 4.00 a 90.70 ± 6.80 a 60.40 ± 7.80 b 33.60 ± 1.70 c 36.60 ± 1.80 c

Alcoholic extract 121.80 ± 5.14 a 78.50 ± 6.01 b 69.90 ± 2.97 b 34.80 ± 5.83 c 7.30 ± 0.20 d

Positive control 99.55 ± 4.09
Negative control 0.00 ± 0.45

Ca Ski

Aqueousextract 127.80 ± 5.14 a 123.90 ± 6.01 a 90.00 ± 2.97 b 87.00 ± 5.83 b 85.60 ± 8.06 b

Hydroalcoholic extract 111.70 ± 6.63 a 104.50 ± 6.05 a 74.10 ± 2.20 b 54.80 ± 0.10 c 16.00 ± 0.81 d

Alcoholic extract 112.60 ± 6.62 a 114.10 ± 5.72 a 108.50 ± 5.43 a 59.50 ± 2.97 b 26.60 ± 1.60 c

Positive control 101.60 ± 6.08
Negative control 0.00 ± 0.56

The mean CC50 values for the aqueous extract were above the maximum tested
concentration (2048 μg/mL) in both cell lines and at least four times higher than the MIC
values. These results suggest, at least, mild selectivity of the aqueous extract between host
and pathogen cells. Moreover, the toxicity was higher for the hydroalcoholic and alcoholic
extracts, with CC50 values of 896 μg/mL and 813 μg/mL in HEC-1-A cells and 1264 μg/mL
and above 2048 μg/mL in Ca Ski cells, respectively.

Generally, lower CC50 values were reported by other authors for propolis extracts.
For example, Banskota et al. [62] stated values from 51 μg/mL to over 100 μg/mL for
different extracts of Brazilian propolis after 4 days of incubation with HT-1080 fibrosar-
coma and murine colon 26-L5 cells. Bonamigo et al. [63] established CC50 values around
0.4–0.5 mg/mL for ethanolic extracts of propolis from Apis mellifera when tested in pe-
ripheral blood mononuclear cells and an erythroleukemia cell line upon 24 h of contact.
Recently, Campoccia et al. [64] reported CC50 values for various poplar-type propolis ex-
tracts ranging from 70 to 85 μg/mL for MG63 osteosarcoma cells and lower than 40 μg/mL
for L929 fibroblasts after overnight incubation. Therefore, the extracts prepared in the
present study seem to be suitable for vaginal application, presenting low toxicity for both
cell lines.

3. Materials and Methods

3.1. Chemicals

Gallic acid, sodium carbonate (Na2CO3), catechin, nitrotetrazolium blue chloride
(NBT), ascorbic acid, 2,2′-azinobis-3-ethylbenzothiozoline-6-sulfonic (ABTS), potassium
persulfate (K2S2O8), dihydrorodamine (DHR), and sodium hypochlorite (NaOCl) were
purchased from Sigma-Aldrich, Taufkirchen, Germany. Ferric chloride (FeCl3), sodium
hydroxide (NaOH), dimethylformamide (DMF), disodium (Na2HPO4), monopotassium
phosphate (KH2PO4) phenol reagent appropriate for Folin-Ciocalteu (Folin) and Sabouraud
dextrose broth (SDA) were obtained from Merck, Darmstadt, Germany. 2,4,6-Tris(2-pyridyl)-
s-triazine (TPTZ), ferrous sulfate, β-nicotinamide adenine dinucleotide (NADH), and
phenazine methosulfate (PMS) were purchased from Sigma-Aldrich, Buchs (Switzerland),
Anekal Taluk (India), and Burlington, VT, (USA), respectively. Sodium acetate, RPMI
1640 and morpholinopropanesulfonic acid (MOPS) was sourced from Sigma Chemical Co.,
Burlington, VT, USA, acetic acid from Chem-Lab NV, Zedelgem, Belgium, and anhydrous
absolute ethanol from Carlo Erba Reagents, Val-de-Reuil, France. Ultra-pure water was
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obtained in-house using a Milli-Q water purification system (TGI Pure Water Systems,
San Diego, CA, USA). All other chemicals were of analytical grade or equivalent.

3.2. Propolis Samples and Extraction

Propolis was collected from Apis mellifera L. bee hives in apiaries located in the Natural
Park of Montesinho (41◦53′49” N, 6◦51′58” W) in September 2021. The crude extracts
were packed in sealed plastic bags and stored at −18 ◦C until further use. The propolis
extraction was conducted by UAE using ethanol, water, or an hydroalcoholic mixture (50:50,
v/v) as solvent, according to the procedure described by Cavalaro et al. [65]. Briefly, the
extracts were obtained using an ultrasonic processor (Sonics Vibra-cellTM, VCX 500/VCX
750, Lutterworth, UK) with a frequency of 20 KHz and a probe (630–0220) with 13 mm
diameter. For extraction, 0.86 g of sample was added to 30 mL of solvent for 20 min, at
25 ◦C and with 30% sonication amplitude. The samples were subsequently centrifuged
at 4700× g for 15 min at 25 ◦C and filtered using Whatman no. 2 filters. The aqueous
extracts were frozen at −80 ◦C until lyophilization (Telstar LyoQuest, Barcelona, Spain),
while the alcoholic and hydroalcoholic extracts were kept under refrigeration at 4 ◦C until
evaporation in a rotary evaporator (Vacuum Controller V-800, Büchi, Aesch, Switzerland)
at 40 ◦C. The yield was calculated using the dry weight of the extract and soaked samples.

3.3. Determination of Total Phenolic Content

The total phenolic content (TPC) was calculated spectrophotometrically, based on
a complex redox reaction, as described by Pinto et al. [66]. The reaction mixture oc-
curred in each well of a 96-well microplate and consisted of a mixture of sample, Folin-
Ciocalteu reagent, and Na2CO3 solution (7.5%, w/v). Samples were in a concentration
of 500 μg/mL. The absorbance was read at 765 nm using a Synergy HT Microplate
Reader (BioTek Instruments, Winooski, VT, USA). Gallic acid was used as standard
(linearity range = 5–100 μg/mL; R2 = 0.9992). The results were expressed as milligrams of
gallic acid equivalents (GAE) per gram of dry weight (dw) (mg GAE/g dw).

3.4. Determination of In Vitro Antioxidant/Antiradical Activities
3.4.1. Ferric Reducing Antioxidant Power

The ferric ion reduction antioxidant capacity (FRAP) was calculated based on the
reduction of a ferric 2,4,6-trypyridyl-s-triazine complex (Fe2+-TPTZ) to the ferrous form
(Fe3+-TPTZ), as described by Benzie and Strain [67], with minor modifications. The assay
was performed directly in a 96-well microplate, adding sample and FRAP reagent to each
well. The reaction mixture was incubated at 37 ◦C for 30 min and the absorbance was read
at 595 nm in a Synergy HT Microplate Reader. Ferrous sulfate 1 mM (FeSO4·7H2O) was
used as standard (linearity range: 25–500 μM; R2 = 0.9997). The results were presented as
half-maximal inhibitory concentration (IC50) values.

3.4.2. ABTS Radical Scavenging Assay

The evaluation of the ABTS radical sequestration capacity was performed according
to the methodology described by Re et al. [68], with minor modifications. The assay was
performed directly in a 96-well microplate by adding ABTS solution and sample to each
well. Ascorbic acid was used as standard (linearity range: 5–100 μg/ mL; R2 > 0.9922). The
results were expressed as IC50 values.

3.5. Phenolic Profile Analysis

Propolis extracts were analyzed by high performance liquid chromatography with
a diode-array detector (HPLC-DAD), as described by Moreira et al. [69]. The chromato-
graphic separation was carried out on a reversed-phase Phenomenex Gemini C18 column
(250 × 4.6 mm, 5 μm particle size) at 25 ◦C. The mobile phase comprised methanol and wa-
ter, both with 0.1% of formic acid, and a gradient program was used. The chromatograms
were acquired at a wavelength of 280 nm by a photodiode array detector (Merck® Hitachi
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Diode Array Detector L-2455, Kent, UK). The results were expressed as mg of each phenolic
compound per 100 g of extract on dw (mg/100 g dw).

3.6. Assessment of Reactive Oxygen Species Scavenging Capacity
3.6.1. Superoxide Radical Scavenging Assay

The superoxide anion radical (O2
•−) scavenging capacity was determined spectropho-

tometrically, as described by Gomes et al. [70]. Absorbance was read at 560 nm for 6 min at
37 ◦C in a Synergy HT Microplate Reader. The results were expressed as IC50 values of the
reduction of NBT to a purple-colored diformazan upon reaction with O2.

3.6.2. Hypochlorous Acid Scavenging Assay

The uptake capacity of hypochlorous acid (HOCl) was determined by monitoring
the effect of propolis on the HOCl-induced oxidation of DHR to rhodamine, according
to Gomes et al. [70]. The fluorescence was read at 37 ◦C for 5 min, at wavelengths of
485 ± 20 nm and 528 ± 20 nm. The results were expressed as the inhibition (IC50 values)
of HOCl-induced DHR oxidation.

3.7. Determination of Antifungal Activity

The activity of propolis extracts against Candida spp. was determined using the CLSI
M27-A4 broth microdilution method [71]. Six reference strains from the American Type
Culture Collection (ATCC, Manassas, VA, USA) were used, namely C. albicans (ATCC
90028 and ATCC 64550), C. glabrata (ATCC 2001), C. parapsilosis (ATCC 22019), C. krusei
(ATCC 6258) and C. tropicalis (ATCC 750). In brief, isolates were subcultured on Sabouraud
Dextrose Broth (SDA) for 24 h at 37 ◦C before being dispersed in RPMI 1640 medium
supplemented with MOPS (pH = 7.0) to a final concentration of 0.5–2.5× 103 cells/mL. The
assay was performed in 96-well microplates by mixing 100 μL of Candida spp. dispersions
with 100 μL of extracts dispersed in the same medium. Final concentration of propolis
extracts ranged from 4 to 512 μg/mL. The minimum inhibitory concentration (MIC; defined
as the lowest concentration without growth) was determined after 48 h of incubation at
37 ◦C by visual inspection. Experiments were performed in triplicate. Additionally, the
minimal fungicidal concentration (MFC) was assessed by collecting 20 μL of the content of
wells at MIC and higher concentrations and plating it onto SDA in duplicate for 24 h at
37 ◦C. MFC values were defined as the lowest concentration at which no apparent growth
was observable.

3.8. Cell Viability Assays

The toxicity of propolis extracts to human cell lines of female genital tract origin,
namely HEC-1-A endometrial cells and Ca Ski cervical cells (ATCC), was determined
through the resazurin reduction assay [72]. These cell lines were selected since they are
representative in vitro models of the female genital epithelia and have been used in the
past for screening the toxicity of drugs, excipients and formulations intended for vaginal
use [73,74]. HEC-1-A cells and Ca Ski cells were maintained in McCoy’s 5A medium and
RPMI 1640 medium, respectively, in both cases supplemented with 10% (v/v) fetal bovine
serum, 100 U/mL penicillin and 100 μg/mL streptomycin, and kept at 37 ◦C, 95% relative
humidity (RH), and 5% CO2. Cells were seeded at a density of 5000/well in 96-well plates
and incubated for 24 h, after which propolis extracts were added at different concentrations
(128–2048 μg/mL) and cells incubated for an additional 4 h. Cells incubated with plain
culture medium and 1% (w/v) Triton X-100 were also used as controls. Resazurin was then
added at a concentration of 10 μg/mL and cells left to incubate for 3 h. Finally, supernatants
(100 μL) were transferred to an opaque 96-well plate and the fluorescence was measured
at 590/530 nm using a Synergy HT Multi-Mode plate reader (BioTek). Experiments were
performed in triplicate and cell viability was used to calculate half-maximal cytotoxic
concentration (CC50) values by log-logistic regression using Prism 8 (Graph-Pad, La Jolla,
CA, USA).
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3.9. Statistical Analysis

The results are presented as mean ± standard deviation (n = 3). Microsoft Office Excel
2020 and SPSS Statistics 28.0 software were used for data analysis. One-way ANOVA test,
followed by HSD Tukey’s post-hoc test, was applied to assess differences between trials. A
paired sample Student’s t-test was also performed to compare the means of the variables
with each other. Values of p < 0.05 were considered as statistically significant.

4. Conclusions

The present work reported for the first time the assessment of propolis from the
Natural Park of Montesinho, a protected Portuguese region, as a potential new antifungal
ingredient for pharmaceutical applications. The green extraction methodology employed,
coupled with the sustainable solvents used, allowed us to obtain extracts rich in bioactive
compounds, with considerable antioxidant and antiradical activities. The aqueous extract
achieved the best outcomes in the spectrophotometric tests employed, exhibiting a phenolic
profile mainly characterized by the presence of ferulic acid, vanillic acid, p-coumaric acid,
and myricetin. Also, this extract was shown to be effective against the tested Candida
species. The cell viability assay attested the low toxicity of the aqueous extract in both cell
lines used (Ca Ski and HEC-1-A). Therefore, the aqueous extract was revealed to be the
most promising, presenting antioxidant and anti-candidiasis effects commonly involved in
VVC. In the future, complementary studies, such as in vitro permeability assays, should
be performed to ensure the safety and efficacy of this extract against VVC. Moreover, to
complement the anti-fungal activity, the antimicrobial capacity should be analyzed.
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Abstract: Currently, scientists are increasingly focusing on utilizing the natural flora of the planet to
search for and isolate individual bioactive substances that prevent various diseases, contribute to
increased life expectancy, and affect all major life-supporting systems in the human body. This study
describes the examination of the composition of plant raw materials from the Siberian Federal District.
The research focuses on plant specimens from the root parts of Taraxacum officinale and Arctium
lappa, collected in the Kemerovo region. The study determines the contents of the water-soluble
vitamins B and C in the research subjects. The investigation includes assessing antioxidant properties,
antimicrobial activity, and flavonoid content in extracts based on plant raw materials. All samples
show a high percentage of antioxidant activity, with the highest antioxidant activity for T. officinale at
85.51 and that for A. lappa at 88.97. The results indicate low antimicrobial activity against Escherichia
coli (growth inhibition zone up to 15.5 mm). Plant extracts contain significant amounts of B-group
vitamins, with pyridoxine in T. officinale (156.40 μg/mL) and thiamine (46.20 μg/mL) and pyridoxine
(357.10 μg/mL) in Arctium lappa. Flavonoids (rutin and quercetin) are identified in T. officinale and
A. lappa extracts based on the study results.

Keywords: dandelion root; burdock root; raw material; antioxidants; flavonoids; bioactive substances;
vitamins; Escherichia coli

1. Introduction

The resources that our planet is rich in are dwindling, such as valuable minerals,
forests, and naturally sourced food products. Climate conditions are becoming increasingly
unpredictable each year. Population density and growth are on the rise.

According to United Nations projections, the world’s population will reach
8.5 billion people by 2030, 9.7 billion by 2050, and 10.4 billion by 2100 [1]. Consequently,
humanity faces pressing questions about finding new sources of food, achieving self-
sufficiency in providing necessary food products, and strengthening population immunity
against infections and pathogens using Russian foods, medicines, and functional additives
to the basic human diet.

The Siberian Federal District offers a rich diversity of plant materials with varied
phytochemical compositions and properties [2]. Currently, the study of individual bioactive
substances (BAS) is a relevant field in biotechnology science [3]. Bioactive substances are
chemical compounds obtained through microbiological or chemical synthesis that exhibit
high physiological activity at low concentrations [4].
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In recent years, biotechnologists have been closely focused on studying individual
bioactive substances (BAS) in plant raw materials to develop functional preparations and
dietary supplements containing antioxidants of natural or synthetic origin [5–7].

The human body is initially saturated with antioxidant substances in the early years
of life, but over time, their contents decrease, and their natural effectiveness weakens [8,9].
There is a need to replenish antioxidant substances through food and additional sources,
such as various antioxidant dietary supplements [10].

Antioxidants can protect cells through various mechanisms, such as:

1. Transforming reactive oxygen species (ROS) into non-radical forms (dependent on
the involved antioxidant);

2. Interrupting the auto-oxidative chain reaction initiated by ROS;
3. Reducing localized oxygen concentrations [11].

Synthetic antioxidants include pharmaceuticals, functional food products, and di-
etary supplements that do not contain plant components. Synthetic antioxidants are used
instead of natural ones because they provide higher stability and efficiency, lower cost,
and widespread availability. The most frequently mentioned synthetic antioxidants in the
food industry are butylated hydroxyanisole, butylated hydroxytoluene, propyl gallate, and
tert-butylhydroquinone [12].

While synthetic antioxidants are widely used, safety concerns arise over time. Several
published studies have suggested a link between prolonged intake of synthetic antioxidants
and certain health issues [13]. High doses of synthetic antioxidants can cause DNA damage
and premature aging [14]. Hence, the trend toward replacing synthetic antioxidants with
natural ones is growing stronger.

Antioxidants derived from plant raw materials can react with reactive oxygen species,
thereby protecting cellular structures from free-radical damage and contributing to the
reduction of oxidative stress [15]. Substances such as vitamins, macro- and microele-
ments, phenolic compounds, alkaloids, carotenoids, minerals, and enzymes found in fruits,
vegetables, berries, and plants fall into the category of natural antioxidants.

Alkaloids are nitrogen-containing natural organic compounds that accumulate in all
plant organs [16]. They have a positive impact on the cardiovascular, central nervous,
and endocrine systems [17]. Notable alkaloids include caffeine, atropine, theobromine,
and theophylline.

Carotenoids are plant pigments that impart bright yellow, orange, or red hues to plant
materials. They possess antioxidant activity and immunomodulatory effects [18].

Phenolic acids represent aromatic secondary metabolites of plant origin. Phenolic
acids have a protective function when consuming plant raw materials in the diet, especially
in cardiovascular diseases and oncology. Examples of phenolic acid compounds include
salicylic and gallic acids, as well as coumarins, catechins, quercetin, flavonoids, tannins,
and others [19].

Considerable importance should be given to natural polyphenolic compounds, such
as flavonoids, which exhibit pronounced biological properties. It has been established that
flavonoids possess antibacterial and antiviral activity, anti-inflammatory, antiangiogenic,
analgesic, and antiallergic effects, and hepatoprotective, cytostatic, apoptotic, estrogenic,
and antiestrogenic properties [20]. They are characterized by capillary-strengthening,
cardiotonic, spasmolytic, hypotensive, diuretic, choleretic, hepatoprotective, hemostatic,
and anti-inflammatory actions [21].

Vitamins A, C, and E are important antioxidants that can reduce the body’s suscep-
tibility to oxidative damage [22]. Some of these compounds are particularly crucial for
human health, such as vitamins C and E, which act as antioxidants and perform essential
functions in our bodies. They are not synthesized by the human body, so they must be
obtained through food [23]. Vitamin E counters oxidative stress, preventing age-related
diseases [24]. Vitamin C is a water-soluble antioxidant necessary for collagen synthesis,
iron absorption, and epigenetic regulation. Vitamin C promotes proper immune system
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function, reduces inflammation, and prevents the occurrence and progression of various
chronic and acute diseases [25].

Vitamin B1 is an essential component of nutrition, and a deficiency in this micronu-
trient underlies various diseases, especially nervous system disorders [26]. Vitamin B1
enhances plant resistance to environmental stress. Supplementary thiamine significantly
increases the vitamin C content and the overall content of phenolic compounds in turnip
varieties under drought conditions [27]. Vitamin B6 exhibits free-radical-scavenging activ-
ity and antioxidant effects [28]. Riboflavin (vitamin B2) is often referred to as the growth
vitamin, controlling the protective antioxidant system in plants [29].

The common dandelion (Taraxacum officinale) is a perennial herbaceous plant of the
Asteraceae family. It is a herbaceous plant that grows in North America, Europe, and
Asia [30]. The dandelion was originally imported to America as a food crop and then
spread to North America, New Zealand, Australia, South Africa, and India. It grows
along roadsides, banks, lawns, pastures, and in areas with moist soils [31]. Owing to
its wide range of nutrients, such as vitamins, minerals, polyphenols, flavonoids, and
fatty acids, dandelion and its extracts exhibit anti-inflammatory and antioxidant effects.
Additionally, they demonstrate anti-tumor and antimicrobial activity [32]. Dandelion
alleviates inflammatory reactions in the intestine by restoring the balance of gut flora,
suggesting that its anti-inflammatory effects are mediated by regulating gut microbial
imbalance [33]. Traditionally, dandelion has been used to treat kidney, spleen, and liver
diseases, as well as cardiovascular diseases, diabetes, and bacterial infections, and as an
anti-inflammatory and diuretic agent [34].

Extracts from T. officinale are widely recognized as safe, and dandelion is considered a
renewable resource, further enhancing its appeal as a natural food or medicinal product.
Consequently, the popularity and usage of dandelion, its extracts, and key components
are expected to continue growing. Recent articles report that flavonoids extracted from
dandelion leaves and roots can be used as a functional supplement to starch to reduce the
glycemic index [35]. Moreover, polysaccharides isolated from the entire dandelion plant
during flowering exhibited prebiotic potential associated with microbiota composition
modulation [36].

Greater Burdock (Arctium lappa) is a medicinal and edible homologous plant com-
monly known as burdock, belonging to the Asteraceae family [37]. Burdock is widespread
in Europe [38], North America [39], China [40], Africa [41], and Asia [42], having both
nutritional and medicinal value [43]. It is a globally cultivated medicinal and edible plant
with predominantly phytochemical compounds and polysaccharides, possessing both
nutritional and therapeutic properties [44]. The plant contains flavonoids and lignans,
which are beneficial for treating high blood pressure, gout, thrombosis, hepatitis, and
inflammatory diseases. Various biological properties, including antimutagenic, anticancer,
and rejuvenating properties, are also attributed to its phenolic components [45]. Modern
research reveals that A. lappa contains organic acids, flavonoids, terpenoids, lignans, and
other components [46].

The roots, leaves, and fruits of burdock have varying therapeutic values and are widely
used in some European and Asian countries. The fruits contain lignans and essential oils
with anticancer and anti-inflammatory activity. The chemopreventive action of burdock
fruits is linked to lignans such as arctiin and arctigenin [47]. A. lappa leaves exhibit high
antioxidant activity and contain phenolic compounds, including phenolic acids, quercetin,
quercitrin, and luteolin [48]. The main active ingredients extracted from burdock leaves
are arctigenin, arctiin, coffee, and chlorogenic acids [49]. A. lappa roots contain a broad
spectrum of bioactive substances such as polysaccharides, polyphenols, flavonoids, and
volatile oils, contributing to their anti-inflammatory, antioxidant, antibacterial, antiviral,
and other biological activities [50]. Phenolic acids (caffeic acid, chlorogenic acid, and
cynarin), arctin, luteolin, and quercetin are found in burdock roots. The root possesses
protective, anti-inflammatory, and free-radical-blocking activities that are attributed to
chlorogenic acid derivatives. Burdock root contains inulin, essential oil, tannins, resins,
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carbohydrates, iron, calcium, and vitamin C, with its bitter taste resulting from linoleic and
oleic acids [51].

A more in-depth and comprehensive study of local plants is required to extract bioac-
tive substances used in the food industry. The aim of the research was to assess the content
of water-soluble vitamins and flavonoids, radical-scavenging activity by ABTS, and antimi-
crobial activity of plant material from the Siberian Federal District, specifically T. officinale
and A. lappa.

2. Results

2.1. Obtaining Extracts with High Contents of BAS

Extracts, depending on the solvent (extractant) used, can be alcoholic, aqueous,
aqueous–alcoholic, essential, and CO2 extracts. Each method has its advantages and
disadvantages. The optimal extractant for the extraction of BAS in order to obtain dietary
supplements is an aqueous alcohol solvent. The parameters of extraction of plant raw
materials were selected experimentally: temperature, solvent concentration, and incubation
duration, as well as the hydromodule (ratio of raw materials to extractant). The results were
evaluated using the antioxidant activity of the obtained extracts. The results are shown
in Table 1.

Table 1. Results of antioxidant activity.

Sample Antioxidant Activity (Mean ± SD), % Sample Antioxidant Activity (Mean ± SD), %

Water 0 Vitamin C (1000 mmol/L) 50.13 ± 1.03

1 69.62 ± 1.43 *
Tst = 11.06 p = 0.001 37 87.21 ± 1.82 *

Tst = 17.73 p = 0.0004

2 64.06 ± 1.32 *
Tst = 8.32 p = 0.004 38 85.13 ± 1.75 *

Tst = 17.24 p = 0.0004

3 61.15 ± 1.26 *
Tst = 6.77 p = 0.01 39 83.72 ± 1.72 *

Tst = 16.75 p = 0.0005

4 83.30 ± 1.76 *
Tst = 16.27 p = 0.001 40 81.11 ± 1.67 *

Tst = 15.79 p = 0.001

5 81.15 ± 1.67 *
Tst = 15.81 p = 0.001 41 80.56 ± 1.66 *

Tst = 15.58 p = 0.001

6 78.97 ± 1.63 *
Tst = 14.96 p = 0.001 42 76.20 ± 1.57 *

Tst = 13.88 p = 0.001

7 63.59 ± 1.31 *
Tst = 8.08 p = 0.004 43 53.59 ± 1.10

Tst = 1.63 p = 0.20

8 62.39 ± 1.29 *
Tst = 7.43 p = 0.01 44 49.66 ± 1.02

9 59.44 ± 1.22 *
Tst = 5.83 p = 0.01 45 47.91 ± 0.99

10 66.07 ± 1.36 *
Tst = 9.34 p = 0.003 46 77.26 ± 1.59 *

Tst = 14.32 p = 0.001

11 63.42 ± 1.31 *
Tst = 7.98 p = 0.004 47 76.32 ± 1.57 *

Tst = 13.95 p = 0.001

12 62.18 ± 1.28 *
Tst = 7.33 p = 0.01 48 74.57 ± 1.54 *

Tst = 13.19 p = 0.001

13 49.36 ± 1.02 49 35.17 ± 0.72

14 47.91 ± 0.99 50 32.44 ± 0.67

15 47.05 ± 0.97 51 31.37 ± 0.65

16 48.55 ± 1.00 52 39.53 ± 0.81

17 46.67 ± 0.96 53 36.84 ± 0.76

18 46.03 ± 0.95 54 32.78 ± 0.68

19 63.42 ± 1.31 *
Tst = 63.42 p = 0.004 55 72.22 ± 1.49 *

Tst = 12.20 p = 0.001
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Table 1. Cont.

Sample Antioxidant Activity (Mean ± SD), % Sample Antioxidant Activity (Mean ± SD), %

20 60.90 ± 1.25 *
Tst = 6.65 p = 0.01 56 70.90 ± 1.46 *

Tst = 11.62 p = 0.001

21 56.84 ± 1.17 *
Tst = 4.30 p = 0.02 57 68.76 ± 1.42 *

Tst = 10.62 p = 0.002

22 67.05 ± 1.38 *
Tst = 9.83 p = 0.002 58 88.97 ± 1.83 *

Tst = 18.50 p = 0.0003

23 51.11 ± 1.05
Tst = 0.47 p = 0.67 59 87.56 ± 1.80 *

Tst = 18.05 p = 0.0004

24 48.29 ± 0.99 60 85.85 ± 1.77 *
Tst = 17.44 p = 0.0004

25 58.33 ± 1.20 *
Tst = 5.19 p = 0.01 61 82.56 ± 1.70 *

Tst = 17.82 p = 0.0004

26 49.15 ± 1.01 62 79.10 ± 1.63 *
Tst = 15.02 p = 0.001

27 44.74 ± 0.92 63 74.96 ± 1.54 *
Tst = 13.40 p = 0.001

28 85.51 ± 1.76 *
Tst = 17.35 p = 0.0004 64 67.74 ± 1.40 *

Tst = 10.13 p = 0.002

29 82.22 ± 1.69 *
Tst = 16.21 p = 0.001 65 65.94 ± 1.36 *

Tst = 9.27 p = 0.003

30 80.38 ± 1.66 *
Tst = 15.48 p = 0.001 66 62.35 ± 1.28 *

Tst = 7.44 p = 0.01

31 62.05 ± 1.28 *
Tst = 7.26 p = 0.01 67 32.69 ± 0.67

32 59.87 ± 1.23 *
Tst = 6.07 p = 0.01 68 28.93 ± 0.60

33 55.77 ± 1.15 *
Tst = 3.65 p = 0.04 69 28.42 ± 0.59

34 63.42 ± 1.31 *
Tst = 7.98 p = 0.004 70 54.49 ± 1.12

Tst = 2.04 p = 0.13

35 50.68 ± 1.04
Tst = 0.26 p = 0.81 71 47.22 ± 0.97

36 48.33 ± 1.00 72 44.19 ± 0.91

SD—standard deviation; *—Statistically significant results. The observed differences are statistically significant
(significance level p < 0.05); Tst—Student’s t-test value when comparing the studied treatment option with the
control vitamin C (1000 mmol/L).

By analyzing the results of the determination of antioxidant activity, it can be argued
that the choice of an extractant should be carried out individually for each type of raw
material. Within the framework of the conducted research, according to our own observa-
tions, a pattern was tracked during the experiment: the lighter the extract, the higher its
antioxidant activity; the lower the alcohol concentration, the higher the concentrations of
extracts of biologically active substances.

According to the results of this study, a high percentage of antioxidant activity was
noted in all samples. The highest antioxidant activity in Taraxacum officinale was 85.51, and
that for Arctium lappa was 88.97.

2.2. Study of Extracts for Antimicrobial Activity

Antimicrobial activity was studied for extracts based on plant raw materials with
maximum antioxidant yield. The disc diffusion method was used. The results are presented
in Table 2.
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Table 2. The results of the analysis of the antimicrobial activity of plant extracts against the test
pathogen E. coli. Disc size = 6 mm; S = low susceptibility (7.0–10.0 mm); S+ = susceptibility
(10.5–15.0 mm); S++ = high susceptibility (15.5–18.0 mm); R = resistant (0 mm).

Sample
Inhibition Zone

(Mean ± SD), mm
Response Sample

Inhibition Zone
(Mean ± SD), mm

Response

Water 0 R Tetracycline (10 μg) 13.0 ± 0.3 S+

1 11.0 ± 0.2 S+ 37 12.0 ± 0.3 S+

2 10.0 ± 0.2 S 38 12.0 ± 0.3 S+

3 10.0 ± 0.2 S 39 11.5 ± 0.2 S+

4 13.0 ± 0.3 S+ 40 13.5 ± 0.3
Tst = 1.18 p = 0.32 S+

5 11.0 ± 0.2 S+ 41 13.0 ± 0.3 S+

6 11.0 ± 0.2 S+ 42 11.5 ± 0.2 S+

7 10.0 ± 0.2 S 43 10.0 ± 0.2 S

8 10.0 ± 0.2 S 44 9.5 ± 0.2 S

9 10.0 ± 0.2 S 45 8.5 ± 0.2 S

10 9.5 ± 0.2 S 46 12.0 ± 0.3 S+

11 9.0 ± 0.2 S 47 12.0 ± 0.3 S+

12 9.0 ± 0.2 S 48 11.5 ± 0.2 S+

13 9.0 ± 0.2 S 49 9.0 ± 0.2 S

14 8.5 ± 0.2 S 50 6.5 ± 0.1 S

15 9.0 ± 0.2 S 51 0 R

16 8.0 ± 0.2 S 52 7.5 ± 0.2 S

17 7.0 ± 0.1 S 53 7.5 ± 0.2 S

18 0 R 54 6.5 ± 0.1 S

19 10.0 ± 0.2 S 55 11.5 ± 0.2 S+

20 10.0 ± 0.2 S 56 12.5 ± 0.3 S+

21 9.0 ± 0.2 S 57 12.5 ± 0.3 S+

22 9.5 ± 0.2 S 58 15.5 ± 0.4 *
Tst = 5.89 p = 0.01 S++

23 9.0 ± 0.2 S 59 13.0 ± 0.3 S+

24 8.5 ± 0.2 S 60 11.5 ± 0.2 S+

25 9.0 ± 0.2 S 61 11.5 ± 0.2 S+

26 8.5 ± 0.2 S 62 10.5 ± 0.2 S+

27 0 R 63 11.5 ± 0.2 S+

28 13.5 ± 0.3
Tst = 1.18 p = 0.32 S+ 64 10.5 ± 0.2 S+

29 11.5 ± 0.2 S+ 65 9.5 ± 0.2 S

30 10.5 ± 0.2 S+ 66 9.5 ± 0.2 S

31 10.0 ± 0.2 S 67 6.5 ± 0.1 S

32 9.5 ± 0.2 S 68 0 R

33 9.0 ± 0.2 S 69 0 R

34 10.0 ± 0.2 S 70 9.5 ± 0.2 S

35 9.0 ± 0.2 S 71 9.0 ± 0.2 S

36 8.0 ± 0.2 S 72 7.5 ± 0.2 S

SD—standard deviation; *—Statistically significant results compared with positive control (tetracycline). The
observed differences are statistically significant (significance level p < 0.05); Tst—Student’s t-test value when
comparing the studied treatment option with the control tetracycline (10 μg).
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The water–alcohol extracts of the plant materials Taraxacum officinale and Arctium lappa
demonstrated high antimicrobial activity against Escherichia coli. The disc diffusion method
showed growth inhibition zones ranging from 10.5 to 13.5 mm for samples: 1, 4–6, and
28–30, which were extracts from dandelion roots. Inhibition zones of 10.5 to 15.5 mm were
observed for samples: 37–42, 46–48, and 55–64, which were extracts from burdock roots.

The maximum diameter of the growth inhibition zone for dandelion was 13.5 mm
(sample 28), while for burdock it was 15.5 mm (sample 58). Thus, the investigated plant
materials T. officinale and A. lappa represent promising sources of bioactive substances (BAS)
with antibacterial properties.

For the extraction of plant material from A. lappa and T. officinale with the highest
possible content of BAS and a high antioxidant activity index, the optimal parameters are
an incubation duration of 4 h, extraction temperature of 60 ◦C, and a plant material to
solvent ratio of 1:10, respectively. The concentration of the extractant (ethyl alcohol) was
70% for T. officinale (sample 28), and the concentration of ethyl alcohol for A. lappa extraction
was 40% (sample 58).

2.3. The Content of Water-Soluble Vitamins in Extracts with High Contents of Biologically Active
Substances (BAS)

The results of the analysis of the determination of the qualitative and quantitative
composition of water-soluble vitamins of groups B and C by high-efficiency liquid chro-
matography (HPLC) are shown in Figure 1, Table 3.

(a) 

(b)

Figure 1. Chromatogram of HPLC analysis of plant extracts: (a) Taraxacum officinale: peak 6—vitamin
C; peak 15, 16—vitamin B1; peak 20—vitamin B3; peak 24—vitamin B6; (b) Arctium lappa: peak
6—vitamin C; peak 15, 16—vitamin B1; peak 20—vitamin B3; peak 24—vitamin B6.

In the Taraxacum officinale sample, the study revealed a high content of pyridoxine
(Vitamin B6) at 156.40 μg/mL. The presence of thiamine and niacin (vitamins B1 and B3), as
well as vitamin C, was also noted. The Arctium lappa sample exhibited a significant concen-
tration of B-vitamins, particularly thiamine (46.20 μg/mL) and pyridoxine (357.10 μg/mL).
Additionally, niacin, pantothenic acid (Vitamin B5), and vitamin C were detected. It is
noteworthy that sample 58 contains, on average, 13.02 times more B and C group vitamins
than sample 28.
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Table 3. The quantitative contents of water-soluble vitamins according to HPLC analysis.

Name of the Vitamin
Amount of Substance, ug/mL of Extract

Sample 28 (Taraxacum officinale) Sample 58 (Arctium lappa)

Vitamin B1 10.19 46.20

Vitamin B2 – –

Vitamin B3 7.42 23.70

Vitamin B5 – 7.57

Vitamin B6 156.40 357.10

Vitamin C 0.46 21.87

2.4. The Contents of Flavonoids in the Studied Extracts

The results of the detection of flavonoids (rutin and quercetin) in an extract based
on the plant raw materials Taraxacum officinale and Arctium lappa by TLC are presented in
accordance with Figure 2, Table 4.

  

(a) (b) 

Figure 2. Chromatogram diagram of extraction from the root: (a) Taraxacum officinale, (b) Arctium
lappa: on the start line of point 1—2 μL of extraction; point 2—3 μL; point 3—5 μL; 4—7 μL; point
5—10 μL; point 6—3 μL 0.1% standard rutin solution; point 7—3 μL 0.1% standard quercetin solution.

Table 4. Parameters of chromatographic zone separation on the chromatogram of extraction from the
root of Taraxacum officinale and Arctium lappa.

Taraxacum officinale Arctium lappa

Spot No. Rf ± 0.02 Corresponding Compound Spot No. Rf ± 0.02 Corresponding Compound

1 0.54 Rutin 1 0.34 n/i

2 0.73 n/i 2 0.51 Rutin

3 0.91 n/i 3 0.71 n/i

4 0.96 Quercetin 4 0.99 Quercetin

n/i—not identified.

On the chromatogram of the extraction from the Taraxacum officinale root, when ap-
plying 2 μL, one spot was observed, which, based on the Rf value and the spot’s position,
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matched the rutin standard (Figure 2a, points 1, 6). When applying 3 μL of the extraction,
two chromatographic zones appeared, identified as rutin and quercetin. Examining 5 μL
of the extraction revealed 3 spots, with two being identified as rutin and quercetin. The
unidentified compound is presumed to belong to flavonoids owing to its characteristic
yellow–orange staining typical of flavones. Applying 7 and 10 μL of the extraction showed
4 chromatographic zones, with two being identified as rutin and quercetin (Table 4).

On the chromatogram of the extraction from the Arctium lappa root, applying 2 μL
revealed one chromatographic zone identified as rutin, matching the standard solution
(Figure 2b, points 1, 6). Applying 3 and 5 μL of the extraction showed 2 spots, with one
being identified as rutin. The unidentified compound exhibited characteristic fluorescence
under UV light after treating the plates with a 5% solution of aluminum chloride, indicating
its flavonoid nature. Examining 7 and 10 μL of the extraction (Figure 2, points 4, 5) revealed
4 spots, with three being assigned to rutin, quercetin, and an unidentified flavonoid
(Table 4).

3. Discussion

Plant material serves as a source of biologically active substances capable of preventing
various diseases, including cardiovascular issues and cancer, and influencing the processes
of skin aging and overall aging. This study focuses on two extracts based on the roots
of Taraxacum officinale and Arctium lappa, examining their contents of BAS, specifically
water-soluble vitamins and flavonoids. The investigated plant material also possesses
antimicrobial activity and natural antioxidant compounds.

The conducted research demonstrates that extracts from dandelion and burdock roots
exhibit low antimicrobial activity against E. coli, confirming the findings in the existing
literature. In O. Kenny’s [52] study, a dandelion root extract showed antimicrobial activity
against Bacillus cereus and Staphylococcus aureus, with no inhibition observed for E. coli.
Research on water–alcohol extracts of burdock (A. lappa) and dandelion (T. officinale) by
D. Ionescu and colleagues [53] identified antimicrobial activity against Staphylococcus aureus,
Escherichia coli, and Salmonella abony enterica.

The results indicate a decrease in antioxidant activity with an increase in extract
concentration, aligning with findings in N.P. Tiguntseva’s [54] study on extracting BAS from
Taraxacum officinale using the water–alcohol extraction method. As alcohol concentration
rises, the yield of biologically active compounds decreases to 9.6% for above-ground parts
and 12.8% for roots. Minimal concentration leads to a 4% increase in the yield of extracted
substances. The antioxidant activity under optimal extraction parameters was 85.51% for
dandelion roots and 88.97% for burdock roots. In this study, a spectrophotometry method
was used to measure the antioxidant capacity of plant extracts by capturing radicals
using ABTS. Many scientists employ this method. Floegel A. and others [55] evaluated
two of the most common radical-scavenging assays using the radicals 2,2′-azino-bis-3-
ethylbenzthiazoline-6-sulphonic acid (ABTS) and 1,1-diphenyl-2-picrylhydrazyl (DPPH).
The results showed that the ABTS assay better reflected the antioxidant content in various
food products than the DPPH assay.

Our research reveals that extracts from T. officinale and A. lappa contain vitamins
of the B and C groups. According to the obtained results, the dandelion root extract
contains 10.19 mg/100 g of raw material of vitamin B1, 7.42 mg/100 g of vitamin B3,
156.40 mg/100 g of vitamin B6, and 0.46 mg/100 g of vitamin C. The burdock root extract
contains 46.20 mg/100 g of raw material of vitamin B1, 23.70 mg/100 g of vitamin B2,
7.57 mg/100 g of vitamin B5, 357.10 mg/100 g of vitamin B6, and 21.87 mg/100 g of vitamin
C. These findings align with the existing literature. For instance, in the study by W. Biel and
colleagues [56], dandelion leaves were found to be rich in vitamin C (156.6 mg/100 g–1),
thiamine (1.5 mg/100 g–1), riboflavin (3.0 mg/100 g–1), and niacin (11.8 mg/100 g–1). An-
other study by M. Martinez and others [57] determined that dried dandelion leaves, in
addition to having high levels of carbohydrates, protein, fat, crude fiber, etc., also contain
a significant amount of phenols, flavonoids, ascorbic acid (34.70 mg/100 g), β-carotene,

629



Int. J. Mol. Sci. 2024, 25, 3263

chlorophyll, and antioxidants. In research conducted by Zakharov V.L. and team [58] on
the content of biologically active substances (BAS) in the roots of medicinal herbaceous
plants, traces of β-carotene, ascorbic acid (26.4 mg%), anthocyanins, carotenoids, flavanols
(91.4 mg%), catechins, tannins, and coloring substances were found in Taraxacum officinale.
The main active compounds identified in A. lappa include tannins, polyphenols, dietary
fibers like inulin and lignans, and vitamins from groups B, C, K, and E, along with min-
erals (e.g., Na, Ca, Fe, Cu, Mg, P, K, and Zn). A study by X. Zhang and colleagues [59]
confirms the presence of phenols, flavonoids (0.07–43.65 mg/g), carotenoids, vitamin C
(0.18–13.02 mg/g), and in vitro antioxidant activity in burdock root.

In a study on the antioxidant activity of water-soluble vitamins, researcher
Gliszczynska-Swigło A. [60] found that the vitamins thiamine (vitamin B1), folic acid
(vitamin B9), pyridoxine, pyridoxal, and pyridoxamine (vitamin B6) are capable of scaveng-
ing the cation-radical ABTS+, although they reacted with it relatively slowly. The highest
radical-scavenging activity was observed with thiamine, followed by forms of folic acid
and vitamin B6.

According to the literature, flavonoids are also known to contribute to health improve-
ment, partly owing to their antioxidant properties, as demonstrated in many in vitro stud-
ies [61]. In extracts from T. officinale and A. lappa, the presence of the medically significant
anti-diabetic flavonoid quercetin was identified. In the study by T.M.A. Moro and col-
leagues [62], cynarin, chlorogenic acid, caffeic acid, and quercetin were identified as the
main metabolites present in extracts from A. lappa roots. When investigating the hy-
droethanolic extract of Arctium lappa root, Predes F.S. and co-authors [63] identified the
presence of compounds such as arctigenin, quercetin, chlorogenic acid, and caffeic acid. In
a study by K. Schütz and others [64], phenolic acids and flavonoids were extracted from
dandelion roots and leaves (Taraxacum officinale WEB. ex WIGG.). The extracts contained
mainly chicoric acid, and glycosides of quercetin were also detected.

Rutin belongs to the flavonoid family. It is a molecule of quercetin with the addition
of a disaccharide (rutinose and glucose). Thanks to its anti-inflammatory and antioxidant
effects, it has gained significant importance in the pharmaceutical industry, and many
drugs registered worldwide contain rutin [65,66]. Rutin is quite commonly found in plant
material, and notably, ethanol extracts are used for its commercial purification [67]. In the
work by de Souza A.R.C. and others [68], high contents of chlorogenic acid (1.84%) and
rutin (1.46%) were found in the ethanol extract of Arctium lappa leaves, as well as significant
concentrations of phytol, lupeol, and amyrin. When studying the antioxidant potential of
Taraxacum officinale tincture, Epure A. and others [69] identified chicoric acid in the highest
quantity in the polyphenolic composition, but other phenolic acids (protocatechuic, vanillic,
syringic, and ferulic acids) were also present, along with flavonoids (rutin, quercitrin,
luteolin, and apigenin).

Based on the results of our study, it can be inferred that quercetin and vitamin C play
active roles in demonstrating antioxidant activity. Researchers Rusmana D. and others [70]
conducted an antioxidant analysis of Phyllanthus niruri extract, as well as rutin and
quercetin compounds, which are flavonoids with therapeutic properties. They found
that the P. niruri extract and quercetin exhibited significant activity in reducing ABTS,
with quercetin showing higher antioxidant activity than the extract. It was also found
that rutin was not effective in reducing the ABTS radical. In the work by Duenas M.
and co-authors [71], high antioxidant activity of metabolites was detected in the ABTS
analysis, suggesting that quercetin derivatives may act as potential radical scavengers
under physiological conditions. In this study, a solution of vitamin C was used as a control
for determining the antioxidant activity of plant extracts, as it has demonstrated antioxidant
activity [72,73]. In the study by Kim D.-O. and others [74], the antioxidant potential of
phenolic compounds was assessed using vitamin C as a control. The authors also found
that in the ABTS analysis, the antioxidant capacity of phenolic compounds was ranked as
follows: gallic acid > quercetin > epicatechin > catechin > vitamin C > rutin > chlorogenic
acid > trolox.
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4. Materials and Methods

The objects of research were plant raw materials of the root part of Taraxacum officinale
Arctium lappa, collected in the Kemerovo region. The general appearance of the objects is
shown in Figure 3.

  

(a) (b) 

Figure 3. The appearance of the objects of study: (a) T. officinale; (b) A. lappa.

Extraction of plant components. The roots of Taraxacum officinale and Arctium lappa
were crushed to a size with a square side equal to 5 mm and then ground in a porcelain
mortar with a pestle. An aqueous alcohol solvent was determined to be the optimal ex-
tractant for the extraction of bioactive substances (BAS). Ethanol concentrations of 40%,
70%, and 96% were utilized for extraction. According to the literature, optimal recovery
conditions for tannins suggest the use of 40% ethanol as an extractant [75,76], while max-
imum extraction of flavonoids is achieved with 70% ethanol [77,78]. Additionally, 96%
ethanol is employed for extracting major secondary metabolites such as alkaloids, tannins,
flavonoids, saponins, steroids, and phlobatannins [79,80]. Hydromodule (ratio of vegetable
raw materials–solvent)—1:10; 1:20; 1:30. Extraction temperature: 30 and 60 ◦C. The extrac-
tion time varied from 0.5 h to 4 h. Then, the resulting mixture was passed through desalted
filters [81]. The extraction parameters are presented in Table 5.

Table 5. Extraction parameters of plant extracts.

Sample № Incubation Duration, h
Alcohol Concentration,

%
Temperature, ◦C Hydromodule, Raw

Material:Alcohol

Taraxacum officinale root

1 0.5 40 30 1:10

2 0.5 40 30 1:20

3 0.5 40 30 1:30

4 0.5 40 60 1:10

5 0.5 40 60 1:20

6 0.5 40 60 1:30

7 0.5 70 30 1:10

8 0.5 70 30 1:20

9 0.5 70 30 1:30

10 0.5 70 60 1:10

11 0.5 70 60 1:20

12 0.5 70 60 1:30

13 0.5 96 30 1:10

14 0.5 96 30 1:20

15 0.5 96 30 1:30

16 0.5 96 60 1:10
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Table 5. Cont.

Sample № Incubation Duration, h
Alcohol Concentration,

%
Temperature, ◦C Hydromodule, Raw

Material:Alcohol

17 0.5 96 60 1:20

18 0.5 96 60 1:30

19 4.0 40 30 1:10

20 4.0 40 30 1:20

21 4.0 40 30 1:30

22 4.0 40 60 1:10

23 4.0 40 60 1:20

24 4.0 40 60 1:30

25 4.0 70 30 1:10

26 4.0 70 30 1:20

27 4.0 70 30 1:30

28 4.0 70 60 1:10

29 4.0 70 60 1:20

30 4.0 70 60 1:30

31 4.0 96 30 1:10

32 4.0 96 30 1:20

33 4.0 96 30 1:30

34 4.0 96 60 1:10

35 4.0 96 60 1:20

36 4.0 96 60 1:30

Arctium lappa root

37 0.5 40 30 1:10

38 0.5 40 30 1:20

39 0.5 40 30 1:30

40 0.5 40 60 1:10

41 0.5 40 60 1:20

42 0.5 40 60 1:30

43 0.5 70 30 1:10

44 0.5 70 30 1:20

45 0.5 70 30 1:30

46 0.5 70 60 1:10

47 0.5 70 60 1:20

48 0.5 70 60 1:30

49 0.5 96 30 1:10

50 0.5 96 30 1:20

51 0.5 96 30 1:30

52 0.5 96 60 1:10

53 0.5 96 60 1:20

54 0.5 96 60 1:30

55 4.0 40 30 1:10

56 4.0 40 30 1:20

57 4.0 40 30 1:30

58 4.0 40 60 1:10

59 4.0 40 60 1:20
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Table 5. Cont.

Sample № Incubation Duration, h
Alcohol Concentration,

%
Temperature, ◦C Hydromodule, Raw

Material:Alcohol

60 4.0 40 60 1:30

61 4.0 70 30 1:10

62 4.0 70 30 1:20

63 4.0 70 30 1:30

64 4.0 70 60 1:10

65 4.0 70 60 1:20

66 4.0 70 60 1:30

67 4.0 96 30 1:10

68 4.0 96 30 1:20

69 4.0 96 30 1:30

70 4.0 96 60 1:10

71 4.0 96 60 1:20

72 4.0 96 60 1:30

The determination of antioxidant activity was conducted using a spectrophotometer
with an original solution of 2,2′-azino-bis-[3-ethylbenzthiazoline sulfonate] (ABTS). Initial
solutions of ABTS (7 mmol × L–1) and potassium persulfate (140 mmol × L–1) were
prepared. The reaction mixture was prepared by combining these two initial solutions in
equal volumes and leaving them for 16 h at room temperature in the dark. The final solution
was diluted by mixing 5 mL of ABTS with 88 μm methanol to achieve an optical density of
0.70 ± 0.10 at 734 nm. In test tubes, 3 mL of ABTS solution and 1 mL of plant extract were
added. After 8 min of incubation at 21 ◦C, the mixture was transferred to a quartz cuvette,
and the optical density was measured at a wavelength of 734 nm [82]. Distilled water was
used as a negative control. Vitamin C solution was performed as a positive control. For
this purpose, a solution with a substance concentration of 1000 mmol/L was prepared.

The radical-scavenging activity for the samples was expressed as the percentage of
ABTS+ radical scavenging according to Formula (1):

X =
(A0 −A1)

A0
· 100%, (1)

where: X—percentage of ABTS+ radical capture, %;
A0—optical density of the control tube;
A1—optical density of the samples.
For the investigation of antimicrobial activity in plant-based extracts, disc diffusion

following the CLSI guidelines [83] was employed. To initiate the assay, the model mi-
croorganism Escherichia coli (B-8208, All-Russian State Collection of Microorganism Strains)
was cultured overnight from a single colony in meat-peptone agar (MPA; Lenreaktiv, Rus-
sia) at 37 ◦C and 200 rpm. A suspension of the E. coli was then prepared in sterile 0.9%
NaCl solution (Lenreaktiv, Russia) to an optical density of 0.5 on the McFarland scale
(1.5 × 108 Colony Forming Units CFU/mL), utilizing a densitometer (Densichek plus,
Sendle, Russia). The culture was subsequently spread-plated on Muller Hinton agar (Hime-
dia, Mumbai, India). Processed extract disks with a diameter of 6 mm were placed on the
agar surface. Each dish contained 5 disks with a single extract to minimize variations in the
size of the inoculum, environment, and incubation conditions [84]. The dishes were then
incubated at 37 ◦C for 24 h, and the results were interpreted by measuring the diameter of
the inhibition zone with millimeter precision. Distilled water served as the negative control,
while a tetracycline antibiotic solution (Himedia, Mumbai, India) served as the positive
control, with an antibiotic concentration of 10 μg.
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Determination of Vitamin Content: Qualitative and quantitative analysis of water-
soluble (B and C groups) vitamins was performed using high-performance liquid
chromatography (HPLC) [85]. The study was conducted on an LC-20 Prominence chro-
matograph with a diode array detector Shimadzu SPD20MA, a fluorescence detector
RF-20Axs, and an integrated post-column derivatization system Phenomenex Gemini C-18
250 × 4.6 mm (Kyoto, Japan, Shimadzu).

Conditions for the qualitative and quantitative composition of water-soluble vitamins:

• Column thermostat temperature: 25 ◦C.
• Flow rate of the mobile phase: 800 mm/min.
• Sample injection volume: 20 mm.
• Gradient elution mode was used for separation (mobile phase A—a solution of potas-

sium dihydrogen phosphate at a molar concentration of 0.05 mol/dm3 and pH 3,
mobile phase B—acetonitrile).

The determination of flavonoid contents in extracts based on the plant raw materials
Taraxacum officinale and Arctium lappa was determined using the standard method of thin-
layer chromatography (TLC) [86]. The analysis was carried out using TLC plates and a
solution of n-butanol with glacial acetic acid and the addition of distilled water (in a ratio
of 4:1:5). Volumes of 2, 3, 5, 7, 10 μL of the studied extract and 3 μL of 0.1% solutions of
standard samples of rutin and quercitin were simultaneously applied to the plastic. To
obtain standard solutions of rutin and quercetin, stock solutions of dimethyl sulfoxide
(Lenreaktiv, St Petersburg, Russia) were prepared and diluted with distilled water [15].
After TLC analysis, the spots were exposed under a lamp with ultraviolet light at 254 nm.
The value of the relative velocity of movement of flavonoids (Rf ) was determined using
Formula (2):

Rf =
x
L

(2)

where: x—the distance covered by the substance, cm;
L—the distance covered by the eluent.
Statistical analysis was conducted using Student’s t-test for paired values to determine

significant deviations from control values. Differences were considered statistically signifi-
cant at p < 0.05. The tables and figures show the arithmetic mean values of the indicators
under study. All the experiments were carried out in triplicate.

The equipment for the study was provided by the Instrumental Methods of Analysis
in Applied Biotechnology Center at Kemerovo State University.

The work was carried out within the framework of the RNF project “Fundamentals of
obtaining bioactive substances from medicinal plants of the Siberian region and creating
phytogenic feed additives of immunomodulatory action on their basis”, No. 23-16-00113,
dated 15 May 2023.
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