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Preface to ”Plant-Derived Phenolic Compounds:
From Molecular Mechanisms to Clinical Application”

Plant-derived phenolic compounds have gained attention over time since they have proved

effective antioxidant, anticarcinogenic, anti-inflammatory, neuroprotective and cardioprotective

properties.This Special Issue entitled “Plant-Derived Phenolic Compounds: From Molecular

Mechanisms to Clinical Application” collects the accumulative effort of several leading international

scientists who have contributed to the research on these phenolic molecules derived from fruits, seeds,

leaves, and flowers, focusing on their extraction, synthesis, characterization, and delivery for a wide

variety of purposes, ranging from their use in prevention and therapy of several diseases, to the

study their biological properties for different applications. The purpose of the Special Issue is to shed

light on various aspects related to phenolic extracts, collecting reviews of recent avances relating to

their use in various research fields, and novel research works aimed at obtaining new informations

on the biological features of these molecules. This Special Issue, which provides an opportunity to

both highlight the recent avances in the field of plant-derived phenolic compounds and elucidating

previously unaddressed aspects, such as the mechanisms involved in their protective activity, is

addressed to scientists who deal with this topic, encouraging new lines of research. A large audience

should be interested in this Special Issue. In particular, in addition to the pharmacological interest

in these compounds, their biological activities should be explored to benefit a range of applications,

such as in the functional food, in the cosmetic, and in the packaging industries.

Stefano Castellani and Massimo Conese

Editors
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Antioxidant Properties, Bioactive Compounds Contents, and
Chemical Characterization of Two Wild Edible Mushroom
Species from Morocco: Paralepista flaccida (Sowerby)
Vizzini and Lepista nuda (Bull.) Cooke
El Hadi Erbiai 1,2 , Abdelfettah Maouni 1 , Luís Pinto da Silva 2 , Rabah Saidi 1, Mounir Legssyer 1,
Zouhaire Lamrani 1 and Joaquim C. G. Esteves da Silva 2,*

1 Biology, Environment, and Sustainable Development Laboratory, Higher School of Teachers (ENS),
Abdelmalek Essaadi University, Tetouan 93000, Morocco

2 Chemistry Research Unit (CIQUP), Institute of Molecular Sciences (IMS), Department of Geosciences,
Environment and Territorial Planning, Faculty of Sciences, University of Porto, Rua do Campo Alegre s/n,
4169-007 Porto, Portugal

* Correspondence: jcsilva@fc.up.pt; Tel.: +351-220402569

Abstract: Mushrooms have been consumed for centuries and have recently gained more popularity
as an important source of nutritional and pharmaceutical compounds. As part of the valorization
of mushroom species in northern Morocco, the current study aimed to investigate the chemical
compositions and antioxidant properties of two wild edible mushrooms, Paralepista flaccida and
Lepista nuda. Herein, the bioactive compounds were determined using spectrophotometer meth-
ods, and results showed that the value of total phenolic content (TPC) was found to be higher in
P. flaccida (32.86 ± 0.52 mg) than in L. nuda (25.52 ± 0.56 mg of gallic acid equivalents (GAEs)/mg of
dry methanolic extract (dme)). On the other hand, the value of total flavonoid content (TFC) was
greater in L. nuda than in P. flaccida, with values of 19.02 ± 0.80 and 10.34 ± 0.60 mg of (+)-catechin
equivalents (CEs)/g dme, respectively. Moreover, the ascorbic acid, tannin, and carotenoids con-
tent was moderate, with a non-significant difference between the two samples. High-performance
liquid chromatography–mass spectrometry (HPLC-MS) analysis allowed the identification and
quantification of thirteen individual phenolic compounds in both P. flaccida and L. nuda, whereas p-
Hydroxybenzoic acid was recognized as the major compound detected, with values of
138.50± 1.58 and 587.90± 4.89 µg/g of dry weight (dw), respectively. The gas chromatography–mass
spectrometry (GC-MS) analysis of methanolic extracts of P. flaccida and L. nuda revealed the presence
of sixty-one and sixty-six biomolecules, respectively. These biomolecules can mainly be divided into
four main groups, namely sugars, amino acids, fatty acids, and organic acids. Moreover, glycerol
(12.42%) and mannitol (10.39%) were observed to be the main chemical compositions of P. flaccida,
while L. nuda was predominated by linolelaidic acid (21.13%) and leucine (9.05%). L. nuda showed
a strong antioxidant property, evaluated by DPPH (half maximal effective concentration (EC50)
1.18–0.98 mg/mL); β-carotene bleaching (EC50 0.22–0.39 mg/mL); and reducing power methods
(EC50 0.63–0.48 mg/mL), respectively. These findings suggested that both mushrooms are potential
sources of various biomolecules, many of which possess important biological activities which are
interesting for the foods and pharmaceuticals industry.

Keywords: Paralepista flaccida; Lepista nuda; bioactive compounds; biomolecules; antioxidant activity;
Moroccan mushroom; wild edible mushroom

1. Introduction

Mushrooms have been consumed for centuries due to their nutritional and medici-
nal benefits. In terms of nutritional value, the fruiting bodies of mushrooms are known
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to be rich in high-quality protein, essential and non-essential amino acids, have a high
proportion of unsaturated fatty acids, a good source of fiber, and a higher amount of
carbohydrates, and are also full of micronutrients, such as vitamin B complex, and a high
level of mineral elements that are essential for human health [1,2]. In medicinal terms,
several studies have demonstrated that mushrooms contain a wide variety of bioactive
compounds, such as alkaloids, carotenoids, enzymes, fats, glycosides, organic acids, pheno-
lics, polysaccharides, proteins, terpenoids, tocopherols, vitamins, and volatile compounds
in general. These compounds from mushrooms have shown a wide range of biological
activities, including antioxidant, antibacterial, antifungal, antitumor, immunomodulating,
cardiovascular-protective, antiviral, antiparasitic, antifibrotic, anti-inflammatory, antidia-
betic, anti-atherosclerotic, hypoallergenic, antiatherogenic, hypoglycemic, hepatoprotective,
and hypotensive properties [1,2]. Consequently, mushrooms have become more attractive
as functional foods and as a source of nutraceuticals and pharmaceutical compounds.

Oxidative stress is involved in many diseases, as a trigger or associated with compli-
cations. Most of these diseases appear with age, which leads to serious pathologies such
as cardiovascular and neurodegenerative diseases, cancer, diabetes, metabolic syndrome,
and digestive disease [3]. Many important molecules with antioxidant properties can help
the endogenous defense system against oxidative stress caused by the excess of reactive
oxygen and nitrogen species (ROS and RNS) [4]. Wild mushrooms contain different antiox-
idants such as phenolic compounds, tocopherols, ascorbic acid, carotenoids and more other
molecules which could be extracted to be used as functional ingredients, namely against
chronic diseases related to oxidative stress [4,5].

Paralepista flaccida (Sowerby) Vizzini, (2012) is a wild edible basidiomycete mushroom
belonging to the order Agaricales and the family Tricholomataceae [6]. It is known to form fairy
rings [7]. Paralepista species were generally assigned either to the genus Lepista or Clitocybe,
until 2012 when Alfredo Vizzini and Enrico Ercole published a paper that confirmed by
molecular analysis that these mushrooms are a separate clade from other Lepista species
(such as Lepista nuda) and also from Clitocybe species (such as Clitocybe fragrans) [8]. This
genus is recognized by Species Fungorum [9], and the Global Biodiversity Information
Facility [10].

The naming of this mushroom is complicated, and some references generally listed the
flaccida and inversa forms as separate species, in which the case of inversa is distinguished
because it grows under conifers rather than broad-leaved trees, has a shinier cap surface,
and is more rigid (less flaccid), which is according to our collected samples. However,
other mycologists are considering inversa as a variety of flaccida, and, finally, some modern
authors merge the two into one [7,9–14].

P. flaccida is saprophytic species growing naturally on humus-rich soil and compost
under deciduous trees, while the inversa form grows under conifer needles. It is frequently
distributed in Europe [12] and has also been reported wildly in forests of Quercus, Cedrus,
Acacia, and Pinus in diverse areas of Morocco including Chefchaouen, Ktama, Tangier, Lalla
Mimouna, Middle Atlas and Rabat [15–20].

Lepista nuda (Bull.) Cooke, (1871) (also called Clitocybe nuda, commonly known as
blewits) is an edible basidiomycete mushroom belonging to the same order and family
as P. flaccida. It is a saprotrophic species found in both deciduous and mixed forest areas
in Europe, North America, Asia and Australia [21,22]. Due to its special fragrance and
delicate texture, L. nuda has been cultivated in several countries, including France, Holland,
Britain, and Taiwan [21]. In Morocco, L. nuda has been found widely under Quercus, Cedrus,
and Pinus trees in several sites, including Chefchaouen, Dardara, Oued Laou, Bouhachem,
Gourougou, Ain Sferjla, Oued Cherrat, Lalla Mimouna, Mamora, Rabat and also in coastal
plateau from Essaouira to Tangier [16,18–20,23–25].

Many studies on the chemical compositions and biological activities of mushrooms
have been made in northern Mediterranean countries concerning the species growing in
this region. However, as far as we know, there are few studies on mushrooms in southern
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countries, especially in Morocco, which is considered one of the richest Mediterranean
countries in terms of biodiversity [25–27].

Several studies have been carried out on the chemical compositions and biological
activities of L. nuda [2,22], while few data were reported about P. flaccida which were in
the case of inversa form [2,28]. However, as we know no studies were reported on these
two species growing in Morocco, except one study which was performed on the total
phenolic and antioxidant activity of L. nuda collected from Natural Parc of Bouhachem [25].

The objective of the present study was to investigate the chemical compositions and
antioxidant activity of two wild edible mushrooms, Paralepista flaccida and Lepista nuda,
collected from northern Morocco. Herein, the contents of the bioactive compounds includ-
ing total phenolic, total flavonoid, total ascorbic acid, total tannin, and total carotenoids
contents (β-carotene and lycopene) were determined using a UV-Visible spectrophotometer,
while high-performance liquid chromatography-mass spectrometry (HPLC-MS) was used
for the identification and quantification of phenolic compounds, and gas chromatography-
mass spectrometry (GC-MS) for biomolecules identification. Moreover, the antioxidant
properties were evaluated by three different assays, including DPPH radical-scavenging,
β-carotene bleaching inhibition, and reducing power assay.

2. Results and Discussion
2.1. Extraction Yield

As presented in Table 1, the extraction yields of methanolic extracts of P. flaccida
(30.32 %) and L. nuda (31.69 %) were statistically similar to each other’s, while lower
than the previous yield in the Portuguese Lepista inversa (39%) which was reported by
Heleno et al. [29].

Table 1. Extraction yield and bioactive compound contents in the dried fruiting body of mush-
room studies 1.

Bioactive Compounds P. flaccida L. nuda One-Way ANOVA *

Extraction yield (%) 30.32 ± 1.14 31.69 ± 2.04 0.4736

Total phenolic (mg GAE/g dme) 32.86 ± 0.52 a 25.52 ± 0.56 b <0.0001
Total flavonoid (mg CE/g dme) 10.34 ± 0.06 b 19.02 ± 0.80 a <0.0001
Ascorbic acid (mg AAE/g dw) 1.27 ± 0.06 1.31 ± 0.03 0.9048

Tannin (mg CE/g dw) 2.67 ± 0.04 2.26 ± 0.19 >0.9999
β-Carotene (µg/g dme) 0.30 ± 0.02 0.64 ± 0.01 0.9982
Lycopene (µg/g dme) 0.23 ± 0.01 0.38 ± 0.01 >0.9999

1 Values are expressed as means ± SD of three independent measurements. * p < 0.05 indicates that the mean
value of at least one component differs from the others. For each mushroom sample, means within a line with
different letters differ significantly (p < 0.05).

2.2. Estimation of Bioactive Compounds

The bioactive compound contents in the studied mushroom samples were estimated
using a UV-Visible spectrophotometer, and the results are presented in Table 1.

Total phenolic contents in the methanolic extract were observed to be significantly
important in both tested species, although P. flaccida was shown to have a higher amount,
with the value of 32.86 mg GAE/g of dme, which is higher than the previous studies by
Heleno et al., (3.60 mg) [29] and Vaz et al., (10.8 mg in ethanolic extract) [30] in Lepista
inversa. Similarly, L. nuda content (25.52 mg) was noted to be higher than several works
from Morocco, Turkey, Portugal and Turkey, with values of 11.83, 7.7, 6.31, and 4.18 mg
GAE/g of dme, respectively [25,31–33], which was close to the amount in the given results
in the Argentinian (27.34 mg) [34] and the Indian mushrooms (23.77 mg) [35].

Concerning total flavonoid contents, the methanolic extract of L. nuda was given, stati-
cally, as a more important content than P. flaccida, with the values of 19.02 and 10.34 mg CE/g
of dme, respectively. However, Barros et al. [32] (3.36 mg CE/g dme) and Sharma et al. [35]
(2.47 mg quercetin equivalent/g dme) found lower flavonoid contents in L. nuda than in
the present study.

3
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Regarding ascorbic acid content, the fruiting body of samples presented a moder-
ate result and there were no significant differences between P. flaccida (1.27 mg/g) and
L. nuda (1.31 mg/g). The amount of ascorbic acid in L. nuda was observed to be higher
than the values of 0.34 and 0.23 mg/g obtained in the previous studies [32,35], respectively.
However, ascorbic acid was not detected in the work by Lkay Koca et al. [31].

The amount of tannin content in P. flaccida was found to be significantly similar to
L. nuda, with the values of 2.67 and 2.26 mg CE/g of dw, respectively. To our knowledge,
there were no previous studies on the tannin content of both samples.

As shown in Table 1, β-carotene and lycopene contents were observed to be present
statistically in small quantities in comparison with the premier bioactive compounds.
However, the values of β-carotene and lycopene from L. nuda were higher than the previous
study from India [35] (0.39 and 0.20 µg/100 g), while smaller than the one reported in the
Portuguese sample [32] (2.52 and 0.98 µg/g).

Overall, the content of bioactive compounds determined in the studied wild edible
mushrooms from Morocco was very important, although these compounds have been
previously estimated in many other mushrooms and are known for their strong antioxidant
capacity [5].

2.3. Phenolic Compounds by HPLC–MS Analysis

The identification and quantification of individual phenolic compounds in fruiting
body extracts of P. flaccida and L. nuda were performed using the HPLC–MS technique.
The chromatogram illustrating the phenolic compounds peaks in P. flaccida and L. nuda
is shown in Figure 1 and Figure S1, respectively, whereas Table 2 gives the amounts of
the thirteen compounds identified and quantified by using standards and their mass
spectra. The HPLC-MS results showed that p-hydroxybenzoic acid was recognized as
the major phenolic compound identified and quantified in both mushrooms P. flaccida
and L. nuda, with values of 138.50 and 587.90 µg/g dw, respectively. Chlorogenic acid
(136.30 µg/g) was classified as the second main compound in P. flaccida, followed by gallic
acid (132 µg/g) and cinnamic acid (124.20 µg/g), while catechin (400.20 µg/g), ellagic acid
(362.60 µg/g) and chlorogenic acid (327.60 µg/g) were listed as the second, the third and
the fourth main phenolic compounds detected in L. nuda extract, respectively. The lowest
component that had been detected was syringic acid for both P. flaccida and L. nuda, with
values of 11.25 and 8.57 µg/g dw, respectively. However, the phenolic compounds rutin,
vanillin, rosmarinic acid, salicylic acid and quercetin were not detected in either sample.
Statistically, and except gallic acid, all phenolic compounds characterized in the current
work showed a significant difference in the comparison between the two tested mushr-
ooms (Table 2).

There have been a few investigations on phenolic compounds of the studied mush-
rooms, whereas P. flaccida phenolics characterization was only reported by the study of Vaz
et al. [36] under the name Lepista inversa, without detecting any compounds in their samples;
however, L. nuda individual phenolic compounds were analyzed in three previous research
works from two countries (Portugal and Argentina). Herein, from Portugal, Pinto et al. [37]
identified two compounds, p-hydroxybenzoic (sample from wild pine forest: 100 µg/g dw
and from the wild oak forest: 150 µg/g) and cinnamic acids (from wild pine forest: trace
and from the wild oak forest: 10 µg/g), with their concentrations significantly lower than
the present work, while the study by Barros at al. [38] detected three phenolic acids which
are protocatechuic: p-hydroxybenzoic and p-coumaric acids, with the values of 33.57, 29.31
and 3.75 µg/g dw, respectively. Regarding Argentina, Toledo et al. [34] did not find any
of the phenolic compounds analyzed (gallic, p-hydroxybenzoic and p-coumaric acids) in
their L. nuda. The phenolic compounds from mushrooms have already been studied in
several species, and it was reported that these compounds have been attributed to different
biological activities such as antioxidant, antimicrobial and antitumor activities [5,39].
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5 p-Hydroxybenzoic acid 138.5 ± 1.58 ᵇ 587.9 ± 4.89 ᵃ <0.0001 

6 Caffeic acid 13.28 ± 0.60 ᵇ 77.37 ± 0.66 ᵃ <0.0001 

7 Vanillic acid 26.59 ± 0.81 ᵃ 23.53 ± 1.10 ᵇ 0.0114 

8 Syringic acid 11.25 ± 0.72 ᵃ 8.57 ± 0.49 ᵇ 0.001 

9 Rutin nd nd - 

10 Ellagic acid 100.5 ± 3.62 ᵇ 362.6 ± 2.80 ᵃ <0.0001 

11 p-Coumaric acid 35.9 ± 0.53 ᵇ 124.2 ± 2.73 ᵃ <0.0001 

12 Vanillin nd nd - 

13 Ferulic acid 11.61 ± 0.32 ᵇ 27.3 ± 0.53 ᵃ <0.0001 

14 Rosmarinic acid nd nd - 

15 Salicylic acid nd nd - 

16 Methylparaben 47.12 ± 1.04 ᵇ 271.6 ± 3.21 ᵃ <0.0001 

17 Quercetin nd nd - 

18 Cinnamic acid 124.2 ± 0.44 ᵇ 274.3 ± 1.00 ᵃ <0.0001 
1 Each value is expressed as means ± SD of three independent measurements. * p < 0.05 indicates 

that the mean value of at least one component differs from the others. For each mushroom sample, 

means within a line with different letters differ significantly (p < 0.05). nd = not detected. 

 

RT: 0.00 - 35.98

0 5 10 15 20 25 30 35

Time (min)

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
tiv

e
 A

b
s
o

rb
a

n
c
e

NL:
1.90E6

Channel A  
UV 
JES-Hadi-
Lf-
LCMS_200
119004508

1 

2 
3 4 

5 

6 7 
8 

10 
11 

13 

16 

18 

Figure 1. HPLC–MS chromatogram of phenolic compounds in Paralepista flaccida extract detected
at 280 nm.

Table 2. Phenolic acids and related compounds characterized by HPLC–MS 1.

N◦. Phenolic Compounds P. flaccida (µg/g dw) L. nuda (µg/g dw) One-Way ANOVA *

1 Gallic acid 132 ± 1.79 a 131.7 ± 1.11 a 0.9955
2 Protocatechuic acid 79.91 ± 2.02 b 97.28 ± 1.10 a <0.0001
3 Chlorogenic acid 136.3 ± 1.27 b 327.6 ± 3.68 a <0.0001
4 Catechin 102 ± 1.32 b 400.2 ± 6.13 a <0.0001
5 p-Hydroxybenzoic acid 138.5 ± 1.58 b 587.9 ± 4.89 a <0.0001
6 Caffeic acid 13.28 ± 0.60 b 77.37 ± 0.66 a <0.0001
7 Vanillic acid 26.59 ± 0.81 a 23.53 ± 1.10 b 0.0114
8 Syringic acid 11.25 ± 0.72 a 8.57 ± 0.49 b 0.001
9 Rutin nd nd -
10 Ellagic acid 100.5 ± 3.62 b 362.6 ± 2.80 a <0.0001
11 p-Coumaric acid 35.9 ± 0.53 b 124.2 ± 2.73 a <0.0001
12 Vanillin nd nd -
13 Ferulic acid 11.61 ± 0.32 b 27.3 ± 0.53 a <0.0001
14 Rosmarinic acid nd nd -
15 Salicylic acid nd nd -
16 Methylparaben 47.12 ± 1.04 b 271.6 ± 3.21 a <0.0001
17 Quercetin nd nd -
18 Cinnamic acid 124.2 ± 0.44 b 274.3 ± 1.00 a <0.0001

1 Each value is expressed as means ± SD of three independent measurements. * p < 0.05 indicates that the mean
value of at least one component differs from the others. For each mushroom sample, means within a line with
different letters differ significantly (p < 0.05). nd = not detected.

2.4. Biomolecules by GC–MS Analysis

The chemical compositions of the fruiting bodies’ methanolic extracts after their
derivatization were established by GC–MS, a powerful tool for qualitative and quantitative
analysis of various compounds present in natural products and the technique widely used
in medical, biological, and food research [40]; the summarized results of this analysis are
represented in Tables S1–S5. The GC–MS chromatogram of P. flaccida (Figure S2) and L. nuda
(Figure 2) revealed the presence of sixty-one and sixty-six biologically active compounds,
respectively. The identified biomolecules can be mainly divided into five main groups of
constituents of each sample, namely sugars, amino acids, fatty acids, organic acids, and
the five composed of rest groups, whereas sugars (52.51%) and fatty acids (29.72%) were
observed to be the main chemical group in P. flaccida and L. nuda, respectively (Table 3).
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Glycerol (12.42%), mannitol (10.39%) and linoleic acid (9.67%) were recognized as major
chemical compositions of P. flaccida, while L. nuda was predominated by linolelaidic acid
(21.13%), leucine (9.05%) and mannitol (5.05%). The two main compounds detected in
this study, mannitol and linoleic acid, were previously considered antioxidants [41,42].
Alongside nutritional values, the biomolecules identified in both mushrooms could be
responsible for various pharmacological actions such as antioxidant, anti-inflammatory,
antimicrobial, antiviral and antitumor activities.
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Figure 2. GC–MS chromatogram of L. nuda derivatized methanolic extract.

Table 3. Biomolecule groups of the derivatized methanolic extracts by GC–MS analysis.

Compound Names P. flaccida (%) L. nuda (%)

Sugar compositions 52.51 22.88
Fatty acids 11.71 29.72

Amino acids 16.03 18.29
Organic acids 10.53 11.11
Other groups 9.21 17.97

Total 99.99 99.97

As presented in Table S1, the contents of sugar compositions of methanolic extracts
of the two analyzed mushrooms were strong and diverse. P. flaccida extract contained
21 compounds which were dominated by glycerol (12.42%), mannitol (10.39%) and tre-
halose (8.58%). Likewise, L. nuda methanolic extract was composed of 16 components, in
which mannitol (5.16%), threitol (4.16%) and trehalose (4.13%) were the most abundant
sugar compounds detected. Heleno et al. previously reported the presence of two sugar
compounds, trehalose and mannitol, in L. inversa [43]. The presence of the two main sugars
in L. nuda, mannitol and trehalose, were also observed in several previous studies [31,38,41].
Moreover, glucose, rhamnose, mannose, and xylose were the four monosaccharides quan-
tified in L. nuda from India without detecting galactose and fructose [35]. Trehalose, a
naturally occurring nontoxic disaccharide, functions as an antioxidant and may be useful
to treat many chronic diseases, involving oxidative stress [44].

Concerning fatty acids, L. nuda methanolic extract contained the major diversity
(11) of compounds, representing 29.72% of the total of compounds identified, whereas
linoelaidic (21.13%), palmitic (4.49%) and stearic acids (1.78%) were the major fatty acids
detected (Table S2). In contrast, only four fatty acids were detected in P. flaccida, which were
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predominated by linoleic (9.67%) and palmitic (1.63%) (Table S2). Several previous works
studied the fatty acids of L. nuda, and all of them reported that linoleic acid was the main
compound identified, which was not detected in our mushroom [34,35,37,45]. According
to these previous studies on L. nuda and our P. flaccida result, two studies from Bulgaria and
Portugal also found linoleic acid as the main fatty acid determined in the species’ inversa
form (Lepista inversa) [28,43].

Regarding amino acids, the major diversity of amino acids was observed in P. flaccida
(15 amino acids), while there was less in L. nuda, with eight compounds (Table S3). Gamma-
aminobutyric acid (3.04%), glutamine (1.99%) and threonine (1.42%) were classified as
the main amino acids detected in P. flaccida. For L. nuda, leucine, threonine and alanine
represented the majority of the amino acids identified, with percentages of 9.05%, 2.69%
and 2.15%, respectively. To our knowledge, there have been no previous studies on the
amino acids of P. flaccida or of inversa form; however, one study was performed on L. nuda
from India with the identification of four amino acids, namely aspartic acid, arginine,
tyrosine and proline [35].

For organic acids, GC–MS analysis of the derivatized methanolic extracts showed the
presence of eight compounds in P. flaccida and eleven compounds in L. nuda (Table S4).
The P. flaccida was predominated by 3,4-dihydroxybutanoic (2.59%), malic (2.26%), succinic
(1.85%) and citric (1.83%) acids, while acetoacetic (2%), oxalic (1.66%), maleic (1.44%) and
lactic (1.32%) acids were observed to be the highest presented organic acids in L. nuda.
Three analyses were realized on organic acids in L. nuda, and the results demonstrated that
quinic and oxalic acids were listed as the main compounds in the three studies [34,37,46].
Contrary to our work, quinic and fumaric acids were not detected in L. nuda; citric acid was
not detected in a study from Portugal [46], and citric and malic acids were not identified in
the previous work from Argentina [34]. Organic acids may have a protective role against
various diseases due to their antioxidant activity (such as in the case of tartaric, malic, citric
or succinic acids), being able to chelate metals or to delocalize the electronic charge coming
from free radicals [46].

Alongside sugars, fatty acids, amino acids and organic acids, the GC–MS analyses of
derivatized methanolic extracts of the studied mushrooms showed that the samples also
contained many other biologically active compounds belonging to the group of alcohols,
steroids, nucleic acids, lipids, glycerides, etc. (Table S5). Ergosterol was noted to repre-
sent 1.97% and 1.61% of total biomolecules in P. flaccida and L. nuda, respectively. This
biomolecule is the most abundant sterol found in mushrooms, and it has several biological
activities including antioxidant, anti-inflammatory, anti-hyperlipidemic, anti-tyrosinase
and antimicrobial activities [47,48].

2.5. Antioxidant Activity

Natural antioxidants have become scientifically interesting compounds due to their
many benefits for human health [49]. There are numerous methods available to determine
the antioxidant capacity of extracts or pure compounds. Herein, the antioxidant activ-
ity of methanolic extracts of the two Moroccan mushrooms P. flaccida and L. nuda were
evaluated spectrophotometrically using three different assays: DPPH radical scavenging,
β-carotene/linoleate, and Ferricyanide/Prussian blue activity. The antioxidant results are
expressed in EC50 values, as summarized in Table 4. In addition, the results have been
graphically represented in Figures S3–S5. The methanolic extracts of P. flaccida and L. nuda
showed a strong antioxidant capacity, which was in agreement with the important amount
of phenolic compounds and other bioactive compounds found in both mushrooms. These
important results were significantly different with Trolox, a standard that was used as a
control. On the other hand, the strongest antioxidant capacity was observed in P. flaccida
extract using a β-carotene bleaching inhibition assay with the value of 0.22 mg/mL (lower
EC50 value), and in the same mushroom the lowest antioxidant activity by using DPPH
radical-scavenging activity with the value of 1.18 mg/mL (higher EC50 value) was noted.
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Table 4. EC50 (mg/mL) of antioxidant properties of the methanolic extracts from Northern Morocco
and of the standard Trolox®.

Assays P. flaccida
(mg/mL)

L. nuda
(mg/mL)

Trolox
(mg/mL)

One-Way
ANOVA *

DPPH radical-scavenging activity 1.18 ± 0.11 a 0.98 ± 0.01 b 0.020 ± 0.01 c <0.0001
β-carotene/linoleate assay 0.22 ± 0.01 b 0.39 ± 0.02 a 0.006 ± 0.01 c <0.0001

Ferricyanide/Prussian blue assay 0.63 ± 0.01 a 0.48 ± 0.00 b 0.080 ± 0.02 c <0.0001

The results are presented as mean ± SD (n = 3). * p < 0.05 indicates that the mean value of at least one component
differs from the others. For each mushroom sample, means within a line with different letters differ significantly
(p < 0.05).

Concerning DPPH radical-scavenging activity (Figure S3), the results showed that
the two studied samples exhibited significant free radical reducing capacity. Herein, the
methanolic extract of L. nuda gave higher antioxidant capacity than P. flaccida extract, with
EC50 values of 0.98 and 1.18 mg/mL, respectively. A previous study was released on
L. nuda from Morocco, and the antioxidant activity was 10.60 mg of Trolox equivalent per
gram of lyophilized mushroom. Moreover, several works from other countries, namely
Portugal, Argentina, Turkey and India, evaluated the DPPH radical-scavenging activity
of L. nuda extracts and the EC50 values ranged between 2.16 and 16.20 mg/mL, which
were significantly higher than our values [31,32,34,35,37]. Another work from Portugal, by
Heleno et al., noted that L. inversa gave the EC50 value of 10.57 mg/mL, which was highly
different from our results [29]. This important radical-scavenging activity is due to the high
content of total phenolic and flavonoids found in the studied mushrooms [5].

Regarding the β-carotene-linoleate bleaching assay (Figure S4), the biomolecules exist-
ing in the methanolic extract of the two mushrooms were able to inhibit the discoloration of
β-carotene and have demonstrated strong antioxidant properties. The methanolic extract
of P. flaccida revealed significantly higher antioxidant activity than the L. nuda extract, with
values of 0.22 and 0.39 mg/mL, respectively, which were more effective than L. inversa
(1.80 mg/mL) from Portugal reported previously by Heleno et al. [29]. Furthermore, recent
studies have also demonstrated the antioxidant activity of L. nuda extract using β-carotene-
linoleate bleaching assay and the results were observed to be lower than our samples, with
higher EC50 values which were between 3.53 and 14.24 mg/mL [32,34,37]. These important
β-carotene-linoleate bleaching results could be due to the high quantity of carotenoids and
other major biomolecules found in the methanolic extract of P. flaccida and L. nuda.

For reducing power by Ferricyanide/Prussian blue assay (Figure S5), the natural an-
tioxidant compounds exiting in methanolic extracts of the two edible Moroccan mushrooms
were able to convert Fe3+ into Fe2+ and, therefore, exhibited high reducing power with
EC50 values of 0.48 mg/mL for the L. nuda and 0.63 mg/mL for P. flaccida. Our extracts
have given a strong reducing power in comparison with previous results by Heleno et al.
in L. inversa (2.9 mg/mL) [29], and with the ones reported in various works on L. nuda
extracts, in which their EC50 values ranged between 0.75 and 4.21 mg/mL [32,34,35,37].
This finding of reducing power could be related to the ability of biomolecules found in the
samples to reduce Fe3+ [50].

Overall, the investigated edible mushrooms are sources of powerful antioxidants such
as phenolic compounds, ascorbic acid, carotenoids, and other bioactive compounds, which
could be used against diseases related to oxidative stress, dermatological applications,
cosmetics, and as supplements in the food industry [29].

3. Materials and Methods
3.1. Standards and Reagents

N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA), alkane standards (C8-C20 and C21-
C40), meta-Phosphoric acid, 2,6-Dichloroindophenol sodium salt hydrate, l-ascorbic acid,
(+)-catechin, vanillin reagent, Folin–Ciocalteu’s phenol reagent, (±)-6-Hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox), β-carotene, Tween 40, linoleic acid, iron
(III) chloride, sodium hydroxide, sodium nitrite, and phenolic standards including, caf-

8



Molecules 2023, 28, 1123

feic acid, catechin, chlorogenic acid, cinnamic acid, ellagic acid, ferulic acid, gallic acid,
methylparaben, p-coumaric acid, p-hydroxybenzoic acid, protocatechuic acid, quercetin,
rosmarinic acid, rutin, salicylic acid, syringic acid, vanillic acid, and vanillin were pur-
chased from SIGMA-ALDRICH, Co., (St. Louis, MO, USA). Acetonitrile, ethyl acetate,
hydrochloric acid fuming 37%, pyridine, aluminum chlorure, and sodium chloride were
obtained from Merck KGaA (Darmstadt, Germany), and 2,2-diphenyl-l-picrylhydrazyl
(DPPH) was from Alfa Aesar (Ward Hill, MA, USA). Acetone, n-hexane, and hexane were
purchased from CABLO ERBA Reagent, S.A.S (Val de Reuil Cedex, France). Methanol and
all other chemicals and solvents were of the highest commercial grade and obtained from
Honeywell (St. Muskegon, MI, USA).

3.2. Mushroom Material

The edible mushrooms P. flaccida and L. nuda were harvested from Koudiat Taifour
forest, a Biological and Ecological Interest Site (SIBE) (35◦40′45.4”N 5◦17'36.3"W 180 m
of altitude) in northwestern Morocco during January 2018, under Quercus suber, Pinus
halepensis, Eucalyptus rostrata and Pistacia lentiscus trees. The identifications of the harvested
species were undertaken in the Biology, Environment, and Sustainable Development
(BEDD) laboratory at the École Normale Supérieure (ENS) of Tetouan, Morocco, and
were based on macroscopic and microscopic characterizations and ecological conditions.
These identifications were made according to the two determination keys [51,52]. Voucher
specimens were deposited at the herbarium of the BEDD laboratory, Department of Matter
and Life Sciences, ENS of Tetouan, Morocco. The fruiting bodies were immediately cleaned,
weighed, cut into small pieces, air-dried, and reduced to a fine powder (20 mesh).

3.3. Preparation of Crude Methanolic Extracts

The methanol extraction was carried out following the previous work by Barros
et al. [32], with some modifications. A total of 1 g of fine-dried mushroom power (20 mesh)
was extracted by stirring with 20 mL of methanol at 25 ◦C at 150 rpm for 24 h and filtered
through Whatman N ◦4 paper. The residue from the filtration was extracted again, twice,
using the procedure described earlier. The combined methanolic extracts were evaporated
at 40 ◦C to dryness. Then, the dried extracts were weighed and stored at −81 ◦C for
further use. The extraction yield was calculated for each studied species. This preparation
and all the further works were carried out at the Faculty of Sciences of the University of
Porto, Portugal.

3.4. Estimation of Bioactive Compounds

The contents of bioactive compounds, including total phenolic compound content
(TPC), total flavonoid content (TFC), total ascorbic acid content (TAAC), total tannin content
(TTC), and total carotenoids contents (β-carotene (Tβ-CC) and lycopene (TLC)), in fruiting
bodies of P. flaccida and L. nuda were determined by spectrophotometry using the same
conditions, equipment and procedures described previously by Erbiai et al. [26].

TPC was determined by Folin–Ciocalteu assay. Briefly, one ml of extract methanolic
solution was mixed with 5 mL of Folin–Ciocalteu reagent and 4 mL of sodium carbonate
solution (7.5%). The tubes were vortex mixed for 15 s and allowed to stand for 30 min at
40 ◦C in the dark. Then, the absorbance of the solution was measured at 765 nm against the
blank. The results were expressed as milligrams of gallic acid equivalents (GAE) per gram
of dry methanolic extract (dme).

TFC was determined by using an aluminum chloride colorimetric method, based
on the formation of a complex between aluminum chloride and the C-4 keto group and
either the C-3 or C-5 hydroxyl group of flavones and flavonols. The intensity of the pink
color was measured at 510 nm using a UV-Visible spectrophotometer against the blank,
which contained all reagents except extract samples. The results were expressed as mg of
(+)-catechin equivalents (CEs) per gram of dme.
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TAAC was determined using a method based on the reaction of ascorbic acid existing
in the extract with the reagent 2,6 dichlorophenolindophenol. Meta-phosphoric acid (1%)
was used for ascorbic acid extraction. The absorbance was measured at 515 nm against a
blank. The results were expressed as mg of L-ascorbic acid equivalents (AAEs) per gram of dw.

TTC of the sample powder was assayed by the Vanillin-HCL method, which is a
method specific to dihydroxyphenols and particularly sensitive to molecules containing
meta-substituted, di- and tri-hydroxybenzene. The absorbance of color developed was
measured at 500 nm against the blank. The TTC was expressed as mg of (+)-catechin
equivalents per gram (CEs/g) of dme.

Tβ-CC and TLC were determined following a method based on the mixture of methanol
extract and acetone-hexane (4:6). The solution absorbance (A) was measured at 453, 505, 645,
and 663 nm using a UV-Vis spectrophotometer. Tβ-CC and TLC were calculated according
to the following equations: Lycopene (mg/100 mL) = [(0.0458 A663) + (0.372 A505) − (0.0806
A453)]; β-Carotene (mg/100 mL) = [(0.216 A663) − (0.304 A505) + (0.452 A453)].

3.5. Phenolic Compounds Analysis by HPLC–MS

The extraction and analysis of individual phenolic compounds of P. flaccida and L. nuda
were carried out following the same procedure, conditions and HPLC equipment used
in our previous published work [26]. Briefly, the phenolic extract was analyzed by high-
performance liquid chromatography-mass spectrometry (HPLC–MS). Chromatographic
separation was accomplished using Acclaim™ 120 reverse phase C18 columns (3 µm
150 × 4.6 mm) thermostatted at 35 ◦C, and peaks were detected at 280 nm as the preferred
wavelength. The mobile phase used was composed of 1% acetic acid and 100% acetonitrile.
The identification of phenolic compounds in the samples was characterized according to
their UV-Vis spectra and identified by their mass spectra and retention times in comparison
with commercial standards. Quantification was made from the areas of the peaks recorded
at 280 nm by comparison with calibration curves obtained from the standard of each
compound. The results were expressed in µg per gram of dry weight (dw).

3.6. Biomolecules Analysis by GC–MS

Before GC–MS analysis, the crude methanolic extracts of each mushroom (10 mg) were
derivatized by adding 100 µL of anhydrous pyridine and 100 µL BSTFA, and the mixture
was heated at 80 ◦C for 25 min, then the mixture was diluted with 200 µL chloroform [53,54].
The derivatized solution was analyzed by using Gas Chromatography (GC) (Trace 1300 gas
chromatography; Thermo Fisher Scientific, Waltham, MA, USA) linked to a mass spectrom-
etry (MS) system (ISQ single quadrupole mass spectrometer; Thermo Fisher Scientific) and
automatic injector. The GC separation was conducted with a TG5-MS capillary column
(60 m × 0.25 mm i.d.; 0.25 µm film thickness) with a non-polar stationary phase (5% Phenyl
95% dimethylpolysiloxane). The injection and detector temperature were made at 300 ◦C
using splitless injection mode (1:10). Helium was used as a carrier gas at a flow rate of
1.2 mL/min. The oven temperature was programmed from 40 ◦C (2 min) to 200 ◦C at a
rate of 6 ◦C/ min (2 min), and then at a rate of 6 ◦C/min (6 min) up to 300 ◦C. The total
run time was 65 min. MS conditions were: electron ionization mass spectra were set at
70 eV, the mass ranged from 50 to 650 amu, and the ion source temperature was 300 ◦C.
Retention indices were calculated for all components, using a homologous series of known
standards of alkanes mixture (C8–C20 and C21–C40) injected in conditions equal to sample
ones. Identification of components of mushroom extracts was based on retention indices
(RI) relative to alkanes, with those of authentic compounds and with the spectral data
obtained from the databases of the National Institute Standard and Technology (NIST) and
PubChem Libraries of the corresponding compounds. Data acquisition was operated by
Software Thermo XcaliburTM 2.2 SP1.48, and data analysis was performed using NIST MS
Search 2.2 Library 2014.
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3.7. Evaluation of Antioxidant Activity

The antioxidant activity of methanolic extracts from the two edible mushrooms
P. flaccida and L. nuda was evaluated by three different assays, including DPPH radical-
scavenging, reducing power, and β-carotene bleaching inhibition assay, and by following
the same procedures, equipment and conditions used previously by Heleno et al. [29].
The extract concentration providing 50% of antioxidant capacity or 0.5 of absorbance
(EC50) was calculated from the graphs of antioxidant activity percentages (DPPH, and
β-carotene/linoleate assays) or absorbance at 690 nm (ferricyanide/Prussian blue assay)
against extract concentrations. Trolox was used as a reference standard.

DPPH radical-scavenging activity (RSA) of the samples was determined using the stable
free radical DPPH (1.1-diphenyl-2-picrylhydrazyl). The absorbance was measured at 517 nm
using a UV-Vis spectrophotometer against a blank. The RSA was calculated as a percentage
of DPPH discoloration using the equation: RSA (%) = [(ADPPH − ASample)/ADPPH] × 100,
where ADPPH is the absorbance of the DPPH solution and ASample is the absorbance of the
test extract.

For the β-carotene-linoleate bleaching assay, the antioxidant activity of the methanolic
extracts was carried out using the β-carotene linoleate model system, in which the presence
of antioxidants in the extracts and their capacity to neutralize the linoleate free radicals
avoids β-carotene bleaching. The absorbance was measured immediately at zero-time at
470 nm against a blank, and measured for the second time at 120 min. A control containing
methanol instead of the extract was realized in parallel. β-carotene bleaching inhibition
was calculated using the following formula: (%) = (β-carotene content after 2 h of the
assay/initial β-carotene content) × 100.

Reducing power by Ferricyanide/Prussian blue assay, the methodology of which
is based on the capacity to convert Fe3+ into Fe2+, the absorbance of the solution was
measured at 690 nm using a UV-Vis spectrophotometer against a blank containing the same
solution mixture without mushroom extract.

3.8. Statistical Analysis

Three samples were used, and all assays were carried out in triplicate. Extraction yield,
bioactive compounds, and antioxidant activity values were expressed as mean ± standard
deviation (SD). The statistical significance of the data was made with a one-way analysis of
variance (ANOVA), followed by post hoc Tukey’s multiple comparison tests with α = 0.05
using GraphPad Prism 8.0.1 software (San Diego, CA, USA).

4. Conclusions

This research work constitutes the first report on the chemical characterizations and
antioxidant properties of the two wild edible mushrooms P. flaccida and L. nuda from
southern Mediterranean countries and, in particular, from Morocco. The fruiting bodies of
the studied samples demonstrated an important content of bioactive compounds, namely
phenolic compounds (individual and total contents), ascorbic acid and carotenoids. In
addition, the GC–MS analysis of P. flaccida and L. nuda extracts revealed the presence of
more than sixty biologically active compounds for each. On the other hand, the two edible
mushrooms showed strong antioxidant properties by using three assays: DPPH radical
scavenging activity, inhibition of β-carotene bleaching, and ferric-reducing power. The
highly considered antioxidant capacity of the samples could be related to their richness of
bioactive compounds. In general, the findings may encourage more people from southern
Mediterranean countries to consume edible mushrooms as food due to their benefits on hu-
man health. They may also allow researchers to make the valorization of mushrooms from
these regions an interesting objective for their investigation to open up new perspectives in
nutritional and pharmaceutical research, and to contribute to discovering novel antioxidant
agents and medicaments which can be used for the treatment of many diseases.
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Abstract: Pancreatic cancers are among of the most lethal types of neoplasms, and are mostly detected
at an advanced stage. Conventional treatment methods such as chemotherapy or radiotherapy often
do not bring the desired therapeutic effects. For this reason, natural compounds are increasingly being
used as adjuvants in cancer therapy. Polyphenolic compounds, including resveratrol, are of particular
interest. The aim of this study is to analyze the antiproliferative and pro-apoptotic mechanisms of
resveratrol on human pancreatic cells. The study was carried out on three human pancreatic cancer
cell lines: EPP85-181P, EPP85-181RNOV (mitoxantrone-resistant cells) and AsPC-1, as well as the
normal pancreatic cell line H6c7. The cytotoxicity of resveratrol in the tested cell lines was assessed
by the colorimetric method (MTT) and the flow cytometry method. Three selected concentrations
of the compound (25, 50 and 100 µM) were tested in the experiments during a 48-h incubation.
TUNEL and Comet assays, flow cytometry, immunocytochemistry, confocal microscopy, real-time
PCR and Western Blot analyses were used to evaluate the pleiotropic effect of resveratrol. The results
indicate that resveratrol is likely to be anticarcinogenic by inhibiting human pancreatic cancer cell
proliferation. In addition, it affects the levels of Bcl-2 pro- and anti-apoptotic proteins. However, it
should be emphasized that the activity of resveratrol was specific for each of the tested cell lines, and
the most statistically significant changes were observed in the mitoxantrone-resistant cells.

Keywords: resveratrol; Bax; Bcl-2; Caspase-3; apoptosis; multidrug resistance; pancreatic cancer

1. Introduction

Despite developments in the field of early cancer detection, the number of new cases
is increasing at an alarming rate [1]. Pancreatic cancers, classified as one of the most
aggressive malignant neoplasms in humans, pose a particular problem [2–4].

Cancer treatment focuses mainly on surgery, radiotherapy, and chemotherapy, de-
pending on the type and severity of the disease at the time of diagnosis. In the case of
pancreatic cancer, surgery is the most effective treatment [5]. However, due to the diagnosis
of this disease in its late stage of development, only 15–20% of patients qualify for surgical
removal of the tumor [6]. At the time of diagnosis, the vast majority of patients have numer-
ous metastases, disqualifying them from surgery [5,6]. In turn, the use of chemotherapeutic
agents has led to the development of acquired multidrug resistance [7,8].

The abovementioned methods of treatment often turn out to be ineffective, especially
if the cancer is diagnosed at an advanced stage. For this reason, chemoprevention and the
search for alternative treatment methods showing no or minimal side effects are becoming
more and more important [8]. High hopes are placed on compounds of natural origin,
including polyphenols, which are characterized by a wide range of biological activities.
Many plant-derived compounds participate in the neoplastic process by affecting cell
survival, inhibiting angiogenesis or inducing apoptosis [9]. Apoptosis, as a complex
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physiological process following a specific pattern, has a significant effect on the proper
functioning of the body, leading to the removal of unnecessary and damaged cells that
could pose a threat to the body over time (e.g., cancer cells). Proteins from the Bcl-2
family are involved in the process of apoptosis. Within them, we can distinguish two
functional groups: one which has an inhibitory effect on apoptosis (e.g., Bcl-2) and one
which influences the promotion of the apoptosis process (e.g., Bax). Maintaining the
balance between pro- and anti-apoptotic proteins is essential for cell survival [10].

An example of a compound exhibiting anticancer properties is resveratrol. Resveratrol
(3,5,4′-trihydroxystilbene) is a polyphenol belonging to the stilbene group, found in many
plant foods such as grapes, blueberries, peanuts, tea and dark chocolate [11,12]. However,
its main source is red wine, due to the fact that its highest concentration can be found in the
skin of red grapes (50–100 µg/g) [13]. Resveratrol exists in the form of cis and trans isomers
(Figure 1). The trans isomer is used for research due to its greater activity compared to the
cis one [14–16].

Figure 1. Chemical structures of resveratrol isomers: (A) cis-resveratrol, (B) trans-resveratrol.

Resveratrol is a phytoalexin that is produced in very small amounts by plants in
response to the harmful effects of environmental factors, such as excessive UV radiation, ex-
posure to heavy metals or fungal infections [11,17–19]. This compound is characterized by
a wide range of biological activities, including antitumor activity [20]. Numerous scientific
studies have shown that resveratrol exhibits antitumor activity at all stages of the carcino-
genesis process in various types of neoplasms, including pancreatic neoplasm [3,21–23].
In addition, it also participates in overcoming the phenomenon of multidrug resistance
(MDR), which has been demonstrated in research on cell models of gastric and pancreatic
cancer [24,25].

The aim of our research is to demonstrate the potential antiproliferative and pro-
apoptotic effects of trans-resveratrol on normal cells and various types of pancreatic cancer
cells in vitro. So far, in vitro studies on the effects of resveratrol on members of the Bcl-2
family in pancreatic cancer cells have not been compared with studies on normal cells. It
was also important to include cells resistant to cytostatics in the presented comparative
studies in this field.

2. Results
2.1. Assessment of the Effect of Resveratrol on Cell Viability

Cell viability was analyzed with the MTT colorimetric assay. For this purpose, the
cells of the tested lines were treated with increasing concentrations of resveratrol (0, 5, 10,
25, 50, 100, 150, 200 µM) for 24 h, 48 h and 72 h (37 ◦C, 5% CO2). It was observed that the
exposure of pancreatic cell lines to resveratrol inhibited proliferation in a concentration-
and time-dependent manner compared to untreated cells (Figure 2A–D). EPP85-181RNOV
cells, despite their resistance to mitoxantrone, turned out to be more sensitive to the action
of resveratrol compared to mitoxantrone-sensitive cells (EPP85-181P line). AsPC-1 cells
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were the least sensitive to the effects of resveratrol. A concentration- and time-dependent
decrease in cell viability was also observed in normal H6c7 pancreatic cells. Based on the
analysis of the results obtained, concentrations of 25 µM, 50 µM and 100 µM, as well as an
incubation time of 48 h, were selected for further experiments on all the tested cell lines.

Figure 2. Effect of resveratrol on the proliferation of human cancer and normal pancreatic cells. Cells
were treated with various concentrations of resveratrol for 48 h. Cell viability was assessed by MTT
assays. (A) EPP85-181P cell line, (B) EPP85-181RNOV cell line, (C) AsPC-1 cell line, (D) H6c7 cell
line. Values are expressed as mean ± SD, (n = 3), * p < 0.01; ** p < 0.001; *** p < 0.0001.

2.2. Analysis of the Effect of Resveratrol on the Cell Cycle of Pancreatic Cells Using Flow
Cytometry (FACS)

The distribution of the cell cycle phases was observed using flow cytometry. Treatment
with resveratrol resulted in cell accumulation in the G0/G1 or S phase, depending on the
type of cells and the concentration of the compound. In the EPP85-181P cell line, after
48 h of exposure to resveratrol at a concentration of 50 µM, the cell cycle was inhibited
in the S phase. However, at a higher concentration (100 µM), the cycle was inhibited in
the G1 phase (Figure 3A). Similar relationships were observed in the EPP85-181RNOV
line, in which the cycle was already inhibited in the S phase at concentrations of 25 and
50 µM, although more pronounced changes could be seen at a concentration of 50 µM.
Cycle inhibition in the G1 phase was recorded at 100 µM (Figure 3B). In the case of the
AsPC-1 cell line, there were no statistically significant differences in the inhibition of the
cycle between concentrations in the range of 0–100 µM, but there was a significant change
in the distribution of cells in the various phases of the cell cycle (Figure 3C). The effect of
various concentrations of resveratrol in the range of 0–100 µM on normal pancreatic cells
H6c7 did not change cell distribution throughout the phases of the cell cycle (Figure 3D)
(Table 1).
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Figure 3. Cell distribution in particular phases of the cell cycle. (A) EPP85-181P cell line, (B) EPP85-181RNOV cell line,
(C) AsPC-1 cell line, (D) H6c7 cell line, * p < 0.05; ** p < 0.01; *** p < 0.001.

Table 1. Change in cell cycle phase distribution after 48-h treatment with resveratrol (0–100 µM) on EPP85-181P, EPP85-
181RNOV, AsPC-1 and H6c7 cells. Results are presented as mean of triplicate measurements.

Cell Line Resveratrol
Concentration [µM] Percentage of Cell Breakdown in Different Phases of the Cell Cycle [%]

G1 S G2

EPP85-181P

0 51.99 ± SD 5.47 32.28 ± SD 5.66 15.73 ± SD 0.44
25 57.66 ± SD 14.31 4.40 ± SD 15.06 0.61 ± SD 1.05
50 31.91 ± SD 7.54 68.09 ± SD 7.54 0.00 ± SD 0.0

100 84.90 ± SD 6.42 14.78 ± SD 6.75 0.32 ± SD 0.56

EPP85-181RNOV

0 47.80 ± SD 5.37 41.70 ± SD7.10 10.50 ± SD 2.85
25 13.61 ± SD 3.75 57.99 ± SD 11.56 28.40 ± SD 8.07
50 16.52 ± SD 6.75 83.48 ± SD 6.75 0.00 ± SD 0.00

100 67.32 ± SD 10.70 25.57 ± SD 7.74 7.11 ± SD 3.00

AsPC-1

0 48.85 ± SD 28.16 45.60 ± SD 28.29 10.52 ± SD 2.16
25 54.77 ± SD 20.86 38.05 ± SD 22.19 7.18 ± SD 1.83
50 62.02 ± SD 4.52 25.45 ± SD 8.65 12.53 ± SD 6.55
100 23.78 ± SD 3.35 64.20 ± SD 15.36 12.02 ± SD 12.36

H6c7

0 66.68 ± SD 6.96 25.41 ± SD 5.86 11.87 ± SD 1.21
25 64.40 ± SD 10.11 35.37 ± SD 10.41 0.23 ± SD 0.40
50 64.33 ± SD 9.98 31.22 ± SD 10.86 4.45 ± SD 0.98

100 51.84 ± SD 15.81 39.89 ± SD 15.80 8.27 ± SD 4.09

2.3. Analysis of the Percentage of Apoptotic Cells after 48 h of Incubation with Resveratrol Solution
Measured by Flow Cytometry (FACS)

Flow cytometry analysis was performed to assess the ability of resveratrol to induce
apoptosis in pancreatic cells. The tested cells were treated with various concentrations
of resveratrol (0, 25, 50 and 100 µM) for 48 h. The obtained results indicated that resver-
atrol could induce apoptosis in a concentration-dependent manner (Table 2). The most
prominent changes in early apoptosis markers were noted in the EPP85-181P cell line. In

18



Molecules 2021, 26, 6560

contrast, the smallest increase in the percentage of apoptotic cells was observed in the
AsPC-1 cell line. The EPP85-181RNOV and H6c7 cell lines showed a moderate increase in
the percentage of cells in the early phase of apoptosis (Figure 4).

Table 2. Apoptosis percentage in neoplastic and normal pancreatic cells induced by resveratrol.
Results are presented as mean of triplicate measurements.

Resveratrol
Concentration

[µM]
Early Apoptosis Percentage [%]

EPP85-181P EPP85-181RNOV AsPC-1 H6c7

0 7.18 ± SD 1.62 4.04 ± SD 1.59 6.08 ± SD 1.38 2.06 ± SD 0.57
25 10.13 ± SD 2.24 4.92 ± SD 0.79 4.55 ± SD 1.85 6.94 ± SD 1.87
50 18.90 ± SD 1.35 10.40 ± SD 1.27 4.21 ± SD 1.82 10.73 ± SD 3.00
100 21.00 ± SD 2.40 11.64 ± SD 2.13 5.82 ± SD 1.24 36.73 ± SD 8.91

Figure 4. Analysis of apoptotic cells after incubation with resveratrol using flow cytometry.
(A) EPP85-181P cell line, (B) EPP85-181RNOV cell line, (C) AsPC-1 cell line and (D) H6c7 cell line.
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2.4. Analysis of the Percentage of Apoptotic Cells after 48 h of Incubation with Resveratrol Solution
Measured Using the TUNEL Assay

The TUNEL reaction showed an increase in apoptosis in all of the cell groups after
an incubation of 48 h with various concentrations of resveratrol (Figure 5). The increase
in apoptosis in the tested cell lines was consistent with the increase in the concentration
of the compound. The smallest increase in the number of apoptotic cells was noted in the
AsPC-1 cell line. The EPP85-181P and EPP85-181RNOV cell lines were characterized by a
moderate increase in the number of apoptotic cells. The highest number of apoptotic cells
was observed in the H6c7 line, but only at the highest resveratrol concentration (100 µM).
In vitro experiments have shown that resveratrol can induce apoptosis in pancreatic cells.

Figure 5. Detection of apoptotic cells using the TUNEL method. The number of apoptotic cells increases with the
concentration of resveratrol in all cell lines: (A) EPP85-181P cell line, (B) EPP85-181RNOV cell line, (C) AsPC-1 cell line and
(D) H6c7 cell line.

2.5. Detection of DNA Damage by Comet Assay

The Comet assay performed under neutral, nondenaturing conditions detects breaks
in the double-stranded DNA chain, thus allowing the detection of apoptosis. Using this
method, the percentage of apoptotic cells was estimated after 48 h of incubating individual
cells with various concentrations of resveratrol. In all the cell lines tested, an increase in the
number of damaged cells was observed after exposure to resveratrol. Moreover, this effect
was most pronounced in cytostatic-resistant cells (EPP85-181RNOV). The EPP85-181P and
H6c7 cell lines showed moderate sensitivity to the action of the compound. The lowest
sensitivity was noted in the AsPC-1 cell line (Figure 6).

20



Molecules 2021, 26, 6560

Figure 6. Percentage of nuclei with DNA damage in pancreatic cell lines after 48 h of incubation
with different concentrations of resveratrol: (A) EPP85-181P cell line, (B) EPP85-181RNOV cell line,
(C) AsPC-1 cell line and (D) H6c7 cell line.

2.6. Immunocytochemical Analysis of Resveratrol’s Ability to Induce Apoptosis in Human
Pancreatic Cells

To assess the ability of resveratrol to induce apoptotic in the tested cell lines, im-
munocytochemical reactions were performed; on this basis, the impact of the compound
on the level of the Bcl-2, Bax and Caspase-3 proteins (which are related to the apoptosis
process) was assessed (Figure 7). In the case of the anti-apoptotic protein Bcl-2, a significant
decrease in the level of protein was observed after treatment with resveratrol in all of the
tested cancer lines (Figure 7A–C). These changes were dependent on the concentration of
the compound. The smallest changes were observed in the AsPC-1 cell line (Figure 7C).
In turn, treatment with resveratrol caused a significant increase in the level of the Bax
and Caspase-3 proteins, with changes depending on the concentration of the compound
(Figure 7A–C). In the normal pancreatic cell line H6c7, resveratrol did not cause significant
changes in the level of individual proteins.
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Figure 7. Analysis of resveratrol’s ability to induce apoptosis in human pancreatic cells by immunocytochemistry. In the
tested cell lines, the effect of resveratrol on the expression level of the Bcl-2, Bax and Caspase-3 proteins (related to the
apoptotic process) was assessed. The cells of each cell line were exposed to 48 h of treatment with various concentrations
of resveratrol. (A) EPP85-181P cell line, (B) EPP85-181RNOV cell line, (C) AsPC-1 cell line, (D) H6c7 cell line; * p < 0.01;
** p < 0.001; *** p < 0.0001.

2.7. Changes in the Expression Level of Genes Encoding Proteins of Bcl-2 Family in Pancreatic
Cells by Real-Time PCR

The effect of resveratrol on the changes in the expression of the genes encoding proteins
related to the apoptotic process was determined by real-time PCR. The analysis of mRNA
expression showed that after 48 h of incubation of the cells with various concentrations
of resveratrol, concentration-dependent changes in the expression of the BAX and BCL2
genes appeared. In the case of the EPP85-181P cell line, a reduction in BAX expression
was observed after treatment with resveratrol compared to untreated cells. In contrast, the
level of BCL2 expression after treatment with resveratrol increased at a concentration of
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25 µM compared to untreated cells. Between concentrations of 50 and 100 µM, a decrease
in the level of BCL2 expression was observed. In the EPP85-181RNOV cell line, resveratrol
reduced BAX expression in a concentration-dependent manner. On the other hand, a
concentration of 25 µM caused a decrease in the level of BCL2 expression, while an increase
was observed between 50 and 100 µM. Similar results were obtained with the AsPC-1
cell line. The effect of resveratrol resulted in a concentration-dependent decrease in BAX
expression and an increase in BCL2 expression. In the H6c7 cell line, resveratrol increased
the level of BAX expression at a concentration of 25 µM, while decreasing it between 50 and
100 µM. In the case of BCL2, a concentration of 25 µM caused a decrease in its expression,
while concentrations of 50 and 100 µM led to an increase (left panel of Figure 8).

Figure 8. Effect of resveratrol on changes in the expression level of genes and proteins related to the apoptotic process
assessed by real-time PCR (left panel) and Western Blot (middle and left panels). The analysis was performed on human
pancreatic cell lines after 48 h of exposure to various concentrations of resveratrol. (A) EPP85-181P cell line, (B) EPP85-
181RNOV cell line, (C) AsPC-1 cell line and (D) H6c7 cell line; * p < 0.01; ** p < 0.001; *** p < 0.0001.
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2.8. Changes in the Level of Bcl-2 Proteins in Pancreatic Cells (WB)

Western Blot analysis was performed to assess the possible modulation of apoptotic
proteins by resveratrol. The changes in the level of Bax and Bcl-2 proteins were examined
after 48 h of incubation of human pancreatic cells with various concentrations of resveratrol.
After treatment with resveratrol at a concentration of 25 µM, EPP85-181P cells showed a
higher level of the pro-apoptotic protein Bax compared to untreated cells. Between 50 and
100 µM, a concentration-dependent decrease in the level of this protein was observed. In
the case of the anti-apoptotic protein Bcl-2, an increase in the level was initially observed
(25 µM), while higher concentrations of the compound caused a decrease in the level of
the protein.

In the cell line showing resistance to mitoxantrone (EPP85-181RNOV), exposure to
resveratrol at a concentration of 25 µM resulted in an increase in the level of the Bax protein
compared to untreated cells. The effect of higher concentrations led to a decrease in the
level of Bax in comparison to its level at 25 µM. However, in this case, the changes in the
50 and 100 µM concentrations were at a similar level. The level of the Bcl-2 protein at a
concentration of 25 µM was lower compared to that in cells not treated with resveratrol,
and no significant differences in the level of protein were observed with subsequent
concentrations.

In the AsPC-1 cell line, slight changes in the level of the Bax protein were observed.
There was a slight decrease in the level at a concentration of 25 µM in relation to cells
not treated with resveratrol, and between 50 and 100 µM, an increase in the level of
expression took place. A similar relationship was observed for the Bcl-2 protein. The action
of resveratrol at a concentration of 25 µM reduced the level of protein, while at higher
concentrations, an increase in Bcl-2 level was noted.

In the normal H6c7 pancreatic cell line, no significant changes in the level of the Bax
protein were observed after treatment with resveratrol. Only at the highest concentration
(100 µM), an increase in the level of this protein was noted. In the case of the anti-apoptotic
protein Bcl-2, there was an increase in its level in the treated cells, with the changes being
proportional to the concentration of the compound (middle and right panels of Figure 8).

2.9. Cell Morphological Changes Induced by Resveratrol

A 48-h treatment with resveratrol induced morphological changes in all the tested cell
lines. A decrease in cell density and a change in cellular shape and size were observed
(Figure 9).
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Figure 9. Resveratrol induces morphological changes in EPP85-181P, EPP85-181RNOV, AsPC-1 and H6c7 cells after 48 h
incubation with different concentrations of the compound. As the concentration increases, a smaller number of cells can be
observed compared to the control, as well as many cells detached (iridescent) from the substrate.

2.10. Bax and Bcl-2 Expression Levels by Confocal Microscopy

To visualize the effect of resveratrol on the level of the Bax and Bcl-2 proteins, an
immunofluorescence reaction was performed on the AsPC-1 tumor cell line. The analysis
of the results using a confocal microscope showed that 48-h treatment with resveratrol
(100 µM) resulted in an increase in the level of the pro-apoptotic protein Bax in relation
to untreated cells. In the case of the anti-apoptotic protein Bcl-2, the level was reduced
compared to untreated cells (Figure 10).
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Figure 10. Confocal images showing changes in the level of the Bax and Bcl-2 proteins in the
pancreatic cancer cell line AsPC-1 after treatment with 100 µM of resveratrol. Magnification 60×,
scale = 20 µm.
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3. Discussion

Cancer remains one of the leading causes of death worldwide. Pancreatic neoplasms
pose a particular problem due to their late diagnosis because of the lack of early and
characteristic symptoms [26]. Hence, there is an increasingly urgent need for compounds
(especially of natural origin) that show anticancer activity while protecting normal cells [27].
An example of such a bioactive compound is resveratrol [28]. Even though it has been
the subject of many studies, its mechanism of action is not fully understood and requires
further research. However, it is known that resveratrol has a pleiotropic effect, and its
action depends on many factors (concentration, duration of action, type of cell line).

The present study shows that resveratrol can significantly inhibit the proliferation
of pancreatic cells, in a manner dependent both on the duration of the effect and the
concentration of the compound. At the same time, changes in the distribution of neoplastic
cells between different phases of the cell cycle were also noticed under the influence of
different concentrations of resveratrol.

In one of the studies that analyzed the effect of resveratrol on the proliferation of
the pancreatic cancer cells PANC-1 and AsPC-1, significant changes in cell survival were
observed after incubations longer than 24 h and at a higher concentration of the compound
(100 µM) [3]. Moreover, significant changes in AsPC-1 cell survival appeared only at higher
resveratrol concentrations (≥100 µM). The studies conducted by Cui et al. showed that
the action of resveratrol inhibits the proliferation of the pancreatic neoplastic cell lines
PANC-1, BxPC-3 and AsPC-1, and the changes depend on the concentration and duration
of the compound’s effect. There were differences in the sensitivity of cells to resveratrol be-
tween individual cell lines, with AsPC-1 being the least sensitive (concentration > 100 µM),
which was consistent with our observations [29]. Another research team demonstrated the
antiproliferative effect of resveratrol on the pancreatic cancer cells MIA PaCa-2, AsPC-1,
PANC-1 and Hs766T. In this case, a 48-h incubation with various concentrations of resvera-
trol resulted in a concentration-dependent inhibition of cell growth. The cell lines differed
in their sensitivity to the effects of resveratrol. As in previous studies, the AsPC-1 cell line
was one of the least susceptible to the effects of resveratrol [30]. In their studies, Liu et al.
assessed the effect of resveratrol on the proliferation of neoplastic (PANC-1, CFPAC-1 and
MIA PaCa-2) and normal pancreatic cells (Pancreatic Duct Cells). Cells were exposed to
various concentrations of resveratrol (10, 50 and 100 µM) for 72 h. Resveratrol was shown
to have a concentration-dependent inhibitory effect on cell viability, which is consistent
with our observations. Compared to neoplastic cells (PANC-1, CFPAC-1 and MIA PaCa-2),
normal pancreatic duct cells showed greater resistance to the cytotoxic effect of resvera-
trol [31]. In our study, on the other hand, the normal pancreatic cell line H6c7 showed less
tolerance to the compound.

The cell cycle is a basic process common to all living organisms, essential for repro-
duction and growth. It comprises two main phases: the interphase (G1, S and G2 phases)
and mitosis (M) [32]. It was found that resveratrol influences the cell cycle by reducing
the number of cells in the G1/S and S/G2 phases, which leads to the inhibition of cell
proliferation [33,34]. The analysis of the cell cycle in the tumor lines EPP85-181P and
EPP85-181RNOV showed that lower concentrations of resveratrol (25 and 50 µM) increase
the number of cells in the S/G2 phase. In the mitoxantrone-resistant line, this effect was
stronger. On the other hand, at a higher concentration (100 µM), a greater accumulation of
cells in the G1/S phase was observed. These results are consistent with previous studies
performed on the EPP85-181P and EPP85-181RNOV cell lines, treated for 72 h with two
concentrations of resveratrol (30 and 50 µM) [25]. In the EPP85-181P and EPP85-181RNOV
lines, at a concentration of 50 µM, an increase in the number of cells in the S/G2 phase
was observed, while in the EPP85-181RNOV line, these changes were visible at a lower
concentration (30 µM) [25]. In our study, no significant changes in the distribution of the
different phases of the cell cycle were observed in the AsPC-1 line after 48 h of incubation
with resveratrol (0–100 µM). In contrast, the team of Cui et al. showed an increase in cell

27



Molecules 2021, 26, 6560

accumulation in the S phase of the cell cycle. However, these changes were observed after
72 h of incubation with resveratrol at a concentration of 100 µM [3].

Apoptosis is a process involving the activation, expression, and regulation of a wide
range of genes with a consequent programmed cell death. This process is aimed at ensuring
and maintaining a stable internal environment by removing unwanted and abnormal
cells from the body [35]. In neoplastic diseases, the balance between cell division and
death is usually disturbed [36]. Therefore, understanding the process of apoptosis may
prove helpful not only in assessing the pathogenesis of cancer, but also in developing a
treatment strategy.

Along with the effect on the growth and changes in the distribution of cells among
the various phases of the cell cycle under the action of resveratrol, the participation of the
compound in the process of apoptotic induction has also been observed. In our studies, we
have shown that resveratrol induces apoptosis in pancreatic cells, and that the observed
changes are concentration dependent. These observations are consistent with research
conducted by Roy et al., who showed a similar dependence on the neoplastic pancreatic
cell lines PANC-1, MIA PaCa-2, Hs766T and AsPC-1. Additionally, the intensity of the
changes depends on the pancreatic cell line. Both in our study and in the work of Roy et al.,
the AsPC-1 cell line was characterized by its low sensitivity to the action of resveratrol [30].
Furthermore, Cui et al. showed that, out of the three pancreatic cancer lines (PANC-1, AsPC-
1 and BxPC-3) incubated for 48 h with various concentrations of resveratrol (0–200 µM),
the AsPC-1 line showed the lowest susceptibility to the effect of the compound at lower
concentrations. Significant changes appeared only at concentrations over 150 µM [29].
The team of Zhou et al. investigated the ability of resveratrol to induce apoptosis on the
pancreatic cancer cell models Capan-1, Capan-2, BxPC-3, MIA PaCa-2 and Colo357. After
24 h of exposure of the cells to resveratrol at a concentration of 200 µM, Capan-1, MIA
PaCa-2 and BxPC-3 turned out to be less sensitive to the compound compared to the other
two, i.e., Capan-2 and Colo357. The same study also showed a slight effect of resveratrol
on the induction of apoptosis in normal pancreatic cells (HPDE—Human Pancreatic Duct
Epithelial Cell Line) [37]. In our study, we observed apoptotic changes in the normal
pancreatic cell line, but these were most pronounced only at the highest concentration of
resveratrol (100 µM). It is also worth noting that we analyzed the effect of the compound
after a longer duration of the effect (48 h). The Comet assay results showed DNA damage
typical of apoptosis, the trend was similar to that of the TUNEL method.

To better understand the effect of resveratrol on the inhibition of cell growth and the
induction of the apoptotic process, Western Blot analyses were performed. Proteins from
the Bcl-2 family play a key role in the control of the apoptotic execution process. Among the
members of this family, there are pro-apoptotic proteins (e.g., Bid, Bax) and proteins that
inhibit this process (e.g., Bcl-2). Thanks to these two opposite types of regulatory proteins,
it is possible to maintain the homeostasis of the processes of this type of programmed cell
death [38,39].

In studies performed on the PANC-1 and MIA PaCa-2 cell lines, 24-h incubation with
different concentrations of resveratrol (0, 50, 10, 150 and 200 µM) resulted in an increase
in the level of the Bax protein and a decrease in the level of the Bcl-2 protein [40]. The
studies by Yang et al. on the Capan-2 cell line showed that a 24-h incubation of the cells
with resveratrol at a concentration of 100 µM led to a significant increase in the level of the
Bax protein [41]. An increase in the level of the Bax protein and a decrease in the level of
the Bcl-2 protein (in direct proportion to the increase in resveratrol concentration 50, 200
and 400 µM) were also demonstrated in the gastric tumor cell line SGC-7901 after 24 h of
incubation [42]. The team of Cui et al., in their studies performed on three pancreatic cell
lines (PANC-1, BxPC-3, AsPC-1) exposed for 48 h to different concentrations of resveratrol
(0–200 µM), observed changes in the level of pro- and anti-apoptotic proteins. In two of
the analyzed cell lines (PANC-1 and BxPC-3), a concentration-dependent increase in the
expression level of the pro-apoptotic protein (Bax) and a decrease in the level of the anti-
apoptotic protein (Bcl-2) were observed. In the case of the AsPC-1 cell line, no significant
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changes in the level of the Bax protein were observed. However, there were changes in the
level of the Bcl-2 protein, which were most visible at the highest concentration of resveratrol
used [29]. Similarly, in our study, we did not observe significant changes in the level of
the Bax protein in the AsPC-1 line after a 48-h incubation with different concentrations
of the compound (0, 25, 50 and 100 µM). On the other hand, the most visible changes in
the level of the Bcl-2 protein level were noticed at higher concentrations (50 and 100 µM).
Immunofluorescence also allowed us to obtain confirmation of changes in the level of these
proteins in cells that had been incubated with resveratrol. Confocal microscopy analysis
showed an increase in the level of the Bax protein and a decrease in the Bcl-2 protein level
in AsPC-1 cells after a 48-h incubation with resveratrol (100 µM).

Furthermore, the analysis of the real-time PCR reaction showed that a 48-h incubation
of cells with resveratrol (0, 25, 50 and 100 µM) led to a decrease in the expression of the
gene encoding the pro-apoptotic protein Bax (BAX) and an increase in the expression of the
gene encoding the anti-apoptotic protein Bcl-2 (BCL2). This was confirmed by the results
obtained by a research team that carried out similar studies on the pancreatic cancer cell
line Panc 2.03. In that study, a real-time PCR reaction was performed after 12 and 24 h of
exposure to resveratrol at a concentration of 40 µg/mL. The reaction showed an increase
in the mRNA expression level of BAX and a decrease in the mRNA expression level of
BCL2. Moreover, Western Blot studies performed on the same cell line after 48-h exposure
to resveratrol (10, 20, 40 and 80 µg/mL) confirmed the same relationship we observed in
the experiments carried out after the same incubation time [43]. It follows that 48 h is the
optimal time to study Bcl-2 and Bax level changes.

4. Materials and Methods
4.1. Cell Lines and Culture Conditions

In vitro studies were carried out on three human pancreatic cancer cell lines: EPP85-
181P, EPP85-181RNOV (cell lines were obtained from Institute of Pathology, Charité Cam-
pus Mitte, Humboldt University Berlin, Berlin, Germany) and AsPC-1 (ATCC, Manassas,
VA, USA), as well as the normal pancreatic line H6c7 (Kerafast, Inc., Boston, MA, USA).
The EPP85-181P cell line is sensitive to the action of cytostatics, while the EPP85-181RNOV
line is resistant to the action of mitoxantrone. The appropriate culture media were se-
lected for the cultivation of individual cell lines. Lines EPP85-181P and EPP85-181RNOV
were grown in Leibovitz’s L-15 medium (Sigma, St. Louis, MO, USA) enriched with the
following supplements: 10% Fetal Bovine Serum (FBS), 1 mM L-glutamine, 6.25 mg/L
fetuin, 80 IE/L insulin, 2.5 mg/L transferrin, 1 g/L glucose, 1.1 g/L NaHCO3 and 1%
minimal essential vitamins (Sigma, St. Louis, MO, USA). Mitoxantrone was present in
the culture of EPP85-181RNOV cells at a dose of 0.02 µg/mL. RPMI-1640 medium (Gibco
Life Technologies, Paisley, Scotland, UK) containing 10% FBS (Sigma, St. Louis, MO, USA)
was used to culture AsPC-1 cells. The H6c7 cell line was grown in Keratinocyte serum-
free medium SFM (Gibco Life Technologies, Paisley, Scotland, UK) supplemented with
bovine pituitary extract (25 µg/mL) and recombinant human epidermal growth factor
(0.25 ng/mL). Additionally, the media were supplemented with a 1% penicillin solution
and streptomycin (Sigma, St. Louis, MO, USA). Cells were grown in monolayers in 75 cm2

culture flasks (Thermo Scientific, Roskilde, Denmark) which were placed in an incubator
(37 ◦C, 5% CO2). A solution of 0.25% trypsin-ethylene diamine tetraacetic acid (Sigma, St.
Louis, MO, USA) was used to pass the cells of the pancreatic cancer lines. The passage
of normal pancreatic cells was performed with the TrypLETM Express Enzyme solution
(Gibco Life Technologies, Paisley, Scotland, UK).

4.2. MTT Assay

The effect of resveratrol on cell proliferation was investigated using the MTT col-
orimetric assay [44]. The cells of the tested lines were plated in 96-well plates 24 h
before the start of the experiment in the following amounts: EPP85-181P and AsPC-1
cells—5 × 103 cells/well, EPP85-181RNOV cells—2.5 × 103 cells/well and H6c7 cells—
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1.2 × 104 cells/well. Dimethyl sulfoxide (DMSO) was used as an initial solvent. Resvera-
trol was subsequently dissolved in culture media for cell treatment. The cells were then
treated with a solution of resveratrol at various concentrations (0, 5, 10, 25, 50, 100, 150
and 200 µM) at three-time regimens: 24, 48 and 72 h (37 ◦C, 5% CO2). After incubation
under the set conditions, cells were treated with a solution of MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) (0.5 mg/mL) for 4 h (37 ◦C, 5% CO2). The MTT
cytotoxicity test is based on the color reaction of a tetrazole salt and the assessment of
the mitochondrial activity of the cells. As a result of the reduction of the substrate in
the mitochondria of living cells, a water-insoluble purple formazan compound is formed
depending on the viability of the cells. After the formazan crystals were thoroughly dis-
solved in dimethylsulfoxide (DMSO), the absorbance was measured for each sample at
570 nm using a microplate reader (Infinite 200 Pro, TECAN, Männedorf, Switzerland). The
experiment was repeated independently three times.

4.3. Cell Cycle Analysis, Flow Cytometry (FACS)

The distribution of the cell cycle phases following resveratrol treatment was assessed
using the flow cytometric method. Twenty-four hours before the start of the experiment, the
cell lines were plated in the following amounts: EPP85-181P—1.2 × 105 cells/well, EPP85-
181RNOV—1.8 × 105 cells/well, AsPC-1—4.6 × 105 cells/well and H6c7—4.6 × 105 cells/
well. They were then placed in an incubator (37 ◦C, 5% CO2). After this time, cells were
treated with resveratrol at concentrations of 0, 25, 50 and 100 µM for 48 h (37 ◦C, 5% CO2).
Afterwards, they were trypsinized and centrifuged in fresh culture medium (1050 rpm,
5 min), and then rinsed twice in ice-cold Phosphate Buffered Saline (PBS) and fixed in cold
70% ethanol overnight at 4 ◦C. After that, cells were centrifuged (1050 rpm, 5 min, 4 ◦C)
and rinsed twice in PBS. The samples were stained with an FxCycle™ PI/RNase Staining
Solution kit (Life Technologies, Carlsbad, CA, USA) and incubated for 30 min at 37 ◦C in
the dark. Propidium iodide fluorescence was measured using a BD FACSCanto II flow
cytometer on channel 630/22 (Beckton Dickinson, Franklin Lakes, NJ, USA). Data from
at least 20,000 events per sample were collected and calculated using the ModFit LTTM
software, version 4.0.5 (Verity Software House, Inc., Topsham, ME, USA). The experiment
was carried out in three independent laboratory replications.

4.4. Apoptosis, Flow Cytometry Method (FACS)

The flow cytometry method was used to study the intensity of the apoptotic induction
under the effect of resveratrol. The cells of the tested lines (EPP85-181P, EPP85-181RNOV,
AsPC-1 and H6c7) were cultured in 25 cm2 flasks for 24 h (37 ◦C, 5% CO2). After this
time, cells were treated with resveratrol at concentrations of 0, 25, 50 and 100 µM for 48 h
(37 ◦C, 5% CO2). Subsequently, they were trypsinized and then centrifuged (1050 rpm,
5 min) in fresh culture medium. Cells were then rinsed twice in PBS solution and cen-
trifuged afterwards (1050 rpm, 5 min). Cells were diluted to 1 × 106 cells/mL and stained
with the FITC Annexin V Apoptosis Detection Kit II (Beckton Dickinson, Franklin Lakes,
NJ, USA) according to the manufacturer’s instructions. Data from at least 10,000 events
were collected for each sample. The results obtained were further analyzed with the
FlowJo 10.5 software (FlowJo, Asham, OR, USA). The experiment was carried out in three
independent laboratory replications.

4.5. Apoptosis, TUNEL Assay

The ability of resveratrol to induce the apoptotic process was also detected by using the
TUNEL assay. The cells of the tested lines were plated on Millicell® EZ SLIDES eight-well
glass slides (Merck Millipore, Gernsheim, Germany) in the following amounts: EPP85-
181P—1 × 104 cells/well, EPP85-181RNOV—1 × 104 cells/well, AsPC-1—1.5 × 104 cells/
well and H6c7—1.5 × 104 cells/well. After 24 h, cells were treated with resveratrol at
concentrations of 0, 25, 50 and 100 µM for 48 h (37 ◦C, 5% CO2). After this time, cells were
fixed in cold methanol-acetone (1:1) for 10 min at 4 ◦C and then dried. Apoptosis was
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detected with the ApopTag® Peroxidase In Situ Apoptosis Detection Kit (Merck Millipore,
Gernsheim, Germany) according to the manufacturer’s instructions. Cells were rinsed with
PBS solution (pH 7.4), then incubated with Proteinase K (5 min, room temperature) and
rinsed again with PBS solution. Endogenous peroxidase blocking was done by incubation in
3% H2O2 in PBS (5 min, room temperature). Next, cells were rinsed again with PBS solution.
Cells were then incubated, first with pre-incubation buffer (10 min, room temperature),
then with incubation buffer (1 h, 37 ◦C). The reaction was stopped by adding a stop buffer
(10 min, room temperature). Cells were then incubated with antidigoxigenin antibodies
(30 min, room temperature). To visualize the nuclei of the apoptotic cells, cells were
incubated with diaminobenzidine (DAB, 5 min, room temperature). Contrast staining
with hematoxylin was performed. The expression of the nuclei of the apoptotic cells was
assessed using a BX-41 light microscope (Olympus, Tokyo, Japan).

4.6. DNA-Damages Visualisation, Comet Assay

The detection of apoptosis-related DNA damage was assessed by using a neutral
Comet assay. Cell lines EPP85-181P, EPP85-181RNOV, AsPC-1 and H6c7 were cultured in
25 cm2 flasks for 24 h (37 ◦C, 5% CO2). Afterwards, they were treated with resveratrol at
concentrations of 0, 25, 50 and 100 µM for 48 h (37 ◦C, 5% CO2). Cells were trypsinized,
then centrifuged (1050 rpm, 5 min) in fresh culture medium and later rinsed twice in
PBS and centrifuged (1050 rpm, 5 min). The method described by Collins [45] was used
to detect DNA damage. Portions of the cells (min. 1 × 104) treated with the specified
concentrations of the analyses compound for 48 h were combined with low melting point
agarose (type VII) and transferred onto a glass slide precoated with high melting point
agarose (type I). Then, the slides were placed in a lysis solution (2.5 M NaCl, 100 mM EDTA,
10 mM Tris base, 1% Triton X-100, pH 10) at 40 ◦C for 60 min. Afterwards, the slides were
rinsed in electrophoresis buffer (TBE) for 30 min at 40 ◦C. Then, electrophoresis was carried
out at a voltage of 1.0 V/cm, 490 mA intensity for 20 min at 40 ◦C. Staining was carried
out with the silver method. 80–100 nuclei were counted on each slide. DNA damage was
assessed, assigning each nucleus to the appropriate category: apoptosis, indirect damage,
or no damage.

4.7. Immunocytochemistry (ICC)

To assess the ability of resveratrol to induce the apoptotic process, an ICC reaction was
performed. The cells of the tested lines were plated on Millicell EZ SLIDES eight-well glass
slides (Merck Millipore, Gernsheim, Germany) in the following amounts: EPP85-181P—
1× 104 cells/well, EPP85-181RNOV—1× 104 cells/well, AsPC-1—1.5× 104 cells/well and
H6c7—1.5 × 104 cells/well. 24 h later, cells were treated with resveratrol at concentrations
of 0, 25, 50 and 100 µM for 48 h. After this time, cells were fixed with methanol-acetone
(1:1) for 10 min at 4 ◦C. The ICC reaction was performed on an Autostainer Link48 (Dako,
Glostrup, Denmark). The following primary antibodies were used: Bcl-2 (Dako, Glostrup,
Denmark), Bax (Santa Cruz Biotechnology, Dallas, TX, USA) and activated Caspase-3
(Cell Signaling Technology, Boston, MA, USA). Slides were first incubated with primary
antibodies against Bcl-2 (ready-to-use), Bax (1:25) and activated Caspase-3 (1:400) for 20 min
at room temperature, followed by 20 min with EnVision FLEX/HRP (Dako, Glostrup,
Denmark). In the next step, the slides were incubated for 10 min with 3,3’-diaminobenzidine
(DAB, Dako. Glostrup, Denmark). The slides were counterstained with EnVision FLEX
Hematoxylin (Dako, Glostrup, Denmark) and sealed with coverslips in a mounting medium.
The ICC reaction was assessed using a BX-41 light microscope (Olympus, Tokyo, Japan).

4.8. Real-Time PCR

An assessment of the changes in the BAX and BCL2 gene expressions was performed
after treatment with resveratrol at concentrations of 0, 25, 50 and 100 µM on the cell
lines EPP85-181P, EPP85-181RNOV, AsPC-1 and H6c7. After 48 h of incubation with the
compound, cells were trypsinized, as described in the Cell Lines and Culture Conditions

31



Molecules 2021, 26, 6560

section above. RNA was isolated with the RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The samples were digested with RNase DNset
(Qiagen, Hilden, Germany) to remove genomic DNA. The concentration and quality of
the isolated RNA was measured on a NanoDrop 1000 spectrophotometer (Thermo-Fischer
Waltham, MA, USA). A reverse transcription reaction was then performed using the High-
Capacity cDNA Reverse Transcription Kits (Applied Biosystems, Foster City, CA, USA).
The assessment of the changes in the gene expression was performed by real-time PCR
using a 7900HT Fast Real Time PCR System thermocycler with SDS 2.3 and RQ Manager 1.2
software (Applied Biosystems, Foster City, CA, USA). Primers BAX (Hs00180269_m1 BAX)
and BCL2 (Hs00608023_m1 BCL2) were obtained from Applied Biosystems (Foster City, CA,
USA). GUSB (beta glucuronidase—Hs99999908_m1 GUSB, Applied Biosystems, Foster City,
CA, USA) was used as a reference gene. The reaction was performed in triplicate under
the following conditions: polymerase activation at 50 ◦C for 2 min, initial denaturation at
94 ◦C for 10 min, 40 cycles including denaturation at 94 ◦C for 15 s, annealing of primers
and probes as well as synthesis at 60 ◦C for 1 min. The results were analyzed based on the
expression of the GUSB reference gene. The relative expression (RQ) of BCL2 and BAX
mRNA was calculated using the ∆∆Ct method (RQ = 2−∆∆Ct).

4.9. Western Blot

The Western Blot (WB) method was used to study the effect of resveratrol on the
changes in the level of the proteins related to the process of apoptosis. The cells of the
tested lines (EPP85-181P, EPP85-181RNOV, AsPC-1 and H6c7) were treated with various
concentrations of resveratrol (0, 25, 50 and 100 µM) for 48 h. Total cellular protein was
isolated from the cell lines tested. The procedure was performed at 4 ◦C using RIPA
lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% SDS, 1% IGEPAL CA-630, 0.5%
sodium deoxycholate) with the addition of PMSF (2.5 µL/mL RIPA) and an inhibitor
cocktail (2 µL/200 µL RIPA). The samples were incubated for 20 min on ice with vortexing
every 5 min. After this time, the samples were centrifuged (4 ◦C, 12 min, 12,000× g). The
supernatant was transferred to clean tubes and frozen at −80◦C. Protein concentration
was determined by the BCA method using the Pierce BCA Protein Assay kit (Thermo
Fischer Scientific, Waltham MA, USA). Protein samples were loaded in GLB (4×) and
denatured (95 ◦C, 10 min). Total protein (50 µg) was separated by SDS-PAGE in a 12%
polyacrylamide gel (Bio-Rad, Hercules, CA, USA) at a voltage of 140 V. Subsequently, wet
transfer was performed onto nitrocellulose membranes (Millipore, Billerica, MA, USA) in
buffer (48 mM Tris, 39 mM glycine, 20% methanol, 0.1% SDS, pH 9.2) at 100 V for one hour.
After transfer, the membranes were rinsed with distilled water then 0.1% TBST solution.
After blocking for 1 h at room temperature (Bax: 5% milk in 0.1% TBST; Bcl-2: 4% BSA
in 0.1% TBST), the membranes were incubated overnight at 4◦C with specific primary
antibodies: mouse anti-Bax (sc-7480; 1:200; Santa Cruz Biotechnology, Dallas, TX, USA)
and mouse anti-Bcl-2 (124, 1:200, Novus Biologicals, Littleton, CO, USA). Additionally, the
membranes were incubated with horseradish peroxidase-conjugated secondary antibodies
(715-035-152; Jackson ImmunoResearch, Cambridgeshire, UK) at a dilution of 1:3000 (1 h,
room temperature). After incubation with the secondary antibodies, the membranes were
rinsed and then treated with a Luminata Classico chemiluminescent substrate (Merck
KGaA, Darmstad, Germany). As an internal control, β-actin was used to normalize the
amount of individual proteins levels. β-actin was detected with primary rabbit antihuman
β-actin antibody (4970; Cell Signaling Technology, Danvers, MA, USA) at a dilution of
1:2000 (overnight incubation at 4 ◦C) and horseradish peroxidase conjugated secondary
antibody (711-035-152; Jackson ImmunoResearch, Cambridgeshire, UK) at a dilution of
1:3000 (1 h, room temperature). The visualization was made with the ChemiDoc Imaging
System with the ImageLab software (Bio-Rad Laboratories, Marnes-la-Coquette, France). A
densitometry analysis of the results obtained was performed with the ImageLab software
(Bio-Rad Laboratories, Marnes-la-Coquette, France).
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4.10. Confocal Microscopy

For immunofluorescence, AsPC-1 cells were plated (1.5 × 104 cells/well) on Millicell®

EZ SLIDES eight-well glass slides (Merck Millipore, Gernsheim, Germany). After 24 h,
cells were treated with resveratrol (0 and 100 µM) for 48 h. Cells were then fixed in 4%
paraformaldehyde (12 min, room temperature). The membranes were permeabilized with
0.2% Triton X-100 (10 min, room temperature). Nonspecific binding sites were blocked
with 3% BSA in PBS (1 h, room temperature). Cells were incubated overnight at 4 ◦C with
primary antibodies: Bax (1:25 dilution, Santa Cruz Biotechnology, Dallas, TX, USA) in
3% BSA/PBS and Bcl-2 (ready-to-use, Dako, Glostrup, Denmark). Protein detection was
performed with Alexa Fluor 488 conjugated antibody secondary antimouse (dilution 1:2000,
Abcam, Cambridge, UK, Cat# ab150113, RRID: AB_2756499), incubation 1 h, temp. 4 ◦C.
The slides were sealed in a medium containing DAPI (Invitrogen, Carlsbad, CA, USA). The
analysis of the proteins levels was performed using a Fluoview FV3000 confocal microscope
(Olympus, Tokyo, Japan, RRID: SCR_017015) with the cellSens software (Olympus, Tokyo,
Japan, RRID: SCR_016238).

4.11. Statistical Analysis

The experiments were performed in three independent laboratory replications. The
unpaired t-test was used to compare two groups of data. The one-way ANOVA with
post hoc analysis using the Dunn’s or Bonferroni multiple comparison tests were used to
compare 3 or more groups. Statistical analysis was performed using the Prism 5.0 software
(Graphpad Software, Inc., La Jolla, CA, USA). The differences were regarded as significant
when p < 0.05.

5. Conclusions

The results of our research show the antitumor potential of resveratrol in terms of
antiproliferative and pro-apoptotic effects on human pancreatic cells by changing the ex-
pression of proteins related to the apoptotic process. At the same time, resveratrol has been
shown to have a stronger effect on cancer cells than on normal cells, which is extremely
important in the context of possibly using this compound not only in the prevention, but
also in the treatment, of pancreatic tumors while protecting normal tissues. Additionally,
each cell line is characterized by a different sensitivity to the effect of the compound,
which confirms the validity of separate studies for different types of cancer. The action
of resveratrol may also be important in the process of overcoming multidrug resistance
(MDR) due to the induction of larger changes in cytostatic-resistant cancer cells compared
to cytostatic-sensitive cells.

The results of our in vitro study are the basis for planning the direction of further
in vivo and clinical research. Due to the low bioavailability of orally administered resvera-
trol, it is necessary to determine the appropriate dosage and method of administration of
the compound, e.g., intravenous (IV) injection or encapsulation.
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Abstract: Catechins have been shown to display a great variety of biological activities, prominent
among them are their chemo preventive and chemotherapeutic properties against several types
of cancer. The amphiphilic nature of catechins points to the membrane as a potential target for
their actions. 3,4,5-Trimethoxybenzoate of catechin (TMBC) is a modified structural analog of
catechin that shows significant antiproliferative activity against melanoma and breast cancer cells.
Phosphatidylglycerol is an anionic membrane phospholipid with important physical and biochemical
characteristics that make it biologically relevant. In addition, phosphatidylglycerol is a preeminent
component of bacterial membranes. Using biomimetic membranes, we examined the effects of
TMBC on the structural and dynamic properties of phosphatidylglycerol bilayers by means of
biophysical techniques such as differential scanning calorimetry, X-ray diffraction and infrared
spectroscopy, together with an analysis through molecular dynamics simulation. We found that
TMBC perturbs the thermotropic gel to liquid-crystalline phase transition and promotes immiscibility
in both phospholipid phases. The modified catechin decreases the thickness of the bilayer and is
able to form hydrogen bonds with the carbonyl groups of the phospholipid. Experimental data
support the simulated data that locate TMBC as mostly forming clusters in the middle region of each
monolayer approaching the carbonyl moiety of the phospholipid. The presence of TMBC modifies
the structural and dynamic properties of the phosphatidylglycerol bilayer. The decrease in membrane
thickness and the change of the hydrogen bonding pattern in the interfacial region of the bilayer
elicited by the catechin might contribute to the alteration of the events taking place in the membrane
and might help to understand the mechanism of action of the diverse effects displayed by catechins.

Keywords: catechin; dimyristoylphosphatidylglycerol; DSC; FTIR; X-ray diffraction; molecular
dynamics

1. Introduction

The number of healthful effects attributed to green tea catechins is remarkable. The
health promoting properties of catechins include protection from inflammatory and neu-
rodegenerative diseases, obesity, metabolic syndrome, diabetes, and hypertension [1,2]. In
addition, different studies have provided evidence that catechins display antimicrobial
effects on both Gram-positive and Gram-negative bacteria [3], and that they impair the
infectivity of a series of both animal and human viruses [4].

A most outstanding characteristic of catechins is that they show both chemo-preventive
and chemotherapeutic activities against a great variety of different cancers [5]. The excep-
tional anticancer activity of catechins is exerted by modulating different hallmarks and
suppressing characteristics of cancer, including sustaining proliferative signals, evading

37



Molecules 2023, 28, 422

growth suppressors, avoiding immune destruction, inducing angiogenesis, resisting cell
death, and tumor promoting inflammation [6,7]. Almost all of these anticancer achieve-
ments are fulfilled essentially as a result of the interaction between catechins and a variety
of intracellular targets, membrane proteins, and the plasma membrane [8].

However, the exact molecular mechanism through which catechins produce all of
these beneficial effects still remain to be addressed. There is increasing evidence that the
membrane is a potential target for the action of catechins. They alter the properties of
phospholipid membranes [9], modify the rigidity of the membrane [10], and change the
organization of lipid rafts [11,12]. The concept of the membrane as a simple barrier has
evolved to include the membrane as a complex structure with biological functions and
an identity intrinsic to the type of cell or disease. In this way, it is possible to look at the
mechanism of action of catechins from a lipid and membrane centered perspective [13].
By incorporating into membranes, catechins can alter the conformational dynamics of the
membrane, and these changes may have a variety of effects on cellular functions through
the indirect modulation of membrane proteins such as receptors, channels, enzymes, and
regulatory signals [14]. In this context, the study of the interaction between catechins and
membranes is of the utmost importance.

Phosphatidylglycerol is a minor anionic phospholipid component of nearly all natural
membranes and has remarkable physical and biochemical characteristics that make it bio-
logically important [15,16]. In eukaryotic cells, phosphatidylglycerol is largely restricted to
the mitochondrial membrane, and it is interesting as catechins have been shown to regulate
mitochondrial membrane permeability [17] and to protect mitochondria against various
insults [18]. Phosphatidylglycerol acts as a lipid signal that promotes early keratinocyte dif-
ferentiation suppressing skin inflammation [19] and it inhibits Toll-like receptor activation,
thereby reducing inflammatory signals [20]. It has been shown that phosphatidylglycerol
is able to inhibit inflammatory responses when located in the lung surfactant [21] and in
the mitochondria [22], and also to stimulate α-synuclein amyloid formation [23] and to
suppress influenza A virus infection [24]. It is important to note that phosphatidylglycerol
is a main constituent of virtually all bacterial membranes [25] and thus it has become a
good biomimetic model for these membranes [26,27]. This last feature is important in con-
nection with the known antibacterial activity of catechins [28]. It should be highlighted that
there are numerous studies that have demonstrated selective toxicity of catechins against
different bacterial pathogens, and which have suggested promising use in the treatment
of bacterial infections [29,30]. Catechins have been shown to inhibit bacterial toxins, they
inhibit the hemolytic activity of S. aureus α-toxin preventing the secretion of the toxin by
binding to the cytoplasmic membrane and decreasing its permeability, or by blocking signal
transduction processes [31]. A mechanism via interaction with the outer cell membrane has
been suggested for the inhibitory effect of catechins on enterohemorrhagic Vero toxin from
E. coli [32]. Catechins also hold promise as biofilm inhibitors [33]. A main mechanism of
the antibacterial activity of catechins is the modification of cell membrane [34]. Catechins
bind to bacterial cell membrane causing the membrane to burst and release the cytoplasmic
content, with subsequent cell death [35], they decrease membrane fluidity that eventually
results in membrane breakage [36]. These polyphenols can also inhibit multidrug bacterial
efflux pumps restoring the antibacterial activity of antibiotics and acting in synergy with
them [37].

Regardless of their diverse advantageous characteristics, the therapeutic effect of
catechins is restricted as a result of their low stability, poor absorption, limited membrane
permeability, and low bioavailability [3,38]. An important strategy to improve the proper-
ties of catechins is the structural modification of the catechin molecule through the synthesis
of a catechin-based analog in order to obtain more effective, stable, and specific active
molecules [5,39]. TMBC (Figure 1) is a structural analog of catechin that has been shown
to exert high antiproliferative activity against melanoma and breast cancer cells [40,41]. It
has been shown that TMBC perturbs the structural properties of the bilayers composed of
phospholipids bearing different polar head groups, including phosphatidylcholine [42],
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phosphatidylethanolamine [43], and phosphatidylserine [44]. In this work, in order to
advance the knowledge of the molecular interaction between catechins and individual
membrane phospholipid species, we present a study on the effect of TMBC on the structural
and dynamic properties of biomimetic model systems composed of 1,2-dimyristoyl-sn-
glycero-3-phospho-(1′-rac-glycerol) (DMPG), by using differential scanning calorimetry
(DSC), X-ray diffraction, Fourier transform infrared (FTIR) spectroscopy, and molecular
dynamics simulation.
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Figure 1. Chemical structure of (A) catechin gallate and (B) 3,4,5-trimethoxybenzoate of catechin
(TMBC).

2. Results and Discussion
2.1. Differential Scanning Calorimetry

DSC is a straightforward and potent nonperturbing physical technique, which is well
appropriate to observe and depict the thermotropic phase transition of membranes [45].
In order to investigate the molecular interaction between TMBC and membranes we
used model bilayer systems formed by DMPG. DSC was used to describe the effect of
this semisynthetic catechin on the thermotropic properties of this phospholipid. The
perturbation exerted by TMBC on the thermotropic phase transition of DMPG is shown in
Figure 2.
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The heating thermogram corresponding to pure DMPG showed two transitions, a peak
to lower temperature starting at 9 ◦C corresponding to the weakly energetic pretransition
from the gel tilted phase (Lβ′) to the gel ripple phase (Pβ′), and a peak to higher temperature
starting at 22.3 ◦C corresponding to the highly energetic main transition from the ripple
phase to the liquid-crystalline phase (Lα). These values are in accordance with previous
data [46,47]. The presence of TMBC at very low concentrations such as 0.02 mole fraction
makes the pretransition broaden and shift to lower temperatures, and the increase of TMBC
to 0.05 mole fraction made the pretransition undetectable. There is a possibility that the
pretransition had already disappeared and then the phospholipid directly underwent the
transition from the gel tilted to the fluid phase. However, it is most probable that the
pretransition had already started at such a low temperature that was out of the range
under study and that it was so broad that it could not be observed. The presence of
increasing concentrations of TMBC produced the broadening of the main transition and the
appearance of a second peak with a temperature that was lower when the presence of TMBC
in the bilayer was greater. The presence of different peaks in the thermograms, may indicate
the presence of different lipid domains in the bilayer. The enthalpy change associated with
the main gel to liquid-crystalline phase transition of pure DMPG was determined to be
27.2 kJ/mol. As the inset in Figure 2 shows, the presence of low proportions of TMBC
produced a decrease of nearly 10% of the enthalpy change; this value did not decrease
further when the concentration of the compound increased above 0.07 mole fraction.

The broadening of the transition and the appearance of additional components, indi-
cate that TMBC incorporates into the phosphatidylglycerol bilayer, where it modifies the
organization of the acyl chains of the phospholipid and shifts the phase transition tempera-
ture to lower values. It is interesting to note that the ending temperature of the transition
did not change with the presence of TMBC; even in the case of the most concentrated
sample there was still a portion of the phospholipids that finished its phase transition at
the same temperature as the pure phospholipid. Additionally, a new peak emerged at a
fixed temperature, near 8 ◦C, when TMBC reached 0.20 mole fraction. The appearance of
a transition peak at a lower and fixed temperature has also been detected in zwitterionic
bilayers containing elevated concentrations of TMBC [42,43].

2.2. X-ray Diffraction

X-ray diffraction is an acknowledged non-interfering exploratory technique which
allows the examination of the overall structural organization of model membranes [48]. We
used small- and wide-angle X-ray diffraction (SAXD and WAXD) to address the effect of
TMBC on the overall structural properties of DMPG bilayers. Measurements in the wide
angle (WAXD) region provide information about the packing of the phospholipid acyl
chains. Figure 3 displays the WAXD patterns corresponding to pure DMPG and DMPG
containing TMBC. At 6 ◦C, pure DMPG gave a sharp reflection at 4.18 Å and a broad one at
4.10 Å. This asymmetrical pattern is representative of lipids organized in the Lβ′ phase with
orthorhombic packing and the hydrocarbon chains tilted to the membrane surface [49,50].
At 14 ◦C, pure DMPG showed a symmetrical reflection near 4.16 Å ascribed to the Pβ′

phase in which the hydrocarbon chains were oriented normal to the bilayer plane in a
two-dimensional hexagonal lattice [51,52]. Finally, at 35 ◦C, a diffuse scattering reflection
was observed, which is representative of the fluid Lα phase [53].
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Figure 3. Intensity (arbitrary units lineal scale) vs. scattering vector (q) for WAXD profiles of pure
DMPG (top black) and DMPG containing TMBC at 0.07 (middle red) and 0.20 mole fraction (bottom
blue) at different temperatures.

At 6 ◦C, in the presence of TMBC, the asymmetric reflection characteristic of the
Lβ′ phase was replaced by a symmetric reflection at 4.13 Å corresponding to the Pβ′

phase, which is consistent with the shifting of the pretransition to lower temperatures as
observed by DSC (Figure 2). At 14 ◦C, all the systems displayed the symmetric reflection
characteristic of the Pβ′ phase, though the reflection in the presence of TMBC appeared at
4.13 Å instead of 4.16 Å, as is the case for pure DMPG. At 35 ◦C, all the systems presented
the diffuse reflection characteristic of the Lα fluid phase.

The SAXD patterns for pure DMPG and DMPG containing TMBC, at different temper-
atures are shown in Figure 4. All the systems exhibited broad scattering at all temperatures
that originated from positionally uncorrelated bilayers. This has been interpreted by the
general negative surface charge that drive the formation of positionally uncorrelated bilay-
ers, most likely vesicles with fewer lamellae, because of electrostatic repulsion [47,54]. All
systems show a broad bilayer peak around q = 0.12 Å−1 which arose from the electron den-
sity contrast between the bilayer and the solvent, similar to that which has been described
for pure DMPG [55].
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at different temperatures. Solid lines represent the best fit to the experimental patterns using the GAP
program.

41



Molecules 2023, 28, 422

The analysis of the SAXD patterns using the Global Analysis Program (GAP) enabled
us to determine the bilayer thickness (dB) of the different systems. We found dB values of
50.16 ± 0.15 Å in the gel phase (6 ◦C) and 45.20 ± 0.35 Å in the liquid-crystalline phase
(35 ◦C) for pure DMPG, in accordance with previous data [50,55]. The presence of TMBC
at 0.07 mole fraction induced a small decrease in the bilayer thickness to 49.23 ± 0.15 Å
and 44.80 ± 0.20 Å for the gel and the liquid-crystalline phases. However, the presence of
TMBC at 0.2 mole fraction produced a marked decrease in the bilayer thickness, with dB
values of 48.16 ± 0.15 Å in the gel phase and 42.60 ± 0.25 Å in the liquid-crystalline phase.

The phospholipid acyl chains were in contact with the hydrophobic parts of integral
membrane proteins, and these interactions have been proposed to be crucial for the balanced
integration of the protein into the bilayer [56]. Hydrophobic mismatch occurs when the
hydrophobic thickness of the membrane does not match with the hydrophobic length of the
integral protein. This modification of the membrane properties could be capable of altering
the function of lipid-dependent proteins because it could produce changes in the structure
of the protein [57]. Considering that integral membrane proteins are involved in crucial
cellular processes, the decrease in the bilayer thickness exerted by TMBC might be decisive
when considering the hydrophobic mismatch and may have an influence on the mechanism
of some of the effects of the catechin. The thinning effect of TMBC was observed at relatively
high concentration of the compound. We believe that low concentrations of catechins in the
blood stream would correspond to a much greater availability in the membrane fraction
and that they may accumulate over time to produce cellular concentrations that are much
higher than that observed in serum samples. Moreover, the molar ratios studied in our
biomimetic membranes are not necessarily required to be homogeneous in the whole
cellular membrane, it would be enough that this TMBC/phospholipid be fulfilled locally
in certain part of the membrane. In this respect, the described propensity of TMBC to form
enriched domains in the bilayer may help to locally attain higher concentrations of the
molecule where it is needed.

We used the phase transitions temperatures obtained from the DSC measurements and
the structural information from the X-ray diffraction experiments to construct the partial
phase diagram for the DMPG component in mixtures with TMBC, which are presented in
Figure 5. When an incorporated compound in the phospholipid bilayer shows good mixing
behavior, i.e., it is miscible with the lipid, the interaction between them will cause the
phospholipid transition temperature to change. In this case, the higher the concentration
of the compound in the mixture the larger the change in the transition temperature. If
the presence of an increasing concentration of a compound in the bilayer does not result
in a transition temperature change, i.e., a constant transition temperature is observed, it
means that there is always pure phospholipid undergoing transition and suggests that
the compound is immiscible with the phospholipid. In this case, an immiscibility was
produced with phase separation between the compound and the phospholipid, and with
the formation of different domains containing different amounts of compound.

The behavior of the solidus line was different from that of the fluidus line. The
solidus line displayed good mixing behavior with its temperature decreasing as more
TMBC was present in the bilayer. When a 0.2 mole fraction was reached, the temperature
remained constant suggesting the presence of a gel phase immiscibility. This gel phase
immiscibility was not observed in mixtures of TMBC and another anionic phospholipid
such as phosphatidylserine [44]. The temperature of the fluidus line remained constant
in the whole range of TMBC concentrations which suggests that an immiscibility in the
liquid-crystalline phase was present. The TMBC-induced fluid-phase immiscibility has not
been observed in mixtures of TMBC with any other glycerophospholipids with different
polar head groups [42–44]. The DMPG system evolves from a gel phase, which shows
immiscibility from a certain catechin concentration, to an immiscible fluid phase through
a coexistence region which is wider as more TMBC is present in the bilayer. The phase
diagram for the TMBC/DMPG mixture seemed to be singular as it showed immiscibility
both in the gel and the liquid-crystalline phases.
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2.3. FTIR Spectroscopy

Infrared spectroscopy determines the energy transitions between the electronic vi-
brational levels arising from the absorption of radiation in the infrared spectrum. These
vibrational levels are produced by distinctive motions taking place within the different
chemical bonds present in the various functional groups of a molecule. The infrared spec-
trum of phospholipids contains abundant data about both the chemical structure of the
molecule and the membrane physical state (chain ordering, phase transition). The gel
to liquid-crystalline phase transition of phospholipids goes by apparent changes in the
absorption bands originating from moieties in the hydrophobic and interfacial regions of
these phospholipid membranes [58]. We used infrared spectroscopy to study the interfacial
interaction between the catechin derivative and the bilayer. Figure 6 shows the temperature
dependence of the wavenumber of the maximum of the carbonyl stretching band of the
infrared spectra corresponding to pure DMPG and DMPG/TMBC systems.

The thermotropic phase changes undergone by phospholipids can be followed by
very apparent changes in the contours of the ester carbonyl stretching band, ν (C=O). The
features of this absorption band are sensitive to the conformation, hydration state, and
the degree and nature of hydrogen-bonding interactions in the polar/apolar interfaces of
phospholipids bilayers [59]. A pure DMPG ester carbonyl stretching band was considered
to be a summation of two component bands centered near 1742 cm−1 and 1728 cm−1,
and their relative intensities reflect the contribution of a subpopulation of non-hydrogen
bonded and hydrogen bonded carbonyl groups [46].

For pure DMPG, the gel to liquid-crystalline phase transition produced a shift in the
wavenumber of the maximum of the band to lower wavenumbers. This was due to the
increase in intensity of the underlying component band at 1728 cm−1. This increase is
attributed to a higher amount of hydrogen bonded carbonyl groups that resulted from the
increase in the hydration of the polar/apolar interface in the liquid-crystalline phase [60].
The shift in the phase transition to lower temperatures produced by the presence of TMBC
can be seen following the wavenumber of the maximum of the carbonyl band illustrated
in Figure 6. It is interesting to note that in the liquid-crystalline phase, the presence of
increasing concentrations of TMBC produced a shift in the maximum of the carbonyl band
to lower wavenumbers, as compared with the pure phospholipid. The latter indicated an
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increase in the proportion of the hydrogen bonded carbonyl groups, and this could have
been due to a direct interaction of TMBC with the interfacial region of the DMPG bilayer or
to an indirect mechanism through the TMBC disordering the membrane and increasing the
hydration of the carbonyl groups of the phospholipid.
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2.4. Molecular Dynamics

Computer simulation, such as molecular dynamics, has proven to be an important
contribution to biophysical research on the physicochemical properties of lipid membranes,
as it provides atomic detail of the simulated system [61]. The area per lipid at the mem-
brane aqueous interface is frequently used as a property of the lipid bilayer for validating
molecular dynamics simulations and as a proof of convergence [62]. Figure 7 shows the
progression of the area per lipid of the simulation runs, where it can be observed that the
area per lipid reached convergence and kept constant in the time range used for all the
analyses (last 60 ns). The area per lipid was calculated as the area of the x y plane of the
simulation box divided by the number of lipids in each leaflet. For the pure DMPG bilayer
in the liquid-crystalline phase the area per lipid was 0.63 ± 0.01 nm2, in accordance with
reported data [63], and in the presence of TMBC this value increased to 0.66 ± 0.01 nm2.

The bilayer thickness was computed calculating the phosphorous atoms distance
between both leaflets. For pure DMPG, we obtained a bilayer thickness of 3.37 ± 0.07 nm,
while in the presence of TMBC we observed a decrease in the bilayer thickness to
3.29 ± 0.07 nm, the latter data being in agreement with the X-ray diffraction experiments
discussed above.

The number of hydrogen bonds between the DMPG carbonyl groups and water
and the TMBC molecules were measured in the simulation box. The data show that the
total number of hydrogen bonds per lipid increased from 202.2 ± 4.6 for pure DMPG to
212.5 ± 5.7 in the presence of TMBC. This increase was mostly due to the new hydrogen
bonds established between the carbonyl groups of the phospholipid and the hydroxyl
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groups of TMBC (7.10 ± 2.15), this being in agreement with the increase in the number
of hydrogen bonds determined by the shift of the wavenumber of the maximum of the
carbonyl absorption band to lower values as obtained by FTIR (Figure 6).

The mass density profiles of the simulated DMPG bilayer in the presence of TMBC
are shown in Figure 8A. The non-symmetrized mass density profiles correspond to the
profiles along the z-axis of the simulation box over the entire analyzed time trajectory. The
lipid phosphorous atoms are included to label the polar head region, the lipid terminal
methyl groups to label the center of the membrane and the lipid carbonyl groups to label
the position of the hydrogen bonding. The TMBC molecules were mainly distributed across
the middle region of each monolayer approaching the carbonyl moiety of DMPG. In the
different simulations, TMBC molecules were located at different random starting locations
in the lipid phase, but this did not produce differences in the final output of the location of
TMBC molecules across the phospholipid bilayer.
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The propensity of TMBC to form aggregates was examined by determining the cluster
size distribution of TMBC in the bilayer, and it was calculated as the number of TMBC
molecules that were found in the analyzed trajectory within a distance of 0.25 nm. Figure 8B
shows that the proportion of TMBC molecules present as monomers was 28.30± 0.05%, and
the rest of TMBC forms aggregates of 3–6 molecules. The proportion of TMBC monomers
in the DMPG bilayer was lower than the in case of phosphatidylserine bilayer [44], where
more than 50% of TMBC was present as monomers.

In order to gain insight into the differences observed between phosphatidylglycerol
and phosphatidylserine systems, we determined the hydrogen bonds of the phospholipid
headgroups and TMBC, and the data are presented in Table 1. There were more hydrogen
bonds between the headgroups of dimyristoylphosphatidylserine (DMPS) than between
those of DMPG, both in the absence and presence of TMBC. In the presence of TMBC, there
were more hydrogen bonds between TMBC and the headgroup of DMPG than between
TMBC and those of DMPS, probably reflecting the higher availability of DMPG headgroups
to form hydrogen bonds with other molecules than the phospholipid itself. Table 1 also
shows the hydrogen bonds formed between different TMBC molecules. It was observed
that TMBC formed more intermolecular hydrogen bonds in the DMPG bilayer than in
the DMPS one. These data contribute to explaining the different effects exerted by TMBC
on the different phospholipids, and the higher cluster formation in the case of DMPG.
The presence of these different clusters in the liquid-crystalline bilayer may explain the
presence of different domains in the DSC thermograms (Figure 2) and the strong tendency
of TMBC to form clusters in DMPG systems may explain the presence of immiscibility in
the liquid-crystalline phase (Figure 5).

Figure 9 shows a snapshot of the simulation box at 308 K of the DMPG/TMBC mixture
where the location of TMBC in the bilayer can be observed. This is the expected location for
TMBC considering the experimental results reported above. The location near the center of
each monolayer allows TMBC to perturb the gel to the liquid-crystalline phase transition
and the proximity to the carbonyl region of DMPG enables the catechin to interfere with
the hydrogen bonding pattern of the interfacial region of the bilayer.
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Table 1. Hydrogen bonds of the phospholipid polar headgroups and TMBC. The dimyristoylphos-
phatidylserine (DMPS) data presented were obtained from previously reported simulations [44].

Hydrogen Bonds S.E. (n = 3)

DMPS DMPS-DMPS 193.59 5.21

DMPS + TMBC
DMPS-DMPS 185.13 6.26
TMBC-DMPS 13.51 0.88
TMBC-TMBC 1.26 0.48

DMPG DMPG-DMPG 147.89 4.36

DMPG + TMBC
DMPG-DMPG 145.49 4.39
TMBC-DMPG 16.55 1.13
TMBC-TMBC 4.95 0.83

3. Materials and Methods
3.1. Materials

1,2-Dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt, dimyristoylphos-
phatidylglycerol, DMPG) (>99% TLC) was purchased from Avanti Polar Lipids Inc. (Birm-
ingham, AL, USA). Phosphorous analysis was used to determine the phospholipid con-
centration [64]. (-)-Catechin and 3,4,5-trimethoxybenzoyl chloride were purchased from
Sigma Chemical Co. (Madrid, Spain), and TMBC was synthesized from catechin as detailed
previously [40]. All other reagents were of the highest purity available.

The ratios between TMBC and phospholipid used in this study were similar to
those commonly used in previous studies on the interaction between catechins and mem-
branes [9,65] and ranged from low TMBC concentration in the membrane (0.02 mole
fraction) to high concentration of TMBC in the membrane (0.30 mole fraction). TMBC is
a synthetically modified catechin and no data is yet available concerning physiological
concentrations. However, a correlation between these ratios and the concentrations of
TMBC exhibiting anticancer activity can be established. It has been recently reported for an
epithelial cell line that the phospholipid content was around 2 µg Pi/106 cells [66]. If we
assume that the phospholipid content in melanoma cells is similar to this value and we
consider the IC50 of 1.5 µM for TMBC in melanoma cells [40], it renders that under the cell
culture conditions (number of cells and volume of the medium) the TMBC/phospholipid
ratio in the antiproliferative studies was around 0.3 mole fraction. Hence, the molar fraction
used in our study was in the range of those expressing biological activity.

3.2. Differential Scanning Calorimetry

Samples for DSC were prepared by drying organic solvent solutions containing conve-
nient quantities of DMPG and TMBC, and forming model bilayer vesicles in 150 mM NaCl,
0.1 mM EDTA, 10 mM Hepes, and pH 7.4 buffer, essentially as described previously [42].
In the case of DMPG, due to the electrostatic repulsion that is generated by the negative
surface charge of the phospholipid, this thin-film hydration and manual agitation method
produced vesicles with fewer lamellae. The experiments were carried out in a MicroCal
PEAQ-DSC calorimeter (Malvern Panalytical, Malvern, UK) at 1.5 mM final phospholipid
concentration, and heating scan rate of 60 ◦C h−1. Data were analyzed using ORIGIN v7
(Northampton, MA, USA). Areas under the thermograms were used to determine the en-
thalpy change of the transitions. The onset and completion temperatures for each transition
peak were obtained from the heating thermograms taken at the points of intersection of the
tangents to the leading edges of the endotherms and the baselines, and were plotted as a
function of the mole fraction of TMBC to construct a partial phase diagram.

3.3. X-ray Diffraction

Samples containing 10 µmol of DMPG and a convenient amount of TMBC were
prepared similarly to those described for DSC. The suspensions were centrifuged for
30 min at 12,000 rpm in order to obtain concentrated samples to ensure that the diffraction
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intensities were high enough to be usable. Pellets were placed in a steel holder and
were measured in a modified Kratky compact camera (MBraum-Graz-Optical Systems,
Graz, Austria). Nickel-filtered Cu Kα X-rays were generated by a Philips PW3830 X-
ray Generator operating at 50 kV and 30 mA. SAXD and WAXD were accomplished at
the same time essentially as previously described [31]. The q (scattering vector) range
covered (q = 4π sin θ/λ; where 2θ is the scattering angle and λ = 1.54 Å the selected X-ray
wavelength) was between 0.05 and 0.6 Å−1 for SAXD and from 1.32 to 1.95 Å−1 for WAXD.
Background corrected SAXD data were analyzed using the program GAP (Global Analysis
Program) written by Prof. Georg Pabst (University of Graz, Austria) and obtained from
the author [67,68]. In this program, the membrane is modeled as a sheet of infinite lateral
extent with an electron density profile that is taken to be given by the summation of two
headgroup Gaussians of width σH and position ± ZH, as well as a hydrocarbon chain
Gaussian of width σC and negative amplitude located at the center of the bilayer at Z = 0.
For randomly oriented bilayers that exhibit no positional correlations, such as DMPG
vesicles, the scattered intensity is given by

I(q) =
|F(q)|2

q2

where the form factor F(q) is the Fourier transform of the electron density profile [40]. This
program allows the membrane thickness to be retrieved, dB = 2 (ZH + 2σH) from a full
q-range analysis of the SAXD patterns [69]. The width σH of the Gaussian peak applied
to model electron density profile of the head group region was fixed to 3 Å. Data were
presented as mean values ± S.E. (n = 3).

3.4. Infrared Spectroscopy

Samples for the infrared measurements containing 10 µmol of DMPG and convenient
amount of TMBC were formed in 75 µL amounts of the same buffer prepared in D2O
as described above. Infrared spectra were collected in a Nicolet 6700 FTIR spectrometer
(Thermo Fisher Scientific, Madison, WI, USA) essentially as described previously [42].
Spectra were analyzed using the software Grams (Galactic Industries, Salem, NH, USA).

3.5. Molecular Dynamics

The molecular structure of TMBC was constructed from the chemical structure of
(-)-catechin gallate obtained from the PubChem Substance and Compound data base [70]
through the identifier number 6419835. All molecular dynamics simulations were carried
out using GROMACS 5.0.7 and 2018.1 [71] with the aid of the Computational Service of the
Universidad de Murcia (Spain).

CHARMM36 force field parameters for DMPG, TMBC, water, chloride and sodium
ions were obtained from CHARMM-GUI [72–74]. Packmol software [75] was used to build
the initial membrane structures formed by two leaflets oriented normal to the z-axis. The
bilayer membrane was built with 128 molecules of DMPG with and without 14 molecules
of TMBC, with a water layer containing a total of 6400 water molecules (TIP3 model),
144 sodium ions, and 144 chloride ions. DMPG and TMBC were randomly distributed in
each phospholipid layer keeping the DMPG molecules oriented normal to z-x plane, All
systems were simulated using the NpT-ensemble at 308 K constant average temperature.
Pressure was controlled semi-isotropically at 1 bar of pressure and 4.5 × 10−5 bar−1 of
compressibility. The cutoffs for van der Waals and short-range electrostatic interactions
were set to 1.2 nm, and a force switch function was applied between 1.0 and 1.2 nm. Equi-
libration was undertaken for 3 ns using the V-rescale temperature coupling method, and
Berendsen pressure coupling method [76]. Equilibration was followed by production runs
of 300 ns using the Nose-Hoover thermostat [77] and the Parrinello-Rahman barostat [78].
Graphical representation and inspection of all molecular structures were carried out with
PyMOL 2.3.0 [79]. The last 60 ns of the production run were used for the analysis by
using Gromacs tools. The used timestep was 2 fs. The reported hydrogen bonds were
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calculated with the corresponding GROMACS tool with distances between donor and
acceptor of ≤0.35 nm and an angle between hydrogen-donor and donor-acceptor of 30◦.
The mass density profile was calculated with the corresponding GROMACS tool, assuming
no symmetry between both monolayers and centered to the origin Z = 0. Three replica
simulations for the DMPG/TMBC system were performed. In the different simulations the
TMBC molecules were at different random starting locations in the lipid phase. Data were
presented as mean values ± S.E. (n = 3).

4. Conclusions

We investigated the molecular interactions between TMBC and biomimetic bilayer
membranes of DMPG employing a mixed experimental and computational approach. The
DSC experiments showed that TMBC incorporated into the DMPG bilayer where it was
able to perturb the gel to liquid-crystalline phase transition, giving rise to the formation of
immiscible lateral domains both in the gel and the liquid-crystalline phase. X-ray diffraction
measurements indicated that TMBC promoted the formation of the ripple gel phase in
DMPG, and it was able to produce a decrease in the bilayer thickness. The FTIR experiments
illustrated how TMBC established an alteration of the hydrogen bonding pattern in the
interfacial region of the bilayer. The experimental results support the simulation data,
where a decrease in the bilayer thickness and an increase in the number of hydrogen bonds
were determined. Simulation experiments locate the semisynthetic catechin molecules as
monomers and small clusters in the middle region of the DMPG acyl chain palisade reaching
the interfacial carbonyl region in agreement with the effect observed by experimental
techniques. We believe that the observed interactions between TMBC and DMPG generate
physical disturbances that might alter membrane function, and may help to discern the
mechanism of action of the increasing list of biological action of catechins.
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Abstract: Billions of tons of agro-industrial residues are produced worldwide. This is associated
with the risk of pollution as well as management and economic problems. Simultaneously, non-
edible portions of many crops are rich in bioactive compounds with valuable properties. For this
reason, developing various methods for utilizing agro-industrial residues as a source of high-value
by-products is very important. The main objective of the paper is a review of the newest studies
on biologically active compounds included in non-edible parts of crops with the highest amount of
waste generated annually in the world. The review also provides the newest data on the chemical
and biological properties, as well as the potential application of phytochemicals from such waste. The
review shows that, in 2020, there were above 6 billion tonnes of residues only from the most popular
crops. The greatest amount is generated during sugar, oil, and flour production. All described
residues contain valuable phytochemicals that exhibit antioxidant, antimicrobial and very often
anti-cancer activity. Many studies show interesting applications, mainly in pharmaceuticals and food
production, but also in agriculture and wastewater remediation, as well as metal and steel industries.

Keywords: bioactive compounds; antioxidants; agricultural residues; fruits; vegetables; mass spec-
trometry; extraction

1. Introduction

The agricultural industry generates billions of tonnes of waste from the tillage and
processing of various crops. The crops with the largest amounts of produced residues
are rice, maize, soybean, sugarcane, potato, tomato, and cucumber, as well as some fruits,
mainly bananas, oranges, grapes, and apples [1,2]. It has been estimated that European food
processing companies generate annually approximately 100 Mt of waste and by-products,
mostly during the production of drinks (26%), dairy and ice cream (21.3%), and fruits and
vegetables (14.8%) [3].

In Table 1, the amounts of particular wastes generated worldwide are presented. Many
of them are rich in biologically active compounds and have the potential to become impor-
tant raw materials for obtaining valuable phytochemicals. Vegetable and fruit processing
by-products are promising sources of valuable phytochemicals having antioxidant, antimi-
crobial, anti-inflammatory, anti-cancer, and cardiovascular protection activities [4]. The
applications of these agro-industrial residues and their bioactive compounds in functional
food and cosmetics production were presented in many studies [5–7]. Moreover, due to the
potential health risk of some synthetic antioxidants such as BHA, the identification and
isolation of natural antioxidants from waste has become increasingly attractive. Important
criteria to decide if a product or by-product can be of interest to recover phytochemicals
are the absolute concentration and preconcentration factor, as well as the total amount of
product or by-product per batch [8].
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Table 1. Amount of residues from some crops produced in the world in 2020.

Crop Global Crop Production *
[Million Ton]

Residue
to Crop Ratio

Amount
of Residue **
[Million Ton]

References

Sugarcane 1869.7 0.1 189.1 Jiang et al. [9]
Maize 1162.4 2.0 2324.8 Jiang et al. [9]
Wheat 760.9 1.18 897.9 Searle and Malins [10]

Rice 756.7 1.0 756.7 Jiang et al. [9]
Potato 359.1 0.4 143.6 Ben Taher et al. [11]

Soybean 353.5 1.5 530.3 Yanli et al. [12]
Sugar beet 253.0 0.27 68.3 Searle and Malins [10]

Tomato 186.8 3.5 653.8 Oleszek et al. [13]
Barley 157.0 1.18 185.3 Searle and Malins [10]
Banana 119.8 0.6 71.9 Gabhane et al. [14]

Cucumber 91.3 4.5 410.9 Oleszek et al. [13]
Apples 86.4 0.25 21.6 Cruz et al. [15]
Grapes 78.0 0.3 23.4 Muhlack et al. [16]

Oranges 75.5 0.5 37.8 Rezzadori et al. [17]
Olives 23.6 0.12 2.8 Searle and Malins [10]

* based on FAOSTAT, 2022, ** calculated based on the global crop production in 2020 and the residue-to-crop ratio
according to cited references.

As interest in waste processing has been growing in recent years, many scientific
papers have been published on new compounds in agro-industrial waste, new properties
of valuable phytochemicals contained in crop residues and their applications. It seems
necessary to summarize and collect the latest knowledge on this subject. In this work, an
overview of the recent knowledge on the phytochemicals in some of the most popular food
by-products, with the highest amount generated in the world, as well as on their properties
and potential applications, have been presented in more detail (Figure 1).
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2. Phytochemicals from Crop Residues
2.1. Sugarcane Bagasse

Large amounts of waste are generated during the processing of sugarcane. In fact,
one metric ton of sugarcane generates 280 kg of bagasse. Sugarcane bagasse is one of the
most abundant agro-food by-products and is a very promising raw material available at
low cost for recovering bioactive substances [18,19]. Sugarcane bagasse consists mainly of
cellulose (35–50%), hemicellulose (26–41%), lignin (11–25%), but also some amount of plant
secondary metabolites (PSM), mainly anthocyanins and mineral substances [20–25].

Phenolic compounds are a very important group of natural substances identified
in sugarcane waste. Nonetheless, steam explosion and ultrasound-assisted extraction
(UAE) pretreatment was applied for the production of valuable phenolic compounds from
the lignin included in this residue. Chromatographic analysis revealed that sugarcane
bagasse is a good feedstock for the generation of phenolic acids. The concentration of total
phenolics with the Folin-Ciocalteau method was between 2.8 and 3.2 g/L. Zhao et al. [26]
have identified many phenolics, mainly flavonoids and phenolic acids, in sugarcane bagasse
extract (Table 2). The total polyphenol content was detected as higher than 4 mg/g of
dry bagasse, with total flavonoid content of 470 mg quercetin/g of polyphenol. The
most abundant phenolic acids identified in the sugarcane bagasse extract were gallic acid
(4.36 mg/g extract), ferulic acid (1.87 mg/g extract) and coumaric acid (1.66 mg/g extract).
Spectroscopic analysis showed that a predominant amount of p-coumaric acid is ester-
linked to the cell wall components, mainly to lignin. On the other hand, about half of the
ferulic acid is esterified to the cell wall hemicelluloses. The purified sugarcane bagasse
hydrolysate consisted mainly of p-coumaric acid. Besides, the purified products showed
the same antioxidant activity, reducing power and free radical scavenging capacity as
the standard p-coumaric acid. Al Arni et al. [27] stated that the major natural products
contained in the lignin fraction were p-coumaric acid, ferulic acid, syringic acid, and
vanillin.

Table 2. Phytochemicals derived from sugarcane bagasse.

Name MW *
[g mol−1] CxHyOz References

Phenolic acids—hydroxybenzoic acids
p-Hydroxybenzoic acid 138.12 C7H6O3 Zheng et al. [19]

Vanillic acid 168.14 C8H8O4 Zheng et al. [19]
Benzoic acid 122.12 C7H6O2 Zheng et al. [19]

Protocatechuic acid 154.12 C7H6O4 Zheng et al. [19]
Gallic acid 170.12 C7H6O5 Zhao et al. [26]

Syringic acid 198.17 C9H10O5 Zhao et al. [26]
Phenolic acids—hydroxycinnamic acids

p-Coumaric acid 164.04 C9H8O3 González–Bautista et al. [28]
Cinnamic acid 148.16 C9H8O2 González–Bautista et al. [28]

Ferulic acid 194.18 C10H10O4 González–Bautista et al. [28]
Caffeic acid 180.16 C9H8O4 González–Bautista et al. [28]

Chlorogenic acids 354.31 C16H18O9 Zhao et al. [26]
Sinapic acid 224.21 C11H12O5 Zhao et al. [26]

Flavonoids—flavonols
Quercetin 302.24 C15H10O7 Zheng et al. [19]

Flavonoids—flavones
Luteolin 286.24 C15H10O6 Zheng et al. [29]

Tricin 330.29 C17H14O7 Zheng et al. [29]
Flavonoid glycosides

Diosmetin 6-C-glucoside 462.40 C22H22O11 Zheng et al. [29]
Tricin 7-O-β-glucopyranoside 492.43 C23H24O12 Zheng et al. [29]

Isoflavone
Genistin 432.37 C21H20O10 Zheng et al. [19]
Genistein 270.24 C15H10O5 Zheng et al. [19]
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Table 2. Cont.

Name MW *
[g mol−1] CxHyOz References

Others
Catechol 110.11 C6H6O2 Zheng et al. [19]
Phenol 94.11 C6H6O Zheng et al. [19]

Guaiacol 124.14 C7H8O2 Zheng et al. [19]
Vanillin 152.15 C8H8O3 Zheng et al. [19]

Isovanillin 152.15 C8H8O3 Van der Pol et al. [30]
Syringaldehyde 182.17 C9H10O4 Zheng et al. [19]

Piceol 136.15 C8H8O2 Van der Pol et al. [30]
Apocynin 166.17 C9H10O3 Van der Pol et al. [30]

Acetosyringone 196.19 C10H12O4 Van der Pol et al. [30]
Syringaldehyde 182.17 C9H10O4 Van der Pol et al. [30]

Creosol 138.16 C8H10O2 Lv et al. [31]
4-Ethylguaiacol 152.19 C9H12O2 Lv et al. [31]

Chavicol 134.17 C9H10O Lv et al. [31]
4-Vinylguaiacol 150.17 C9H10O2 Lv et al. [31]
4-Allylsyringol 194.23 C11H14O3 Lv et al. [31]

* MW—molecular weight.

Gallic, coumaric, caffeic, chlorogenic, and cinnamic acids were the main phenolic
compounds extracted from raw and alkaline pretreated sugarcane bagasse and identified by
high-performance liquid chromatography (HPLC) [28]. The aromatic phenolic compounds
(p-coumaric acid, ferulic acid, p-hydroxybenzaldehyde, vanillin, and vanillic acid) were
reported in sugarcane bagasse pith. Five phenolic compounds (tricin 4-O-guaiacylglyceryl
ether-7-O-glucopyranoside, genistin, p-coumaric acid, quercetin, and genistein) in 30%
hydroalcoholic fraction of sugarcane bagasse were identified using ultra-high performance
liquid chromatography/high-resolution time of flight mass spectrometry (UHPLC-HR-
TOF-MS); (Table 2). The total phenolic content was 170.68 mg gallic acid/g dry extract [19].

Phenolic compounds derived from sugarcane bagasse exhibited many biological
activities, which were used in various applications. The most important biological activities
and the newest and most interesting applications have been summarized in Table 3.

Table 3. Biological activities and potential applications of phytochemicals obtained from sugarcane
bagasse.

Material Extract/Compound Biological Activity/Application References

Sugarcane bagasse phenolic compounds - natural antioxidant
- used in pharmacology Al Arni et al. [27]

- antibacterial agents against the foodborne pathogens
Escherichia coli, Listeria monocytogenes, Staphylococcus

aureus, Salmonella typhimurium
Zhao et al. [26]

gallic and tannic
acids - deactivate cellulolytic and hemicellulolytic enzymes Michelin et al. [32]

extract

- antioxidant and radical scavenging activity
- antimicrobial activity against Sta-

phylococcus aureus TISTR029 and
Escherichia coli O157:H7

- added value for the sugar industry

Juttuporn et al. [33]

- antihyperglycemic ability
- useful therapeutic agents to treat T2D patients Zheng et al. [19]

- used for the low-cost bio-oil production Treedet and Suntivarakorn [34]

- feedstock for ethanol (bioethanol) production Krishnan et al. [35]
Zhu et al. [36]

- raw material for the production of industrial
enzymes, xylose, glucose, methane Guilherme et al. [37]

- raw material for the production of xylitol and organic
acids Chandel et al. [38]

- used to prepare highly valued succinic acid Xi et al. [23]
- used as a reducing agent in synthesizing biogenic

platinum nanoparticles Ishak et al. [20]

- used as a fuel to power sugar mills Mohan et al. [22]
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2.2. Maize Residues

Maize (corn Zea mays L.) bran, husk, cobs, tassel, pollen, silk, and fiber are residues of
corn production. They contain substantial amounts of phytochemicals, such as phenolic
compounds, carotenoid pigments and phytosterols [39] (Table 4).

Table 4. Phytochemicals identified in corn waste.

Name MW [g mol−1] Molecular Formula References

Phenolic acids—hydroxycinnamic acids
p-Coumaric acid 164.04 C9H8O3 Guo et al. [39]

Ferulic acid 194.18 C10H10O4 Guo et al. [39]
trans-ferulic acid 194.18 C10H10O4 Guo et al. [39]

trans-ferulic acid methyl ester 208.21 C11H12O4 Guo et al. [39]
cis-ferulic acid 194.18 C10H10O4 Guo et al. [39]

cis-ferulic acid methyl ester 208.21 C11H12O4 Guo et al. [39]
Flavonoids—flavonols

Rutin 610.52 C27H30O16 Bujang et al. [40]
Quercetin-3-O-glucoside 463.37 C21H19O12 Dong et al. [41]

Isorhamnetin-3-O-glucoside 478.41 C22H22O12 Dong et al. [41]
Kaempferol-3-O-glucoside 447.37 C21H19O11 Li et al. [42]

Maysin 576.50 C27H28O14 Haslina and Eva [43]
Isoorientin-2′′-O-α-L-rhamnoside 594.50 C27H30O15 Haslina and Eva [43]

Maysin-3′-methyl ether 590.50 C28H30O15 Tian et al. [44]
ax-4′′–OH–3′-Methoxymaysin 592.50 C28H32O14 Tian et al. [44]

2′′-O-α-L-Rhamnosyl-6-C-
fucosylluteolin 578.50 C27H30O14 Tian et al. [44]

Flavonoids—anthocyanins
Pelargonidin-3-O-glucoside 433.40 C21H21O10 Lao and Giusti [45]

Pelargonidin-3-(6′′malonylglucoside) 519.23 C24H23O13 Chen et al. [46]
Cyanidin-3-O-glucoside 449.39 C21H21O11 Barba et al. [47]

Cyanidin 3-(6′′-malonylglucoside) 535.11 C24H23O14 Fernandez-Aulis et al. [48]
Peonidin-3-O-glucoside 463.41 C22H23O11 Barba et al. [47]

Peonidin-3-(6′′malonylglucoside) 549.50 C25H25O14 Fernandez-Aulis et al. [48]
Other compounds

p-Hydroxybenzaldehyde 122.12 C7H6O2 Guo et al. [39]
β-Sitosterol glucoside 576.85 C35H60O6 Guo et al. [39]
Indole-3-acetic acid 175.06 C10H9NO2 Wille and Berhow [49]

Vanillin 154.05 C8H8O3 Guo et al. [39]

Corn bran is produced as a plentiful by-product during the corn dry milling process.
Similar to other cereal grains, phenolics in corn bran exist in free insoluble bound and
soluble-conjugated forms. Corn bran is a rich source of ferulic acid compared to other
cereals, fruits and vegetables. Guo et al. [39] isolated four forms of ferulic acid and
its derivates from corn bran. On the other hand, it has been reported that the hexane-
derived extract from corn bran contains high levels of ferulate-phytosterol esters, similar in
composition and function to oryzanol.

Another corn waste is a husk. It is the outer leafy covering of an ear of Zea mays L.
The main constituents of the maize husk extracts determined in various phytochemical
studies are phenolic compounds, e.g., flavonoids [41,50]. Saponins, glycosides, and al-
kaloids are present mainly in the aqueous and methanolic extracts, while phenols and
tannins are numerous in methanolic ones [51]. Moreover, corn husk has high contents of
anthocyanins [48,52]. Simla et al. [53] reported that anthocyanins concentration in corn
husks ranges from 0.003 to 4.9 mg/g. The major anthocyanins of corn husk were identified
as malonylation products of cyanidin, pelargonidin, and peonidin derivatives [54].

Important by-products of the corn industry are cobs. For every 100 kg of corn grain,
approximately 18 kg of corn cobs are produced. Corn cob is one of the food waste-
material having a phytochemical component that has a healthy benefit [55]. They contain
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cyanidin-3-glucoside and cyanidin-3-(6′′malonylglucoside) as main anthocyanins, as well
as pelargonidin-3-glucoside, peonidin-3-glucoside and their malonyl counterparts [48].

Corn tassel is a by-product from hybrid corn seed production and an excellent source
of phytochemicals (the flavonol glycosides of quercetin, isorhamnetin and kaempferol)
with beneficial properties [56]. In Thailand, purple waxy corn is considered a special corn
type because it is rich in phenolics, anthocyanins, and carotenoids in the tassel [57]. Besides,
corn tassels could be considered a great source of valuable products such as volatile oils.

Corn pollen is another corn waste. Significant amounts of phytochemicals, including
carotenoids, steroids, terpenes and flavonoids, are present in maize pollen [52]. Bujang
et al. (2021) showed that maize pollen contains a high total phenolic content and total
flavonoid content of 783.02 mg gallic acid equivalent (GAE)/100 g and 1706.83 mg quercetin
equivalent (QE)/100 g, respectively. The flavonoid pattern of maize pollen is characterized
by an accumulation of the predominant flavonols, quercetin and traces of isorhamnetin
diglycosides and rutin. According to Žilić et al. [58], the quercetin values in maize pollen
were 324.16 µg/g and 81.61 to 466.82 µg/g, respectively.

Corn silk, another by-product from corn processing, contains a wide range of bioactive
compounds in the form of volatile oils, steroids, saponins, anthocyanins [59], and other
natural antioxidants, such as flavonoids [52] and phenolic compounds [41,58,59]. In the
corn silk powder, the high phenolic content (94.10 ± 0.26 mg GAE/g) and flavonoid
content (163.93 ± 0.83 mg QE/100 g) are responsible for its high antioxidant activity [60].
About 29 flavonoids have been isolated from corn silk. Most of them are C-glycoside
compounds and have the same parent nucleus as luteolin [44]. Ren et al. [61] successfully
isolated and separated compounds such as 2′′-O-α-L-rhamnosyl-6-C-3′′-deoxyglucosyl-
3′-methoxyluteolin, ax-5′-methane-3′-methoxymaysin, ax-4′′-OH-3′-methoxymaysin, 6,4′-
dihydroxy-3′-methoxyflavone-7-O-glucoside, and 7,4′-dihydroxy-3′-methoxyflavone-2′′-
O-α-L-rhamnosyl-6-C fucoside from corn silk. Moreover, among flavonoids, Haslina and
Eva [43] determined in corn silk: apigmaysin, maysin, isoorientin-2′′-O-α-L-rhamnoside,
3-methoxymaysine, and ax-4-OH maysin.

This richness of biologically active compounds results in advantageous properties and
applications. The most important properties and the newest studies on the application are
listed in Table 5.

Table 5. Biological activity and potential applications of phytochemicals obtained from corn wastes.

Material Extract/Compound Biological Activity/Application References

Corn bran tocopherols and polyphenolic
compounds

- antioxidant properties
- used as bioactive compounds in cosmetics or
natural substitutes (antioxidants, preservatives,

stabilizers, emulsifiers, and colorings) in foods to
prevent potential adverse effects associated with the

consumption of artificial ingredients

Galanakis [62]

Corn husk extract
- used in the treatment of diabetes because it has

shown high:
- antidiabetic potential

Brobbey et al. [51]

- anti-inflammatory effects Roh et al. [63]

Corn stigma extract

- antifungal and antibacterial activities against 23 of
the studied microorganisms

- use as a functional ingredient in the food and
pharmaceutical industry

Boeira et al. [64]

Corn tassel extract

- used as a traditional medicine in China
- antioxidant capacity

- the high ability to inhibit the proliferation of
MGC80-3 gastric cancer cells

Wang et al. [65]

tasselin A - inhibition of melanin production
- used as an ingredient in skin care whitener Wille and Berhow [49]

Corn pollen phenolic compounds - antiradical activity Bujang et al. [40]

extract - the source of functional and bioactive compounds
for the nutraceutical and pharmaceutical industries Bujang et al. [40]

- the source of antioxidants and is high in nutrients Žilić et al. [58]

2.3. Potato Waste

Approximately 40–50% of potatoes are not suitable for human consumption. Industrial
processing of potatoes (mashed and canned potatoes, chips, fries and ready meals) creates
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huge amounts of peel as waste [66,67]. Potato peel is a non-edible residue generated in
considerable amounts by food processing plants. Depending on the peeling process, e.g.,
abrasion, lye or steam peeling, the amount of waste can range between 15 and 40% of
the number of processed potatoes [68]. Industrial processing produces between 70 to
140 thousand tons of peels worldwide annually, which are available to be used in other
applications [69].

Potato peels differ greatly from other agricultural by-products because they are reval-
orized as a source of functional and bioactive compounds, including phenolic compounds,
glycoalkaloids, vitamins and minerals [70] (Table 6).

Table 6. Phytochemicals identified in potato waste.

Name MW
[g mol−1]

Molecular
Formula References

Phenolic acids—hydroxycinnamic acids
p-Coumaric acid 164.04 C9H8O3 Frontuto et al. [71]

Ferulic acid 194.18 C10H10O4 Javed et al. [72]
Caffeic acid 180.16 C9H8O4 Samarin et al. [73]

Chlorogenic acid 354.31 C16H18O9 Javed et al. [72]
Sinapic acid 224.21 C11H12O5 Mohdaly et al. [67]

Cinnamic acid 148.16 C9H8O2 Mohdaly et al. [67]
Phenolic acids—hydroxybenzoic acids

Gallic acid 170.12 C7H6O5 Javed et al. [72]
Vanillic acid 168.15 C8H8O4 Javed et al. [72]

Protocatechic acid 154.12 C7H6O4 Frontuto et al. [71]
p-Hydroxybenzoic acid 138.12 C7H6O3 Chamorro et al. [74]
3-Hydroxybenzoic acid 138.12 C7H6O3 Paniagua–García et al. [75]
4-Hydroxybenzoic acid 138.12 C7H6O3 Paniagua–García et al. [75]

2,5-Dihydroxybenzoic acid 154.12 C7H6O4 Paniagua–García et al. [75]
Syringic acid 198.17 C9H10O5 Sarwari et al. [76]

Cyclohexanecarboxylic acids
Quinic acid 192.17 C7H12O6 Wu et al. [77]

Flavonoids—flavonols
Rutin 610.52 C27H30O16 Silva–Beltran et al. [78]

Quercetin 302.24 C15H10O7 Silva–Beltran et al. [78]
Flavonoids—anthocyanin

Pelargonidin-3-(p-coumaryoly
rutinoside)-
5-glucoside

919.81 C42H47O23 Chen et al. [79]

Petunidin-3-(p-coumaroyl rutinoside)-
5-glucoside 933.86 C43H49O23 Chen et al. [79]

Alkaloids
α-Chaconine 852.06 C45H73NO14 Ji et al. [80]
α-Solanine 868.06 C45H73NO15 Ji et al. [80]
Solanidine 397.64 C27H43NO Hossain et al. [81]

Demissidine 399.65 C27H45NO Hossain et al. [81]
Commersonine 1048.20 C51H85NO21 Rodríguez–Martínez et al. [82]

α-Tomatine 1034.19 C50H83NO21 Rodríguez–Martínez et al. [82]

Potato peel is a good source of phenolic compounds because almost 50% of potato
phenolics are located in the peel and adjoining tissues [74,83]. The results obtained by
Wu et al. [77] showed that the potato peels contained a higher amount of phenolics than
the flesh. Moreover, the polyphenols in potato peel are ten times higher than those in the
pulp. Potato peel extract contains 70.82 mg of catechin equivalent (CE)/100 g of phenolic
and had a high level of phenolic compounds (2.91 mg GAE/g dry weight) that was found
to be greater than carrot (1.52 mg GAE/g dry weight), wheat bran (1.0 mg GAE/g dry
weight), and onion (2.5 mg GAE/g dry weight) [67]. The results of Javed et al. [72]
showed that the total phenolic content in potato peel ranged from 1.02 to 2.92 g/100 g and
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total flavonoids ranged from 0.51 to 0.96 g/100 g. Phenolic acids are the most abundant
phenolic compounds in potato peel. They include derivatives of hydroxycinnamic and
hydroxybenzoic acids (Table 6). Kumari et al. [84], using UHPLC-MS/MS, showed that
chlorogenic and caffeic acids are important components of the free-form phenolics in potato
peel. The results show that phenolic acids in potato peals are not only present in their
free form but also occur in bound form. Javed et al. [72] showed that the extract of potato
peel contains chlorogenic acid (753.0–821.3 mg/100 g), caffeic acid (278.0–296.0 mg/100 g),
protocatechuic acid (216.0–256.0 mg/100 g), p-hydroxybenzoic acid (82.0–87.0 mg/100 g),
gallic acid (58.6–63.0 mg/100 g), vanillic acid (43.0–48.0 mg/100 g), and p-coumaric acid
(41.8–45.6 mg/100 g). Silva–Beltran et al. [78] showed that flavonoids such as rutin and
quercetin were present in potato peel at low concentrations of 5.01 and 11.22 mg/100 g dry
weight, respectively.

Many studies have noted that potato peels are excellent untapped source of steroidal
alkaloids, e.g., glycoalkaloids (α-solanine and α-chaconine) and aglycone alkaloids (solani-
dine and demissidine; Table 6) [80,81,85]. α-solanine, α-chaconine, and the glycosides of
solanidine constitute about 95% of the total potato peel glycoalkaloid content [86]. Higher
amounts of these compounds were found in potato peel, unlike potato flesh [87]. There
are various cultural, genetic and storage factors that influence the concentration of gly-
coalkaloids in potato peel [88]. Concerning cultivars, it was shown that the variety with
blue flesh showed the highest concentration (5.68 mg/100 g fresh weight), followed by the
red-leaved (5.26 mg/100 g fresh weight), while yellow or cream flesh. In the study of Singh
et al. [89] of potato peel, glycoalkaloids were detected as 1.05 mg/100 g. The results of
Rytel et al. [88] showed that the glycoalkaloid content of potato peel depends on the potato
cultivar and ranges from 181 mg/kg to 3526 mg/kg of fresh potato tubers.

Besides, the peel of pigmented potatoes is an excellent source of anthocyanins, e.g.,
pelargonidin-3-(p-coumaryoly rutinoside)-5-glucoside and petunidin-3-(p-coumaroyl rutino
side)-5-glucosid e. It has been proven that their content depends on the cultivar [90]. Ji
et al. [80] showed that anthocyanidin levels were higher in the peel than in the tuber.
The most important beneficial properties and potential applications of phytochemicals
identified in potato waste are listed in Table 7.

Table 7. Biological activity and potential applications of phytochemicals obtained from potato wastes.

Material Extract/Compound Biological Activity/Application References

Potato peel phenolic compounds - antioxidant activity Singh et al. [91]
Albishi et al. [83]

- used as a food preservative
- pharmaceutical ingredient Maldonado et al. [92]

extract - natural food additives as an antioxidant
for fresh-cut fruits

Akyol et al. [93]
Venturi et al. [94]

- food preservative
- pharmaceutical ingredient Gebrechristos and Chen [95]

- limit oil oxidation Amado et al. [96]
- hepatoprotective effects,

- protects erythrocytes against oxidative
damage

- lowers the toxicity of cholesterol
oxidation products

- attenuate diabetic alterations

Hsieh et al. [97]

- protects atopic dermatitis Yang et al. [98]
- amylase and feed-stock for bioethanol

production Khawla et al. [99]

- antioxidant, antibacterial, apoptotic,
chemopreventive and anti-inflammatory Wu [100]

- bio-oil production Liang et al. [101]
- production of bacterial cellulose

- biopolymer production Abdelraof et al. [102]
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Table 7. Cont.

Material Extract/Compound Biological Activity/Application References

- antiobesity properties
- used in the production of antiobesity

functional food

Elkahoui et al. [103]
Chimonyo [104]

- a source of natural antioxidants against
human enteric viruses (antiviral effect on

the inhibition of Av-05 and MS2
bacteriophages, which were used as

human enteric viral surrogates)

Silva-Beltran et al. [78]

freeze-dried aqueous
extracts - use as food additives Singh et al. [91]

glycoalkaloids - the potential of being used by the
pharmaceutical industry Apel et al. [105]

Potato waste extract - as additives to biscuit Khan et al. [106]

glycoalkaloids

- precursors for the production of
hormones, antibiotics and anticancer

drugs
- precursors for neurological and

gastrointestinal disorders
- anti-cancer and anti-proliferative

activities in vitro

Hossain et al. [81]
Hossain et al. [87]
Ding et al. [107]

Alves–Filho et al. [86]

steroidal alkaloids
- biological properties such as

antimicrobial, anti-inflammatory and
anticarcinogenic activities

Kenny et al. [108]

2.4. Soybean Residues

Soybean waste has the potential as a sustainable source of phytochemicals and func-
tional foods. It includes both leaves, pod pericarp, and twigs, as well as the residues after
seeds processing, so-called okara. Okara is the residue of soybean milling after extraction
of the aqueous fraction used for producing tofu and soy drink and presents high nutritional
value [109]. The results of the last studies showed that an okara contains enough bioactive
compounds that make it useful to obtain value-added products for use in food production,
oil extraction, nutraceutical, pharmaceutical, and cosmetic formulations. Moreover, it was
stated that okara isoflavones have good antioxidant activity. Although some nutrients like
protein decrease in okara during soymilk processing, it still has many other phytochemicals
and nutrients, making it their least expensive and most excellent source. Since it has good
antimicrobial activity, it can be used in pharmaceutical industries, thus opening up new
frontiers for drug exploration [109]. Various food enriched with okara, such as biscuits and
cookies, have been mentioned in the literature [110,111]. Guimarăes et al. [112] reported
that food products enriched with okara contained 0.411 mg/100 mL of β-carotene and
0.15 µm/g isoflavones.

One of the main phytochemicals in soybean waste are isoflavones: daidzein, genistein,
glycitein, and their glycosides (e.g., acetyl-, malonyl-, and β-glycosides) [113]. Isoflavones
are compounds belonging to the flavonoid group. In addition to the well-established
antioxidant effect, isoflavones exhibit estrogenic activity because of their similar structure
to estrogen [113,114]. The beneficial effects of isoflavones are the prevention of hormone-
dependent cancer, coronary heart disease, osteoporosis, and menopausal symptoms [114].
Kumar et al. [115] proved that daidzein expressed anticancer activity against human breast
cancer cells MCF-7. The extract from soybean waste material showed total phenolic content
(TPC) in the range of 27.4–167 mg GAE/g, total flavonoids from 10.4 to 63.8 mg QE/g and
antioxidant activity (AOA) from 26.5% to 84.7% [114]. Moreover, their values were highest
in the leaves, followed by pod pericarp and twigs. As was stated by Šibul et al. [113],
soybean roots are also a good source of daidzein and genistein, as well as other phenolic
compounds. The concentrations of isoflavones in roots were higher than in herbs, 1584.5
and 93.48 µg/g of dry extract, respectively. The newest study on soybean pods stated that
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its ethanolic extract and fractions exhibited anticancer potential against human colorectal
carcinoma (HTC-116) and prostate cancer (PC-3) [116]. Moreover, it was the first analysis
of this material using ultra-high-performance liquid chromatography coupled with electrospray
ionization quadrupole time-of-flight mass spectrometry (UPLC-ESI-QTOF-MS), resulting
in the identification of 50 polyphenols belonging to phenolic acids, flavonoids and other
groups. The authors stated that soybean pods might be useful material as an active food
additive or a component in dietary supplements and preparations with anti-radical and
anti-cancer properties.

Soybean by-products are a good source of lecithin. Lecithin is a natural emulsifier
that stabilizes fat and improves the texture of many food products, such as salad dressings,
desserts, margarine, chocolate, and baking and cooking goods [117]. Moreover, it also
has health benefits such as lowering cholesterol and low-density lipoprotein level in the
human blood, improving digestion, cognitive and immune function, as well as aiding in
the prevention of gall bladder and liver diseases.

Saponins are another important group of phytochemicals derived from soybean
waste [113]. Soyasaponins have been linked to anti-obesity, antioxidative stress, and
anti-inflammatory properties, as well as preventive effects on hepatic triacylglycerol ac-
cumulation [118]. One of the latest applications of saponins derived from soybean by-
products was as eco-friendly agents for washing pesticide residues in the vegetable and
fruit industries [119].

Compounds identified and quantified in soybean waste are specified in Table 8. The
newest studies on the applications and properties of soybean waste are presented in Table 9.

Table 8. Phytochemicals identified and quantified in soybean waste.

Name Soybean Residue MW
[g mol−1] CxHyOz Concentration References

Phenolic acids—hydroxybenzoic acids

p-Hydroxybenzoic acid
herb
root
meal

138.12 C7H6O3

22.2–38.3 a,b

4.1–32.5 a,b

51 a

Šibul et al. [113]
Šibul et al. [113]

Freitas et al. [120]
Salicylic acid meal 138.12 C7H6O3 38 a Freitas et al. [120]

Protocatechuic acid herb
root 154.12 C7H6O4

4.4–14.4 a,b

2.35–4.71 a,b
Šibul et al. [113]

Gentisic acid herb
root 154.12 C7H6O4

<0.08–4.78 a,b

<0.08–7.17 a,b
Šibul et al. [113]

Vanillic acid
herb
root
meal

168.14 C8H8O4

<0.4–44.9 a,b

43.0–75.2 a,b

91 a

Šibul et al. [113]

Freitas et al. [120]

Syringic acid
herb
root
meal

198.17 C9H10O5

12.0–14.2 a,b

20.6–42.0 a,b

81 a

Šibul et al. [113]

Freitas et al. [120]
Gallic acid meal 170.12 C7H6O5 77 a Freitas et al. [120]

Phenolic acids—hydroxycinnamic acids

p-Coumaric acid
herb
root
meal

164.04 C9H8O3

7.45–14.5 a,b

1.61–2.89 a,b

20 a

Šibul et al. [113]

Freitas et al. [120]

Ferulic acid
herb
root
meal

194.18 C10H10O4

5.89–14.0 a,b

4.55–7.66 a,b

3 a

Šibul et al. [113]

Freitas et al. [120]

Caffeic acid
herb
root
meal

180.16 C9H8O4

14.2–24.9 a,b

<0.08 a

61 a

Šibul et al. [113]

Freitas et al. [120]
Sinapic acid meal 224.21 C11H12O5 27 a Freitas et al. [120]

Cyclohexanecarboxylic acids

Quinic acid herb
root 192.17 C7H12O6

399–532 a,b

111–249 a,b
Šibul et al. [113]
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Table 8. Cont.

Name Soybean Residue MW
[g mol−1] CxHyOz Concentration References

5-O-Caffeoylquinic acid
herb
root
meal

354.31 C16H18O9

<8–235 a,b

<8 a

35 a

Šibul et al. [113]

Freitas et al. [120]
Flavonoids—flavonols

Kaempferol
herb
root
meal

286.23 C15H10O6

<16–21.1 a,b

<16 a

4 a

Šibul et al. [113]

Freitas et al. [120]

Quercetin herb
root 302.24 C15H10O7

<16–278 a,b

<16 a
Šibul et al. [113]

Isorhamnetin herb
root 316.26 C16H12O7

<40–159 a,b

<40 a
Šibul et al. [113]

Quercitrin herb
root 448.38 C21H20O11

<0.06 a

<0.06 a
Šibul et al. [113]

Kaempferol 3-O-glucoside herb
root 448.38 C21H20O11

59.3–140 a,b

1.50–2.64 a,b
Šibul et al. [113]

Hyperoside herb
root 464.38 C21H20O12

<0.1–825 a,b

<0.06 a
Šibul et al. [113]

Quercetin 3-O-glucoside herb
root 464.10 C21H20O12

<0.06–967 a,b

<0.06 a,b
Šibul et al. [113]

Rutin
herb
root
meal

610.52 C27H30O16

7.05–4636 a,b

<2 a

49 a

Šibul et al. [113]

Freitas et al. [120]
Flavonoids—flavones

Apigenin herb
root 270.24 C15H10O5

17.4–759 a,b

<8–22.3 a,b
Šibul et al. [113]

Baicalein herb
root 270.24 C15H10O5

27.8–745 a,b

<16–24.7 a,b
Šibul et al. [113]

Luteolin herb
root 286.24 C15H10O6

<40–194 a,b

<40 a
Šibul et al. [113]

Chrysoeriol herb
root 300.26 C16H12O6

<4–9.57 a,b

<4 a
Šibul et al. [113]

Vitexin herb
root 432.38 C21H20O10

1.37–2.36 a,b

1.81–3.57 a,b
Šibul et al. [113]

Apigenin 7-O-glucoside herb
root 432.38 C21H20O10

14.3–261 a,b

<0.2–1.99 a,b
Šibul et al. [113]

Luteolin 7-O-glucoside herb
root 448.37 C21H20O11

<4–145 a,b

<4 a
Šibul et al. [113]

Apiin herb
root 564.49 C26H28O14

<0.06–20.8 a,b

<0.06 a
Šibul et al. [113]

Flavonoids—flavanones

Naringenin
herb
root
meal

272.26 C15H12O5

3.46–8.46 a,b

6.52–15.9 a,b

25 a

Šibul et al. [113]

Freitas et al. [120]
Hesperidin meal 610.19 C28H34O15 91 a Freitas et al. [120]

Flavonoids—flavanols

Catechin herb
root 290.27 C15H14O6

<0.4 a

<0.4 a
Šibul et al. [113]

Epicatechin herb
root 290.27 C15H14O6

<0.4 a

<0.4–36.3 a,b
Šibul et al. [113]

Isoflavones

Daidzin okara
meal 416.38 C21H20O9

920–1530 b,c

350 a
Anjum et al. [109]
Freitas et al. [120]
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Table 8. Cont.

Name Soybean Residue MW
[g mol−1] CxHyOz Concentration References

Daidzein

okara
herb
root
meal

254.23 C15H10O4

310–639 b,c

40.7–122 a,b

40.5–1702 a,b

30 a

Anjum et al. [109]
Šibul et al. [113]

Freitas et al. [120]

Genistin okara
meal 432.37 C21H20O10

3280–8360 b,c

490 a
Anjum et al. [109]
Freitas et al. [120]

Genistein

okara
herb
root
meal

270.24 C15H10O5

380–650 b,c

15.1–39.2 a,b

159–270 a,b

50 a

Anjum et al. [109]
Šibul et al. [113]

Freitas et al. [120]

Glycitin okara 446.40 C22H22O10
450 c

160 a
Anjum et al. [109]
Freitas et al. [120]

Glycitein okara
meal 284.26 C16H12O5

58 c

3 a
Anjum et al. [109]
Freitas et al. [120]

Saponins
Soyasaponin B I meal 943.12 C48H78O18 2510 c Silva et al. [121]

Soyasaponin B II + III meal 780 c Silva et al. [121]
a expressed in mg per kg of dry extract, b depending on cultivar, c expressed in mg per kg of residues.

Table 9. Biological activity and potential applications of phytochemicals obtained from soybean
residues.

Material Extract/Compound Biological Activity/Application References

okara methanolic and ethanolic
extracts

- antioxidant activity
- antibacterial activity against Bacillus
subtilis, Bacillus megaterium, Escherichia

coli, and Serratia marcescens

Anjum et al. [109]

pod Ethanolic extract and its 3
fractions

- antioxidant activity
- anticancer activity against human

colorectal
carcinoma (HCT116) and prostate

adenocarcinoma (PC-3)

Pabich et al. [116]

soybean by-product saponins - used to remove pesticides residues in
fruits and vegetables Hsu et al. [119]

defatted soy meal isoflavones

- anti-cancerous, anti-estrogenic,
anti-oxidant,

anti-inflammatory, and phytoestrogen
activities

- preventions of cardiovascular and
neurological disorders

Wang et al. [122]

soybean by-products saponins - insecticidal properties

soybean meal aqueous extract

- antioxidant activity
- inhibition of lipid peroxidation

- antimicrobial activity against several
foodborne pathogens

- antitumoral activity towards a human
glioblastoma cell line

Freitas et al. [120]

soybean cake
soyasapogenol A and its
microbial transformation

products

- application as anti-inflammatory food
supplements Zhou et al. [123]

2.5. Tomato Residues

During the industrial processing of tomatoes, a considerable amount of waste is
generated. Tomato waste consists mainly of peel, seeds, stems, leaves, fibrous parts and
pulp residues [124]. The wet tomato pomace constitutes the major part of this waste, which
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consists of 33% seed, 27% peel and 40% pulp, while the dried pomace contains 44% seed
and 56% pulp and peel [125]. When tomatoes are processed into products like ketchup, juice
or sauces, 3–7% of their weight becomes waste. The management of tomato by-products
is considered an important problem faced by tomato processing companies due to their
disposal into the environment [126,127].

Although tomato waste has no commercial value, it is a rich source of nutrients, col-
orants and highly biologically active compounds such as polyphenols, carotenes, sterols,
tocopherols, terpenes, and others (Table 10) [128–132]. The number of these compounds
depends on tomato variety, part of the tomato residues (seed, peels, and pulp), time
and extraction method, used solvent, as well as fractions gained after the isolation pro-
cedure, e.g., alkaline-hydrolyzable, acid-hydrolyzable, and bound phenolics [133]. They
reported a total phenolics average of 1229.5 mg GAE/kg, of which flavonoids accounted for
415.3 mg QE/kg. The most abundant phenolic acids quantified in dried tomato waste were
ellagic (143.4 mg/kg) and chlorogenic (76.3 mg/kg) acids. Other phenolic acids determined
in lower concentrations were gallic, salicylic, coumaric, vanillic and syringic [133]. The
levels of vanillic (26.9 mg/kg) and gallic (17.1 mg/kg) was lower than those found by
Elbadrawy and Sello [134] in tomato peel (33.1 and 38.5 mg/kg, respectively). Ćetković
et al. [135] identified phenolic acids (chlorogenic, p-coumaric, ferulic, caffeic and rosmarinic
acid), flavonols (quercetin and rutin and its derivatives), and flavanone (naringenin deriva-
tives) as the major phenolic compounds in extracts of tomato waste. The results obtained
by Aires et al. [136] showed that the major polyphenol found in tomato wastes were
kaempferol-3-O-rutinoside and caffeic acid. Several papers [135–138] reported the amounts
of caffeic, chlorogenic, p-coumaric acids, kaempferol and quercetin, among other phenolic
compounds found in tomato by-products. In the tomato’s wastes, Di Donato et al. [139]
identified two main flavonoid compunds e.g., kaempferol rutinoside and quercetin ruti-
noside. Rutin and chlorogenic acid were the most abundant individual phenolics found by
García–Valverde et al. [140] in all studied tomato varieties.

Table 10. Phytochemicals identified in tomato wastes.

Name MW [g mol−1] Molecular
Formula References

Phenolic acids—hydroxycinnamic acids
Chlorogenic acid 354.31 C16H18O9 Bakic et al. [127]

Isochlorogenic acid 354.31 C16H18O9 Szabo et al. [141]
p-Coumaric acid 164.16 C9H8O3 Nour et al. [133]

Ferulic acid 194.18 C10H10O4 Perea–Dominguez et al. [131]
Caffeic acid 180.16 C9H8O4 Aires et al. [136]

3,4,5-tricaffeoylquinic acid 678.60 C34H30O15 Szabo et al. [141]
Cinnamic acid 148.16 C9H8O2 Kalogeropoulos et al. [138]
Phloretic acid 166.18 C9H10O3 Kalogeropoulos et al. [138]
Sinapic acid 224.21 C11H12O5 Kalogeropoulos et al. [138]

Rosmarinic acid 360.31 C18H16O8 Ćetković et al. [135]
Phenolic acids—hydroxybenzoic acids

Gallic acid 170.12 C7H6O5 Nour et al. [133]
Ellagic acid 302.18 C14H6O8 Nour et al. [133]
Vanillic acid 168.15 C8H8O4 Nour et al. [133]
Syringic acid 198.17 C9H10O5 Nour et al. [133]

Protocatechic acid 154.12 C7H6O4 Elbadrawy and Sello [134]
p-Hydroxybenzoic acid 138.12 C7H6O3 Kalogeropoulos et al. [138]

Flavonoids
Quercetin 302.24 C15H10O7 Elbadrawy and Sello [134]

Quercetin-3-β-O-glucoside 463.40 C21H19O12 Valdez–Morales et al. [142]
Quercetin-3-O-sophorosid 626.50 C27H30O17 Kumar et al. [143]
Apigenin-7-O-glucoside 432.40 C21H20O10 Concha-Meyer et al. [144]

Isorhamnetin 316.26 C16H12O7 Kumar et al. [143]
Isorhamnetin-3-O-gentiobioside 640.50 C28H32O17 Kumar et al. [143]
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Table 10. Cont.

Name MW [g mol−1] Molecular
Formula References

Rutin 610.52 C27H30O16 Aires et al. [136]
Kaempferol 286.23 C15H10O6 Perea–Dominguez et al. [131]

Kaempferol-3-O-rutinoside 394.52 C27H30O15 Aires et al. [136]
Kaempferol-3-O-glucoside 447.37 C21H19O11 Kumar et al. [143]

Myricetin 318.24 C15H10O8 Nour et al. [133]
Naringenin 272.26 C15H12O5 Elbadrawy and Sello [134]

Catechin 290.26 C15H14O6 Perea–Dominguez et al. [131]
Epicatechin 290.27 C15H14O6 Kalogeropoulos et al. [138]

Chrysin 254.24 C15H10O4 Kalogeropoulos et al. [138]
Luteolin 286.24 C15H10O6 Kalogeropoulos et al. [138]

Luteolin-7-O-glucoside 448.37 C21H20O11 Concha–Meyer et al. [144]
Isoflavones

Daidzein 254.23 C15H10O4 Kumar et al. [143]
Genistein 270.24 C15H10O5 Kumar et al. [143]

Stilbenes
Resveratrol 228.24 C14H12O3 Kalogeropoulos et al. [138]

Carotenoids
Lycopene 536.89 C40H56 Fritsch et al. [130]

β-Carotene 536.89 C40H56 Kalogeropoulos et al. [138]
Sterols

β-Sitosterol 414.72 C29H50O Kalogeropoulos et al. [138]
∆5-Avenasterol 412.70 C29H48O Kalogeropoulos et al. [138]

Campesterol 400.69 C28H48O Kalogeropoulos et al. [138]
Cholestanol 388.70 C27H48O Kalogeropoulos et al. [138]
Cholesterol 386.65 C27H46O Kalogeropoulos et al. [138]

24-Oxocholesterol 400.60 C27H44O2 Kalogeropoulos et al. [138]
Stigmasterol 412.69 C29H48O Kalogeropoulos et al. [138]

Tocopherols
Tocopherol Kalogeropoulos et al. [138]

Terpenes
Squalene 410.73 C30H50 Kalogeropoulos et al. [138]

Cycloartenol 426.72 C30H50O Kalogeropoulos et al. [138]
β-Amyrin 426.73 C30H50O Kalogeropoulos et al. [138]

Oleanolic acid 456.71 C30H48O3 Kalogeropoulos et al. [138]
Ursolic acid 456.70 C30H48O3 Kalogeropoulos et al. [138]
Palmitic acid 256.43 C16H32O2 Elbadrawy and Sello [134]

Palmitoleic acid 254.41 C16H30O2 Elbadrawy and Sello [134]
Stearic acid 284.48 C18H36O2 Elbadrawy and Sello [134]
Oleic acid 282.47 C18H34O2 Elbadrawy and Sello [134]

Linolenic acid 278.43 C18H30O2 Elbadrawy and Sello [134]
Linoleic acid 280.45 C18H32O2 Elbadrawy and Sello [134]
Myristic acid 228.37 C14H28O2 Elbadrawy and Sello [134]

Traditionally, the bioactivity of tomatoes and their products has been attributed to
carotenoids (β-carotene and lycopene). The results of Nour et al. [133] confirmed that dried
tomato wastes contain considerable amounts of lycopene (510.6 mg/kg) and β-carotene
(95.6 mg/kg) and exhibited good antioxidant properties. The results obtained by Fărcaş
et al. [145] confirmed lycopene as the main carotenoid of tomato waste in a concentration
between 42.18 and 70.03 mg/100 g DW (dry weight). Simultaneously, peels contain around
5 times more lycopene compared to tomato pulp [146,147]. The lycopene content in peel
was 734 µg/g DW, but significant amounts of β-carotene, cis-β-carotene and lutein were
also determined. The study by Górecka et al. [148] showed that tomato waste could be
considered a promising source of lycopene for the production of functional foods.

Peels, as one of the main residues of tomato, are a richer source of nutrients and
biologically active compounds than the pulp [137,149]. Despite of high concentration
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of carotenoids, peels also contain a considerable amount of polyphenols. The results
obtained by Hsieh et al. [97] showed that the main flavonoids detected in fresh tomato
peel were quercetin, myricetin, apigenin, catechin, puerarin, fisetin, hesperidin, naringin,
rutin and their levels were reported as 4.2, 2.9, 1.9, 0.9, 0.8, 0.5, 0.3, 0.2, and 0.2 mg/100 g,
respectively. It has been proven that tomato peel extracts contain high amounts of kaemferol-
3-O-rutinoside (from 8.5 to 142.5 mg/kg) [127], quercetin derivatives, p-coumaric acid
and chlorogenic acid derivative [150,151]. The main phenolic acids identified in tomato
peel are protocatechuic, vanillic, gallic, catechin and caffeic acid. Their corresponding
concentrations were 5.52, 3.85, 3.31, 2.98, and 0.50 mg/100 g, respectively [134]. The results
of Lucera et al. [152] showed that tomato peels contain 4.90 mg/g DW of total phenolic
and 2.21 mg/g DW of total flavonoids. The total polyphenolic content in tomato peels and
seeds was higher than in the pulp. On the other hand, tomato peel has a very small amount
of anthocyanin [153].

Tomato seeds are considered a potential natural source of antioxidants due to their
rich phytochemical profile. Many publications indicate that tomato seeds contain, e.g.,
carotenoids, proteins, polyphenols, phytosterols, minerals and vitamin E [154]. According
to Eller et al. [155], the total content of phenolic compounds in the tomato seed extract
was 20.66 mg/100 g. Quercetin-3-O-sophoroside, isorhamnetin-3-O-sophoroside, and
kaempferol-3-O-sophoroside were present in the highest concentrations of the total phenolic
compounds. Quercetin derivatives contributed approximately 37% of the total flavonoid
content. Pellicanò et al. [156] found naringenin (84.04 mg/kg DW) as the most abundant
flavonoid identified, followed by caffeic acid (26.60 mg/kg DW). Apart from phenolics,
carotenoids are the next class of bioactive compounds present in tomato seeds. Qualitatively,
the carotenoid composition (β-carotene and lycopene isoforms: lycopene all trans, lycopene
cis 1, lycopene cis 2, lycopene cis 3) in tomato seeds is similar to that of the carotenoids in
tomato fruit [157].

Tomato waste has attracted great interest due to its biological activity and potential
applications of phytochemicals (Table 11).

Table 11. Biological activity and potential applications of phytochemicals obtained from tomato
wastes.

Material Extract/Compound Biological Activity/Application References

Tomato seeds polyphenols
oil - antioxidant activity Zuorro et al. [154]

- high nutritional quality Eller et al. [155]

Tomato
by-products extract

- natural antioxidants for the formulation of functional
foods or to serve as additives in food systems to

elongate their shelf-life
- oxidative stability of dairy products

- potential nutraceutical resource
- animal feed

Savatović et al. [158]
Elbadrawy and Sello [134]

Nour et al. [159]
Abid et al. [160]

Ćetković et al. [135]
Trombino et al. [161]

Tomato peel fiber - food supplement, improving the different chemical,
physical and nutritional properties of foods Navarro–González et al. [137]

lycopene - natural color or bioactive ingredient Ho et al. [162]
carotenoids - natural antioxidants and colorants Horuz and Belibagli [163]

2.6. Banana Residues

Banana (Musa spp., Musaceae family) is one of the main fruit crops cultivated for its
edible fruits in tropical and subtropical regions. The main by-product of bananas is its peels,
which represent approx. 30% of the whole fruit [164]. Moreover, banana waste also includes
small-sized, damaged, or rotting fruit, leaves, stems, and pseudoparts. Banana peels are
sometimes used as feedstock for livestock, goats, monkeys, poultry, rabbits, fish, zebras, and
many other species. They are rich in vitamin B6, manganese, vitamin C, fiber, potassium,
biotin, and copper [165], but also in phytochemicals with high antioxidant capacity such
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as phenolics (flavonols, hydroxycinnamic acids, gallocatechin), anthocyanin (delphinidin,
cyanidin), carotenoids (β-carotenoids, α-carotenoids, and xanthophylls), catecholamines,
sterols and triterpenes (Table 12). Banana peels are natural antacids and are helpful in acid
reflux, heartburn, and diarrhea [165].

Table 12. Phytochemicals identified in banana wastes and their concentration.

Name Banana Residues MW
[g mol−1] CxHyOz Concentration References

Total phenolics 53,800 a Kabir et al. [166]
15,180–31,450 a,c Chaudhry et al. [167]

29,200 a Rebello et al. [168]
Total flavonoids 16,440 b Kabir et al. [166]

10,800–22,110 b,c Chaudhry et al. [167]
Phenolic acids—benzoic acids

Gallic acid banana peel 170.12 C7H6O5 77.3 f Behiry et al. [169]
Ellagic acid banana peel 302.20 C14H6O8 161.9 f Behiry et al. [169]

Salicylic acid banana peel 138.121 C7H6O3 2.7 f Behiry et al. [169]
Phenolic acids—hydroxycinnamic acids

Chlorogenic acid banana pseudostem
and rhizome 354.31 C16H18O9 Kandasamy et al. [170]

Ferulic acid
red banana peel

yellow banana peel
banana peel

194.18 C10H10O4

63.55 e

34.97 e

16.8 f

Avram et al. [171]
Avram et al. [171]
Behiry et al. [169]

Sinapic acid red banana peel
yellow banana peel 224.21 C11H12O5

35.17 e

19.44 e
Avram et al. [171]
Avram et al. [171]

Cinnamic acid banana peel 148.16 C9H8O2 0.7 f Behiry et al. [169]
o-coumaric acid banana peel 164.158 C9H8O3 11.2 f Behiry et al. [169]

Flavonoids—flavonols

Kaempferol red banana peel
yellow banana peel 286.239 C15H10O6

28.80 e

9.30 e
Avram et al. [171]
Avram et al. [171]

Quercetin red banana peel
yellow banana peel 302.236 C15H10O7

6.14 e

1.14 e
Avram et al. [171]
Avram et al. [171]

Isoqercitrin red banana peel
yellow banana peel 464.096 C21H20O12

10.47 e

14.54 e
Avram et al. [171]
Avram et al. [171]

Rutin banana peel 610.517 C27H30O16 9730.8 f Behiry et al. [169]
Myricetin banana peel 318.235 C15H10O8 115.2 f Behiry et al. [169]

Myricetin-3-rutinoside banana peel 626.51 C27H30O17 22.50 d Behiry et al. [169]
Quercetin-3-rutinoside-3-

rhamnoside banana peel 756.7 C33H40O20 12.91 d Rebello et al. [168]

Kaempherol-3-rutinoside-3-
rhamnoside banana peel 740.7 C33H40O19 5.32 d Rebello et al. [168]

Quercetin-7-rutinoside banana peel 610.5 C27H30O16 8.78 d Rebello et al. [168]
Quercetin-3-rutinoside banana peel 610.5 C27H30O16 29.87 d Rebello et al. [168]

Kaempferol-7-rutinoside banana peel 594.52 C27H30O15 4.12 d Rebello et al. [168]
Laricitrin-3-rutinoside banana peel 640.16 C28H32O17 2.22 d Rebello et al. [168]

Kaempferol-3-rutinoside banana peel 594.52 C27H30O15 12.35 d Rebello et al. [168]
Isorhamnetin-3-rutinoside banana peel 624.5 C28H32O16 1.31 d Rebello et al. [168]

Syringetin-3-rutinoside banana peel 654.6 C29H34O17 0.63 d Rebello et al. [168]
Flavonoids—flavanones

Naringenin banana peel 84.7 f Behiry et al. [169]
Flavonoids-flavanols

Catechin banana peel 290.27 C15H14O6 1.34 d Rebello et al. [168]
Epicatechin banana peel 290.27 C15H14O6 2.55 d Rebello et al. [168]

Gallocatechin banana peel 306.27 C15H14O7 4.20 d Rebello et al. [168]
Procyanidin B1 banana peel 578.14 C30H26O12 1.27 d Rebello et al. [168]
Procyanidin B2 banana peel 578.14 C30H26O12 81.95 d Rebello et al. [168]
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Table 12. Cont.

Name Banana Residues MW
[g mol−1] CxHyOz Concentration References

Procyanidin B4 banana peel 578.14 C30H26O12 7.90 d Rebello et al. [168]
Other compounds

Cycloeucalenol acetate banana pseudostem
and rhizome 468.77 C32H52O2 Kandasamy et al. [170]

4-epicyclomusalenone banana pseudostem
and rhizome 424.71 C30H48O Kandasamy et al. [170]

a expressed in mg GAE kg−1 DM, b expressed in mg QE kg−1 DM, c depending on the method of extraction,
d expressed in molar proportion (%), e expressed in ug/mL of crude extract, f expressed in mg kg−1 of dry extract.

Previous studies reported that the banana peel is rich in chemical compounds as
antioxidant and antimicrobial activities [167–169,171]. Moreover, ethanoic extract from ba-
nana peel exhibited the strongest antihyperglycemic activity in comparison with the extract
from pulp, seed, and flower [172]. Phytochemicals derived from banana peel were tested
as a biofungicide against Fusarium culmorum and Rhizoctonia solani and as a bactericide
against Agrobacterium tumefaciens for the natural preservation of wood during handling
or in service. Encapsulation is successfully investigated as the method for stabilizing the
banana peel extract and its bioactive compounds during storage [173].

Other phytochemical components present in the banana peel extracts, such as ethane-
diol and butanediol, were determined as highly reducing agents to synthesize silver
nanoparticles, which are significant to the medical and chemical industries [173].

The harvesting of the fruits in the plantation requires the decapitation of the whole;
therefore, the valuable banana by-products, in addition to peels, are the pseudostem, leaves,
inflorescence, and fruit stalk, but also rhizome, which can also be used as a raw material for
the acquisition of phytochemicals [174]. Kandasamy et al. [170] isolated three compounds
from the pseudostem and rhizome of bananas, including chlorogenic acids, cycloeucalenol
acetate, and 4-epicyclomusalenone. Crude extract and isolated compounds are character-
ized by strong antibacterial, antifungal, antiplatelet aggregation, and anticancer activities.

Using the inflorescence of bananas, anthocyanins can be obtained as good biocolorants
with attractive colors, moderate stability in food systems, water solubility, and benefits for
health [175]. Cyanidin-3-rutinoside, as the main compound, could be exploited as a cheap
source of natural food colorant.

The newest application and explored properties of biologically active compounds
from banana residues are presented in Table 13.

Table 13. Biological activity and potential applications of phytochemicals obtained from banana
residues.

Material Extract/Compound Biological Activity/Application References

Banana peel extract

- as additives for formulation of
bioactive compounds-rich yogurts

- antioxidants activity
- DPPH• scavenging activity
- ABTS+• scavenging activity

- α-glucosidase inhibitory activity

Kabir et al. [166]

Banana peel acetonic, ethanoic, and
methanolic extracts

- antioxidant activity
- antimicrobial activity against

Staphylococcus aureus, Pseudomonas
aeruginosa, Escherichia Coli,

Saccharomyces cerevisiae

Chaudhry et al. [167]
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Table 13. Cont.

Material Extract/Compound Biological Activity/Application References

Banana peel extract - application as corrosion inhibitors Vani et al. [176]

Banana pseudostem and
rhizome

crude extracts
(hexane, chloroform, ethyl

acetate, and methanolic)
Isolates:

chlorogenic acid
4-epicyclomusalenone
cycloeucalenol acetate

- antioxidant activity
- platelet aggregation inhibitory

activity
- antimicrobial activity

- cytotoxicity

Kandasamy et al. [170]

Banana peel extract - antioxidant activity Rebello et al. [168]
Yellow and red banana

peel hydroalcoholic extracts - the antioxidant, cytotoxic, and
antimicrobial effects Avram et al. [170]

Banana peel Methanolic extract

- application as biofungicide against
the growth of Fusarium culmorum and
Rhizoctonia solani, and as a bactericide
against Agrobacterium tumefaciens for
natural wood preservation during

handling or in service.

Behiry et al. [169]

Banana peel, pulp, seed,
and flower Ethanolic extract

- very strong antioxidant activity
- antihyperglycemic activity at a dose

of 350 mg/kg body weight
Nofianti et al. [172]

Banana peel Water extract contained
ethanediol and butanediol

- highly reducing agent for
metals used for the synthesis of silver

nanoparticles
Buendía-Otero et al. [174]

Banana inflorescence

- as good biocolorants with attractive
colors, moderate stability in food

systems, water-solubility, and
benefits for health

Padam et al. [175]

2.7. Apple Residues

Poland is the main producer of apples in the world, with an annual production of over
4 million tons [177]. About 25% of apple biomass was wasted during crop and processing.
Apple pomace as a waste from apple juice and cider processing consists mainly of apple
skin/flesh, seeds, and stems [178]. Until recently, apple waste was used as livestock feed,
bioenergy feedstock, as well as for food supplementation and pectin extraction, but still, it
is far from being used at its full potential, particularly considering its application in the
pharmaceuticals and cosmetics industry [179,180]. Nonetheless, apple pomace has the
potential to become a source of valuable biomaterials for agriculture. It contains numerous
phytochemicals in the form of pectin and dietary fibers, but also polyphenols, triterpenoids,
and volatiles. Interestingly, apple pomace is a richer source of antioxidants than fresh
fruits itself because it has a significantly lower content of water; moreover, many valuable
bioactive compounds are found mainly in the peels and seeds [180].

Polyphenols are the main valuable constituents of apple pomace. Waldbauer et al. [181]
reported that the total phenolic content in apple pomace is in the range of 262–856 mg
of total phenols/100 g. This content differs between studies due to the use of different
solvents, extraction conditions, and apple varieties [182,183].

Four major phenolic groups are hydroxycinnamic acids, dihydrochalcone derivatives
(phloretin and its glycosides), flavan-3-ols (catechin and procyanidins), and flavonols
(quercetin and its glycosides) [184,185].

Although the phytochemical composition of apple pomace has been studied for a
long time, new compounds with beneficial properties are still being isolated and iden-
tified. Ramirez-Ambrosi et al. [186] identified 52 phenolic compounds using a newly
developed, rapid, selective, and sensitive strategy of ultrahigh-performance liquid chro-
matography with diode array detection coupled to electrospray ionization and quadrupole
time-of-flight mass spectrometry (UHPLC-DAD–ESI-Q-ToF-MS) with automatic and si-
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multaneous acquisition of exact mass at high and low collision energy. Among new com-
pounds, two dihydrochalcones (two isomers of phloretin-pentosyl-hexosides) and three
flavonols (isorhamnetin-3-O-rutinoside, isorhamnetin-3-O-pentosides and isorhamnetin-3-
O-arabinofuranoside) have been tentatively identified for the first time in apple pomace.

One of the compounds newly identified in the last few years in apple pomace is
monoterpene–pinnatifidanoside D [185]. This compound has been isolated for the first
time from Crataegus pinnatifida and exhibited small antiplatelet aggregation activity.

Mohammed and Mustafa [187] and Khalil and Mustafa [188] isolated and structurally
elucidated novel furanocoumarins from apple seeds. Isolated compounds exhibited promis-
ing antimicrobial activity against Pseudomonas aeruginosa, Klebsiella pneumonia, Haemophilus
influenzae, Escherichia coli, Candida albicans, and Aspergillus niger.

The main compounds determined in apple by-products with ranges of their concen-
trations are listed in Table 14.

Table 14. Total phenolic content (TPC), total flavonoid content (TFC), and main phytochemicals
identified and quantified in apple pomace.

Name MW
[g mol−1] CxHyOz

Concentration
[mg/kg dm *] References

Total phenolic content (TPC)
2620–8560 a

1590–10,620 a

4399–8100 a

Waldbauer [181]
Li et al. [182]

Gorjanović et al. [183]
Total flavonoid content (TFC) 18,600–27,400 b Gorjanović et al. [183]

Phenolic acids—hydroxybenzoic acids
Gallic acid 170.12 C7H6O5 2.22–4.80 d Gorjanović et al. [183]

4-hydroxybenzoic acid 137.02 C7H5O3 17.66–69.56 c Li et al. [182]
Protocatechuic acid 154.12 C7H6O4 2.78–30.50 c Li et al. [182]

p-hudroxybenzoic acid 138.22 C7H6O3 1.16–5.80 d Gorjanović et al. [183]
Cyclohexanecarboxylic acids

Quinic acid 192.17 C7H12O6 227.4–418 c Uyttebroek et al. [179]
Phenolic acids—hydroxycinnamic acids

Chlorogenic acid 354.31 C16H18O9

41.80 –160.40 c

89.0–308.3 d

38.9–312.8
960

Li et al. [182]
Gorjanović et al. [183]
Uyttebroek et al. [179]

Pingret et al. [189]
p-coumaroylquinic acid 338.31 C16H18O8 94 Pingret et al. [189]

Sinapic acid 224.212 C11H12O5 2.03–7.20 d Gorjanović et al. [183]
Caffeic acid 180.16 C9H8O4 0.12–0.35 d Gorjanović et al. [183]

p-Coumaric acid 164.16 C9H8O3
2.52–23.11 c

0.32–0.76 d
Li et al. [182]

Gorjanović et al. [183]

Ferulic acid 194.18 C10H10O4
1.70–4.21 c

13.24–23.80 d
Li et al. [182]

Gorjanović et al. [183]
Flavonoids—flavonols

Rutin 610.52 C27H30O16

7.99–46.93 d

19.32
2.24–3.26 c

10 b

Gorjanović et al. [183]
Oleszek et al. [185]

Uyttebroek et al. [179]
Pingret et al. [189]

Quercetin 302.24 C15H10O7
7.2–14.2 d

25.2 e
Gorjanović et al. [183]

Oleszek et al. [185]
Quercetin-3-O-galactoside 464.38 C21H20O12 80.8–165.2 d Gorjanović et al. [183]

Quercetin-3-O-pentosyl 434.35 C20H18O11 44.8 e Oleszek et al. [185]

Hyperoside 464.38 C21H20O12
434 e

122 b
Oleszek et al. [185]
Pingret et al. [189]

Isoquercetin 464.38 C21H20O12
70 e

42
Oleszek et al. [185]
Pingret et al. [189]

Quercitrin 448.38 C21H20O11

442.4 e

70.14–109.5 c

40 b

Oleszek et al. [185]
Uyttebroek et al. [179]

Pingret et al. [189]
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Table 14. Cont.

Name MW
[g mol−1] CxHyOz

Concentration
[mg/kg dm *] References

Isoquercitrin 464.0955 C21H20O12 10.65–15.5 c Uyttebroek et al. [179]

Avicularin 434.35 C20H18O11

285.6 e

81.6–125.7
24

Oleszek et al. [185]
Uyttebroek et al. [179]

Pingret et al. [189]

Reynoutrin 434.35 C20H18O11
145.6 e

54 b
Oleszek et al. [185]
Pingret et al. [189]

Isorhamnetin 1.10–17.62 d Gorjanović et al. [183]

Isorhamnetin-3-O-arabinofuranoside 478.41 C22H22O12
Ramirez–Ambrosi et al.

[186]

isorhamnetin-3-O-pentoside 478.41 C22H22O12
Ramirez–Ambrosi et al.

[186]
Isorhamnetin-3-O-rutinoside 624.55 C28H32O16 0.10–1.11 d Gorjanović et al. [183]

Isorhamnetin-3-O-rhamnoside 462.41 C22H22O11
Ramirez–Ambrosi et al.

[186]
Kaempferol 286.24 C15H10O6 0.62–2.46 d Gorjanović et al. [183]

Kaempferol-7-O-glucoside 448.38 C21H20O11 0.03–1.19 d Gorjanović et al. [183]
Quercetin-3-O-rhamnoside 448.38 C21H20O11 34.1–121.9 d Gorjanović et al. [183]

Guajavarin 434.353 C20H18O11 161 b Pingret et al. [189]
Hyperin 463.371 C21H19O12 64.02–92.4 c Uyttebroek et al. [179]

Flavonoids—flavanonols
Taxifolin 304.254 C15H12O7 0.16–0.46 d Gorjanović et al. [183]

Flavonoids—flavanols

Catechin 290.27 C15H14O6

1.50 –31.70 c

1.05–7.45 c

52

Li et al. [182]
Uyttebroek et al. [179]

Pingret et al. [189]

Epicatechin 290.27 C15H14O6
34.4–166.3 c

244
Uyttebroek et al. [179]

Pingret et al. [189]

Procyanidin 594.53 C30H26O13
2900
3408

Fernandes et al. [178]
Pingret et al. [189]

Procyanidin B2 578.52 C30H26O12 42.8–208.1 Uyttebroek et al. [179]
Naringenin 272.26 C15H12O5 0.11–0.24 d Gorjanović et al. [183]
Eriodictyol 288.26 C15H12O6 0.11–0.21 d Gorjanović et al. [183]
Naringin 580.541 C27H32O14 0.22–0.60 d Gorjanović et al. [183]

Flavonoids—flavones
Apigenin 270.24 C15H10O5 0.31–0.48 d Gorjanović et al. [183]

Apigenin-7-O-glucoside 432.38 C21H20O10 0.47–1.01 d Gorjanović et al. [183]
Chrysin 254.25 C15H10O4 0.11–0.22 d Gorjanović et al. [183]
Luteolin 286.24 C15H10O6 0.10–0.26 d Gorjanović et al. [183]

Flavonoids—dihydrochalcones
Phloretin 274.26 C15H14O5 0.29–0.98 d Gorjanović et al. [183]

Phlorizin 436.4 C21H24O10

112–215 d

361.2 f

56.8–198.6 c

1008

Gorjanović et al. [183]
Oleszek et al. [185]

Uyttebroek et al. [179]
Pingret et al. [189]

Phloretin 2-O-glucoside 452.41 C21H24O11
Ramirez–Ambrosi et al.

[186]
Phloretin -xylosyl-glucoside 568.52 C26H32O14 142 Pingret et al. [189]

3-hydroxyphloretin-2′-O-
xylosylglucoside 584.52 C26H32O15

Ramirez–Ambrosi et al.
[186]

3-hydroxyphloretin-2′-O-glucoside 452 C21H24O11
Ramirez–Ambrosi et al.

[186]
Coumarins **

Aesculin 340.282 C15H16O9 5.53–10.67 Gorjanović et al. [183]

(E)-12-(2′-Chlorovinyl) bergapten 277.5 C14H10O4Cl Mohammed and
Mustafa [187]
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Table 14. Cont.

Name MW
[g mol−1] CxHyOz

Concentration
[mg/kg dm *] References

Flavonoids—flavanones

12-(1′,1′-dihydroxyethyl) bergapten 276 C14H12O6
Mohammed and

Mustafa [187]
12-(2′-chloropropan-2′-yl)-8-

hydroxybergapten 308.5 C15H13O5Cl Mohammed and
Mustafa [187]

12-Hydroxy-11-
chloromethylbergapten 332.5 C13H9O5Cl Mohammed and

Mustafa [187]

officinalin 220 C11H8O5
Khalil and Mustafa

[188]

8-(tert-butyl)officinalin 276 C15H16O5
Khalil and Mustafa

[188]

8-Hydroxyofficinalin 236 C11H8O6
Khalil and Mustafa

[188]

Officinalin-8-acetic acid 278 C13H10O7
Khalil and Mustafa

[188]

8-(2′-hydroxypropan-2′-yl) officinalin 289 C15H16O6
Khalil and Mustafa

[188]
Triterpenoids

α-amyrin 426.72 C30H50O 94.0 Woźniak et al. [190]
β-amyrin 426.72 C30H50O 41.4 Woźniak et al. [190]

Uvaol 442.72 C30H50O2 53.9 Woźniak et al. [190]
Erythtodiol 442.72 C30H50O2 18.0 Woźniak et al. [190]

Ursolic aldehyde 440.70 C30H48O2 73.9 Woźniak et al. [190]
Ursolic acid 456.70 C30H48O3 7125.1 Woźniak et al. [190]

Oleanolic acid 456.70 C30H48O3 1591.4 Woźniak et al. [190]
Pomolic acid 472.70 C30H48O4 870.3 Woźniak et al. [190]

Pigments ***
all-trans-neoxanthin 600.884 C40H56O4 1.14–7.11 d Delgado–Pelayo [191]

all-trans-violaxanthin 600.870 C40H56O4 1.70–18.26 d Delgado–Pelayo [191]
9-cis-violaxanthin 600.870 C40H56O4 0.23–2.37 d Delgado–Pelayo [191]
9-cis-Neoxanthin 600.884 C40H56O4 0.56–21.92 d Delgado–Pelayo [191]

13-cis-violaxanthin 600.884 C40H56O4 0.10–0.29 d Delgado–Pelayo [191]
all-trans-antheraxanthin 584.885 C40H56O3 0.09–0.57 d Delgado–Pelayo [191]

all-trans-zeaxanthin 568.886 C40H56O2 0.08–0.52 d Delgado–Pelayo [191]
all-trans-lutein 568.871 C40H56O2 1.32–61.53 d Delgado–Pelayo [191]

9-cis-lutein 568.871 C40H56O2 0.06–1.61 d Delgado–Pelayo [191]
13-cis-lutein 568.871 C40H56O2 0.10–2.76 d Delgado–Pelayo [191]

all-trans-β-carotene 536.8726 C40H56 1.49–30.31 d Delgado–Pelayo [191]
Monoestrified xanthophylls 3.01–10.18 d Delgado–Pelayo [191]

Diesterified xanthophylls 4.93–38.39 d Delgado–Pelayo [191]
Chlorophyll a 893.509 C55H72MgN4O5 18.39–1049.26 d Delgado–Pelayo [191]
Chlorophyll b 907.492 C55H70MgN4O6 4.78–309.86 d Delgado–Pelayo [191]

Other compounds
Resveratrol 228.24 C14H12O3 0.16–0.89 Gorjanović et al. [183]

Pterostilbene 256.296 C16H16O3 0.19–0.90 Gorjanović et al. [183]
Pinocembrin 256.25 C15H12O4 0.22–0.39 Gorjanović et al. [183]
Palmitic acid 256.4 C16H32O2 7.25 f Walia [192]
Linoleic acid 280.45 C18H32O2 43.81 f Walia [192]

Oleic acid 282.47 C18H34O2 46.50 f Walia [192]
Stearic acid 284.48 C18H36O2 1.72 f Walia [192]

Arachidic acid 312.54 C20H40O2 0.72 f Walia [192]
Pinnatifidanoside D 518 C24H38O12 344.4 Oleszek et al. [185]

* dm—dry matter, a expressed as mg gallic acid equivalent, b expressed as quercetin equivalent, c depending
on the methods of extraction or apple pressing, d depending on apple varieties, e expressed as rutin equivalent,
f expressed in % of the oil extracted from apple seeds, ** determined in seeds, *** determined in peels.
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Many have been written about the application of apple pomace itself. However, the
present work concerns the properties and application of bioactive compounds derived from
apple pomace. The newest studies reported valuable activities and interesting applications
of phytochemicals from apple pomace are listed in Table 15. Preclinical studies have found
apple pomace extracts and isolated compounds improved lipid metabolism, antioxidant
status, and gastrointestinal function and had a positive effect on metabolic disorders
(e.g., hyperglycemia, insulin resistance, etc.) [193]. As was reported by Gołębiewska
et al. [194], despite medicine and cosmetics, apple pomace phytochemicals found recent
applications in building and construction industries as green corrosion inhibitors and wood
protectors [194].

Table 15. Biological activity and potential applications of phytochemicals obtained from apple
residues.

Material Extract/Compound Biological Activity/Application References

Apple seeds coumarins - antioxidant activity
- antitumor activity Khalil and Mustafa [188]

Apple pomace

phenolic-rich fractions:
phloridzin, phloretin,

quercitrin, and quercetin as
major constituents

- anti-inflammatory, cytotoxic activity,
anticancer activity (SiHa, KB, and

HT-29 cell lines)
Rana et al. [195]

Apple pomace crude extract and four
fractions

- antioxidant activity
- antifungal activity against crop

pathogens: Neosartorya fischeri, Fusarium
oxysporum, Botrytis sp. Petriella setifera

Oleszek et al. [185]

Flour from apple
pomace ethanolic extract antioxidant, antidiabetic, and

antiobesity effects Gorjanović et al. [183]

Apple pomace Ursolic acid antimicrobial, anti-inflammatory, and
antitumor activities Cargnin et al. [196]

Apple peel ursolic acid antimalarial activity Silva et al. [197]

Apple pomace
ethanolic extract:

5-O-caffeoylquinic acid as the
major compound

- antioxidant and antimicrobial activity
(against Propionibacterium acnes)

- application in dermal formulations
Arraibi et al. [198]

Apple pomace

Extracts (boiling water with
1% acetic acid)
and fractions

(polyphenols and
carbohydrates)

- antioxidant activity
- anti-inflammatory activity

- application as a food ingredient in
yogurt formulation

Fernandes et al. [178]

Apple pomace phloretin, phloridzin antioxidant and antibacterial activity
(Staphylococcus aureus, Escherichia coli) Zhang et al. [199]

Apple pomace Phloridzin oxidation products
(POP)

application as natural yellow pigments
in gelled desserts Haghighi and Rezaei [200]

Apple pomace Phloridzin oxidation products
(POP)

- strong antioxidant activity
- application as a yellow pigment Liu et al. [201]

Apple peel extract - application as corrosion inhibitor for
carbon steel Vera et al. [202]

Phenolic content is related to the antioxidant properties of apple pomace, and pro-
cyanidins are considered the major contributors to the antioxidant capacity of apples.
Despite high concentrations in apples, catechins and procyanidins are very often absent
in the extract from apple pomace. The exposure of polyphenols to polyphenoloxidase
during apple processing caused, in addition to native apple phytochemicals, their oxidation
products also represent a significant part of the overall polyphenolic fraction. Moreover,
the polyphenols can interact non-covalently with polysaccharides; thus, they become non-
extractable. Fernandes et al. [178] reported that such complexes represented up to 40% of
the available polyphenols from apple pomace, potentially relevant for agro-food waste
valuation. Moreover, it has been revealed that the use of appropriate extraction procedures,
such as microwave-superheated water extraction (MWE) of the hot water/acetone, as well
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as additional hydrolysis, made it possible to recover these valuable compounds from apple
pomace. This knowledge will allow for designing more diversified solutions for agro-food
waste valuation [178]. The strong antioxidant in apple pomace is quercetin, which has
protective effects against breast and colon cancer, as well as heart and liver diseases [203].

Apple is a unique plant in the Rosaceae family due to the high content of phloridzin,
a major phenolic compound in commercial varieties of apples [203]. Phloridzin has anti-
diabetic potential and could be applied as a natural sweetening agent [200]. Phloridzin
from apple waste was also tested as the substrate for the production of food dye through its
enzymatic oxidation. The yellow product, so-called phloridzin oxidation products (POP),
turned out to be a good alternative to tartrazine and other potentially toxic food yellow
pigments [200,201].

Interesting phytochemicals of apple pomace are triterpenoids, particularly ursolic
acid. It has attracted attention because of its therapeutic potential associated with several
functional properties such as antibacterial, antiprotozoal, anti-inflammatory, and antitu-
mor [196]. Woźniak et al. [190] optimized the method of its extraction using supercritical
carbon dioxide. The data obtained allowed the prediction of the extraction curve for the
process conducted on a larger scale.

As has been mentioned previously, apple pomace contains some amount of seeds.
Walia et al. [192] proved that also apple seed oil could be a promising raw material for the
production of natural antioxidants and anticancer agents. The authors tested the fatty acid
composition and physicochemical and antioxidant properties of oil extracted from apple
seeds separated from industrial pomace. The dominant fatty acids were oleic acid (46.50%)
and linoleic acid (43.81%).

The major constituent in apple seed is also amygdalin, which may be metabolized to
toxic hydrogen cyanide [203,204]. However, in the literature, there are also several reports
of the positive pharmacological activity of amygdalin. Luo et al. [205] showed its anti-
fibrotic properties in the case of liver fibrosis. Song and Xu [206] proved that amygdalin
exhibits analgesic effects in mice, probably by inhibiting prostaglandins E2 and nitric oxide
synthesis. Despite so many above reports, there is still a need for human and animal studies
to confirm the protection against the disease’s effects of apple pomace.

2.8. Winery Waste

The major winery by-products are grape pomace and marc, including seeds, pulp, skins,
stems, and leaves. Bioactive phytochemicals present in residues from wine-making are mainly
represented by polyphenols belonging to various groups of compounds, such as phenolic
acids (hydroxybenzoic acids and hydroxycinnamic acids), flavonoids (flavanols or flavan-3-ols,
anthocyanins, proanthocyanidins, flavones, and flavonols), and stilbenes and anthocyanins.
The relative concentrations of the different phenolic compounds are influenced by genotype
(red or white grapes), a distinct fraction of residues, as well as agro-climatic conditions [207].
The presence of polyphenolic compounds in grape residues supports the potential of the
investigation and valorization of this agro-industrial waste. The compounds identified in
grapes by-products with their concentrations are listed in Table 16.

Table 16. Phytochemicals identified and quantified in grape residues.

Name MW
[g mol−1] CxHyOz

Concentration
[mg/kg dm] References

Total phenolic content (TPC) 280–7770 b,e,f

14,200–26,700 a,e
Pintać et al. [208]
Eyiz et al. [209]

Total flavonoid content (TFC) 40–1150 b,e,f

2403–4178 a,e
Pintać et al. [208]
Eyiz et al. [209]

Total monomeric anthocyanins 539–1598 a,e Eyiz et al. [209]
Total proanthocyanidin 3.23–6.32 a,e Eyiz et al. [209]

Phenolic acids—hydroxybenzoic acid
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Table 16. Cont.

Name MW
[g mol−1] CxHyOz

Concentration
[mg/kg dm] References

Gallic acid 170.12 C7H6O5

24–246 a,e

250 a

4.86–70 a,e,f

75.5 a

596.36 a

3030 c

Farías–Campomanes et al. [210]
Wang et al. [211]
Pintać et al. [208]
Daniel et al. [212]

Wittenauer et al. [213]
Jara-Palacios et al. [214]

Digalloylquinic acid 496.4 C21H20O14 299 a Gonçalves et al. [215]

Ellagic acid 302.197 C14H6O8

620 a

8.37–64.1 b,e,f

4.315 a

Wang et al. [211]
Pintać et al. [208]
Daniel et al. [212]

Protocatechuic acid 154.12 C7H6O4
9–63 a,e

940 c
Farías–Campomanes et al. [210]

Jara–Palacios et al. [214]

Vanillic acid 168.15 C8H8O4

24–237 a,e

0.53–13.0 b,e,f

10 a

Farías–Campomanes et al. [210]
Pintać et al. [208]
Daniel et al. [212]

4-hydroxybenzoic acid 138.122 C7H6O3
9–63 a,e

0.16–1.71 b,e,f
Farías–Campomanes et al. [210]

Pintać et al. [208]

Syringic acid 198.17 C9H10O5
48–593 a,e

0.13–20.6 b,e,f
Farías–Campomanes et al. [210]

Pintać et al. [208]
Galloylshikimic acid 326.25 C14H14O9 438.1 a Gonçalves et al. [215]

Phenolic acids—hydroxycinnamic acid

Chlorogenic acid 354.31 C16H18O9
0.14–11.50 b,e,f

4.715 a
Pintać et al. [208]
Daniel et al. [212]

Caffeic acid 180.16 C9H8O4

0.41–1.68 b,e,f

9.735 a

630 c

Pintać et al. [208]
Daniel et al. [212]

Jara–Palacios et al. [214]

Caftaric acid 312.23 C13H12O9

735.32 a

880 c

11–168 a,g

Wittenauer et al. [213]
Jara–Palacios et al. [214]
Jara–Palacios et al. [216]

cis-Coutaric acid 296.23 C13H12O8 5.3–11.8 a,g Jara–Palacios et al. [216]
trans-coutaric 296.23 C13H12O8 5.5–20.7 a,g Jara–Palacios et al. [216]

p-Coumaric acid 164.16 C9H8O3

6–39 a,e

0.13–1.49 b,e,f

8.175 a

510 c

Farías–Campomanes et al. [210]
Pintać et al. [208]
Daniel et al. [212]

Jara–Palacios et al. [214]
Flavonoids—flavonols

Quercetin 302.236 C15H10O7

3–15 a,e

11.3–78.9 b,e,f

200 a

2.473–15.637 c

4.7 a

2870 c

344–403 c,f

Farías–Campomanes et al. [210]
Pintać et al. [208]
Wang et al. [211]
Balea et al. [217]

Daniel et al. [212]
Jara–Palacios et al. [214]

Drosou et al. [218]

Quercetin-3-O-glucoside 463.371 C21H19O12

0.39–38.0 b,e,f

67.6 a

2374.32 a

16,900 c

475–609 c,f

Pintać et al. [208]
Gonçalves et al. [215]
Wittenauer et al. [213]

Jara–Palacios et al. [214]
Drosou et al. [218]

Quercetin-3-O-glucuronide 478.362 C21H18O13

13.4 a

2432.29 a

15,800 c

990–1285 c,f

Gonçalves et al. [215]
Wittenauer et al. [213]

Jara–Palacios et al. [214]
Drosou et al. [218]

Quercetin-3-O-pentoside 434.35 C20H18O11 52.0 a Gonçalves et al. [215]
Quercetin-3-O-rhamnoside 448.4 C21H20O11 49.4 a Gonçalves et al. [215]
Quercetin-3-O-galactoside 2120 c Jara–Palacios et al. [214]

Hyperoside 464.38 C21H20O12 0.17–5.67 b,e,f Pintać et al. [208]
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Name MW
[g mol−1] CxHyOz

Concentration
[mg/kg dm] References

Rutin 610.52 C27H30O16

0.11–8.19 b,e,f

2.136 c

5.3 a

690 c

Pintać et al. [208]
Balea et al. [217]

Daniel et al. [212]
Jara–Palacios et al. [214]

Isorhamnetin 316.265 C16H12O7 6.42–72.9 b,e,f Pintać et al. [208]

Isorhamnetin 3-O-glucoside 478.406 C22H22O12
66.3 a

145–175 c,f
Gonçalves et al. [215]

Drosou et al. [218]

Myricetin 318.24 C15H10O8

170 a

0.21–2.31 b,e,f

0.341–1.029 c

452–711 c,f

Wang et al. [211]
Pintać et al. [208]
Balea et al. [217]

Drosou et al. [218]
Myricetin-3-O-hexoside 480.38 C21H20O13 184.6 a Gonçalves et al. [215]
Myricetin-3-O-glucoside 480.38 C21H20O13 781–1044 c Drosou et al. [218]

Quercitrin 448.38 C21H20O11 0.21–3.99 b,e,f Pintać et al. [208]

Laricitrin-O-hexoside 494.405 C22H22O13
46.8 a

216–434 c,f
Gonçalves et al. [215]

Drosou et al. [218]

Kaemferol 286.239 C15H10O6

80 a

2.45–53.1 b,e,f

3.38–5.74 c

150 c

Wang et al. [211]
Pintać et al. [208]
Balea et al. [217]

Jara–Palacios et al. [214]

Kaempferol 3-O-glucoside 448.38 C21H20O11
0.05–23.0 b,e,f

3670 c
Pintać et al. [208]

Jara–Palacios et al. [214]
Kaempferol 3-glucuronide 462.4 C21H18O12 310 c Jara–Palacios et al. [214]

Syringetin 3-glucoside 508.432 C23H24O13 168–200 c,f Drosou et al. [218]
Quercitrin 448.38 C21H20O11 3.272–14.952 c Balea et al. [217]

Isoquercitrin 464.0955 C21H20O12 2.429–65.698 c Balea et al. [217]
Flavonoids—flavanols

Catechin 290.27 C15H14O6

1460 a

5.01–193 b,e,f

945 a

1101.7 a

10,496.63 a

12,200 c

Wang et al. [211]
Pintać et al. [208]

Gonçalves et al. [215]
Daniel et al. [212]

Wittenauer et al. [213]
Jara–Palacios et al. [214]

Epicatechin 290.271 C15H14O6

1280 a

5.80–309 b,e,f

949 a

322.5 a

8994.93 a

6340 c

Wang et al. [211]
Pintać et al. [208]

Gonçalves et al. [215]
Daniel et al. [212]

Wittenauer et al. [213]
Jara–Palacios et al. [214]

Epigallocatechin 306.27 C15H14O7 900 a Wang et al. [211]
Procyanidin dimers 578.1424 C30H26O12 3306 a Gonçalves et al. [215]

Procyanidin trimers 866.77 C45H38O18
1105 a

12,920 c
Gonçalves et al. [215]

Jara–Palacios et al. [214]

Procyanidin tetramer 1155.0 C60H50O24
806 a

16,540 c
Gonçalves et al. [215]

Jara–Palacios et al. [214]

Procyanidin B1 578.1424 C30H26O12
4858.58 c

15,500 c
Wittenauer et al. [213]

Jara–Palacios et al. [214]

Procyanidin B2 578.1424 C30H26O12
4277.04 c

4940 c
Wittenauer et al. [213]

Jara–Palacios et al. [214]
Procyanidin B3 578.1424 C30H26O12 4350 c Jara–Palacios et al. [214]
Procyanidin B4 578.1424 C30H26O12 Jara–Palacios et al. [216]

Flavonoids—flavones
Apigenin 270.24 C15H10O5 0.58 b Pintać et al. [208]

Apigenin 7-O-glucoside 432.38 C21H20O10 0.02–12.7 b,e,f Pintać et al. [208]
Luteolin 286.24 C15H10O6 0.23–1.07 b,e,f Pintać et al. [208]

Luteolin-7-O-glucoside 448.38 C21H20O11 0.36–4.46 b,e,f Pintać et al. [208]

77



Molecules 2023, 28, 342

Table 16. Cont.

Name MW
[g mol−1] CxHyOz

Concentration
[mg/kg dm] References

Flavonoids—flavanones
Chrysoeriol 300.27 C16H12O6 0.04–0.51 b,e,f Pintać et al. [208]
Naringenin 272.26 C15H12O5 0.11–0.83 b,e,f Pintać et al. [208]

Flavonoids-flavanonols
Astilbin 450.396 C21H22O11 3120–4200 b,e Negro et al. [219]

Flavonoids—anthocyanins

Delphinidin 3-O-glucoside 465.387 C21H21O12

4.68–54.7 b,e,f

775–936 c,f

7–57 a,e

Pintać et al. [208]
Drosou et al. [218]
Negro et al. [219]

Cyanidin 3-O-glucoside 449.388 C21H21O11
2.21–11.3 b,e,f

3–37 b,e
Pintać et al. [208]
Negro et al. [219]

Petunidin-3-O-glucoside 479.41 C22H23O12

1.28–35.4 b,e,f

77.0 a

1295–1618 c,f

Pintać et al. [208]
Gonçalves et al. [215]

Drosou et al. [218]

Peonidin-3-O-glucoside 463.41 C22H23O11

1.51–64.7 b,e,f

202.2 a

1591–2044 c,f

Pintać et al. [208]
Gonçalves et al. [215]

Drosou et al. [218]

Malvidin 3-glucoside 493.441 C23H25O12

0.80–384 b,e,f

443.0 a

12,182–17,687 c,f

Pintać et al. [208]
Gonçalves et al. [215]

Drosou et al. [218]
Peonidin-3-O-acetyl glucoside 505.4 C24H25O12

+ 90.2 a Gonçalves et al. [215]

Malvidin 3-O-acetyl glucoside 535.5 C25H27O13
+ 96.2 a

937–1182 c,f
Gonçalves et al. [215]

Drosou et al. [218]
Malvidin 3-caffeoyl glucoside 655.6 C32H31O15 1079–1450 c,f Drosou et al. [218]

Petunidin 3-coumaroyl glucoside 625.5536 C31H29O14 735–806 c,f Drosou et al. [218]
Peonidin 3-coumaroyl glucoside 609.5542 C31H29O13 796–1231 c,f Drosou et al. [218]
Malvidin-3-coumaroyl glucoside 639.58 C32H31O14 4700–7232 c,f Drosou et al. [218]

Delphinidin 303.24 C15H11O7 5570 a Wang et al. [211]
Cyanidin 287.24 C15H11O6 3620 a Wang et al. [211]
Petunidin 317.27 C16H13O7 15,500 a Wang et al. [211]
Peonidin 301.27 C16H13O6 25,320 a Wang et al. [211]
Malvidin 331.30 C17H15O7 10,390 a Wang et al. [211]

Terpenoids
Ursolic acid 456.70 C30H48O3 0.96–606 b,e,f Pintać et al. [208]

Coumarins
Esculetin 178.14 C9H6O4 0.23–0.66 b,e,f Pintać et al. [208]

Stilbenes

resveratrol 228.243 C14H12O3
0.07–3.37 b,e,f

5.3–6.2 a,e
Pintać et al. [208]
Iora et al. [220]

Fatty acids
Palmitic acid (16:1) 256.4 C16H32O2 85.43–110.97 d Iora et al. [220]

Palmitoleic acid (16:1 n-7) 254.414 C16H30O2 7.04–13.21 d Iora et al. [220]
Stearic acid (18:0) 284.48 C18H36O2 26.75–38.77 d Iora et al. [220]

Oleic acid (18:1 n-9) 282.47 C18H34O2 118.15–141.54 d Iora et al. [220]
Linoleic acid (18:2 n-6) 280.4472 C18H32O2 627.21–684.47 d Iora et al. [220]

Linolenic acid (18:3 n-3) 278.43 C18H30O2 11.26–19.97 d Iora et al. [220]
Arachidic acid (20:0) 312.5304 C20H40O2 3.12–3.45 d Iora et al. [220]

Eicosenoic acid 20:1 n-9 310.51 C20H38O2 0.89–2.57 d Iora et al. [220]
Behenic acid 22:0 340.58 C22H44O2 1.47–2.42 d Iora et al. [220]

Lignoceric acid 24:0 368.63 C24H48O2 1.03–1.67 d Iora et al. [220]
SFA 117.79–157.07 d Iora et al. [220]

MUFA 131.56–156.95 d Iora et al. [220]
PUFA 647.17–695.73 d Iora et al. [220]

n-6/n-3 31.43–60.80 d Iora et al. [220]
SFA/PUFA 0.17–0.24 d Iora et al. [220]

TFA 938.41–945.08 d Iora et al. [220]

78



Molecules 2023, 28, 342

Table 16. Cont.

Name MW
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Concentration
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Other compounds
Vanillin 152.15 C8H8O3 25.5 a Daniel et al. [212]

trans-piceid 390.388 C20H22O8 7.75 a Daniel et al. [212]
a expressed in mg per kg of dry matter (DM), b expressed in mg per kg of fresh weight, c expressed in mg per kg
of the extract, d expressed in mg per g of total lipids extracted from grape pomace, e depending on methods of
extraction, f depending on varieties of grapes, g depending on the part of the pomace: seeds, skins, stems.

The residues derived from the grape processing contain phytochemicals of interest for
the production of preservatives, dyes, enriched foods, medicines, and products aimed at per-
sonal care, pharmaceutical, and cosmetic industries. The presence of bioactive compounds
with antioxidant, antimicrobial, anti-inflammatory, anti-tumor, and protective activity of
the cardiovascular system provides possibilities for many applications [221]. The potential
beneficial role of phytochemicals of grape pomace in the prevention of disorders associated
with oxidative stress and inflammation, such as endothelial dysfunction, hypertension,
hyperglycemia, diabetes, and obesity, is due to the mechanisms concerned especially mod-
ulation of antioxidant/prooxidant activity, improvement of nitric oxide bioavailability,
reduction of pro-inflammatory cytokines and modulation of antioxidant/inflammatory
signal pathways [222].

It has been proven that the antioxidant properties of polyphenols in grape pomace help
to prevent radical oxidation of the polyunsaturated fatty acids of low-density lipoproteins
(LDL) and hence, are conducive to the prevention of cardiovascular diseases [223]. The
compounds derived from grape pomace were also tested for their anti-inflammatory and
anti-carcinogenic effect [224]. Álvarez et al. [225] studied the impact of procyanidins
from grape pomace as inhibitors of human endothelial NADPH oxidase and stated the
decrease in the production of reactive oxygen species. A rich source of procyanidins is
grape seeds. They are widely consumed in some countries in the form of powder as a
dietary supplement because of several related health benefits associated with procyanidins.
They present antitumor-promoting activity, inhibit growth and induce apoptosis in human
prostate cancer cells, as well as significantly reducing atherosclerosis in the aorta.

Seeds contain a very broad spectrum of procyanidins, with the dominant compounds
being the dimers, trimers, and tetramers of catechin or epicatechin. Higher polymers are
also present but at much lower abundance. Besides, every polymer can also be found as a
gallic acid ester.

Very important is the anti-microbial activity of bioactive compounds included in
grapes wastes. Mendoza et al. [226] demonstrated the antifungal properties of extracts
from winery by-products against Botrytis cinerea, the causal agent of gray mold, considered
the most important pathogen responsible for postharvest decay of fresh fruit and vegeta-
bles. Moreover, a few reports are available in the literature about the effective action of
polyphenol-rich extracts from vinification by-products against various pathogenic bacteria
and insects, e.g., Listeria monocytogenes, Leptinotarsa decemlineata, and Spodoptera littoralis [1].
The potential health benefits of plant phenolics cause much interest and consideration
in a lot of agri-food applications for phenolics extracted from grape wastes [16]. There
are a lot of studies on the application of phytochemicals from grape pomace in the meat
industry [221].

To facilitate the industrial application of wine waste polyphenols, encapsulation was
recently developed to improve the stability of valuable compounds in different conditions
of light and temperature [227,228].

The examples of the newest potential applications and valuable properties of phyto-
chemicals derived from winery waste are listed in Table 17.
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Table 17. Biological activity and potential applications of phytochemicals obtained from grape
residues.

Material Extract/Compound Biological Activity/Application References

Fresh and fermented
grape pomace Extract - antioxidant, anti-inflammatory, and

antiproliferative activity Balea et al. [217]

Grape pomace

Hydroalcoholic extract
(saponins, tannins, and

flavonoids as active
constituents)

- anthelmintic activity Soares et al. [229]

Grape pomace
Whole apple pomace

(phenolic compounds as
main constituents)

- reduction of the severity of
non-alcoholic hepatic steatosis
- inhibition of steatohepatitis

- improvement in insulin sensitivity
- reduction of ectopic fat deposition in

mice

Daniel et al. [212]

Grape pomace
crude extract and four

fractions: the most active
free phenolic acids fraction

- inhibitory effect on collagenase and
elastase Wittenauer et al. [213]

White grape pomace

extract: catechin,
epicatechin, quercetin, and

gallic acid as the main
active constituents

- antiproliferative activity against
adenocarcinoma cell Jara–Palacios et al. [214]

Grape pomace Ethanolic extract

- antioxidant activity
- potential application as additives to
food enhancing nutritional value and

improving storability

Iora et al. [220]

Grape stem extracts

- prevention of radical oxidation of
the polyunsaturated fatty acids of

low-density lipoproteins (LDL)
- reduction of intracellular reactive

oxygen species (ROS)
- prevention of cardiovascular

diseases

Anastasiadi et al. [223]

Grape seeds procyanidin-rich extract - antibacterial activity against
Helicobacter pylori (H. pylori) Silvan et al. [230]

Grape seeds procyanidin-rich extract - antihypertensive activity Quiñones et al. [231]
Grape pomace phenolics - antioxidant properties Tournour et al. [232]

Grape pomace
“Enocianina”—

anthocyanin-rich
extract

- radical scavenging, enzymatic,
antioxidant and anti-inflammatory

activity
- application as a colorant in the food

industry

Della Vedova et al. [233]

Grape pomace phenolics

- photoprotective activity
- reduction of the negative effects of

UV radiation on the skin, such as
erythema and photoaging

Hübner et al. [234]

Grape pomace extracts - wastewater remediation Gavrilas et al. [235]
Grape pomace ethanolic extract - application as additives to yogurt Olt et al. [236]

Grape pomace alcoholic extract

- application as a reducing agent of
the precursor silver nitrate, a process
that has led to the obtaining of silver
nanoparticles (NP Ag) by reducing

the ions.

Asmat–Campos et al. [237]

Grape skin resveratrol - as an antioxidant in the meat
industry Andrés et al. [238]

Grape seeds flavonoids - antimicrobial activity in meat Biniari et al. [239]
Grape steam procyanidins - inhibition of toxic compounds Bordiga et al. [240]
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Material Extract/Compound Biological Activity/Application References

Grape pulp phenolic compounds - pigment protection in meat Chen et al. [241]

Grape pomace anthocyanins - modulation of the sensory
characteristic of meat Crupi et al. [242]

Grape pomace stilbenes - modulation of the sensory
characteristic of meat Mainente et al. [243]

Grape seeds Unsaturated fatty acids
(linoleic and oleic acid) - substitution nitrate and nitrite Gárcia–Lomillo and

González-San José [244]

2.9. Citrus Residues

Citrus fruits from the family Rutaceae include oranges, lemons, limes, grapefruits, man-
darins, and tangerines. They are well known for their nutritional value, as they are good
sources of dietary fiber, pectin, vitamin C, vitamin B group, carotenoids, flavonoids, and
limonoids (Table 18). It is estimated that approximately 140 chemical components have been
isolated and identified from citrus peels, and flavonoids are the main group of phytochemicals
with biological activity [245]. Afsharnezhad et al. [165] evaluated the antioxidant potential
of extract from various fruit peels and stated that the maximum DPPH radical scavenging
activity, total phenols, and total anthocyanins were observed in orange peels.

Table 18. Phytochemicals identified and quantified in citrus residues.

Name Citrus Residues MW
[g mol−1] CxHyOz

Concentration
[mg/kg dm] References

Total phenols kinnow peel 13,840–27,910 a,c Yaqoob et al. [246]
lime peel 5.2 b Karetha et al. [247]

mandarin peel 4.0 b Karetha et al. [247]
lemon peel 4.7 b Karetha et al. [247]

pomelo peel 6.4 b Karetha et al. [247]
rough lemon peel 4.1 b Karetha et al. [247]

citron peel 6.8 b Karetha et al. [247]
sour orange peel 30.4–1354.4 a Benayad et al. [248]

lime and orange peel 3860 Barbosa et al. [249]
orange peel 7055–19,885 a Liew et al. [250]

orange seeds oil 4430 Jorge et al. [251]
Total flavonoids kinnow peel 610–11,770 a Yaqoob et al. [246]

sour orange peel 2.3–603.6 a Benayad et al. [248]
orange peel 854.7–2975.4 a Liew et al. [250]

sour orange peel 589.4 Olfa et al. [252]
lime peel 95.3 Olfa et al. [252]

orange peel 132.2 Olfa et al. [252]
lemon peel 610.5 Olfa et al. [252]

mandarin peel 275.9 Olfa et al. [252]
Total carotenoids orange seeds oil 19 Jorge et al. [251]

Organic acids
Lactic acid orange peel 90.08 C3H6O3 5463–9861 a Liew et al. [250]
Citric acid orange peel 192.1 C6H8O7 19,587–27,910 a Liew et al. [250]

L-mallic acid orange peel 134.1 C4H6O5 3056–5064 a Liew et al. [250]
Kojic acid orange peel 141.1 C6H6O4 111.2–116.4 a Liew et al. [250]

Ascorbic acid orange peel 176.1 C6H8O6 1.12–7.32 a Liew et al. [250]
Phenolic acids—hydroxybenzoic acids

Ellagic acid lime and orange peel 302.20 C14H6O8 109.7 Barbosa et al. [249]

Gallic acid
lime and orange peel

sour orange peel
orange peel

170.12 C7H6O5

5.7
111.3–866.7 a

8.84–17.81 a

Barbosa et al. [249]
Benayad et al. [249]

Liew et al. [250]
Protocatechuic acid orange peel 154.12 C7H6O4 24.55–65.92 a Liew et al. [250]
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Name Citrus Residues MW
[g mol−1] CxHyOz

Concentration
[mg/kg dm] References

4-hydroxybenzoic acid orange peel 138.12 C7H6O3 26.27–42.50 a Liew et al. [250]
Phenolic acids—hydroxycinnamic acids

Ferulic acid

sour orange peel
orange peel
yuzu peel

sour orange peel
mandarin peel

lime peel
grapefruit peel

lemon peel
orange peel

194.18 C10H10O4

360.0–17,237.7 a

154.8–477.3 a

135
139
101
18
29
18
19

Benayad et al. [248]
Liew et al. [250]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]

p-coumaric acid

sour orange peel
yuzu peel

sour orange peel
mandarin peel

lime peel
grapefruit peel

lemon peel
orange peel

164.16 C9H8O3

242.4
101
123
52
76
16
48
18

Benayad et al. [248]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]

Chlorogenic acid

mandarin peel
sour orange peel

yuzu peel
sour orange peel
mandarin peel

354.31 C16H18O9

0.08–68.58 a

4.494
39
96
40

Šafranko et al. [254]
Benayad et al. [248]

Lee et al. [253]
Lee et al. [253]
Lee et al. [253]

Caffeic acid

sour orange peel
orange peel
yuzu peel

sour orange peel
mandarin peel

lime peel
lemon peel

180.16 C9H8O4

384.0–1326.1 a

54.5–210.1 a

55
27
15
4

12

Benayad et al. [248]
Liew et al. [250]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]

Flavonoids—flavonols

Rutin
mandarin peel

orange peel
mandarin peel

610.52 C27H30O16

0.18–4.27 a

9.56–10.11 a

177

Šafranko et al. [254]
Liew et al. [250]
Lee et al. [253]

Flavonoids—flavanols

Catechin sour orange peel
orange peel 290.26 C15H14O6

378.3–1296 a

40.92–366.8 a
Benayad et al. [248]

Liew et al. [250]
Epigallocatechin orange peel 84.23–317.14 a Liew et al. [250]

Flavonoids-flavones

Apigenin sour orange peel
orange peel 270.24 C15H10O5

38,552.1
57.91–159.67

Benayad et al. [248]
Liew et al. [250]

Diosmetin lime and orange peel 300.26 C16H12O6 3.2 Barbosa et al. [249]
Vitexin orange peel 432.38 C21H20O10 30.73–117.27 a Liew et al. [250]

Luteolin orange peel 286.24 C15H10O6 93.47–275.14 a Liew et al. [250]
Tangeretin lime and orange peel 372.37 C20H20O7 14.1 Barbosa et al. [249]

Flavonoids-flavanones

Naringenin lime and orange peel
sour orange peel 272.25 C15H12O5

4.7
5745.6–96,942 a

Barbosa et al. [249]
Benayad et al. [248]

Hesperetin lime and orange peel 302.28 C16H14O6 10.5 Barbosa et al. [249]
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Name Citrus Residues MW
[g mol−1] CxHyOz

Concentration
[mg/kg dm] References

Hesperidin

lime and orange peel
mandarin peel

yuzu peel
mandarin peel

lime peel
lemon peel
orange peel

610.57 C28H34O15

2326.5
0.16–15.07 a

5367
21,496
4862
6400

16,299

Barbosa et al. [249]
Šafranko et al. [254]

Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]

Naringin

lime and orange peel
yuzu peel

sour orange peel
mandarin peel

lime peel
grapefruit peel

lemon peel

580.54 C27H32O14

10.2
5255

19,750
146
36

31,314
41

Barbosa et al. [249]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]

Narirutin

lime and orange peel
mandarin peel

yuzu peel
sour orange peel
mandarin peel

lime peel
grapefruit peel

lemon peel
orange peel

580.54 C27H32O14

293.4
0.03–5.11 a

4734
64

10,642
559
2827
185
1342

Barbosa et al. [249]
Šafranko et al. [254]

Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]
Lee et al. [253]

Furanocumarins

Bergapten
sour orange peel

lime peel
lemon peel

216.19 C12H8O4

64
196

3

Lee et al. [253]
Lee et al. [253]
Lee et al. [253]

Bergamottin
lime peel

grapefruit peel
lemon peel

338.40 C21H22O4

81
25
16

Lee et al. [253]
Lee et al. [253]
Lee et al. [253]

Volatile compounds
Caprylaldehyde sour orange peel 128.21 C8H16O 180.5 b Benayad et al. [248]

Decanal sour orange peel 156.27 C10H20O 167.2 b Benayad et al. [248]
Decanol sour orange peel 158.28 C10H22O 129.8 b Benayad et al. [248]

Geranyl Acetate sour orange peel 196.29 C12H20O2 172.7 b Benayad et al. [248]
D-limonene sour orange peel 136.24 C10H16 3939.4 b Benayad et al. [248]

β-linalool sour orange peel 154.25 C10H18O 2038.7 b Benayad et al. [248]
Linalool oxide sour orange peel 170.25 C10H18O2 282.0 b Benayad et al. [248]
Linalyl acetate sour orange peel 196.29 C12H20O2 589.1 b Benayad et al. [248]

β-myrcene sour orange peel 136.23 C10H16 1972.8 b Benayad et al. [248]
Nerol sour orange peel 154.25 C10H18O 106.2 b Benayad et al. [248]

β-ocimene sour orange peel 136.23 C10H16 465.2 b Benayad et al. [248]
α-pinene sour orange peel 136.23 C10H16 350.1 b Benayad et al. [248]
β-pinene sour orange peel 136.23 C10H16 417.6 b Benayad et al. [248]

α-terpineol sour orange peel 154.25 C10H18O 389.5 b Benayad et al. [248]
Carotenoids

Violaxantin dilaurate mandarin peel 965.44 C64H100O6 1.33 Huang et al. [255]
Violaxanthin
dipalmitate mandarin peel 1077.7 C72H116O6 2.07 Huang et al. [255]

Zeaxanthin mandarin peel 568.88 C40H56O2 1.31 Huang et al. [255]
α-cryptoxanthin mandarin peel 552.85 C40H56O 0.10 Huang et al. [255]
β-cryptoxanthin mandarin peel 552.85 C40H56O 4.96 Huang et al. [255]

Lutein kinnow peel
mandarin peel 568.87 C40H56O2

9.26–28.89 a

0.88
Saini et al. [256]

Huang et al. [255]
β-carotene mandarin peel 536.87 C40H56 5.87 Huang et al. [255]

(E/Z)-phytoene mandarin peel 544.94 C40H64 25.07 Huang et al. [255]
β-citraurin mandarin peel 432.6 C30H40O2 1.57 Huang et al. [255]
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Table 18. Cont.

Name Citrus Residues MW
[g mol−1] CxHyOz

Concentration
[mg/kg dm] References

α-tocopherol orange seeds oil 430.71 C29H50O2 135.7 Jorge et al. [251]
phytosterol orange seeds oil 414.72 C29H50O 1304.2 Jorge et al. [251]
malic acid sour orange peel 134.09 C4H6O5 122.4–2247 a Benayad et al. [248]

a depending on methods of extraction, b expressed in mg kg−1 of fresh matter of peel, c expressed in mg kg of
the extract.

Citrus peels are widely used by-products for the production of essential oils, which
have great commercial importance due to their aroma, antifungal and antimicrobial proper-
ties. Citrus essential oil is employed in the food industry, perfumes, cosmetics, domestic
household products, and pharmaceuticals [257]. The main ingredient is limonene, account-
ing for more than 94% of citrus essential oil [258]. It is used as an insect-killing agent in
pesticides and a good biodegradable and non-toxic solvent [257]. Furthermore, limonene
has shown regulatory effects on neurotransmitters and stimulant-induced changes in
dopamine neurotransmission [258].

The citrus waste contained high amounts of organic and phenolic acids, as well as
flavonoids. Among flavonoids, the main compounds are flavanones and flavones (such
as naringenin, hesperetin, and apigenin glycosides) as well as polymethoxylated flavones
(PMFs), not found in other fruit species [259,260]. Okino Delgado and Feuri [258] indicated
that polymethoxylated flavones, at a dosage of 250 mg/kg, exhibit an anti-inflammatory
effect comparable to ibuprofen. The most widely studied PMFs are tangeretin and nobiletin.
They are exclusively derived from citrus peels. Lv et al. [261] stated that nobiletin and its
derivatives showed anti-cancer activity. Generally, anticancer activity increases with the
increasing number of methoxy groups because PMFs have then higher hydrophobicity
for approaching and penetrating cancer cells [244]. Moreover, PMFs exhibit a broad
spectrum of other biological activities such as anti-obesity, anti-atherosclerosis, antiviral
and antioxidant properties [262,263].

Among flavanones, citrus peel is rich in eriocitrin, hesperidin, diosmin, neohesperidin,
didymin, and naringin. Chiechio et al. [264] used red orange and lemon extract rich in
flavanones for in vivo assays on male CD1 mice fed with a high-fat diet. The results showed
that an 8-week treatment with the extract was able to induce a significant reduction in glu-
cose, cholesterol, and triglyceride levels in the blood, with positive effects on the regulation
of hyperglycemia and lipid metabolism. Barbosa et al. [265] tested flavanones obtained
from citrus pomace by enzyme-assisted and conventional hydroalcoholic extraction as an
agent against Salmonella enterica subsp. enterica. Tested extracts decreased the expression
of genes associated with cell invasion. Moreover, the results suggest that extracts and fla-
vanones inhibit Salmonella Typhimurium adhesion by interacting with fimbriae and flagella
structures and downregulating fimbrial and virulence genes.

Citrus peels also contained some flavonols, such as rutin, isorhamnetin 3-O-rutinoside,
quercetin-O-glucoside, and myricetin, as well as phenolic acids, but at a much lower
concentration. It has been proven that Citrus reticulata waste extract, mainly including rutin,
was the most effective against gram-negative bacteria and the three pathogenesis fungi:
Bacillus subtilis, Candida albicans and Aspergillus flavus [266].

Citrus seeds are also a good source of valuable components, particularly oil rich in
carotenoids (19.01 mg/kg), phenolic compounds (4.43 g/kg), tocopherols (135.65 mg/kg)
and phytosterols (1304.2 mg/kg) [251]. This oil was characterized by high antioxidant
activity ranging from 56.0% to 70.2%.

A summary of the main phytochemical constituents, together with their concentrations
in citrus residues, as well as their newest applications and properties, is presented in
Tables 18 and 19, respectively.
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Table 19. Biological activity and potential applications of phytochemicals obtained from citrus
residues.

Material Extract/Compound Biological Activity/Application References

sour orange peel

acetone extract
chloroform extract

ethanol-water extract
naringenin
gallic acid

- hypoglycaemic and antidiabetic
actions

- α-glucosidase inhibition
- α-amylase inhibition

Benayad et al. [248]

orange peel ethanol and methanol
extract

- antimicrobial activity against
Xanthomonas, Bacillus subtilis,

Azotobacter, Pseudomonas,
Klebsiella

Gunwantrao et al. [267]

pomelo peel extract - antimicrobial and antioxidants
activity Khan et al. [268]

lemon peel eriodictoyl, quercetin, and
diosmetin

- antiviral activity against
SARS-CoV-2 Khan et al. [269]

orange peel
extracts: methanol/water,

ethanol/water and
acetone/water

- antioxidant activity Liew et al. [250]

sour orange
lime

orange
lemon

mandarin

ethanol/water extracts - antioxidant activity Olfa et al. [252]

kinnow peel and pomace extract (supercritical CO2
extraction)

- antioxidant activity
- for making functional cookies Yaqoob et al. [246]

citrus pomace (Persian lime
and orange)

extract rich in aglycones of
flavanones, mainly

naringenin and hesperetin

- activity against Salmonella enterica
subsp. enterica serovar Typhimurium Barbosa et al. [265]

lemon, orange
andgrapefruit peel essential oils (EOs)

- antifungal activity against
Rhizoctonia solanii and Sclerotium rolfsii

- insecticidal activity against
Rhyzopertha dominica, Oryzaephilus sp.,

and Sitophilus granarius

Achimón et al. [270]

mandarin peel
Extract rich in polyphenols,

mainly narirutin and
hesperidin

- inhibition of the growth of
Aspergillus flavus Liu et al. [271]

citrus peel nobiletin - activity against pancreatic cancer
through cell cycle arrest Jiang et al. [272]

citrus peel nobiletin
- activity against prostate cancer
thanks to its anti-inflammation

properties
Ozkan et al. [273]

mandarin peel polymethoxyflavone-rich
extract (PMFE)

- alleviating the metabolic syndrome
by regulating the gut microbiome and

amino acid metabolism
Zeng et al. [263]

Mandarin peel polymethoxyflavone-rich
extract (PMFE)

- alleviating high-fat diet-induced
hyperlipidemia Gao et al. [262]

Orange and lemon peel Extract rich in flavanones

- reduction in glucose, cholesterol and
triglycerides levels in the blood, with
positive effects on the regulation of

hyperglycemia and lipid metabolism

Chiechio et al. [264]

Lime and orange peel

Extract rich in flavanones,
mainly hesperetin,

hesperidin, narirutin, and
naringin

- antibacterial activity against
Salmonella enterica Barbosa et al. [265]

Bitter orange peel Extract rich in luteolin 7-O
glucoside

- antioxidant activity
- activity against gram-positive
bacteria and Fusarium oxysporum

Lamine et al. [266]
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Table 19. Cont.

Material Extract/Compound Biological Activity/Application References

Mandarin peel Extract rich in rutin

- activity against gram-negative
bacteria and the three pathogenesis

fungi: Bacillus subtilis, Candida albicans
and Aspergillus flavus.

Lamine et al. [266]

Orange peel Extract rich in
polymethoxyflavones

- antifungal activity against
Aspergillus niger. Lamine et al. [266]

Pomegranate peel Ethanolic and methanolic
extract

- activity against gram-positive,
gram-negative, and two fungal

pathogenic strains
- used as a natural food preserver

Hanafy et al. [274]

2.10. Olive Waste

The cultivation of olive trees is a widespread practice in the Mediterranean region,
accounting for about 98% of the world’s olive cultivation. A large number of phenolic
compounds occur in both olive oil and olive waste that includes both leaves and the residues
of oil production [275,276]. Their chemical characterization was reported by Dermeche
et al. [277]. The main groups of phenolic compounds in olive mill wastes are phenolic
acids, secoiridoids, and flavonoids, and the most abundant polyphenols are oleuropein,
hydroxytyrosol, verbascoside, apigenin-7-glucoside, and luteolin-7-glucoside [278] (Table 20).
Olive mill wastewater obtained during oil production is a complex mixture of vegetation
waters and processing waste of the olive fruit; it is characterized by a dark color, strong
odor, a mildly acidic pH, and a very high inorganic and organic load [279]. The organic
fraction consists essentially of sugars, tannins, polyphenols, polyalcohols, proteins, organic
acids, pectins and lipids [277]. About 30 million m3 of olive mill wastewater are produced
annually in the world as a by-product of the olive oil extraction process; because of the high
polyphenolic content (0.5–24 g/L), this by-product is difficult to biodegrade and a relevant
environmental and economic issue [280].

Table 20. Phytochemicals identified and quantified in olive waste.

Name Olive Residue MW
[g mol−1] CxHyOz Concentration References

Phenolic acids

Cinnamic acid deffated olives 148.16 C9H8O2
2.3 a

12–205 b,c
Alu’datt et al. [281]

Zhao et al. [282]

p-coumaric acid deffated olives
olive pomace 164.04 C9H8O3

10.3 a

84–884 b,c

5.01 b

Alu’datt et al. [281]
Zhao et al. [282]

Benincasa et al. [283]
o-coumaric acid olive pomace 164.04 C9H8O3 70–1562 b,c Zhao et al. [282]

Caffeic acid

deffated olives
leaves

OMWW *
olive pomace

180.16 C9H8O4

3.1 a

150 b

270 b

39–420 b,c

Alu’datt et al. [281]
Ladhari et al. [284]
Ladhari et al. [284]

Zhao et al. [282]
Protocatechuic acid deffated olives 154.12 C7H6O4 22.2 a Alu’datt et al. [281]

Hydroxybenzoic acid deffated olives 138.12 C7H6O3 4.2 a Alu’datt et al. [281]

Vanillic acid deffated olives
olive pomace 168.14 C8H8O4

9.0 a

203–2530 b,c
Alu’datt et al. [281]

Zhao et al. [282]

Ferulic acid deffated olives
olive pomace 194.18 C10H10O4

6.9 a

23–326 b,c
Alu’datt et al. [281]

Zhao et al. [282]

Gallic acid deffated olives
olive pomace 170.12 C7H6O5

7.1 a

7–223 b,c
Alu’datt et al. [281]

Zhao et al. [282]
Syringic acid deffated olives 198.17 C9H10O5 4.1 a Alu’datt et al. [281]
Sinapic acid deffated olives 224.21 C11H12O5 14.4 a Alu’datt et al. [281]
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Table 20. Cont.

Name Olive Residue MW
[g mol−1] CxHyOz Concentration References

4-hydroxyphenyl acetic
acid olive pomace 152.15 C8H8O3 660–4450 b,c Zhao et al. [282]

Secoiridoids and derivatives

Oleuropein

leaves
OMWW
OMWW

olive pomace

540.54 C25H32O13

13,050 b

9 b

103 b

811–12,231 b,c

Ladhari et al. [284]

Benincasa et al. [283]
Zhao et al. [282]

Oleuropein aglycone leaves
OMWW 378.4 C19H22O8

3410 b

6 b
Ladhari et al. [284]

Verbascoside

leaves
OMWW

OMSW **
olive pomace

624.59 C29H36O15

1160 b

6 b

5 b

833–10,159 b,c

700 b

Ladhari et al. [284]

Zhao et al. [282]
Benincasa et al. [283]

Ligstroside
leaves

OMWW
OMSW

524.51 C25H32O12

360 b

21 b

56 b

Ladhari et al. [284]

Tyrosol

leaves
OMWW
OMSW
OMWW
OMWW

olive pomace

138.16 C8H10O2

450 b

1870 b

4 b

182 b

2043 b

162–3514 a,c

Ladhari et al. [284]

Poerschmann et al. [285]
Benincasa et al. [283]

Zhao et al. [282]

Hydroxytyrosol

leaves
OMWW
OMWW
OMWW

olive pomace

154.16 C8H10O3

130 b

4450 b

225 b

1481 b

1356–17,298 a,c

Ladhari et al. [284]

Poerschmann et al. [285]
Benincasa et al. [283]

Zhao et al. [282]
Flavonoids

Luteolin

leaves
OMWW
OMSW

olive pomace
OMWW

286.24 C15H10O6

2970 b

1010 b

4 b

10–3515 b,c

62.38 b

Ladhari et al. [284]

Zhao et al. [282]
Benincasa et al. [283]

Luteolin 7-O-glucoside
leaves

OMWW
olive pomace

448.37 C21H20O11

7620 b

150 b

42–4086 b,c

88.55 b

Ladhari et al. [284]

Zhao et al. [282]
Benincasa et al. [283]

Luteolin 7-O-rutinoside 594.51 C27H30O15
Luteolin 4′-O-glucoside OMWW 448.37 C21H20O11 11.48 b Benincasa et al. [283]

Rutin

leaves
OMWW

deffated olives

olive pomace

610.52 C27H30O16

110 b

110 b

3.3 a

770–11,048 b,c

48.52 b

Ladhari et al. [284]

Alu’datt et al. [281]
Uribe et al. [286]
Zhao et al. [282]

Benincasa et al. [283]
Hesperidin deffated olives 610.56 C28H34O15 7.4 a Alu’datt et al. [281]

Quercetin

leaves
OMWW
OMSW

deffated olives

302.24 C15H10O7

4390 b

1060 b

37 b

5.7 a

Ladhari et al. [284]

Alu’datt et al. [281]

Apigenin 270.24 C15H10O5 7–469 b,c Benincasa et al. [283]
Zhao et al. [282]

Apigenin 7-O-glucoside 432.38 C21H20O10 55–1345 b,c Zhao et al. [282]

* OMWW—olive mill wastewater, ** olive mill solid waste, a percentage of total phenolic content based on peak
areas, b expressed in mg/g dry weight, c depending on the methods of extraction.
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Polyphenols also occur in the leaves [287]. These compounds confer bioactive proper-
ties on olive leaf extracts, such as antioxidant, antimicrobial, and antitumor activity; the
capacity to reduce the risk of coronary heart disease was also reported [288]. Olive leaves
can be collected as a by-product during oil processing (about 10% of the total weight of
the olives) but can also be a residue of olive tree pruning. Some authors estimated that
about 25 kg of by-products (twigs and leaves) could be obtained annually by pruning per
tree [289]. To date, this by-product is often used as animal feed, even if this natural resource
rich in antioxidant phenolic compounds should be valorized [290].

The qualitative and quantitative content of phenolic compounds is often heteroge-
neous in olive by-products; however, several studies reported the bioactive properties of
these phenolic compounds, promising potential as antioxidant, anti-inflammatory, and
antimicrobial agents. The antioxidant activities of olive mill wastewater and olive pomace
have been demonstrated by different antioxidant assays as DPPH radical-scavenging ac-
tivity, superoxide anion scavenging, LDL oxidation, and the protection of catalase against
hypochlorous acid [281,291,292]. An overview of the pharmacology of olive oil and its ac-
tive ingredients has been reported by Visioli et al. [293]. Recently, a novel stable ophthalmic
hydrogel containing a polyphenolic fraction obtained from olive mill wastewater was
formulated [294]. Among olive polyphenols, hydroxytyrosol is one of the main phenolic
compounds; it can occur in its free form or as secoiridoids (oleuropein and its aglycone).
For its polarity, it is more abundant in olive mill wastewater and pomace rather than in
olive oil. Anticancer, antioxidant, and anti-inflammatory properties have been reported for
hydroxytyrosol [295,296]. In vitro antioxidant and skin regenerative properties have been
reported by Benincasa et al. [297].

Moreover, the polyphenol fraction obtained from olive mill wastewater showed ac-
tivities against bacteria, fungi, plants, animals, and human cells; antibacterial activities
against several bacterial species (Staphylococcus aureus, Bacillus subtilis, Escherichia coli and
Pseudomonas aeruginosa) have been reported by Obied et al. [298]. Fungicidal activities have
also been reported [299]. Moreover, the effects of phenolic compounds from olive waste
on Aspergillus flavus growth and aflatoxin B1 production were investigated [300,301]. The
olive mill wastewater polyphenols did not inhibit the Aspergillus flavus fungal growth rate
but significantly reduced the aflatoxin B1 production (ranging from 88 to 100%) at 15%
concentration [302].

Finally, cytoprotection of brain cells by olive mill wastewater has been studied by Schaffer
et al. [303]. The cytoprotective effects were correlated to the content of hydroxytyrosol.

These studies showed the numerous beneficial and bioactive activities of polyphenols
fraction obtained by olive by-products; for their use, it is often carried out an appropri-
ate fractionation and/or purification to control their concentration and to avoid some
antagonist effects.

Various valuable properties and the newest studies on the application of biologically
active compounds derived form olive waste are presented in Table 21.

Table 21. Biological activity and potential applications of phytochemicals obtained from olive waste.

Material Extract/Compound Biological Activity/Application References

olive leave extract

- antioxidant, antimicrobial
- antitumor activity

- reduction of the risk of coronary
heart disease

Taamalli et al. [288]

OMWW * phenolic extract - antioxidant activity
- DPPH radical-scavenging activity Kreatsouli et al. [291]

pressed olive cake phenolic compounds

- superoxide anion scavenging
- LDL oxidation

- the protection of catalase against
hypochlorous acid

Alu’datt et al. [281]
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Table 21. Cont.

Material Extract/Compound Biological Activity/Application References

Olive oil mill waste
SFE extract and ethanol

extract (hydroxytyrosol as
the main compound)

- antioxidant activity
- DPPH radical-scavenging activity
- application as an antioxidant act

against peroxidation of virgin olive
and sunflower oils

Lafka et al. [292]

OMWW polyphenolic fraction - formulation of ophthalmic hydrogel
containing a polyphenolic fraction Di Mauro et al. [294]

dried olive mill
wastewater polyphenols

- application as ingredients
in the food industry for obtaining

functional and nutraceutical foods, as
well as in the pharmaceutical

industry

Benincasa et al. [297]

OMWW polyphenol fraction

- antibacterial activities against
Staphylococcus aureus, Bacillus subtilis,

Escherichia coli, and Pseudomonas
aeruginosa

Obied et al. [298]

- fungicidal activities Yangui et al. [299]

olive leaves and olive
pomace phenolic compounds

- ability as antimicrobial, antifungal,
antitoxigenic to reduce aflatoxigenic

fungi hazard and its aflatoxins
- application as a manufacturing
process, like, food supplement or

preservatives

Abdel–Razek et al. [300]

olive leaves IR extract

- antiradical activity
- antioxidant activity

- inhibition of the growth of
Aspergillus flavus and production of

aflatoxin B1
- inhibition of 20 strains of

Staphylococcus aureus

Abi–Khattar et al. [302]

OMWW hydroxytyrosol cytoprotection of brain cell Schaffer et al. [303]

* OMWW—olive mill wastewater.

3. Conclusions

The ever-increasing amount of processed food raw materials entails an increasing
amount of biowaste. Their management has become a growing problem. The consulted liter-
ature shows that discussed waste still contains valuable ingredients, medicinally important
phytochemicals, and good antioxidants, so it is very important to valorize them. Currently,
the recovery of different valuable phytochemicals from agro-industrial waste has become an
imperative research area among the scientific community because agro-industrial residues
of plant materials are a cheap and natural source of bioactive compounds, which can be
used in the prevention and treatment of various diseases. Despite many studies on the
valuable properties and potential applications, still, not many solutions are implemented
in the industry. This is probably caused by legislation that can affect the valorization of
such waste biomass. There are not many regulatory and legal provisions for their use. In
the European Union, the use of agricultural residues as food ingredients is regulated by the
European Community Regulation (EC) No 178/2002. However, in order to use them as
natural additives, proper authorization as a novel food is necessary (Regulation (EC) No
2015/2283) [304]. There is no doubt that the industrial application of the extracts needs to
be regulated.

According to the circular bioeconomy and biorefinery concept, food waste should be
recycled inside the whole food value chain from field to fork in order to formulate functional
foods and nutraceuticals. Nonetheless, it is important to implement environmentally
friendly industrial extraction procedures. Moreover, despite so many above reports, there
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is still a need for human and animal studies, as well as studies in the field in the case of
plants, to confirm the protective effect of such phytochemicals against diseases.

Taking into account the European Union’s emphasis on the development of a circular
economy and reducing the carbon footprint, it is expected that the effective application of
these wastes will be carried out and that regulations will be developed in accordance with
needs.
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158. Savatović, S.; Cetkovic, G.; Canadanovic-Brunet, J.; Djilas, S. Tomato waste: A potential source of hydrophilic antioxidants. Int. J.
Food Sci. Nutr. 2012, 63, 129–137. [CrossRef] [PubMed]

159. Nour, V.; Ionica, M.E.; Trandafir, I. Bread enriched in lycopene and other bioactive compounds by addition of dry tomato waste. J.
Food Sci. Technol. 2015, 52, 8260–8267. [CrossRef]

160. Abid, Y.; Azabou, S.; Jridi, M.; Khemakhem, I.; Bouaziz, M.; Attia, H. Storage stability of traditional Tunisian butter enriched with
antioxidant extract from tomato processing by-products. Food Chem. 2017, 15, 476–482. [CrossRef]

161. Trombino, S.; Cassano, R.; Procopio, D.; Di Gioia, M.L.; Barone, E. Valorization of tomato waste as a source of carotenoids.
Molecules 2021, 26, 5062. [CrossRef]

162. Ho, K.K.; Ferruzzi, M.G.; Liceaga, A.M.; San Martin-Gonzales, M.F. Microwave-assisted extraction of lycopene in tomato peels:
Effect of extraction conditions on all-trans and cis-isomer yields. LWT-Food Sci. Technol. 2015, 62, 160–168. [CrossRef]

163. Horuz, T.I.; Belibagli, K.B. Encapsulation of tomato peel extract into nanofibers and its application in model food. Food Process.
Preserv. 2019, 43, e14090. [CrossRef]

164. Hernández-Carranza, P.; Ávila-Sosa, R.; Guerrero-Beltrán, J.A.; Navarro-Cruz, A.R.; Corona-Jiménez, E.; Ochoa-Velasco, C.E.
Optimization of antioxidant compounds extraction from fruit by-products: Apple pomace, orange and banana peel. J. Food
Process. Preserv. 2016, 40, 103–115. [CrossRef]

165. Afsharnezhad, M.; Shahangian, S.S.; Panahi, E.; Sariri, R. Evaluation of the antioxidant activity of extracts from some fruit peels.
Casp. J. Environ. Sci. 2017, 15, 213–222.

166. Kabir, M.R.; Hasan, M.M.; Islam, M.R.; Haque, A.R.; Hasan, S.K. Formulation of yogurt with banana peel extracts to enhance
storability and bioactive properties. J. Food Process. Preserv. 2021, 45, e15191. [CrossRef]

167. Chaudhry, F.; Ahmad, M.L.; Hayat, Z.; Ranjha MM, A.N.; Chaudhry, K.; Elboughdiri, N.; Asmari, M.; Uddin, J. Extraction
and Evaluation of the Antimicrobial Activity of Polyphenols from Banana Peels Employing Different Extraction Techniques.
Separations 2022, 9, 165. [CrossRef]

168. Rebello LP, G.; Ramos, A.M.; Pertuzatti, P.B.; Barcia, M.T.; Castillo-Muñoz, N.; Hermosín-Gutiérrez, I. Flour of banana (Musa
AAA) peel as a source of antioxidant phenolic compounds. Food Res. Int. 2014, 55, 397–403. [CrossRef]

169. Behiry, S.I.; Okla, M.K.; Alamri, S.A.; El-Hefny, M.; Salem, M.Z.; Alaraidh, I.A.; Ali, H.M.; Al-Ghtani, S.M.; Monroy, J.C.; Salem,
A.Z. Antifungal and antibacterial activities of Musa paradisiaca L. peel extract: HPLC analysis of phenolic and flavonoid contents.
Processes 2019, 7, 215. [CrossRef]

170. Kandasamy, S.; Ramu, S.; Aradhya, S.M. In vitro functional properties of crude extracts and isolated compounds from banana
pseudostem and rhizome. J. Sci. Food Agric. 2016, 96, 1347–1355. [CrossRef] [PubMed]

171. Avram, I.; Gatea, F.; Vamanu, E. Functional Compounds from Banana Peel Used to Decrease Oxidative Stress Effects. Processes
2022, 10, 248. [CrossRef]

172. Nofianti, T.; Ahmad, M.; Irda, F. Comparison of antihyperglycemic activity of different parts of klutuk banana (Musa balbisiana
colla). Int. J. Appl. Pharm. 2021, 13, 57–61. [CrossRef]

173. Vu, H.T.; Scarlett, C.J.; Vuong, Q.V. Encapsulation of phenolic-rich extract from banana (Musa cavendish) peel. J. Food Sci. Technol.
2020, 57, 2089–2098. [CrossRef]

174. Buendía-Otero, M.J.; Jiménez-Corzo, D.J.; Caamaño De Ávila, Z.I.; Restrepo, J.B. Chromatographic analysis of phytochemicals in
the peel of Musa paradisiaca to synthesize silver nanoparticles. Rev. Fac. De Ing. Univ. De Antioq. 2022, 103, 130–137. [CrossRef]

96



Molecules 2023, 28, 342

175. Padam, B.S.; Tin, H.S.; Chye, F.Y.; Abdullah, M.I. Banana by-products: An under-utilized renewable food biomass with great
potential. J. Food Sci. Technol. 2014, 51, 3527–3545. [CrossRef] [PubMed]

176. Vani, R.; Bhandari, A.; Jain, Y.A. Inhibition Effects Of Banana And Orange Peel Extract On The Corrosion Of Bright Steel In Acidic
Media. In IOP Conference Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2021; Volume 1065, p. 012029.
[CrossRef]

177. CSO (Central Statistical Office in Poland). Production of Agricultural and Horticultural Crops in 2021. 2022. Available
online: https://stat.gov.pl/en/topics/agriculture-forestry/agricultural-and-horticultural-crops/production-of-agricultural-
and-horticultural-crops-in-2021,2,6.html (accessed on 29 June 2022).

178. Fernandes, P.A.; Ferreira, S.S.; Bastos, R.; Ferreira, I.; Cruz, M.T.; Pinto, A.; Coelho, E.; Passos, C.P.; Coimbra, M.A.; Cardoso, S.M.;
et al. Apple pomace extract as a sustainable food ingredient. Antioxidants 2019, 8, 189. [CrossRef] [PubMed]

179. Uyttebroek, M.; Vandezande, P.; Van Dael, M.; Vloemans, S.; Noten, B.; Bongers, B.; Porto-Carrero, M.; Unamunzaga, M.M.; Bulut,
M.; Lemmens, B. Concentration of phenolic compounds from apple pomace extracts by nanofiltration at lab and pilot scale with a
techno-economic assessment. J. Food Process Eng. 2018, 41, e12629. [CrossRef]

180. Barreira, J.C.; Arraibi, A.A.; Ferreira, I.C. Bioactive and functional compounds in apple pomace from juice and cider manufacturing:
Potential use in dermal formulations. Trends Food Sci. Technol. 2019, 90, 76–87. [CrossRef]

181. Waldbauer, K.; McKinnon, R.; Kopp, B. Apple pomace as potential source of natural active compounds. Planta Med. 2017, 83,
994–1010. [CrossRef]

182. Li, W.; Yang, R.; Ying, D.; Yu, J.; Sanguansri, L.; Augustin, M.A. Analysis of polyphenols in apple pomace: A comparative study
of different extraction and hydrolysis procedures. Ind. Crops Prod. 2020, 147, 112250. [CrossRef]
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Abstract: Numerous fungal plant pathogens can infect fresh fruits and vegetables during transit and
storage conditions. The resulting infections were mainly controlled by synthetic fungicides, but their
application has many drawbacks associated with the threatened environment and human health.
Therefore, the use of natural plants with antimicrobial potential could be a promising alternative to
overcome the side effects of fungicides. In this regard, this study aimed at evaluating the antifungal
activity potential of saffron petal extract (SPE) against three mains important fungal pathogens:
Rhizopus stolonifer, Penicillium digitatum and Botritys cinerea, which cause rot decay on the tomato,
orange and apple fruits, respectively. In addition, the organic composition of SPE was characterized by
attenuated total reflection Fourier transform infrared (ATR-FT-IR) spectroscopy and its biochemical,
and gas chromatography-mass spectrometry (GC-MS) analyses were carried out. The obtained results
highlighted an increased inhibition rate of the mycelial growth and spore germination of the three
pathogenic fungi with increasing SPE concentrations. The mycelial growth and spore germination
were completely inhibited at 10% of the SPE for Rhizopus stolonifer and Penicillium digitatum and at
5% for B. cinerea. Interestingly, the in vivo test showed the complete suppression of Rhizopus rot by
the SPE at 10%, and a significant reduction of the severity of grey mold disease (37.19%) and green
mold, when applied at 5 and 10%, respectively. The FT-IR spectra showed characteristic peaks and a
variety of functional groups, which confirmed that SPE contains phenolic and flavonoid components.
In addition, The average value of the total phenolic content, flavonoid content and half-maximal
inhibitory concentration (IC50) were 3.09 ± 0.012 mg GAE/g DW, 0.92 ± 0.004 mg QE/g DW and
235.15 ± 2.12 µg/mL, respectively. A volatile analysis showed that the most dominant component in
the saffron petal is 2(5H)-Furanone (92.10%). Taken together, it was concluded that SPE could be used
as an alternative to antioxidant and antifungal compounds for the control of postharvest diseases
in fruits.

Keywords: saffron petal extracts; antifungal effect; postharvest diseases; biochemical analysis;
GC-MS; FT-IR

1. Introduction

Saffron (Crocus sativus L.) is one of the most valuable medicinal plants worldwide.
The flowers of the saffron are a combination of six petals, three stamens, and three red
stigmas [1]. The dried red stigma of the saffron flowers is one of the most expensive
spices in the world [2,3]. It is widely used as a spice and as a coloring and flavoring
agent in the preparation of various foods, cosmetics preparation and disease treatments.
The saffron is also well known for its pharmacological benefits, such as antioxidant [4],
anti-inflammatory [5], antihypertensive and hypolipidemic [6], antidepressant [7] and
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antitumor activities [8]. Recently, a new study demonstrated its anti-inflammatory and
antiviral potential against severe COVID-19 symptoms [9].

In saffron production, great amounts of floral bio-residues are generated (92.6 g per
100 g of flowers). For every kilogram of the produced spice, about 63 kg of floral bio-
residues are generated (about 53 kg of petals, 9 kg of stamens, 1 kg of styles, 1500 kg of
leaves,100 kg of spathes and 100 kg of corms [10]). The saffron petal, as a by-product, is
available for free and produced in large amounts, compared to the saffron stigma; but in
general, they are not used as a food component and are thrown away after harvesting [11] or
used to feed domestic animals [12] (Moshiri et al., 2006). Diverse compounds are identified
in saffron petals, such as the phenolic content and antioxidant activity [13]. Flavonols, such
as kaempferol, quercetin, isorhamnetin, and anthocyanins, such as delphinidin, petunidin
and malvidin, are isolated from the saffron petals [14].

Several properties of the saffron floral bio-residues have been demonstrated, such
as antityrosinase [15], antidepressant [12], antinociceptive and anti-inflammatory activi-
ties [16], antifungal and cytotoxic against tumor cell lines [17], arterial pressure reducer [18]
and antibacterial [19]. Therefore, saffron petals might be considered as an appropriate
source for different purposes. Regarding the toxicity of saffron petals, the toxicity of the
stigma is greater than the petals (the IC50 values of the saffron stigma and petals, in mice,
were 1.6 and 6 g/kg, respectively) [20].

Fruits and vegetables are metabolically active and subjected to senescence changes that
need to be controlled, to maintain their long-term quality and shelf life [21]. Generally, the
postharvest decay of fruit and vegetables is caused by several plant pathogens, in particular
fungi and bacteria, resulting in severe losses during packing and storing [22]. The most
important fungal pathogens the cause postharvest diseases in fruits belong to the Alternaria,
Aspergillus, Botrytis, Fusarium, Geotrichum, Gloeosporium, Mucor, Monilinia, Penicillium, and
Rhizopus genera. These pathogens are mainly controlled using synthetic fungicides, which
have several drawbacks, such as high costs, risks associated with handling, residue persis-
tence on food, and therefore a high risk for human health and the environment [23]. As
a result, consumers tend to look for residue-free products, thereby, farmers are shifting
towards natural alternatives, to protect their fruit during the storing period.

Plants produce several secondary metabolites that have a biocidal action against
postharvest pathogens [24]. These compounds are associated with the plant immune
system and can play an important role as fungal inhibitors [25]. Numerous studies have
highlighted the antimicrobial properties of natural plant extracts, basically due to their
richness, with different classes of phenolic compounds [26]. In this regard, Kaveh [27]
reported that the phytochemical composition of saffron petals and stigma was flavonoids,
anthocyanins, alkaloids, carbohydrate glycosides, tannins, terpenes, steroids and saponins,
which are useful in extending the shelf life of fresh-cut fruits, such as the watermelon [27].
Therefore, this study aims to evaluate the antifungal activity of saffron petal extracts (SPEs)
in controlling postharvest diseases in fruit caused by Rhizopus stolonifer, Penicillium digitatum
and Botrytis cinerea. In addition, the ATR-FTIR, GS-MS and biochemical analysis were
performed to decipher the organic and chemical profiling of SPE.

2. Results
2.1. Antifungal Activity of the Saffron Petal Extract (SPE) on the Mycelial Growth

The effect of the SPE on the mycelial growth of R. stolonifer was revealed to be signifi-
cant (p < 0.05) (Figure 1). The four SPE concentrations significantly reduced the mycelial
growth with inhibition rates ranging from 37.62 to 100%. A complete inhibition was ob-
tained with 10% of the SPE, which was comparable to that obtained with the fungicidal
difenoconazole (1 ppm). Additionally, the IC50 value was determined using the linear
regression equation (y = 8.007x + 19.23; R2 = 0.99). The estimated IC50 was 3.84%.
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Figure 1. Effect of the saffron petal extract on the mycelial growth of postharvest fungal pathogens R.
stolonifera (A), P. digitatum (B) and B. cinerea (C). The different letters (a–d) represent the statistically
significant differences between the concentrations, according to Duncan‘s test (p < 0.05).

The impact of the SPE on the mycelial growth of P. digitatum was evaluated (Figure 1).
All tested concentrations showed a significant reduction of the mycelial growth. The inhibi-
tion rate increased with the increasing SPE concentration with the percentage ranging from
37.06 to 100%. The complete inhibition was obtained with the highest concentration of the
SPE (10%). This result was comparable to that obtained with the fungicidal difenoconazole
(1 ppm). Furthermore, the IC50 value was 3.91%, according to the linear regression curve
(y = 8.312x + 17.46, R2 = 0.95).

Regarding the effect of the SPE on the mycelial growth of B. cinerea, the results evi-
denced the same trend (Figure 1). The effect was significant with inhibition rates ranging
from 25.96 to 100%. The highest inhibition rate (100%) was observed at 5% of the SPE and
it was statistically comparable to that of the fungicidal difenoconazole (1 ppm). Moreover,
the IC50 value was 1.56%, according to the linear regression equation (y = 15.04x + 26.45,
R2 = 0.96).

2.2. Antifungal Activity of the Saffron Petal Extract (SPE) on the Spore Germination

The possible effect of the SPE on the spore germination of postharvest fungal pathogens
was also evaluated (Figure 2). The effect was revealed as significant (p < 0.05). The in-
hibition rates of the spore germination of R. stolonifer ranged from 46.04 to 100%, with
the highest rate observed at 10% of the SPE. The IC50 was 2.06%, according to the linear
regression equation (y = 6.481x + 36.63; R2 = 0.98).
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Figure 2. Effect of the saffron petal extract on the spore germination of postharvest fungal pathogens.
R. stolonifera (A), P. digitatum (B) and B. cinerea (C). The different letters (a–d) represent the statistically
significant differences between the concentrations, according to Duncan‘s test (p < 0.05).

Concerning the impact of the SPE on the spore germination of P. digitatum, the results
presented in Figure 2 denote a significant difference in the inhibition rates of the spore
germination, with respect to the SPE concentrations (p < 0.05). The inhibition rates ranged
from 48.09 to 99.47%. The spore germination was completely inhibited at the concentration
of 10% SPE after 24 h of incubation. A similar result was obtained with the fungicidal
difenoconazole. Furthermore, the IC50 was 2.07%, according to the linear regression
equation (y = 6.11x + 37.28; R2 = 0.96).

Likewise, the effect of the SPE on the spore germination of B. cinerea was significant
(Figure 2). The highest inhibition rate (79.70%) was obtained with 5% of the SPE and the
fungicidal difenoconazole (100%). The IC50 was 0.66, based on the linear regression curve
(y = 7.20x + 45.24; R2 = 0.96).

2.3. Effect of the Saffron Petal Extract on the Rot Decay Development

To confirm the effectiveness of the SPE in controlling the rot decay in fruit, trials were
conducted and the disease severity was determined for each fungi (Figure 3). The results
showed that the SPE at 2, 3 and 5% reduced the severity of R. stolonifer to 63.75, 62.66 and
57.96%. While, at 10% of the SPE, the disease was completely controlled (0% severity). This
result was similar to that obtained with difenoconazole (1 ppm).

For green mold on the orange, the obtained results underlined a slight reduction in
the disease severity, when compared with the untreated control. The highest reduction rate
was registered at 10% of the SPE with 66.55%. This result was lower than that obtained
with the fungicidal difenoconazole, which completely inhibited the disease development.
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Figure 3. Effect of the saffron petal extract on the development of rot decay caused by R. stolonifer
(A)on the tomato, P. digitatum (B) on the orange and B. cinerea (C) on the apple fruit. The different
letters (a–d) represent the statistically significant differences between concentrations, according to
Duncan‘s test (p < 0.05).

The disease severity, due to B. cinerea on the apple, was significantly reduced with
reduction rates varying from 75.12 to 37.19%. The highest reduction rate was obtained with
5% of the SPE.

2.4. Chemical Composition
2.4.1. FTIR Analysis of the Organic Composition

The ATR-FTIR spectrum was used to identify the functional groups of the active
components of the SPE. The obtained ATR-FTIR spectrum of the SPE sample is shown in
Figure 4. The results showed distinct peaks characteristic of the functional groups. These
functional groups were identified for the saffron petals, based on the literature [28–31]. The
absorption band at 3300 cm−1 corresponds to the stretching vibration of the O-H hydroxyl
group (water or phenol and alcohol). The characteristic absorption bands at 2922 and
2850 cm−1 were attributed to the asymmetrical and symmetrical C-H stretch vibrations
of methylene [32]. The band at 1733 cm−1 is due to the stretching of the carbonyl and
ester groups. The band at 1607 cm−1 is assigned to the –C=C group and conjugated C=O
group. Other characteristic vibrations of the saffron petals, attributed to the monoterpenes,
are located at 1408 and 1370 cm−1. In addition, the spectrum showed the strong band at
1016 cm−1, associated with the presence of the carbohydrates group. The intensity of the
bands, in ascending order, was 0.05 (3300 cm−1), 0.043 (1016 cm−1), 0.042 (2918 cm−1),
0.035 (2850 cm−1), 0.023 (1607 and 1370 cm−1), 0.22 (1409 cm−1), 0.021 (1640 cm−1) and
0.018 (1733 cm−1). The band at 3300 cm−1 was mainly associated with the effect of the
antioxidant and antifungal, while other bands were related to the lipid acyl chains, carbonyl
ester group, phenolic, aromatic groups and the presence of cell wall components (Table 1).
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Figure 4. Averaged ATR-FTIR spectrum of the saffron petal powder in the mid-infrared region
(4000–800 cm−1). This IR spectrum is an average of three replicates, each one corresponding to the
accumulation of 128 scans.

Table 1. Assignment (tentative) of the infrared bands observed in the saffron petal powder, based on
the literature [31,32].

Wavenumber (cm−1) Group Characteristics

3300 O-H str. of the hydroxyl group Hydroxyl of the phenolic compounds
2918 C-H str. (asym) of CH2 Aliphatic C-H from the lipid acyl chains
2850 C-H str. (sym) of CH2 from Aliphatic C-H from the lipid acyl chains
1733 C-O stretching vibration Carbonyl ester group (lipid)

1640 C=O and C=C stretching vibratons of cis-alkene Carboxylic groups, hemicellulose or amide groups in
proteins

1607 –C=C group of alkenes and conjugated C=O group Aromatic group, phenolic ring, pectin ester group
1408 C-H stretching Aromatic group
1370 CH2 scissors vibration Xyloglucan, cellulose
1016 C-O stretchings Pectins

2.4.2. Total Phenolic, Flavonoid Contents and the DPPH Radical Scavenging Activity

The total phenolic, flavonoid contents and the DPPH radical scavenging activity in the saf-
fron petal extract was quantified (Table 2). The average value of the total phenolic and flavonoid
contents and the half-maximal inhibitory concentration (IC50) were 3.09 ± 0.012 mg GAE/g
DW, 0.92 ± 0.004 mg QE/g DW and 235.15 ± 2.12 µg/mL, respectively.

Table 2. Average levels of the total phenolic content, total flavonoid content and the DPPH radical
scavenging activity.

SPE

Total Phenolic (mg
GAE/g DW) TFC (mg QE/g DW) DPPH (IC50) (µg/mL)

3.09 ± 0.012 0.92 ± 0.004 235.15 ± 2.12
Values are the means of three independent replicates.
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2.4.3. Volatile Composition: GC-MS

In order to identify the volatile compounds in the SPE, GC-MS chromatography was
performed. The obtained results are listed in Table 3 and show that the most dominant
component in the volatile fraction is 2(5H)-Furanone (92.10%). The safranal (3.56%) and
limonene (1.48%) were also identified at low levels. In addition, other compounds were
also found in trace amounts (Table 3).

Table 3. List of identified volatile compounds in the saffron petal by GC-MS.

Compound Cas Number RI Lit RI Calculated % Peak Area

2(5H)-Furanone 497-23-4 951 920 92.10
Limonene 138-86-3 1029.5 1033 1.48

Phenylethyl alcohol 60-12-8 1114.9 1120 0.70
3,5,5-trimethyl-3-cyclohexen-1-one 471-01-2 1429 1128 0.52

2,6,6-trimethyl-2-cyclohexene-1,4-dione 1125-21-9 1142 1150 0.51
Safranal 116-26-7 1201 1204 3.56
Carvone 99-49-0 1242 1227 0.53
Thymol 89-83-8 1290.1 1293 0.61

RI lit: The RI theoretical value was found in Pherobase in the same column.

3. Discussion

The control of postharvest pathogens of fruits and vegetables is mainly achieved by
applying fungicides in pre/postharvest periods, which might have several disadvantages,
such as the persistence of residues on fruits, which is a high risk for human health and the
environment, the high cost and the appearance of fungicide resistant strains in the pathogen
population [23]. In this study, the effect of the saffron petal extract was investigated for the
control of postharvest diseases in fruits as a potential alternative strategy to replace the use
of chemicals. It was known that plants are capable of producing a range variety of secondary
metabolites that have antifungal activities against major postharvest pathogens [24]. These
compounds are associated with the immune plant system and can play a major role as
fungal inhibitors [25]. The saffron petal is the main by-product of Crocus sativus, that
is produced in large quantities and is known for its several properties, particularly its
antimicrobial potential, which could be a good alternative for controlling postharvest fungal
infections. Furthermore, the antifungal effect of the saffron petal extract was evaluated
against three most important fungal pathogens causing postharvest damage to the tomato,
orange and apple.

To the best of our knowledge, there is currently no report on the ability of the saffron
petal extract to suppress postharvest diseases. The promising findings from this study
showed a great inhibitory effect of the petals of the saffron, suggested that the saffron petal
extract might have metabolites with a higher antifungal activity against R. stolonifer on
the tomato and a moderate significant reduction of grey mold on the apple and a slight
inhibition of green mold on the orange. These findings evidenced that the saffron petal
extract has antifungal [17] and antimicrobial effects [27]. In this regard, our in vitro trials
showed that the mycelial growth and spore germination of R. stolonifer and P. digitatum
were completely inhibited at 10% of the petal extract. Interestingly, the growth of B. cinerea
was inhibited at 5% of the SPE. Previous studies demonstrated the ability of plant extracts
to reduce postharvest fungal diseases [24]. Jasso de Rodríguez et al. [33] reported that
the mycelial growth of R. stolonifer was completely stopped at 3 g/L of the Flourensia spp
extract. A similar result was obtained in another study in which the complete inhibition of
the spore germination of P. digitatum and B. cinerea was observed when the pomegranate
peel aqueous extract was used at a concentration of 12 g/L after 20 h of incubation [34].
Furthermore, Gholamnezhad [35] highlighted the in vitro efficacy of seven plant extracts
(neem, fennel, lavender, thyme, pennyroyal, salvia and asafetida) to reduce the mycelial
growth of B. cinerea [35]. Interestingly, our results showed that the inhibition rate of the
mycelial growth and spore germination increased with the increasing SPE concentrations,

109



Molecules 2022, 27, 8742

regardless of the fungal species. These results were confirmed by the in vivo trials in
which the disease severity was reduced with the increasing SPE concentration. López-
Anchondo et al. [36] found that the antifungal effect is proportional to the increase in the
concentration of the extract and the Prosopis glandulosa extract had an antifungal index of
55% for R. stolonifer. Interestingly, the SPE at 10%, completely suppressed the disease in
artificially injured and inoculated fruit by R. stolonifer (0% severity) and result was similar
to the fungicidal difenoconazole (1 µg/mL). The SPE had no phytotoxic effect on the tissues
of the tomato fruit. This finding is very interesting, compared to other studies conducted
using other plant extracts. Lopez-Anchondo et al., 2020 found that the application of
the P. glandulosa extract displayed less efficiency in controlling the Rhizopus species [36].
Moreover, our results demonstrated that applying the SPE at 5%, significantly reduce the
disease severity of grey mold (37.19%) on the apple, compared to the untreated control in
which the disease severity reached 100%. In a similar study, Gholamnezhad [35] found
that the Azadirachta indica methanolic and aqueous extracts, applied at 25%, significantly
reduced the disease on the wounded area by 52 and 89%, respectively, compared to the
control [35]. Surprisingly, a slight reduction of the disease severity, due P. digitatum, was
obtained at 10% of the SPE.

In order to understand the mechanisms by which the SPE control postharvest fungal
pathogens, a series of chemical analyses were undertaken in this study. Among them, the FT-
IR spectroscopy, which is an effective tool to detect different chemical components in food
products [37,38]. The obtained results revealed that the SPE has potent antifungal properties,
which may be attributed to the presence of many chemical components, including phenols-
alcohols (O-H), aromatic group and monoterpene composites (C-H), which can be the main
chemical compounds that affect the biological activity of saffron petals. This result was
confirmed by the phytochemical quality of the SPE, which highlighted the implication of
the phenolic and flavonoid components contained in the SPE in its microbial activity. The
phenolic contents are highlighted as very powerful antimicrobial agents that exert a direct
effect by neutralizing the microbial systems and damaging the hyphae [39]. Anthocyanins
are responsible for the attractive color of the saffron petals, among which delphinidin,
petunidin and malvidin glycosides represent 30% of the total content of the phenolic
compounds in the petals [1]. Likewise, De Leon-Zapata et al. [40] reported that the fungal
inhibition is correlated to the concentration of the bioactive compounds of the tarbush leaf
extract, and especially to the gallic acid and flavonoids [38]. They found that, in vitro, the
highest inhibition mycelial growth of R. stolonifer was 67.40% at 4 g/L.

Flavonoids are important constituents of plants because of the scavenging ability con-
ferred by their hydroxyl groups. The flavonoids may contribute directly to anti-oxidative
and antimicrobial actions [41]. Indeed, Termentzi and Kokkalou [42] found that the saf-
fron petal is a good potential source of quercetin, kaempferol and naringenin, which are
relatively highly resistant flavonols to thermal degradation [42]. In addition, saffron petals
have been shown to have a higher antioxidant activity and their beneficial effects, de-
rived from phenolic compounds, are usually attributed to their antioxidant activity [43,44].
These results are consistent with several previous studies [13,18,45]. In addition, several
volatile compounds were found in the SPE, of which furanone is the most predominant.
Interestingly, a previous study evidenced the biological activity of furanone against some
germs [46]. Similarly, several studies reported that a large number of halogenated furanones
and related synthetic analogues, were later discovered to inhibit the biofilm formation in a
variety of pathogens [47–49]. Therefore, the richness of the SPE with furanone might explain
its higher antifungal activity in this study. Ultimately, compounds of natural origin with
an antifungal activity are present in several plants [50]. The plant activity is determined
by the plant genotype and depends on their chemical composition, which is influenced
by several factors, including environmental conditions and geographical location [51].
The mechanisms of action by which plant extracts suppress the growth of postharvest
fungal pathogens, are multiple and include the disturbances in the cell membrane function,
the disruption of the energy activity and damage of the cytoplasmic membrane [52]. In
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addition, a previous study conducted by Ma et al. [53] also focused on the control of B.
cinerea by using honokiol, a poly-phenolic compound obtained from Magnolia officinalis.
It was found that honokiol significantly inhibited the mycelial growth and reduced the
virulence of B. cinerea. It was demonstrated also that honokiol altered the mitochondrial
membrane potential with the accumulation of the reactive oxygen species. Moreover, some
key genes involved in the fungal pathogenicity have their expression down-regulated. In
a recent study, Mastino et al. [54] underlined that the phenolic compounds represent a
rich source of protectants and biocides, which can be used as alternative strategies for the
control of postharvest diseases in fruits [54]. Rubio-Moraga et al. [55] pointed out that
saponins and phenolic compounds could be responsible for the fungicidal activity detected
in internal parts of the corms, against five fungi [55]. According to Zhang et al. [56], The
effectiveness of the antifungal activity of the plant extracts is correlated with the extraction
process, particularly the interaction between the solvent and the raw material, which allows
its dissolution and separation from the solid matrix, depending on the solvent/solid ratio,
particle size, temperature and the timing of the extraction [56]. Furthermore, the use of in-
novative processing techniques, such as microwave-assisted extraction, ultrasound-assisted
extraction and ohmic heating assisted extraction, was proved to have a substantial effect
on the antifungal activity of the jackfruit extract against fungal pathogens Colletotrichum
gloeosporioides and Penicillium italicum [57]. Thereby, natural molecules generated by the
plant present many advantages for the consumer because it protects against toxic sub-
stances produced, either by postharvest fungal pathogens or biocontrol antagonists, and
therefore they present an additive food for human health [58].

4. Materials and Methods
4.1. Collection and Preparation of the Saffron Petal Aqueous Extract

The dry saffron petals were collected in November 2021 after pruning the harvest from
a saffron farm in Serghina/Boulmane. The petals are placed in an oven at 37 ◦C to drive
out the humidity. The saffron petals were crushed using an automated grinder and then
stored until use. For the in vitro test, different concentrations (0.5, 1, 2, 3, 5, 7, and 10%) of
the appropriate amount of the powder were added to 100 mL of distilled water, to achieve
the desired concentration. The suspensions obtained were brought to a boil, filtered and
mixed with potato dextrose agar (PDA). Then, they were autoclaved for 20 min at 121 ◦C,
before being distributed into 9 cm diameter Petri dishes [52–54].

4.2. Fungal Pathogens

The fungal pathogens used to assess the efficacy of the aqueous extract of the saffron
petals were P. digitatum, B. cinerea and R. stolonifer, which were provided by the laboratory
of the Department of Plant Protection and Environment, Phytopathology Unit, Ecole
Nationale d’Agriculture, Meknes, Morocco. Prior to the testing, the sub-fungal isolates
were subcultured on a potato dextrose agar medium (PDA). The spore suspension was
obtained by scraping the fungus and mixing it with 20 mL of sterile distilled water (SDW).
The resulting liquid was filtered through a sterile filter, to remove the hyphal fragments
and medium debris after centrifugation.

4.3. Fruit Preparation

Navel oranges (Lane late), Golden delicious apples and tomatoes were used to study
the in vivo effects of the saffron petal extract on green rot caused by P. digitatum, and gray
rot caused by B. cinerea and Rhizopus rot, respectively. All fruits were bought from the
local market in the town of Meknes. They were washed, disinfected with 2% (v/v) sodium
hypochlorite, rinsed three times in sterile distilled water and then air dried for 1 h at room
temperature under a laminar flow cabinet. Once dried, two artificial wounds (4 mm in
diameter and 3 mm in depth) were performed on both equatorial sides of each fruit with a
sterile cork-borer [59].
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4.4. Antifungal Activity of the Saffron Petal Extract (SPE) on the Mycelial Growth

The agar dilution method was used to determine the ability of the saffron petal extract
to inhibit the mycelial growth of P. digitatum, B. cinerea and R. stolonifer. The saffron
petal extract was tested at different concentrations: 0.5, 1, 2, and 5% for B. cinerea, 2, 5, 7
and 10% for P. digitatum, and 2, 3, 5 and 10%, and for R. stolonifer. Each Petri plate was
aseptically inoculated with each pathogen, using a 5 mm mycelium taken from a 7-day-old
colony. The Petri dishes were sealed with parafilm and incubated at 25 ◦C for 5 days. The
pathogens cultured in PDA without the extract, served as a control. Each treatment was
repeated three times and the antifungal activity that was expressed as the inhibition rate
was compared to the control and was calculated after 5 days of incubation, according to the
following formula:

Mycelial growth inhibition rate (MGI) = [(colony diameter on control treatment − colony diameter on SPE treatment)/colony diameter on control treatment] × 100

4.5. Effect of the Saffron Petal Extract on the Spore Germination

The method used to study the effect of the saffron petal extract on the spore ger-
mination of each fungus consisted of mixing the spore suspension (1 × 104 spores/mL)
with each aqueous extract concentration at an equal volume (1 v/1 v) as following: 0.5,
1, 2, and 5% for B. cinerea, 2, 5, 10, and 12% for P. digitatum, and 2, 3, 5, and 10% for R.
stolonifer. The control consisted of using the same amount of spore suspension without the
plant extract. The mixtures were incubated at 24 ◦C in sterile micro-centrifuge tubes. The
spore germination was examined under a light microscope after 24 h. At least 100 spores
were observed for each replicate at 40× magnification. The inhibition rate of the spore
germination was determined, according to the following formula:

GI (%) = [(Gc − Gt)/Gc)] × 100

where, Gc and Gt represent the mean number of the germinated spores in the control and
treated tubes, respectively.

4.6. Effect of the Saffron Petal Extract on the Rot Decay Development

The in vivo test consisted of treating the disinfected and wounded fruits with 50 µL
of the plant extract at different concentrations. Following 2 h of incubation at room
temperature, under a laminar flow cabinet, each wound was inoculated with 20 µL of
the spore suspension concentrated at 1 × 104 spores/mL. The fruits treated with sterile
distilled water (SDW) and difenoconazole fungicide (15 µL/10 mL) were served as controls.
The treated fruits were weighed and placed in plastic bags and incubated in darkness at
24 ◦C with 95% relative humidity (RH). Two experiments were performed over time with
three replicates for each concentration. Then, 7 days later, the disease severity (%) was
calculated for all treatments (plant extract, water control and fungicide control), according
to the following formula:

Disease Severity (%) = [(average lesion diameter of treatment/average lesion diameter of control)] × 100

4.7. Chemical Composition Analysis of the Saffron Petal
4.7.1. FTIR Analysis

A ground and homogenized saffron petal sample was scanned in the wavelength
range of 4000–400 cm−1 with a spectral resolution of 4 cm−1 using the FTIR spectrometer
(PerkinElmer, Waltham, MA, USA) and the characteristic peaks and their functional groups
were detected. The FTIR peak values were recorded. The analysis was repeated three times
and the averaged spectrum was used.
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4.7.2. Determination of the Total Phenolic and Flavonoid Contents and the DPPH Radical
Scavenging Activity

The total phenolic and flavonoid contents were determined for the SPE concentration
10 mg/mL. The extraction was based on a method previously described by Ghanbari
et al. [60] using methanolic solutions of the extract.

The total phenolic content (TPC) of the saffron petal extract was determined by a
colorimetric method, based on the procedure described by Ghanbari et al. [60]. Briefly,
0.5 mL of extract was added to 2.5 mL of Folin–Ciocalteu (FC) reagent (1:10) and incubated
for 5 min at room temperature. Then, 2 mL of 7.5% sodium carbonate solution was added.
Once shaken, the mixture was incubated in a hot water bath at 45 ◦C for 15 min. Finally,
the absorbance was recorded at 765 nm. The results were expressed as mg of the gallic acid
equivalent (GAE/g sample dry weight (DW)).

The total flavonoid content was measured by the aluminium chloride method using
quercetin as a standard and described by Ghanbari et al. [60]: 0.3 mL of 5% NaNO2 solution
was added to 0.5 mL of the methanolic extract. The mixture was incubated in the dark at
room temperature for 6 min. Thereafter, 0.6 mL of 10% AlCl3 was added and incubated for
5 min. Finally, 3 mL of NaOH 1M was added, and the final volume was adjusted to 10 mL
with distilled water. The absorbance was read at 510 nm after 15 min incubation. The total
flavonoid content values were expressed as mg of the quercetin equivalent (QE) per g DW.

The methanolic DPPH solution 0.5 mM (1.5 mL) was added to 0.75 mL of prepared 50,
100 and 300 µg/mL extract concentrations [60,61]. Then, 20 min later, the absorbance was
determined at 517 nm with 80% methanol as blank. The same concentrations of ascorbic
acid were used as a positive control. The percentage of the inhibition was determined,
according to the following formula: Inhibition rate (%) = ((A control − A sample)/A
control) × 100, where A sample is the absorbance value of the sample and A control is the
absorbance of the control. Following the calculation of the percentage of the inhibition, a
linear regression model was established, based on the concentration and percentage of the
inhibition.

4.7.3. GC-MS Analysis

The volatile components analysis of the saffron was carried out using gas chromatography-
mass spectrometry (GC-MS) equipped with an Agilent 7890A system (A.01.01, Wilmington,
DE, USA) and a mass selective detector 5975 Network MSD and coupled to a MPS automatic
sampling system, as described previously by Naim et al. [62]. The chromatographic separation
was performed on a HP-5MS capillary column (30 m × 0.25 mm, film thickness 0.17 mm), and
the following temperature program was used: 60 ◦C held for 3 min, then increased to 210 ◦C at a
rate of 4 ◦C/min, then held at 210 ◦C for 15 min, then increased to 300 ◦C at a rate of 10 ◦C/min,
and finally held at 300 ◦C for 15 min. Helium was used as the carrier gas at a constant flow of
1 mL/min. For the quantification, the results are presented as a percentage of the peak area,
considering a response factor of the fiber. Mass Hunter Version B.06.00 (Agilent Technologies)
was used for the data acquisition and processing. The identification of the components was based
on the comparison of the obtained mass spectrum with those from the commercial databases
(NIST17 and Wiley) and by comparison with the retention index (RI) of each peak from the
literature (Pherobase). The experimental retention index (RI) of the compounds were calculated
following the injection of a mixture of n-alkanes C8-C20 (Sigma Aldrich, Darmstadt, Germany).

4.8. Statistical Analysis

The statistical analysis was performed using SPSS V25 software (version 25, IBM SPSS
Statistics 20, New York, NY, USA) and the datasets were expressed as the mean ± standard
deviation. Duncan’s multiple analysis was used for the means separation at a significance
level of p ≤ 0.05. The linear regression equation of the mycelial growth and the spore ger-
mination inhibition rates versus the logarithmic of the SPE concentrations were performed
to calculate the half-maximal effective concentration (IC50).
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5. Conclusions

In this study, the chemical composition analysis of the saffron petal extract was
carried out and its antifungal activity was investigated. In light of these findings, it was
concluded that the SPE could be used to reduce postharvest fruit infections caused by
fungal pathogens, such as R. stolonifer, B. cinerea and P. digitatum. The antifungal activity
of the SPE might be explained by its antioxidant power and its richness in phenolic and
flavonoid contents. In addition, the use of the SPE does not present any risks to both the
user and consumer. Therefore, this study has shed light on new opportunities of using the
SPE to control postharvest fruit infections and could be used as an alternative to chemical
products. However, further investigations are needed to assess the effectiveness of the SPE
to control fungal plant diseases in large-scale trials.
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Abstract: In our study, Allium subhirsutum L. (AS) was investigated to assess its phenolic profile and
bioactive molecules including flavonoids and organosulfur compounds. The antioxidant potential
of AS and wound healing activity were addressed using skin wound healing and oxidative stress
and inflammation marker estimation in rat models. Phytochemical and antiradical activities of AS
extract (ASE) and oil (ASO) were studied. The rats were randomly assigned to four groups: group
I served as a control and was treated with simple ointment base, group II was treated with ASE
ointment, group III was treated with ASO ointment and group IV (reference group; Ref) was treated
with a reference drug “Cytolcentella® cream”. Phytochemical screening showed that total phenols
(215 ± 3.5 mg GAE/g) and flavonoids (172.4 ± 3.1 mg QE/g) were higher in the ASO than the ASE
group. The results of the antioxidant properties showed that ASO exhibited the highest DPPH free
radical scavenging potential (IC50 = 0.136 ± 0.07 mg/mL), FRAP test (IC50 = 0.013 ± 0.006 mg/mL),
ABTS test (IC50 = 0.52 ± 0.03 mg/mL) and total antioxidant capacity (IC50 = 0.34 ± 0.06 mg/mL).
In the wound healing study, topical application of ASO performed the fastest wound-repairing
process estimated by a chromatic study, percentage wound closure, fibrinogen level and oxidative
damage status, as compared to ASE, the Cytolcentella reference drug and the untreated rats. The
use of AS extract and oil were also associated with the attenuation of oxidative stress damage in the
wound-healing treated rats. Overall, the results provided that AS, particularly ASO, has a potential
medicinal value to act as effective skin wound healing agent.

Keywords: Allium subhirsutum L.; wound-healing activity; antioxidant potential; inflammatory
marker; oxidative stress

1. Introduction

Wound healing is a complicated and dynamic physiological process in response to
tissue impairment [1]. It is a fundamental connective tissue response [2] to tissue impair-
ment through three phases, including hemostasis and inflammation, proliferation and
remodeling [3]. Cutaneous wound healing involves several mediators, such as fibroblasts,
endothelial cells, blood cells, interactions with extracellular phases and granulation tissue
remodeling phases [4,5]. Furthermore, reactive oxygen species (ROS) are produced in
response to cutaneous injury, and act as cellular messengers to stimulate several physi-
ological processes, such as cytokine action, cell motility and angiogenesis [4]. However,
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cutaneous injury affects the healing process by the overproduction of ROS and the perturba-
tion of various enzymatic and non-enzymatic antioxidant defenses [6], particularly during
the inflammatory phase [7]. Long-term instability and high concentration of ROS may
cause cellular injury by damaging both proteins and membrane lipids, the perturbation
of antioxidant enzymes and the breakdown of the nucleic acids, particularly DNA [8,9].
Higher concentrations of intracellular ROS might eventually lead to angiogenesis patho-
logical damage, promoting inflammation [10,11], which makes blood flow and nutritional
requirements unable to meet the needs of wound healing [12].

Many antioxidants in medicinal plant extracts are used to eliminate the negative
effects of ROS-associated pathologies and/or injuries including wound healing [11,13,14].
Over the years, medicinal plants have been used to develop a variety of formulations
that combat injuries such as wounds, burns and cuts [15]. Several ethno-medicinal plants
have been used for medicinal applications thanks to their wide biological activities and
medicinal applications due to counteracting oxidative stress potential, lesser costs and
high safety margins [16–18]. Plant extracts are known to exhibit many pharmacological
properties (anti-hyperlipidemic, anti-proliferative, and immunomodulatory, etc.) through
the multitude amounts of natural polyphenolic antioxidants [17–19].

Garlic species are used as dietary supplements and an important ingredient for cook-
ing in many parts of the world and their application in medicinal remedy has also increased
its popularity [11,17,20]. Garlic species are known to have diverse biological activities,
particularly due to their antioxidant properties. Allium subhirsutum L. is an aromatic plant
known since antiquity. It was investigated in terms of its potential antioxidant components
such as flavonoids and polyphenols [10,11,21]. Previous studies reported that it is a poten-
tial source of anticancer and antioxidant molecules [16]. It is a very rich source of valuable
compounds, such as polyphenols, vitamins, flavonoids, carotenoids and carbohydrates [17].
Experimental studies showed that garlic phenolic compounds and flavonoids may pro-
mote epithelialization and stimulate new tissue growth, fluid handling and moist wound
healing [22]. As regards to its pharmacological properties, garlic has been revealed to
display antidiabetic, hepatoprotective, antimicrobial, renoprotective, immunomodulatory
and anti-inflammatory properties [23].

Furthermore, garlic is also rich in different bioactive compounds like allicin, glu-
tathione diallyl sulfides [24] and important minerals (selenium, manganese and zinc)
which encourage its consumption. Pre-treatment with garlic significantly reduced levels
of ROS, lipid peroxidation and DNA damage, and thus enhanced the antioxidant sys-
tem [11,25]. Recent studies [26] revealed that the application of bioactive molecules with
antioxidant activities improved wound healing and protected against oxidative damage.
Wound care medicinal plants in the form of ointment could ameliorate wound healing and
tissue repair with minimal side effects [27]. Previous studies reported that infections in the
locations of injured skin are the main reasons for mortality in hospitalized patients with ex-
tensive burns [28]. For that reason, the application of plant medicinal preparations as local
ointment with considerable antimicrobial effects can significantly reduce the risk of burn
wound infections and alleviate the period of treatment [29]. Garlic has been reported to
accelerate wound contraction rate, validated by a significant improvement and an increase
in the rate of wound closure and a reduction in the time taken by the granulation tissue
and inflammatory marker levels to fall [30].

With these considerations, the current study aimed to evaluate wound healing activity
of AS extract and oil, using a skin wound healing rat model via the estimation of oxidative
stress and anti-inflammatory parameters. This research on the antioxidants and in vivo
biological activities of AS can improve its commercial value and help to develop new
nutritional and health products.
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2. Results & Discussion
2.1. Phytochemical Analysis

In the current study, the phytochemical analysis of Allium subhirsutum L. extract and
oil showed their richness in phenolic and flavonoid compounds. Furthermore, higher
contents of polyphenols and flavonoids confirmed the presence of these biomolecules
in ASO.

Total polyphenols, flavonoids and tannins of Allium subhirsutum L. extract and oil were
calculated according to the calibration curves and the phytochemical amounts are shown in
Table 1. Phytochemical screening showed that total polyphenol (215 ± 3.5 mg GAE/g) and
flavonoid (172.4 ± 3.1 mg QE/g) amounts are higher in the ASO than the ASE. However,
the total tannin level was higher (387.5 ± 17.2 mg QE/g) in the ASE than ASO, in which
it was not detected. Total polyphenols, flavonoids and tannins of Allium subhirsutum L.
extract and oil were calculated according to the calibration curves (see Supplementary
Figure S1). The richness in phenolic and flavonoid compounds have been highlighted
in Allium subhirsutum by previous studies, including those realized by our team [11,17].
Nevertheless, the variations in such compounds might be related to the region of the
plant collection.

Table 1. Amounts of total phenolic components, flavonoids, tannins and IC50 for the DPPH scavenging activity, ferric
reducing antioxidant power (FRAP), ABTS antioxidant activity and total antioxidant capacities (TAC) of Allium subhirsutum
L. extract and oil. Ascorbic acid was used as standard.

Samples
and

Parameters

Total
Polyphenols a

(mg GAE/g) b

Flavonoids a

(mg EQ/g) c
Tannins a

(mg EQ/g)
DPPH a

IC50 (mg/mL)
FRAP a

IC50 (mg/mL)
ABTS a

IC50 (mg/mL)

Total
Antioxidant
Capacity a

(mg VitC/g) d

A. subhirsutum L.
extract 63.8 ± 2.36 41.7 ± 3.4 387.5 ± 17.2 0.20 ± 0.004 0.05 ± 0.004 0.54 ± 0.04 0.45 ± 0.09

A. subhirsutum L.
oil 215 ± 3.5 172.4 ± 3.1 ND 0.136 ± 0.07 0.013 ± 0.006 0.52 ± 0.03 0.34 ± 0.06

Ascorbic acid — — — 0.118 ± 0.006 0.08 ± 0.004 0.09 ± 0.09 0.124 ± 0.002
a: Data represent the mean ± SEM of three experiments; b: mg of gallic acid equivalent/g of dry plant extract; c: mg of quercetin
equivalent/g of dry plant extract; d: mg Vitamin C equivalent/g of dry plant extract; ND: not detected; —: not tested.

2.2. Antioxidant Potential Analysis

The antioxidant properties of the extract and oil of Allium subhirsutum L. were assessed
via several approaches: scavenging activity on DPPH free radicals, reducing power, total
antioxidant activity assay by ABTS and total antioxidant capacity. The results are summa-
rized in Table 1. The antioxidant activities of the studied Allium subhirsutum L. extract and
oil were compared with vitamin C as a standard antioxidant. The Allium subhirsutum L. oil
exhibited the highest DPPH free radical scavenging potential (IC50 = 0.136 ± 0.07 mg/mL),
FRAP test (IC50 = 0.013 ± 0.006 mg/mL), ABTS test (IC50 = 0.52 ± 0.03 mg/mL) and total
antioxidant capacity (IC50 = 0.34 ± 0.06 mg/mL), as compared to Allium subhirsutum L.
extract. The results revealed an important difference of the DPPH, FRAP, ABTS and total
antioxidant capacity tests between the standard vitamin C and the different extracts. Fur-
thermore, the Allium subhirsutum L. extract and oil showed potential antioxidant activities
as compared to vitamin C; thus, it is able to scavenge superoxide and peroxyl radicals.

Antioxidant activities as estimated by DPPH free radicals, reducing power, total an-
tioxidant activity assay and total antioxidant capacities in ASO explain the ROS scavenging
capacity, but it was less than the standard vitamin C. The antioxidant status of ASO is re-
lated to the major active components such as organosulfur molecules and their derivatives.
Many garlic supplements such as garlic oil macerate, garlic oil, dehydrated garlic powder
and aged garlic extract are currently commercially available [31].
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2.3. Wound Closure
2.3.1. Chromatic Study

Considering the medicinal application of Allium subhirsutum L. and the in vitro antiox-
idant activity, the plant was further evaluated for skin lesion potential, particularly burns
and wounds. Several garlic species have been evaluated in different animal models and
were reported to display cutaneous wound healing [32].

The wound healing activity was checked by a chromatic assessment based on the
progressive variations of both wound color and surface during the experimental study. The
different phases of cicatrization of all studied groups are shown in Figure 1.
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Figure 1. Photographic illustrations of wound healing process in the different experimental groups on 1, 3, 7, 9 and 11 days
post-wounding.

The selected days (1, 3, 7, 9 and 11) correspond to the wound induction day, the
epithelialization progress and the inflammatory evolution. The wounds’ photographic
representations denoted a similar surface and colored wound areas in the first three days
for the different studied groups of rats. The photographs of the wound revealed a bright
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red color during the first day that turned dark red on the third day, which proves blood
clot formation. By the seventh day of wound healing, a large inflammatory bulb in the
control group was noted, while the wound surfaces of Allium subhirsutum L. extract and
oil-treated and Cytolcentella-treated rats were smaller. From the ninth day, in the rats
treated with ASO and Cytolcentella (Ref group), the crusts began to fall off revealing a
red granulated tissue, which characterized completed epithelialization around the 11th
day. The process was exhibited at the eleventh day to the complete wound closure in the
ASO and Cytolcentella reference drug groups. However, the Allium subhirsutum L. extract
and control group wounds showed residual scabs and healed slower. The closure was
uncompleted in the control and Allium subhirsutum L. extract-treated groups.

The wound photographic representations of the treated groups ASO and Cytolcentella
reference drug showed better and more advanced epithelial regeneration when compared
to the control group (group I). This faster wound closure of Allium subhirsutum L. oil, as
compared to the ointment by Cytolcentella reference drug, could presumably be due to
the richness of Allium subhirsutum L., particularly polyphenols and flavonoids, and with
several other bioactive compounds (sulfur-rich compounds), as demonstrated by Badraoui
et al. [17] Previous findings [11,17,33] revealed that polyphenols play a key role in the
proliferation of epithelial cells and the regulation of angiogenesis.

2.3.2. Effect of Allium Subhirsutum L. Extract and Oil on Percentage Wound Closure

The changes in the percentage of wound closure in control, Allium subhirsutum L.
extract and oil, and the reference drug “Cytolcentella” groups were followed on some
selected days (Figure 2).
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The Allium subhirsutum L. extract and oil group displayed a marked wound-healing
potential as compared to the untreated group and the Cytolcentella reference drug group.
However, the Allium subhirsutum L. extract showed a lower wound-healing process as
compared to the Allium subhirsutum L. oil and Cytolcentella reference drug groups. On
days 9 and 10, a rapid reduction in wound area of the Allium subhirsutum L. oil group was
observed (p < 0.01), which was comparable to the Cytolcentella reference drug group.

The reference group showed the strongest wound contraction rate throughout healing
days and complete healing of the wound (100%) was observed on the 11th day, while the
Allium subhirsutum L. extract and oil group showed 81.25% and 87% healing on same day,
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respectively. It was also noticed that no comparable wound area evolution was observed
between the ASO, ASE and Cytolcentella groups on the first 3 days.

Additionally, the morphometric assessment exhibited an increased wound contraction
rate of the wounds following ASO and the Cytolcentella reference drug treatment as
compared to the untreated group. Previous research using an aqueous extract of garlic
(Allium sativum) showed a higher percentage of burn wound contraction in rats treated
with 0.4% garlic topical cream (88.1%) than those treated with cream base (70.3%) [28]. This
rapid wound closure may be attributed to an increase in fibroblast activity, which is crucial
for normal wound contraction.

2.3.3. Effect on Inflammatory Marker

The inflammatory marker of different groups was analyzed to determine the level
of fibrinogen (Figure 3), which is known as an inflammatory protein. An increased level
of this protein revealed a condition of inflammation. Fibrinogen content was found to
be significantly alleviated in Allium subhirsutum L. oil (p < 0.001) and the Cytolcentella
reference drug (p < 0.01) groups, followed by Allium subhirsutum L. extract (p < 0.01) as
compared to control group.
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The results confirmed reduced levels of the inflammatory marker (fibrinogen content)
on topical treatments with ASO and ASE as compared to the control group and the reference
drug Cytolcentella group. The present study corroborates previous findings [11,34], which
notified that phenolic compounds have the potency to attenuate the inflammatory markers
as well as pro-inflammatory cytokines, which accelerate the mechanism of collagenation
and maturation of granulation tissue.

2.4. Oxidative Stress Profile

Recent findings have shown that oxidative stress can cause cell damage [9,35–37] and
delay wound healing [38]. The formation of free radicals and a low capacity to scavenge
ROS are causative of skin lesions. After an overproduction of ROS, an increase in oxidative
stress markers, as estimated by lipid peroxidation and protein oxidation molecules resulted
in the healing process delay. The attenuation of excessive ROS generation significantly
accelerates the healing process. The cells respond by developing a defense mechanism
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that consists of producing antioxidant enzymes, including superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GPx).

2.4.1. Oxidative Stress Markers of Granulation Tissue

The levels of wound tissues TBARS, CD, AOPP and CP are shown in Table 2. Results
indicated that untreated control rats possessed the highest oxidative stress markers, proving
the presence of an oxidative stress state in these rats. However, the application of either
Allium subhirsutum L. extract and oil or the reference drug Cytolcentella significantly
decreased the levels of TBARS, CD, AOPP and CP in the wound tissues as compared
to control.

Table 2. Effects of Allium subhirsutum L. extract (ASE), Allium subhirsutum L. oil and the reference
drug “Cytolcentella®” on oxidative stress markers of granulation tissue by estimation of TBARS, CD,
AOPPA and CP levels.

Treatment
& Parameters

TBARS
(nmol MDA/mg

Protein)

CD
(µmol/mg
Protein)

AOPP
(µmol/mg
Protein)

CP
(µmol/mg
Protein)

Control 1.38 ± 0.138 0.69 ± 0.04 0.25 ± 0.01 61.37 ± 0.37
ASE 1.08 ± 0.09 * 0.58 ± 0.13 * 0.23 ± 0.003 50.73 ± 1.28 **
ASO 0.91 ± 0.37 * 0.48 ± 0.11 ** 0.21 ± 0.003 * 47.63 ± 1.09 **
Ref 0.82 ± 0.014 ** 0.45 ± 0.01 *** 0.20 ± 0.006 ** 41.80 ± 1.14 ***

The oxidative stress marker parameters: TBARS: Thiobarbituric acid-reactive substances; CD: conjugated dienes;
AOPP: advanced oxidation of protein products; CP: carbonyl protein. Data represent the mean ± SEM for six rats.
Statistically significant variations are compared as follows: ASE, ASO and Ref treated groups compared to control
group. *, ** and *** indicate significant differences when p < 0.05, p < 0.01 and p < 0.001, respectively.

In our experiment, the treatment with ASO and ASE significantly decreased wound
tissue levels TBARS, CD, AOPP and CP as compared to control rats. These results are
in accordance with previous results [11–14,17,39], which reported that plants, specifically
hairy garlic, possessed high antioxidant and free radical-scavenging effects. It may be at-
tributed to the presence of active biomolecules in Allium subhirsutum L. oil which ultimately
cause an antioxidant activity and wound repairing. The availability of bioactive molecules
such polyphenols and flavonoids, and the ROS-scavenging ability of Allium subhirsutum L.
helped in lowering the ROS levels, thus accelerating the wound closure.

2.4.2. Enzymatic Antioxidant Profile of Granulation Tissue

Several studies have shown that enzymatic antioxidant profiles such as SOD, CAT
and GPx scavenge free radicals and prevent oxidative damage.

Antioxidant enzyme profiles (SOD, CAT and GPx) of control and treated rats are
summarized in Table 3. The tissue antioxidant enzymatic activities of the control group
were the lowest. The pre-treatment with Allium subhirsutum L. and the reference drug
Cytolcentella showed a significant increase in the enzymatic activities as compared to the
control group.
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Table 3. Effects of Allium subhirsutum L. extract (ASE), Allium subhirsutum L. oil and the reference
drug “Cytolcentella®” on enzymatic antioxidant profile of granulation tissue by estimation of SOD,
CAT and GPx activities.

Treatment &
Parameters

SOD
(Units/mg
Protein)

CAT
(µmol H2O2/mg

Protein)

GPx
(µmol GSH/min/mg

Protein)

Control 18.47 ± 0.29 50.50 ± 1.18 0.009 ± 0.0006
ASE 21.24 ± 2.71 * 53.07 ± 0.54 * 0.014 ± 0.0081 **
ASO 22.30 ± 3.81 * 57.50 ± 1.85 ** 0.028 ± 0.012 ***
Ref 23.61 ± 0.99 ** 69.61 ± 1.40 *** 0.037 ± 0.0003 ***

The enzymatic antioxidant profile: SOD: superoxide dismutase; CAT: catalase; GPx: glutathione peroxidase. Data
represent the mean ± SEM for six rats in each group. Statistically significant variations are compared as follows:
ASE, ASO and Ref treated groups compared to control group: *, ** and *** indicate significant differences when
p < 0.05, p < 0.01 and p < 0.001, respectively.

In the current study, we observed an increase in SOD, CAT and GPx activities in
the wound area in rats treated with ASO, ASE and the reference drug as compared to
control rats. These results revealed that topical application of Allium subhirsutum L. oil
and extract protected against cellular damage by the stimulation and/or the expression
of the antioxidant enzymes. Our findings are in accordance with the data authored by
Khan et al. [23], in which they reported that Allium sativum oil protected against oxidative
damage in fish exposed to silver nanoparticles (Ag-NPs), and with Zammel et al. [11],
where Allium subhirsutum was found to protect against carrageenan-induced paw edema,
inflammation and oxidative damage in rats.

2.4.3. Correlation Matrix between Phytochemicals of Allium subhirsutum L., Oxidative
Stress, Fibrinogen and Wound Reduction

Table 4 presented the correlation matrix between the antioxidant equivalent markers
(polyphenols, flavonoids, tannins), the oxidative/antioxidative status, the fibrinogen level
and the percentage of wound reduction (on the 11th day of treatment). As shown in
Table 4, this correlation matrix revealed that AOPP oxidative stress marker, SOD and
CAT enzymatic antioxidant activities were positively correlated with the antioxidant
equivalent marker in Allium subhirsutum extract and oil (polyphenols, flavonoids and
tannins), indicating its involvement in the attenuation of oxidative stress damage, as
previously confirmed by several other reports [11,40].

Allium subhirsutum oil protected against oxidative damage as demonstrated by the
SOD and GPx activities which were positively correlated with the polyphenols and
flavonoids contents of ASO. A similar positive correlation was previously observed in
Lonicera caerulea L. polyphenols that alleviated oxidative stress-induced intestinal environ-
ment imbalance and lipopolysaccharide-induced liver injury in high-fat diet-fed rats [41].

Table 4. Correlation matrix between phytochemicals, oxidative stress markers, fibrinogen and wound reduction.

TBARS CD AOPP CP SOD CAT GPx Fibrinogen Wound
Reduction

Parameters
& Groups ASE ASO ASE ASO ASE ASO ASE ASE ASO ASO ASE ASO ASE ASO ASE ASO ASE ASO

Extract
of AS

Polyphenols −0.940 −0.140 0.824 0.037 0.544 −0.323 −0.762 −0.762 0.144 0.999 * −0.762 0.144 −0.961 0.999 * 0.16 −0.55 −0.28 −0.87

Flavonoids 0.630 0.981 −0.806 0.932 0.615 1.000 * −0.362 −0.362 −0.982 −0.296 −0.362 −0.982 0.053 −0.296 −0.98 −0.60 −0.82 0.76

Tannins −0.174 0.787 −0.079 0.884 0.999 * 0.658 −0.942 −0.942 −0.785 0.528 −0.942 −0.785 −0.720 0.528 −0.78 −0.99 * −0.97 0.00

Oil of
AS

Polyphenols −0.859 0.049 0.702 0.225 0.693 −0.138 −0.871 −0.871 −0.045 0.988 −0.871 −0.045 −0.996 0.988 −0.03 −0.70 −0.45 −0.76

Flavonoids −0.940 −0.140 0.824 0.037 0.544 −0.323 −0.762 −0.762 0.144 0.999 * −0.762 0.144 −0.961 0.999 * 0.16 −0.55 −0.28 −0.87

Data represent the values obtained by Pearson correlation analysis. * indicate significant differences when p < 0.05.

3. Materials and Methods
3.1. Plant Material and Extraction

Fresh plant Allium subhirsutum L. cloves was procured from a local market in the Sfax
region, Tunisia in October 2020. The plant specimen was washed under running water
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and skins of the samples were removed. For the extract preparation, Allium subhirsutum L.
cloves were extracted and stirred with methanol at 30 ◦C for one night. Then, a whatmann
filter paper was used to remove the particles. The residue was once more extracted, filtered,
concentrated and stored until further use. The oil extraction was determined using the
application of pressure as described by the method of Arisanu and Rus [42]. By this method,
oil is enhanced by increased mechanical pressure on the oil-bearing material.

3.2. Phytochemical Analysis
3.2.1. Total Phenolic Content

The total phenolic content of the Allium subhirsutum L. extract and oil was measured
using a modified colorimetric Folin–Ciocalteu method [43]. The total phenolic content was
expressed as mg of gallic acid equivalents (GAE) per gram of dry weight.

3.2.2. Total Flavonoid Content

The total flavonoid content was determined by a colorimetric assay using the alu-
minum trichloride method according to Chang et al. [44]. Flavonoid content was expressed
as mg of quercetin equivalent (QE)/gram of extract.

3.2.3. Total Tannins Content

The total tannins content of Allium subhirsutum L. extract and oil were determined as
described by Broadhurst et al. [45] 50 µL of the extract was mixed with vanillin/methanol
(3 mL, 4%). After stirring, 1.5 mL concentrated HCl was added. After 15 min, the ab-
sorbance was measured at 500 nm and the total tannins content was expressed as mg
quercetin equivalent (QE)/gram of extract.

3.3. Antioxidant Potential Analysis
3.3.1. DPPH Free Radical Scavenging Assay

The DPPH• (2,2-diphenyl-1-picrylhydrazyl) free radical scavenging activities of Allium
subhirsutum L. extract and oil were determined using the stable radical 1.1-diphenyl-2-
picrylhydrazyl (DPPH), as previously reported by Kirby and Schmidt [46]. A total of 1 mL
of different extract concentrations (0.06–1.0 mg ×mL−1) in methanol was mixed with 1 mL
of DPPH radical solution in methanol 4% (w/v).

The absorbance of the samples and control solutions were measured at 517 nm against
a blank. The antiradical activity was expressed as IC50 (µg/mL). The inhibition was
calculated as follows:

Free radical DPPH inhibition (%) = 100 × (Acontrol − Asample)/Acontrol

where Acontrol is the absorbance of the control reaction (without the test compound) and
Asample is the absorbance of the test compound. Ascorbic acid was used as a control.

3.3.2. Ferric Reducing Antioxidant Power

The reducing power was assessed using the method described by Oyaizu [47]. Allium
subhirsutum L. extract and oil (0.06–1.0 mg × mL−1) was mixed with 1 mL of sodium
phosphate buffer (200 mM, pH 6.6) and 1 mL of potassium ferricyanide (1%, K3Fe(CN)6).
After incubation at 50 ◦C for 20 min, 1 mL of trichloroacetic acid (10%) was added. The
mixture was then centrifuged for 10 min at 650× g. An amount of 1.5 mL of the supernatant
was mixed with 0.1 mL of ferric chloride (0.1%, FeCl3) and 1.5 mL of deionized water. The
absorbance was read at 700 nm and compared to a blank. The IC50 value (mg × mL−1)
was determined and compared to the ascorbic acid activity, which was used as standard.
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3.3.3. Total Antioxidant Activity Assay by Radical Cation (ABTS+)

The Trolox equivalent antioxidant capacity (TEAC) determines the reduction in 2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid, as previously reported by Re et al. [48]
The antioxidant activity was expressed as mg TE/g extract and the IC50 was determined.

3.3.4. Total Antioxidant Capacities (TAC)

TAC of the plant substances (extract and oil) were assessed by the phosphomolybde-
num method as described by Prieto et al. [49] Briefly, 0.1 mL of methanolic sample solution
was mixed with 1 mL of the reagent solution (0.6 M, 28 mM and 4 mM of sulfuric acid,
sodium phosphate and ammonium molybdate, respectively) and incubated in a boiling
water bath for 90 min at 95 ◦C. After cooling at room temperature, the absorbance was
determined at 695 nm and compared to a bank.

3.4. Wound Healing Assay

Due to its anti-inflammatory and antioxidant potentials, Allium subhirsutum L. extract
and oil were tested for their wound healing in rats.

3.4.1. Animals

A total of 24 male albino Wistar rats weighing between 230–270 g were used for
this study. The rats were purchased from the Faculty of Sciences of Gabes, Tunisia. The
rats were allowed to acclimatize to the housing conditions (22 ± 3 ◦C, 12 h light/dark
cycles and about 42% humidity). The rats were given a standard diet (SICO, Sfax, Tunisia)
and ad libitum. All experiments involving animals were conducted according to the
Ethical Committee Guidelines for the care and use of laboratory animals of our institution
(University of Sfax, Tunisia) and approved by the local committee.

3.4.2. Wound Treatment

After anesthesia (intraperitoneal injection of chloral hydrate), an impression by a
round seal of 1 cm diameter was made on the dorsal thoracic regions of the rats. The skin of
the impressed area (sterilized and shaved before circular wound creation) was superficially
excised to the full thickness to create the wound area [50].

Wounds rats were randomly divided into 4 groups of 6 rats each. Group I was treated
with sterile saline and designated as negative control. Group II was treated with Allium
subhirsutum L. extract (ASE), group III was treated with Allium subhirsutum L. oil (ASO),
and group IV (reference group) was treated with a reference drug “Cytolcentella®” (Ref).

After cleaning the wounds with sterile saline, all treatments using extract and oil of
Allium subhirsutum L. and the reference drug “Cytolcentella®” were topically applied every
two days until sacrifice.

3.4.3. Percentage of Wound Closure Rate

The wound perimeters were traced using transparent paper and the percentage of
the healed area was recorded. The percentage of wound closure was calculated using the
following formula [51]:

Wound closure (%) = (Area of wound on day 0 − Area of wound on nth day)/(area of wound on day 0) × 100

where n represents the number of days, i.e., 3rd, 5th, 7th, 9th and 11th.
The required number of days for complete wound contraction was registered together

with the re-epithelialization progress and the infection evolution were evaluated using
macroscopic images.

3.4.4. Collection of Blood and Tissue

After sacrifice under chloral hydrate anesthesia, blood samples were collected by
cardiac puncture and centrifuged at 2700× g for 15 min for various biochemical parameters,
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such as fribrinogen markers. The skin samples were collected, and the dissected wound
tissue was used for analysis of oxidative damage markers and the enzymatic antioxidant
defense system. For oxidative stress profile studies, each collected wound tissue was
homogenized in TBS buffer (Tris-HCl 50 mM and NaCl 150 mM (1:2, w/v)) at pH 7.4
using an Ultra-Turax homogenizer. After centrifugation at 10,000× g for 15 min at 4◦C, the
supernatant was used to determine the protein content, as described by Lowry et al. [52]

3.4.5. Determination of Inflammatory Markers

Inflammatory markers of treated and control rats were evaluated after the sacrifice by
measuring fibrinogen levels in blood samples. The level of fibrinogen was measured using
a commercial kit obtained from STA Liquid fibrinogen (diagnostica stago), according to the
manufacturer’s instructions.

3.5. Determination of Oxidative Stress Markers of Granulation Tissue
3.5.1. Thiobarbituric Acid Reactive Substances (TBARS)

TBARS was assessed after the sacrifice using the spectrophotometric method described
by Buege and Aust [53]. A total of 375 µL of extract, 150 µL of TBS and 375 µL of TCA 20%
and 1% BHT were mixed to deproteinize the extracts. After centrifugation (1000× g for
10 min), 400 µL of the supernatant were mixed with 80 µL of HCl (0.6 M) and 320 µL of Tris-
TBA (26 mMTris, 120 mM thiobarbituric acid). The optical density was measured at 530 nm.
The TBARS amount was measured using 0.156 mM−1 cm−1 as the extinction coefficient.

3.5.2. Conjugated Diene (CD)

Conjugated diene levels were evaluated after the sacrifice by Halliwell and Gut-
teridge [54]. A total of 25 µL of wound tissue, 3 mL of chloroform and methanol (2:1,
v/v) were mixed and then centrifuged at 3000 rpm for 5 min. An amount of 2 mL of
the supernatant were taken and dried at 45 ◦C overnight. The extract obtained is again
dissolved in 2 mL of methanol. We read the OD at 190 nm.

3.5.3. Advanced Oxidation of Protein Products Levels (AOPP)

The AOPP level was assessed after the sacrifice using the spectrophotometric method
described by Witko et al. [55] Amounts of 200 µL of potassium iodide and 20 µL of acetic
acid were placed in the presence of the sample diluted using 800 µL of PBS. AOPP has
the capacity to absorb at 340 nm in an acid medium. Chloramine-T (0 to 200 µM) used as
standard absorbed at 340 nm in the presence of potassium iodide.

3.5.4. Carbonyl Protein (CP)

The CP was assessed after the sacrifice using the spectrophotometric method described
by Reznick and Packer [56]. A solution of TCA (20%) was added to the samples of the
homogenate in order to precipitate the proteins. Then, a solution of DNPH (10 mM) was
solubilized in HCl (2N) for 1 h at room temperature. The mixture was centrifuged for
15 min at 4 ◦C at 4000× g. The samples were treated with a guanidine–HCl solution (6 M)
and placed in water at a temperature of 37 ◦C for 15 min. The protein carbonyl content
was measured at 370 nm against a guanidine blank using a molar extinction coefficient of
22,000 M 1 cm−1.

3.6. Determination of Enzymatic Antioxidant Profile of the Granulation Tissue
3.6.1. Superoxide Dismutase Activity (SOD)

SOD activity was assessed after the sacrifice using the spectrophotometric method
described by Beyer and Fridovich [57]. The reaction mixture containing 50 mM of the tissue
homogenates was prepared; then, the absorbance was measured at 560 nm and the SOD
activity was expressed as unit per mg of protein (Unit/mg protein).
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3.6.2. Glutathione Peroxidase Activity (GPx)

GPx activity was assessed after the sacrifice using the method described by Flohe and
Gunzler [58] using 5% TCA. After centrifugation at 1500× g for 10 min, the supernatant
was collected. A total of 0.1 mL of the tissue supernatant was mixed with 0.7 mL of
5.50 dithiobis-(2-nitrobenzoic acid) and (DTNB, 0.4 mg/mL) and 0.2 mL of phosphate
buffer (0.1 M pH 7.4). The absorbance was measured at 420 nm and the GPx activity was
expressed as nmoles of GSH/min/mg protein.

3.6.3. Catalase Activity (CAT)

CAT activity was assessed after the sacrifice using the method described by Aebi [59].
Briefly, 20 µL of tissue homogenate was added to 880 µL of H2O2 solution (pH = 7.4),
which contains 0.5 mol/L H2O2 and 0.1 mol/L of phosphate buffer. The principle of
the method is based on monitoring the H2O2 decomposition spectrophotometrically at
290 nm via the absorbance decrease. The extinction coefficient was 0.043/mM−1cm−1

and the enzyme activity was expressed as µmol H2O2 decomposed/min/mg of protein
(µM/min/mg protein).

3.7. Statistical Analysis

All results were expressed as mean ± standard error of the mean (SEM). Differences
were considered statistically significant at p ≤ 0.05. The results were analyzed by one-way
analysis of variance (ANOVA) to assess the comparisons between groups using SPSS for
Windows (version 18).

4. Conclusions

In conclusion both ASE and ASO possessed interesting amounts of polyphenols.
Nevertheless, ASO was shown to contain more flavonoids and polyphenols. These high
levels were associated with good antioxidant potential as assessed by DPPH, FRAP, ABTS
and total antioxidant capacity and experimental wound healing in rats. They were also
associated with better activity in terms of inflammation biomarkers, antioxidant param-
eters and wound healing activity. The latter revealed significantly accelerated both re-
epithelialization and vascularization processes. The polyphenol, flavonoid and tannin
contents of AS paralleled the positive effects on wound healing and the inflammatory reduc-
tion in the wound-healing treated rats. These results confirmed the ethno-pharmacological
potential of Allium subhirsutum and encourage its use in the pharmaceutical industry due
to its promising activity, particularly the oil fraction.

Supplementary Materials: The following are available online. Figure S1. Calibration curves of total
phenolic components, flavonoids and tannins. OD: Optical density.
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Testicular Injury Induced by Cadmium Exposure
Xiaoli Zhu 1,2,3 and Khaled Athmouni 4,*

1 College of Food Science & Institute of Food Biotechnology, South China Agricultural University,
Guangzhou 510642, China

2 College of Food and Biotechnology, Guangdong Industry Polytechnic, Guangzhou 510300, China
3 Research Center for Micro-Ecological Agent Engineering and Technology of Guangdong Province,

Guangzhou 510642, China
4 Laboratory of Animal Ecophysiology, Faculty of Sciences of Sfax, University of Sfax, Sfax 3000, Tunisia
* Correspondence: athmounikhaled1989@gmail.com; Tel.: +216-93242084

Abstract: Opuntia stricta is a rich source of phenolic compounds. This species generally has strong
antioxidant activities in vitro and in vivo. This study aimed to analyze the antioxidant properties
of phenolic compounds isolated from Opuntia stricta, including its radical scavenging activities and
preventive action against Cd-induced oxidative stress in rats. To assess the protection of prickly pear
juice extract (PPJE) against Cd-induced hepato-nephrotoxicity and testicular damage, male albino rats
received PPJE (250 mg kg−1) and/or Cd (1 mg kg−1) by oral administration and injection, respectively,
for five consecutive weeks. The preventive action of PPJE was estimated using biochemical markers
of kidney and liver tissues, antioxidant status, and histological examinations. In the present study, the
lipid peroxidation, protein carbonyls, antioxidant status, and metallothionein levels were determined
in different tissues. The chromatographic analysis indicated that PPJE extract is very rich in phenolic
compounds such as verbascoside, catechin hydrate, and oleuropein. Our results showed that PPJE-
treated rats had significantly (p < 0.05) decreased Cd levels in liver and kidney tissues. In addition,
the administration of PPJE induced a significant (p < 0.05) decrease in lipid peroxidation of 30.5,
54.54, and 40.8 in the liver, kidney, and testicle, respectively, and an increase in antioxidant status
in these tissues. Additionally, PPJE showed a strong ability to protect renal, hepatic, and testicular
architectures against Cd exposure. This study revealed that PPJE protects against the toxic effects of
Cd, possibly through its free radical scavenging and antioxidant activities.

Keywords: antioxidant activity; hepato-nephrotoxicity; HPLC analysis; O. stricta; testicular damage

1. Introduction

Cadmium exposure can enhance oxidative stress in several organs, including kidney
and hepatic tissues [1]. Heavy metals are known to induce carcinogenic toxicity [2] and
adverse effects in humans, causing public health risks. However, they act as a threat to
living organisms since they are highly toxic and accumulate in their body tissues [1]. Never-
theless, liver and kidney tissues perform detoxification and excretion actions. Among these
metals, cadmium (Cd) is a very toxic metal that causes several alterations in human and
animal tissues. Cd toxicity arises from its wide distribution in fertilizer, and consequently
foods, and tobacco smoke [3] and is commonly used in industry development [4]. Usually,
accumulation and intoxication phenomena occur in both liver and kidney tissues. Cd expo-
sure can cause many alterations in kidney cells [2]. In addition, during Cd exposure, this
metal accumulates predominantly in the liver, kidneys, reproductive organs, and tissues [5].
Principally, this heavy metal accumulation increases in both kidney and liver tissues [6].
Several studies have indicated that the mechanisms of toxicity of Cd exposure are: a reduc-
tion in glutathione levels (GSH), alterations in antioxidant enzymes, and enhanced ROS
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production in exposed tissues [7]. This unnatural level of ROS induces lipid peroxidation
and oxidative DNA damage in cells [8]. Moreover, this metal causes several complications,
such as liver and kidney injuries, respiratory diseases, neurological disorders, and testicular
damage [9].

Medicinal plants generally have various preventive actions against several diseases [10].
In addition, the phenolic extracts of medicinal plants can reduce ROS levels in tissues [10].
Additionally, the preventive actions of natural antioxidant molecules against metal that
cause several alterations are usually studied [8]. In recent years, studies on the antioxidant
activities of medicinal plants have increased remarkably due to increased interest in their
potential use as a rich and natural source of antioxidants. Many medicinal plants contain
large amounts of antioxidants such as polyphenols, which can play an important role in
absorbing and neutralizing free radicals, quenching singlet and triplet oxygen, or decom-
posing peroxides. The beneficial health effects of plants are attributed to flavonoids, a class
of secondary metabolites that protect the plant against ultraviolet light and even herbivores.

In addition, cladode juice contains various compounds with high antioxidant po-
tentials, including phenolic compounds, vitamins C and E, b-carotene (provitamin A),
glutathione, etc. [11]. Moreover, several authors have reported that cladode juice exerts pre-
ventive actions against various alterations and enhanced Cd exposure [12]. This preventive
action may be explained by the presence of the flavonoid compound quercetin 3-methyl
ether in cladode extracts, which minimizes ROS levels in cells [13].

In the present study, the preventive action of prickly pear plant extract was evaluated
against Cd toxicity. The prickly pear Opuntia stricta, a member of the Cactaceae family,
is widespread in Mexico, much of Latin America, South Africa, and the Mediterranean
area [14]. Accordingly, several authors have found that prickly pear has various pharma-
cological activities, including anti-proliferative and anti-viral [15], anti-inflammatory [16],
and anti-hyperlipidemic properties [17] and analgesic action [18]. These data make prickly
pear fruits and cladodes perfect candidates for cytoprotective investigations.

Interestingly, there are data in the literature showing that Opuntia extracts can be
considered reliable and safe since no toxicity or only low toxicity has been found in animal
models. An in vivo toxicity study suggests that the oral administration of Opuntia ficus
indica extract at levels up to 2000 mg/kg/day does not cause adverse effects in male and
female rats [19]. In an oral toxicity study, Sharma et al. [20] found that rats given the crude
drug at doses up to 50 mL/kg exhibited no symptoms of toxicity. The crude extracts of
Opuntia genus cladodes showed low toxicity in animal models [21,22].

The present study aimed to evaluate the hepato-nephro and testicular protective
effects of the phenolic extract isolated from O. stricta cladode juice against Cd exposure by
determining kidney, liver, and testicular biomarkers in male Wistar rats.

2. Results
2.1. Phytochemical Determination and Antioxidant Potentials

The amounts of phenolic and flavonoid contents in PPJE are presented in Table 1. The
juice extract of this Cactaceae showed high phenolic (24.71 ± 3.93 mg GAE/g DW) and
flavonoid contents (8.84 ± 0.41 mg QE g−1 extract).

Table 1. Total phenolic content and total flavonoids of juice extract of O. stricta cladode.

Juice Extract of O. stricta Cladode

Total phenol (mg GAE/g DW) 24.71 ± 3.93
Flavonoids (mg QE/g DW) 8.48 ± 0.43

ABTS (µM TE/g DW) 0.061 ± 0.001
Data expressed as average± SD (n = 3) standard deviations. GAE: gallic acid equivalent; QE: quercetin equivalent;
TE: Trolox equivalent; DW: dry weight.

In the present work, the antioxidant activity of O. stricta was estimated by DPPH and
ABTS methods. As shown in Figure 1, the values of DPPH radical scavenging activity
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varied between 20 and 83%. Concerning the ABTS radical scavenging capacity, the juice
extract showed high antioxidant capacity (0.061 µM TE g−1 DW) (Table 1).
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Figure 1. Effects of extracts of O. stricta on in vitro free radicals (DPPH).

2.2. HPLC Analysis of PPJE

The phenolic profile of PPJE is presented in Figure 2. Catechin hydrate, tyrosol,
4HOBenz, verbascoside, rutin, apigenin 7Glu, oleuropein, quercetin, pinoresinol and
apigenin were found in O. stricta. Verbascoside was the major component (3.12 µg g−1),
followed by catechin hydrate (1.43 µg g−1) and oleuropein (1.39 µg g−1). Minor phenolic
compounds included pinoresinol, quercetin, and apigenin (Table 2).
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Table 2. Chemical composition of ethanol extracts from O. stricta cladode juice by HPLC analysis.

Short Name Retention Time (min) Composition (µg/g)

Catechin hydrate 6.71 1.43
Tyrosol 7.06 1.10

4-Hydroxybenzoic acid 7.67 1.34
Verbascoside 8.88 3.12

Rutin 8.15 1.29
Apigenin 7glucoside 10.75 1.10

Oleuropein 11.95 1.39
Quercetin 15.40 0.21

Pinoresinol 15.90 0.11
Apigenin 16.74 0.27

Luteolin-7-Glu Nd Nd
Nd: not detected.

2.3. Effects of PPJE Cd-Induced Damage in Rats
2.3.1. Markers of Hepatic and Nephrotoxicity Toxicity

Cd administration significantly decreased (by 40%) the levels of ALT, AST, and biliru-
bin in the liver compared with the control group after 5 weeks (Table 3). The Cd-treated
rats had significantly (p < 0.05) enhanced plasma levels of creatinine and urea in kidney
tissue as compared to the normal rats. Treatments of rats with PPJE decreased the levels of
AST, ALT, and bilirubin in the liver and creatinine and urea in the kidney compared with
the Cd group.

Table 3. Serum ALT, AST, bilirubin, urea, and creatinine of the studied groups. Control group. Juice
extract (250 mg/kg)-treated rat kidney showing normal appearance of glomeruli. CdCl2 (1 mg/kg)-
treated rat kidney showing tubule glomerular degeneration. CdCl2 + juice extract (250 mg/kg)-
treated rat.

Group ALT AST Bilirubin (µmol/L) Creatinine
(mmol/L)

Urea
(mmol/L)(IU/L) (IU/L) Total Conjugated Unconjugated

Control 22.31 ± 2.31 a 112.42 ± 9.65 a 0.43 ± 0.08 a 0.41 ± 0.07 a 0.02 ± 0.00 a 8.51 ± 0.54 a 38.65 ± 4.65 a

PPJE extract 21.54 ± 1.46 a 114.54 ± 7.64 a 0.38 ± 0.09 a 0.36 ± 0.02 a 0.02 ± 0.00 a 11.31 ± 1.32 a 41.32 ± 7.34 a

CdCl2 43.54 ± 2.14 c 135.76 ± 5.74 c 1.46 ± 0.21 c 1.14 ± 0.06 b 0.32 ± 0.04 c 17.64 ± 2.21 b 65.81 ± 5.67 c

CdCl2 + PPJE extract 28.64 ± 1.65 b 123.54 ± 5.82 b 1.08 ± 0.13 b 0.94 ± 0.07 b 0.14 ± 0.06 b 11.32 ± 1.57 a 51.64 ± 7.07 b

a–c Values having different letters on the same line showed significant differences (p < 0.05).

2.3.2. Enzymatic Antioxidants

The levels of the antioxidant enzymes SOD, CAT, and GPx in the liver, kidney, and
testicular tissues of the experimental animals are given in Tables 4–6. Cd treatment led
to a significant decrease in hepatic SOD, CAT, and GPx (−48.44%, −48.29%, and −6.9%,
respectively) compared to those of the control group. After five weeks of Cd exposure,
levels of enzymatic activity such as SOD, CAT, and GPx in kidney and testicular tissues
were significantly increased compared to the normal group (p < 0.05). Our results indicated
that PPJE-treated rats were able to protect the antioxidant status from Cd toxicity.

140



Molecules 2022, 27, 4972

Table 4. Antioxidant enzyme activities and stress biomarkers levels in liver tissue of the studied
groups. Control rats. PPJE extract (250 mg/kg)-treated rats. CdCl2 (1 mg/kg)-treated rats. CdCl2 +
PPJE extract (250 mg/kg)-treated rats. α: U mg−1 protein; β: µmoles/H2O2 consumed min−1 mg−1

of protein; γ: nmoles GSH min−1 mg−1 of protein; δ: nmoles of MDA g−1 of tissue; ε: nmoles mg−1

of protein.

Control PPJE Extract CdCl2
CdCl2 + PPJE

Extract

SOD α 28.28 ± 3.41 d 27.37 ± 1.74 cd 14.58 ± 2.54 a 23.07 ± 2.04 b

CAT β 37.64 ± 2.45 d 36.85 ± 1.75 c 19.46 ± 1.82 a 31.25 ± 3.05 b

GPx γ 362.33 ± 7.84 d 361.05 ± 7.42 c 337.32 ± 9.64 a 353.61 ± 6.54 b

LPO δ 0.74 ± 0.11 b 0.72 ± 0.08 a 1.34 ± 0.42 d 0.93 ± 0.21 c

Protein carbonyl ε 1.81 ± 0.13 b 1.78 ± 0.21 a 4.37 ± 0.37 d 2.36 ± 0.17 c

a–d—Values having different letters on the same line showed significant differences (p < 0.05).

Table 5. Antioxidant enzyme activities and stress biomarkers levels in kidney tissue of the studied
groups. Control rats. PPJE extract (250 mg/kg)-treated rats. CdCl2 (1 mg/kg)-treated rats. CdCl2 +
PPJE extract (250 mg/kg)-treated rats. α: U mg−1 protein; β: µmoles/H2O2 consumed min−1 mg−1

of protein; γ: nmoles GSH min−1 mg−1 of protein; δ: nmoles of MDA g−1 of tissue; ε: nmoles mg−1

of protein.

Control PPJE Extract CdCl2
CdCl2 + PPJE

Extract

SOD α 41.44 ± 1.47 c 42.24 ± 2.45 c 18.07 ± 1.65 a 34.51 ± 1.84 b

CAT β 51.31 ± 3.14 c 52.62 ± 1.84 c 28.21 ± 2.74 a 41.21 ± 1.87 b

GPx γ 375.31 ± 3.24 d 373.34 ± 5.62 c 342.27 ± 6.04 a 361.07 ± 7.86 b

LPO δ 0.71 ± 0.12 b 0.68 ± 0.08 a 2.31 ± 0.32 d 1.05 ± 0.11 c

Protein carbonyl ε 1.85 ± 0.23 b 1.77 ± 0.32 a 6.34 ± 0.63 d 2.74 ± 0.14 c

a–d—Values having different letters on the same line showed significant differences (p < 0.05).

Table 6. Antioxidant enzyme activities and stress biomarkers levels in testicular tissue of the studied
groups. Control rats. PPJE extract (250 mg/kg)-treated rats. CdCl2 (1 mg/kg)-treated rats. CdCl2 +
PPJE extract (250 mg/kg)-treated rats. α: U mg−1 protein; β: µmoles/H2O2 consumed min−1 mg−1

of protein; γ: nmoles GSH min−1 mg−1 of protein; δ: nmoles of MDA g−1 of tissue; ε: nmoles mg−1

of protein.

Control PPJE Extract CdCl2
CdCl2 + PPJE

Extract

SOD α 38.51 ± 2.07 c 37.65 ± 1.67 c 15.32 ± 0.84 a 27.84 ± 2.23 b

CAT β 47.21 ± 2.54 c 48.74 ± 1.67 c 24.82 ± 3.75 a 38.74 ± 2.34 b

GPx γ 365.31 ± 2.31 c 364.43 ± 4.08 c 338.72 ± 5.72 a 357.63 ± 3.65 b

LPO δ 0.65 ± 0.42 a 0.66 ± 0.11 a 2.23 ± 0.22 c 1.32 ± 0.08 b

Protein carbonyl ε 1.64 ± 0.34 a 1.63 ± 0.21 a 5.54 ± 0.37 c 2.86 ± 0.42 b

a–c—Values having different letters on the same line showed significant differences (p < 0.05).

2.3.3. Lipid Peroxidation and Protein Oxidation Indices

Cd exposure induced increases in lipid peroxidation (LPO) of 30.5%, 54.54%, and
40.8% in the liver, kidney, and testicle, respectively, compared with the Cd-treated group
(Tables 4–6). In addition, the protein carbonyl contents in the liver, kidney, and testicle
were significantly higher in the Cd-treated group compared with control rats, as shown in
Tables 4–6, respectively. In addition, the administration of ethanolic PPJE (250 mg kg−1)
alone to rats caused a significant reduction in LPO and protein carbonyl levels in these
different organs.
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2.3.4. Effects of Cd Exposure on MT Concentration in Rat Liver and Kidney

Metallothionein is widely considered a sensitive marker of oxidative stress. The
metallothionein concentrations in the liver and kidney tissues were enhanced in the Cd-
treated group compared with untreated rats (Figure 3a,b). Additionally, the present study
indicated that the treatments of ethanolic PPJE (250 mg kg−1) significantly decreased the
MT concentration in both organs when compared with Cd-treated rats.
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Figure 3. Effect of juice extract of O. stricta on Cd-induced changes in the levels of metallothionein in
the liver (a) and kidney (b) of control and experimental rats. Group 1: Normal rats. Group 2: Juice
extract (250 mg/kg)-treated rats. Group 3: CdCl2 (1 mg/kg)-treated rats. Group 4: CdCl2 + juice
extract (250 mg/kg)-treated rats. Values are mean ± SD for 6 rats in each group. Bars not sharing a
common superscript letter (a, b, c) differ significantly at p < 0.05 (Duncan).

2.3.5. Cadmium Estimation

The Cd concentrations in hepatic and kidney tissues are given in Table 7. The results of
the ANOVA test showed that Cd content in these organs was significantly higher (p < 0.05)
than that in normal rats. The amount of Cd content varied among different groups and
ranged from 0.01 to 0.46 µg g−1 w.t.w in the liver, whereas this metal varied between 0.01
and 1.34 µg g−1 w.t.w in kidney tissue. The highest Cd concentration was measured in
the Cd group. In contrast, the administration of PPJE extract (250 mg kg−1) decreased the
concentrations of Cd in liver and kidney tissues when compared to the Cd-treated group.

Table 7. Effect of O. stricta juice extract on Cd content in liver and kidney tissues. Control rats. PPJE
extract (250 mg/kg)-treated rats. CdCl2 (1 mg/kg)-treated rats. CdCl2 + PPJE extract (250 mg/kg)-
treated rats.

Groups
Cd Concentration µg g−1 Dry Mass

Liver Kidney

Control 0.01 ± 0.00 a 0.01 ± 0.00 a

PPJE extract 0.01 ± 0.00 a 0.01 ± 0.01 a

CdCl2 0.46 ± 0.05 c 1.34 ± 0.08 c

CdCl2 + PPJE extract 0.24 ± 0.03 b 0.97 ± 0.07 b

a–c—Values having different letters on the same line showed significant differences (p < 0.05).

2.4. Effects on Histopathological Changes

The histopathological changes in the liver and kidneys are presented in Figures 4 and 5, re-
spectively. The liver and kidneys of controls showed normal morphologies (Figures 4a and 5a,
respectively). In contrast, treatment with Cd alone produced focal hepatocyte swelling,
vacuolation and inflammation (leukocyte infiltration), focal proximal tubule degeneration
(Figure 4c), and glomerular swelling (Figure 5c) in the kidneys. Administration of PPJE

142



Molecules 2022, 27, 4972

(250 mg kg−1) preserved the morphology and also restored the architectures of the liver
and kidney tissues (Figures 4d and 5d, respectively).
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Figure 4. Representative photographs from the liver showing the protective effect of juice extract
against Cd-induced hepatic damage in rats (H&E 40×). (a) Normal rat liver showing normal hepatic
parenchyma and intact central vein. (b) Juice extract (250 mg/kg)-treated rat liver showing normal
appearance of hepatocytes around the central vein. (c) CdCl2 (1 mg/kg)-treated rat liver showing
extensive degeneration of hepatocytes with focal necrosis, vacuolated cytoplasm, inflammatory cell
infiltration, and damaged central vein. (d) CdCl2 + juice extract (250 mg/kg)-treated rat liver showing
near-normal hepatic architecture and normal histological features.
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Figure 5. Representative photomicrographs of section from kidney. (a) Control group. (b) Juice extract
(250 mg/kg)-treated rat kidney showing normal appearance of glomeruli. (c) CdCl2 (1 mg/kg)-
treated rat kidney showing tubule glomerular degeneration. (d) CdCl2 + juice extract (250 mg/kg)-
treated rat kidney showing near-normal kidney architecture and normal histological features. All
sections were stained with hematoxylin/eosin; 400× for all panels.
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After 5 weeks of Cd exposure, the histopathological examination of testicular tissues
showed testicular alterations comprising edematous vasculitis and stromal hemorrhage.
Many seminiferous tubules were edematous and undergoing degeneration. Spermato-
genesis was almost absent (Figure 6c). In the control and juice extract alone groups, the
histology was similar (Figure 6a,b). In rats co-treated with Cd and juice extract, a significant
reduction in the restoration of spermatogenesis in most of the seminiferous tubules was
observed (Figure 6d).
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Figure 6. Microscopic evaluation of testicular tissue from juice extract of O. stricta alone, Cd and juice
co-treated groups at 5 weeks (H&E 400): (a) Control group. (b) Juice extract (250 mg/kg)-treated group
showing that the seminiferous tubular cells and interstitial tissue were normal. (c) Section of testes
from rats treated with Cd (1 mg/kg, for 5 weeks); interstitial tissues showed edema, hemorrhage, and
vacuolation, and seminiferous tubules were edematous with intact germinal layer and undergoing
degeneration along with loss of spermatogenesis. (d) Section of testes from rats treated with Cd
(5 weeks) and juice extract of O. stricta (250 mg/kg).

3. Discussion

Polyphenol compounds have attracted considerable attention because of their var-
ious biological activities, including: antioxidant, antimutagenic, antitumor, and anti-
inflammatory activities [23]. Our results showed that the PPJE extract exhibited a high
content of phenolic compounds and flavonoids. This is similar to the results reported
by another study [12]. Concerning the qualitative analysis of the phenolic extract, major
phenolic compounds were isolated and identified from many Tunisian medicinal plants,
such as O. stricta. The major types and representative components of natural compounds
(catechin hydrate, tyrosol, 4-hydroxybenzoic acid (4HOBenz), verbascoside, rutin, apigenin
7glucoside (apigenin 7Glu), oleuropein, quercetin, pinoresinol, and apigenin) were found
in Opuntia stricta. Verbascoside was the major component, followed by catechin hydrate
and oleuropein. Minor phenolic compounds included pinoresinol, quercetin, and api-
genin. Several studies have found that these natural compounds have anti-inflammatory,
analgesic, and antioxidant effects [12,24].

Extracts of active compounds from natural plants provide potent protection to the
biological system against the damaging effect of natural oxidation processes in the organism.
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In this investigation, the antioxidant capacity of PPJE extract was evaluated by two assays.
Each antioxidant assay possesses its own unique mechanism to evaluate the antioxidant
activity in the sample. Our results in this study showed that ethanolic PPJE exhibited high
antioxidant capacity. It is worth noting that the extract produced with ethanol presented
high antioxidant potential and also a high content of total phenols.

The present study is the first to investigate and reveal the protective impact of juice
extract on liver and kidney metabolism under Cd exposure. Our results indicated a
significant increase in serum ALT, AST, unconjugated bilirubin, creatinine, and urea after Cd
administration to rats. The highest levels of these enzymes in plasma represent biomarkers
of hepato-nephrotoxicity [25]. Moreover, Cd exposure significantly elevated serum hepatic
and kidney marker enzymes [26]. The highest levels of these enzymes are a marker of
cell damage [26]. Indeed, these radicals adversely affect the antioxidant system of the
organism [27]. The important enzymes of this system are SOD, CAT, and GPx, which
protect cells against reactive oxygen species (ROS). Cd toxicity is associated with the
elevation of ROS levels, DNA damage, and lipid peroxidation in vitro. In the current study,
the levels of oxidative stress in these three organs were significantly decreased compared
to levels in the control group, which indicated that Cd was able to induce serious oxidative
stress. Cd induces the accumulation of superoxide anion in cells, which is why we studied
the effects of this metal on SOD activity. Concerning these enzymes, the inhibitory action
of Cd on SOD may be due to competition between Cd and Zn or Cu (cofactors of SOD
activity) [28]. In addition, this heavy metal altered the transport systems of calcium (Ca),
Fe, Zn, Cu, and Mg [29]. These elements represent cofactors of the antioxidant system.
In addition, in vivo administration of Cd altered the SOD activity. Nguyen et al. [30]
found that Cd exposure induced the subcellular accumulation of hydrogen peroxide.
Indeed, a higher H2O2 concentration might be implicated in the induction of catalase
activity. The reduction in catalase activity in this investigation may be explained by the
Cd-catalyzed oxidation of peroxisomal proteins, inducing carbonylation, particularly of
the CAT enzyme [31]. In the present investigation, the decrease in antioxidant status due
to Cd was accompanied by an elevation of hepatic protein carbonyls. The decrease in
catalase activity by Cd may be explained by a decrease in iron absorption, an essential trace
element required for CAT activity [32]. The effect of Cd exposure on glutathione peroxidase
(GPx), which plays an important role in the detoxification of xenobiotics, was studied in
the liver and kidney of Wistar rats. Our results indicate that the Cd-induced decrease in
glutathione peroxidase activity may arise as a consequence of Se-mediated detoxification
of Cd, where the Se level is insufficient to maintain optimal GPx activity [33]. Moreover,
the administration of PPJE ameliorated the SOD, CAT, and GPx activities in Cd-treated rats.
Accordingly, Eneman et al. [34] indicated that phenolic compounds were able to modulate
the transcription and expression of proteins related to antioxidant enzymes. In addition,
Cd exposure induced the peroxidation of membrane lipids of cells in various organs by
stimulating reactive oxygen species. These free radicals bind to cellular macromolecules and
stimulate lipid peroxidation and protein oxidation. In the present work, the marker of lipid
peroxidation and protein destruction (protein carbonyl contents) decreased in the PPJE-
treated group compared to the control. Several studies found that hepato-nephrotoxicity
induced by Cd may be prevented by antioxidant supplementation, which are present
in medicinal plants [35]. In general, polyphenols are known to be able to protect cell
membrane integrity, protecting cells from death. Phenolic compounds are reported to be
potent antioxidants and protect tissues from the toxic effects of Cd exposure [36]. The effect
of Cd was also detected on the metallothionein (MT) levels. The present findings indicated
that MT levels significantly increased in Cd-treated rats. This protein has been implicated
in the scavenging of heavy metals by forming trimercaptide linkages [37]. The binding
of Cd to MT is considered a mechanism of cell defense as MT sequesters, transports, and
inactivates metal ions. The administration of juice extract decreased the concentration
of MT in liver and kidney tissues compared with untreated rats. This diminution of Cd-
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induced alteration in Mt expression is connected with the ability of these compounds to
chelate Cd [38].

4. Materials and Methods
4.1. Preparation and Extraction of Opuntia Stricta Cladode Powder

Fresh cladodes from Opuntia stricta were collected from the area of Sidi Bouzid (Tunisia)
(latitude 35◦2′25” N, longitude 9◦29′37” E; elevation: 41 m) throughout February 2015.
Experts of the Plant Biology Department of the University of Sfax confirmed plant identity.
Voucher specimens were deposited in the National Gene Bank of Tunisia. After sample
preparation, cladode juice (500 mL) was extracted using ethanol (75%) at room temperature
for 48 h. Finally, the homogenate was condensed under reduced pressure by a rotary
evaporator, and the yield of this extract was calculated.

4.2. Phytochemical Properties of O. stricta Juice Extract
4.2.1. Determination of Total Phenolic Content

The total phenols of cladode juice of this plant sample were determined using Folin–
Ciocalteu’s phenol reagent [39]. The results were determined at 765 nm using a colorimetric
assay. The total phenolic content was expressed as mg gallic acid equivalent (GAE) mg−1

of dry weight. All analyses were performed in triplicate.

4.2.2. Determination of Total Flavonoids

Aluminum chloride (AlCl3) was used to evaluate the flavonoid content in O. stricta [40].
Catechin was used as a standard. The results were expressed as mg catechin equivalents
g−1 of dry weight. All analyses were performed in triplicate.

4.3. Antioxidant Properties of O. stricta
4.3.1. Diphenyl−2-Picrylhydrazyl (DPPH) Radical Scavenging Activity

The DPPH radical scavenging activity of the samples was determined using the
method described by Ozturk et al. [41]. The optical density was measured spectropho-
tometrically at 515 nm. The percent of inhibition (PI) was measured according to the
following formula:

Inhibition (%) = [(Acontrol − Atest)/Acontrol] × 100 (1)

where Acontrol is the absorbance of the control, and Atest is the absorbance of the juice
extract. All samples were measured in triplicate.

4.3.2. Free Radical Scavenging Ability with the Use of ABTS Radical Cation (ABTS Assay)

The antioxidant potential of the cladode juice extract of O. stricta (PPJE) was also
evaluated by determining their capacity to minimize the ABTS•+ free radical using the
method reported by Ozgen et al. [42]. The final result was expressed as µM of Trolox
equivalents (TE) per g of dry weight.

4.4. High-Performance Liquid Chromatography Analysis (HPLC) of PPJE

The PPJE samples were subjected to HPLC analysis using a Varian Prostar HPLC
equipped with a C 18 reverse phase column (Varian, 250 mm × 4.6 mm, particle size 5 µm),
a ternary pump (model Prostar 230), and a Prostar 330 diode array detector with gradient
elution. Phenolic compounds in the sample were quantified using standard curves of
standard solutions injected into the HPLC. The flow rate was 1 mL min−1, and the injection
volume was 20 µL at 30 ◦C. The identifications were performed at 290 nm for phenolic
acids and at 365 nm for flavonoids based on the comparison with the retention times of
standards and by co-injection. The quantification of these compounds was carried out by
comparing the areas of the peaks with an internal standard (resorcinol). The result was
expressed as µg of phenols g−1 of dry weight.
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4.5. Experimental Design

Albino male Wistar rats aged 3–4 months, weighing 180± 20 g, and purchased from the
Central Pharmacy (SIPHAT, Ben Arous, Tunisia) were used in the present study. They were
housed at room temperature (37 ◦C) in a light/dark cycle of 12 h and a relative humidity
below 40%. They had free access to a commercial pellet diet (SNA, Sfax, Tunisia) and tap
water. The Committee of Animal Ethics of Sfax approved the experimental protocols. In
our experiment, we used 24 rats. The Tunisian ethics committee for the care and use of
laboratory animals approved the handling of the animals. Three weeks after acclimation to
laboratory conditions, rats were randomly divided into four groups, each with six rats.

Group 1 (control group) received normal saline for 5 weeks.
Group 2 (Opuntia stricta only) received cladode juice extract (250 mg kg−1 body

wt/day) orally by gavage for 5 weeks.
Group 3 (cadmium chloride (CdCl2)-treated group) received CdCl2 (1 mg kg−1 body

wt/day.p.i.) for 5 weeks.
Group 4 (cadmium chloride/Opuntia stricta juice co-administration) received CdCl2

(1 mg kg−1 body wt/day) orally by gavage concurrently with cladode juice extract (250 mg kg−1

body wt day−1) for 5 weeks.
Five weeks later, the rats were sacrificed by decapitation, and their trunk blood was

collected in EDTA tubes. The serum was prepared by centrifugation (3500× g, 15 min, 4 ◦C).
Other blood samples were immediately used for the determination of serum enzymes and
other biochemical indices.

All samples were stored at −80 ◦C until used. For histological studies, sections of the
liver, kidney, and testicle were stored in 4% formalin solution. Sections of 5 µm thickness
were stained with hematoxylin–eosin.

4.6. Biochemical Biomarker Assays

The serum urea, creatinine, alanine, and aspartate aminotransferase activities (ALT
and AST) were measured using commercial kits (from Biolabo, Maizy, France) on an
automatic biochemistry analyzer (Vitalab Flexor E, Irvine, CA, USA).

4.7. Enzymatic Antioxidant Status

Liver, kidney, and testicle homogenates were used for the evaluation of enzymatic sta-
tus: superoxide dismutase was determined by the method of Beauchamp and Fridovich [43],
catalase was measured as described by Aebi [44], and glutathione peroxidase (GPx) was
determined using the method developed by Flohé and Günzler [45].

4.8. Oxidative Stress Biomarkers

Lipid peroxidation was estimated calorimetrically by measuring thiobarbituric acid-
reactive substances (TBARS), as developed by Niehaus [46]. The protein oxidation level
was detected in the liver and kidney by determining the total protein carbonyl content
using a technique developed by Levine [47] and expressed as nmol/mg protein.

4.9. Determination of MT Concentration

Metallothionein (MT) levels in liver and kidney tissues were evaluated using Ellman’s
reagent [0.4 mM 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) in 100 mM KH2PO4] at pH 8.5.
This reagent was mixed with NaCl (2 M) and 1 mM EDTA. Then, aliquots of homogenate of
each organ were homogenized in three volumes of 0.5 M sucrose and 20 mM Tris–HCl buffer
(pH 8.6) with the addition of 0.006 mM leupeptin, 0.5 mM phenyl methylsulfonyl fluoride
(PMSF), and 0.01% 2-mercaptoethanol. The homogenate was then centrifuged at 15,000× g
for 30 min at 4 ◦C. The obtained supernatant was treated with ethanol/chloroform as
described by Viarengo et al. [48] in order to obtain the MT-enriched pellet. The MT pellet
was resuspended in HCl/EDTA in order to remove metal ions still bound to the MT. Finally,
the interaction between thiol and DTNB reagent was detected in NaCl solution (2 M).
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4.10. Cadmium Estimation

After acid digestion, the Cd content in the liver and kidney was estimated by atomic
absorption spectrometry (Perkin-Elmer, model: 370, Waltham, MA, USA). The results are
expressed as micrograms of Cd per gram of wet tissue weight (µg/g w.t.w).

4.11. Histopathological Studies

Sections of the kidney, liver, and testicle were fixed in 4% formalin solution and
embedded in paraffin. Finally, tissue preparations were examined and photographed using
an Olympus CX41 microscope (Tokyo, Japan).

4.12. Statistical Analysis

Mean values of different assays were used in variance (ANOVA) analysis with IBM
SPSS Statistics version 20. The significance level was determined (p < 0.05), and significant
differences were measured according to Duncan’s Multiple Range Test (DMRT) with a
confidence level of 95%.

5. Conclusions

In summary, these findings clearly show that O. stricta juice extract exhibited a high
amount of phenolic and flavonoid contents, as well as antioxidant capacity. The juice extract
of O. stricta could protect the hepatic and kidney tissues of rats from Cd-induced oxidative
damage. The faithful mechanisms of protection offered by the investigated juice extract may
involve the scavenging of free radicals generated during Cd metabolism in vivo and/or the
induction of antioxidative enzymes. In addition, juice extract containing certain phenolic
compounds has a strong ability to scavenge free radicals and stimulate the antioxidant
system of rats. Moreover, studies are required to explain the detailed molecular mechanism
of protection of this juice extract against Cd-induced toxicity.
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Abstract: The supply of nutrients, such as antioxidant agents, to fish cells still represents a challenge
in aquaculture. In this context, we investigated solid lipid nanoparticles (SLN) composed of a
combination of Gelucire® 50/13 and Precirol® ATO5 to administer a grape seed extract (GSE) mixture
containing several antioxidant compounds. The combination of the two lipids for the SLN formation
resulted in colloids exhibiting mean particle sizes in the range 139–283 nm and zeta potential values
in the range +25.6–43.4 mV. Raman spectra and X-ray diffraction evidenced structural differences
between the free GSE and GSE-loaded SLN, leading to the conclusion that GSE alters the structure of
the lipid nanocarriers. From a biological viewpoint, cell lines from gilthead seabream and European
sea bass were exposed to different concentrations of GSE-SLN for 24 h. In general, at appropriate
concentrations, GSE-SLN increased the viability of the fish cells. Furthermore, regarding the gene
expression in those cells, the expression of antioxidant genes was upregulated, whereas the expression
of hsp70 and other genes related to the cytoskeleton was downregulated. Hence, an SLN formulation
containing Gelucire® 50/13/Precirol® ATO5 and GSE may represent a compelling platform for
improving the viability and antioxidant properties of fish cells.

Keywords: solid lipid nanoparticles; grape seed–derived extract; drug delivery; X-ray diffraction;
antioxidant activity; fish cells

1. Introduction

To improve fish nutrition, to date, different diet protocols have been proposed, and
in each of them, the presence of antioxidant substances has been crucial to ensure op-
timal fundamental metabolic processes. Apart from single antioxidant molecules such
as vitamin E and glutathione, which are already included in fish diet protocols, natural
mixtures that include antioxidant compounds can also be of interest for fish nutrition
if they are adopted as an entire extract without any separation of the active principles.
In this context, we previously studied a mixture based on Apulian grape seed extract
(GSE) for its favorable antioxidant and anti-inflammatory effects in human cells due to
the relevant pro-anthocyanidin and polyphenol content (Figure 1; in [1,2]). With regard
to pro-anthocyanidins contained in GSE, previous studies in the area of fish immunology
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elucidated that, once excessive fat accumulation takes place in fish, with consequent hepatic
lipid metabolism disorder, then GSE allows hypolipidemic and potential anti-inflammatory
effects in the liver, as occurred, for instance, in grass carp [3]. Moreover, the antioxidant ef-
fects of GSE were recently evaluated in a zebrafish embryo model [4]. However, to the best
of our knowledge, no attention has been paid to investigating which type of pharmaceutical
dosage form can enhance the administration of GSE using fish cell lines.
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In this context, different approaches for the delivery of antioxidant agents were re-
viewed, evidencing the relevance and the feasibility of the production of colloidal carriers,
such as nanoparticles, liposomes, and nanosized lipid particles, for this purpose [5,6].
Among the colloidal carriers, solid lipid nanoparticles (SLN) have been shown to have sev-
eral benefits, including enhanced safety and stability, and controlled drug release, and can
be prepared on a large scale according to scale-up industrial guidelines. In our laboratory,
we have already investigated SLNs made of a single lipid, namely Gelucire® 50/13, for
uptake in fish cell lines in order to ascertain the possible immunological applications, and
by ex vivo investigations, the biocompatibility of such a synthetic lipid was assessed [7–9].
From a chemical viewpoint, it could be assumed that using two or more lipids may be better
than using only one. In this sense, Precirol® ATO5 is a suitable candidate to be assayed with
another lipid. In the literature, Precirol® ATO5 has been combined with other lipids, such
as the liquid Transcutol® for paediatric drug administration [10], and it was blended with
Compritol® 888 ATO to achieve an SLN for lycopene vectorization [11]. Precirol® ATO5 is
based on mono-, di-, and triglycerides of palmitostearic acids (C16 or C18), and the diester
fraction accounts for 40–60% of the total mass; whereas Gelucire® 50/13 is composed of
mono-, di-, and triglycerides with polyethylene glycol(PEG) residues. According to the
manufacturer’s instructions, both in veterinary and human medicine, Precirol® ATO5 and
Gelucire® 50/13 are approved, and, indeed, from an excipient regulatory status, Precirol®

ATO5 is recognized as GRAS degree and it belongs to the Japanese Standard of Food
Additives; whereas Gelucire® 50/13 is approved as a US Food Additive [12,13].

To gain insight into the vector comprising Precirol® ATO5 and Gelucire® 50/13, several
studies of the solid state were carried out, namely FT-IR spectroscopy, differential scanning
calorimetry (DSC), X-ray diffraction, and Raman spectroscopy.

On the basis of this knowledge, the aim of this study was to assess if GSE administered
via modified drug delivery systems, such as nanoparticles rather than conventional dosage
forms, could achieve an immunomodulation role in two fish cell lines obtained from
gilthead seabream and European sea bass. In the present work, we have attempted to
formulate SLN using a lipid mixture, rather than one single lipid, i.e., forming the lipid
matrix structure in the presence of Precirol® ATO5 and Gelucire® 50/13. Finally, concerning
the biological evaluation of GSE-SLN, the cell viability and the expression of different
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selected gene codes for the structural proteins involved in cell movement were determined
in SAF-1 and DBL-1 cell lines. The results arising from these investigations are reported
and discussed below.

2. Results
2.1. Physico-Chemical Properties of SLN

Table 1 shows the main physico-chemical properties of GSE-SLN. In detail, the particle
size of all types of GSE-SLN was found in the range 139–283 nm, with a slightly broader
size distribution, as shown by the PDI range values (0.44–0.59). All types of GSE-SLN were
smaller than unloaded SLN, whose mean diameter was 486 ± 5 nm. The largest particles
herein studied are GSE-SLN(6mg)-adsorbing GSE, but their zeta potential value is similar to
the that of GSE-SLN(6mg), perhaps because the adsorption layer of GSE, instead of shielding
the negative charges of the lipid matrix, induces some structural modifications in the SLN,
leading to the exposure on the surface of a higher number of such charges. As for the zeta
potential of these nanocarriers, they resulted in the range −25.6–−43.4 mV indicative of a
good colloidal stability.

Table 1. Physicochemical properties of GSE containing SLN. Mean ± standard deviations. are re-
ported, n = 6. SLN without GSE (Unloaded SLN) were used as control for formulations. (**) p ≤ 0.001.

Formulation Size (nm) PDI Zeta Potential (mV) Association Efficiency (AE)
(%)

Unloaded SLN 486(±5) 0.42–0.48 −32.7(±1.1) −
GSE-SLN(6mg) 208(±21) ** 0.44–0.49 −43.4(±1.8) ** 49.7(±3.2)
GSE-SLN(12mg) 139(±15) ** 0.44–0.48 −25.6(±2.8) ** 64.9(±1.0)

GSE-SLN(6mg)-adsorbing GSE 283(±32) ** 0.50–0.59 −43.0(±1.3) ** 74.6(±0.2)

Furthermore, from the data reported in Table 1, high percentages of GSE entrapment
were obtained (i.e., 49.7–74.6%) via the use of a lipid matrix where Gelucire® 50/13 and
Precirol® ATO5 were combined and, notably, the GSE-SLN(6mg)-adsorbing GSE formulation
was found to be the one loading the highest amount of the GSE mixture in comparison
with our previous work [2]. As shown in Figure 2, to visualize SLN administering GSE,
transmission electron spectroscopy (TEM) morphology was examined (Figure 2), and in
the case of GSE-SLN(6mg), an oval shape (Figure 2a) was detected rather than the spherical
shape of GSE-SLN(6mg)-adsorbing GSE (Figure 2b). Moreover, GSE-SLN(6mg) and GSE-
SLN(6mg)-adsorbing GSE showed a bimodal particle distribution (Figure 2c,d). Importantly,
GSE-SLN(6mg) showed a very pronounced bimodal distribution with a clear separation
between smaller diameter SLN (<Standard deviation> = 240 nm, S.D. = 70 nm) and larger
diameter SLN (<Standard deviation> = 700 nm, s = 200 nm). GSE-SLN(6mg)-adsorbing GSE
showed a less evident bimodal distribution; in this case, the difference between smaller
diameter SLN (<Standard deviation> = 260 nm, S.D. = 80 nm) and larger diameter SLN
(<Standard deviation> = 390 nm, S.D. = 80 nm) were much less pronounced, perhaps
suggesting a stabilizing action due to the adsorbed GSE.

2.2. Solid-State Studies

Multiple studies of the solid-state of GSE-SLN were carried out to gain a deeper insight
into their organization. With regard to FT-IR spectra (Figure 3), the peaks at 3435 cm−1

and 1738–1739 cm−1 (Figure 3a–c), and 1732–1737 cm−1 (Figure 3b,d) could be assigned
to partially hydrated Gelucire® 50/13 [14,15], evidencing the external localization of such
lipids in the SLN structure.
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Figure 3. Left panel: FT-IR spectra of pure Gelucire® 50/13 (a); Gelucire® 50/13/Precirol® ATO5
blend (b); and unloaded SLN (c). Right panel: FT-IR spectra of pure GSE (d); GSE-SLN(6mg) (e);
GSE-SLN(12mg) (f); and GSE-SLN(6mg)-adsorbing GSE (g).

Indeed, when the FT-IR spectra of GSE-SLN were examined (as seen in Figure 3a),
the characteristic band attributable to GSE at 1609 cm−1 was shifted at 1619 cm−1 and
1617 cm−1 for GSE-SLN(12mg) and GSE-SLN-adsorbing GSE, respectively (Figure 3c,d).

Regarding DSC thermograms (Figure 4a), the GSE-SLN(6mg)-adsorbing GSE thermo-
gram is the only one where small endothermic peaks at 114 ◦C and 118 ◦C are shown, and
as pure GSE melting point is at 160 ◦C, they can be attributed to the shift of the endothermal
peak of the extract because the esothermal peak at 160 ◦C resembles one of the Gelucire®
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50/13/Precirol® ATO5 blends. Furthermore, as previously seen for the SLN containing
GSE based on pure Gelucire® 50/13 [2], in the DSC thermograms of GSE-SLN(6mg) and
GSE-SLN(12mg), no peak ascribable to GSE was detected (Figure 4b,d), suggesting that
the molecular encapsulation of the extract occurred in these formulations. In the range
47–56 ◦C, either in the unloaded SLN or in GSE-containing SLN, endothermal signals were
recorded, and they can be attributed to the Gelucire® 50/13/Precirol® ATO5 mixture. This
assessment is based on the DSC peaks recorded when the Gelucire® 50/13/Precirol® ATO5
blend underwent a calorimetric run (Figure 4b), and it is also corroborated by the fact that
the drop point of Precirol® ATO5 is well known to be in the range 53–57 ◦C, according to
the manufacturer instructions.
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2.3. X-ray Diffraction and Raman Spectroscopy

To gain insight into the structural characterization of SLN, the X-ray diffraction
patterns of Precirol® ATO5, Gelucire® 50/13, GSE, GSE-SLN(6mg), and GSE-SLN(6mg)-
adsorbing GSE are shown in Figure 5. The diffraction patterns of Gelucire® 50/13 revealed
diffraction maxima at 2q = 19.2, 21.2, and 23.4 deg. These peaks correspond to the lattice
spacing 0.46, 0.42, and 0.38 nm, respectively, and are indicative of the crystalline nature
of the substance. The X-ray diffractograms of Precirol® ATO5 show large peaks in the
small-angle range at 2q = 2.16, 5.25 deg (5 and 6 in Figure 5(right panel)), and 21.2 deg (2 in
Figure 5). These reflections correspond to the lattice spacings 4.18, 1.69, and 0.42 nm, re-
spectively. According to the literature [16], the main polymorphic forms of triacylglycerols
are α, β′, and β. The α-form is a hexagonal sub-cell with a short spacing of 0.42 nm, the
β′-form [17] is an orthorhombic perpendicular sub-cell with short spacings of 0.42–0.43
and 0.37–0.40 nm, and the β-form is a triclinic parallel sub-cell with a short spacing of
0.46 nm [18]. The peaks observed at small angles (0◦ < θ < 5◦) allow us to measure the
thickness of the lamellar structures, which corresponds to the longitudinal stacking, and it is
possible to deduce whether the stackings correspond to 2 L or 3 L organizations (Figure 5).

The peak at 2q = 2.5 deg corresponds to the stacking 3L002 of α phase [19] and leads to
a distance of approximately d = 3.5 nm; the peak at 2q = 2.2 deg corresponds to the stacking
2L002 of β’ phase and leads to a distance of about d = 4.0 nm [20]. Moving from these
measurements, GSE-SLN(6mg) shows a faint peak at 19.2, 21.2, and 23.4 deg superimposed
to a large band due to very short-range crystallinity material, together with a faint peak
at 2q = 2.2 deg and strong peaks at 2q = 2.5 deg (stacking α + β’ polymorphic form), and
GSE-SLN(6mg)-adsorbing GSE, with the exception of a peak at 2q = 2.2 deg (stacking 3L002
of β’ phase), completely loses any ordered contribution.

Figure 6 and Table 2 display a survey of Raman spectra for the analysed bulk materials
and SLN. The spectral region relative to the 1000–1200 cm−1 is primarily related to C-C
stretching motions [21]. Both frequency differences and relative intensity changes for these
vibrational modes can be used to monitor specific conformational changes in the hydro-
carbon chains. The 1100 cm−1 region, in particular, has been shown to be a superposition
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of the C-C stretching modes for segments of all-trans hydrocarbon conformations. An
increase in the intensity of the 1115 cm−1 band relative to the intensities of the 1050 cm−1

transitions is indicative of a greater fluidity within the hydrocarbon chains, so the increase
in the 1115 cm−1 band originates from the increased intramolecular disorder in the systems.
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Table 2. Raman intensity ratios related to C-C stretching vibrational bands and to C-H stretching
vibrational bands of analysed systems.

Sample I1115/I1050 I2890/I2850

Precirol® ATO5 1 1.4
Gelucire® 50/13 1.02 1.67

Pure GSE 0.968 1.51
GSE-SLN(6mg) 0.867 1.83

GSE-SLN(6mg)-adsorbing GSE 0.562 1.84
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The region around 3000 cm−1 of the Raman spectrum consists of a large number
of overlapping peaks, containing both fundamental CH-stretch vibrations and Fermi
resonance bands.

The CH3 symmetric stretching modes appear in the 2870–2880 cm−1 spectral region,
with a Fermi resonance (FR) component in the 2930–2940 cm−1 region. The peaks in the
2950–2970 cm−1 spectral region are the CH3 out-of-plane and in-plane methyl antisymmet-
ric stretches [22].

The methylene vibrations at approximately 2850, 2880, 2900, and 2930 cm−1 are
sensitive to conformational changes as well as intermolecular interactions of the alkyl
chains of lipids. The νa(CH2) antisymmetric stretch is coupled to rigid rotations–torsional
vibrations so that it broadens considerably with temperature, and increases continuously
in frequency from 2880 cm−1 to 2900 cm−1 as gauche conformers are introduced. The
νs(CH2) symmetric stretch contains three components, centred at 2852 cm−1, 2900 cm−1,
and 2928 cm−1, due to extensive Fermi resonance interactions with overtones of the bending
modes and is affected by intra- and intermolecular interactions [23].

The relative intensities of these peaks change notably with changes in hydration state,
packing, and conformational order. To utilize this spectral sensitivity toward the lipid
environment, several spectral parameters have been used in the literature that empirically
describe the order of the lipid layers. The peak height ratio I2890/I2850 has been used as
a marker for chain packing and conformational disorder, where higher values indicate a
higher ordering of the chains [24].

2.4. Antioxidant Activity of GSE-SLN

The antioxidant activity of GSE-SLN was determined and the data are summarized in
Table 2. GSE-SLN(12mg) showed higher values of antioxidant activity than GSE-SLN(6mg) or
GSE-SLN(6mg)-adsorbing GSE. Furthermore, the total antioxidant values for GSE-SLN(6mg)-
adsorbing GSE were slightly lower than those observed for GSE-SLN(6mg) (Table 3).

Table 3. Total antioxidant activity of GSE-SLN.

Formulation Total Antioxidant Activity (TAA)
(eq Asc.) mM/mg Nanoparticles

GSE-SLN(6mg) 1.735 ± 0.327
GSE-SLN(12mg) 2.202 ± 0.321

GSE-SLN(6mg)-adsorbing GSE 1.411 ± 0.200

2.5. Viability Assay

The effects of GSE-SLN(6mg), GSE-SLN(12mg), and GSE-SLN(6mg)-adsorbing GSE on
the viability of SAF-1 and DLB-1 cells were evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide(MTT) (Figure 7). Results from the cytotoxicity test showed
that incubation of DLB-1 cells with the highest concentration (20 µg mL−1) of GSE-SLN(6mg),
GSE-SLN(12mg), and GSE-SLN(6mg)-adsorbing GSE significantly increased the cell viability
(164.6 ± 27.2%; 142.5 ± 8.4%; and 520.5 ± 27.9%, respectively, p < 0.05). These results are in
agreement with previous reports describing that cell viability could increase after exposure
to plant extracts rich in antioxidant compounds. For example, SAF-1 cells showed increased
viability after oregano aqueous extracts, which are demonstrated to have a rich antioxidant
profile [25–27]. Moreover, incubation with 10 µg mL−1 of GSE-SLN(6mg)-adsorbing GSE
significantly increased the cell viability (321.6 ± 27.3%, p < 0.05), meaning that, with a
lower concentration of GSE (namely GSE-SLN(6mg)), cell viability is reached to a higher
degree than GSE-SLN(12mg). The viability results seem to indicate that the SLN antioxidants
present in GSE-SLN(6mg)-adsorbing GSE particles arrived at cells in higher concentrations
than when the cells were incubated with GSE-SLN(12mg).
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Figure 7. Cytotoxicity of DLB-1 (A) and SAF-1 cells (B) exposed to different concentrations of GSE-
SLN (0, 1, 10, and 20 µg mL−1) for 24 h. Bars represent the mean± SEM (n = 6). Statistically significant
differences (ANOVA; p < 0.05) were denoted using different letters.

On the other hand, the lowest concentration (1 µg mL−1) of GSE-SLN(6mg), GSE-
SLN(12mg), and GSE-SLN(6mg)-adsorbing GSE significantly increased the SAF-1 viability
(146.0 ± 7.9%; 143.6 ± 14.7%; and 126.8 ± 5.2%, respectively, p < 0.05). These results seem
to indicate that SAF-1 cells are more sensitive to these kinds of molecules than DLB-1
cells. In fact, higher concentrations of GSE, such as 10 and 20 µg mL−1 of GSE-SLN(12mg)
significantly decreased the viability of SAF-1 cells (42.6± 6.1% and 61.5± 3.2%, respectively,
p < 0.05). These results are also consistent with previous studies that demonstrated that
exposure to extracts with a high antioxidant profile could increase or decrease the viability
of SAF-1 cells depending on their concentrations and nature [25,26].

2.6. Gene Expression

The expression of genes related to antioxidant defence (Nrf2, cat, and sod), stress
(Hsp70), apoptosis (bax and casp3), detoxification and antioxidant defence (mt), and the
cytoskeleton (vim and tub-a) was evaluated on SAF-1 and DLB1 cells after GSE-SLN(6mg),
GSE-SLN(12mg), and GSE-SLN(6mg)-adsorbing GSE incubation for 24 h (Figures 8 and 9,
Tables 4 and 5).
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Figure 8. (A) Heat-map of the nine differentially expressed genes on DLB-1 cells after GSE-SLN
incubation for 24 h. Dark blue: upregulation; red: downregulation. (B) Relative gene expression of
nine genes (Nrf2, sod, cat, Hsp70, bax, casp3, mt, vim, and tubulin α (tub-a)) from DLB-1 cells exposed to
0 (control) or 20 µg mL−1 of loaded particles (SLN and SLN-adsorbing GSE) for 24 h. Bars represent
the mean ± SEM (n = 5). Statistically significant differences (ANOVA; p < 0.05) were denoted using
different letters.
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Figure 9. (A) Heat-map of the nine differentially expressed genes on SAF-1 cells after GSE-SLN
incubation for 24 h. Dark blue: upregulation; red: downregulation. (B) Relative gene expression of
nine genes (Nrf2, sod, cat, Hsp70, bax, casp3, mt, vim, tubulin α (tub-a)) from SAF-1 cells exposed to 0
(control) or 20 µg mL−1 of loaded particles (SLN and SLN-adsorbing GSE) for 24 h. Bars represent
the mean ± SEM (n = 5). Statistically significant differences (ANOVA; p < 0.05) were denoted using
different letters.
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Table 4. Gilthead seabream primer sequences used for real-time PCR.

Gene Accession Number F/R Primer Sequence (5′–3′)

nrf-2 FP335773 F: GTTCAGTCGGTGCTTTGACA
R: CTCTGATGTGCGTCTCTCCA

sod AJ937872 F: CCATGGTAAGAATCATGGCGG
R: CGTGGATCACCATGGTTCTG

cat FG264808 F: TTCCCGTCCTTCATTCACTC
R: CTCCAGAAGTCCCACACCAT

hsp70 EU805481 F: AATGTTCTGCGCATCATCAA
R: GCCTCCACCAAGATCAAAGA

bax AM963390 F: CAACAAGATGGCATCACACC
R: TGAACCCGCTCGTATATGAAA

casp3 EU722334 F: CTGATCTGGATGGAGGCATT
R: AGTAGTAGCCTGGGGCTGTG

mt X97276 F: ACAAACTGCTCCTGCACCTC
R: CAGCTAGTGTCGCACGTCTT

vim FM155527 F: CGCTTACCTGTGAGGTGGAT
R: GTGTCTTGGTAACCGCCTGT

tub-a AY326430 F: AAGATGTGAACTCCGCCATC
R: CTGGTAGTTGATGCCCACCT

act-β X89920 F: GGCACCACACCTTCTACAATG
R: GTGGTGGTGAAGCTGTAGCC

18S AM490061 F: CTTCAACGCTCAGGTCATCAT
R: AGTTGGCACCGTTTATGGTC

Table 5. European sea bass primer sequences used for real-time PCR.

Gene Accession Number F/R Primer Sequence (5′–3′)

nrf2 DLAgn_00051120 F: AACTAAGCCTCCCCTCACAC
R: GTTGTGGTCCATCTCCTCCA

sod FJ860004 F: TGTTGGAGACCTGGGAGATG
R: ATTGGGCCTGTGAGAGTGAG

cat FJ860003 F: GAGGTTTGCCTGATGGCTAC
R: TGCAGTAGAAACGCTCACCA

hsp70 AY423555 F: CTGCTAAGAATGGCCTGGAG
R: CTCGTTGCACTTGTCCAGAA

bax FM011848 F: TGTCGACTCGTCATCAAAGC
R: CACATGTTCCCGGAGGTAGT

casp3 DQ345773 F: AATTCACCAGGCTTCAATGC
R: CTACGGCAGAGACGACATCA

mt AF199014 F: GCACCACCTGCAAGAAGACT
R: AGCTGGTGTCGCACGTCT

vim FM018579 F: AGCGCCAGATTAGAGAGCTG
R: GCCATCTCGTCCTTCATGTT

tub-a AY326429 F: ACGAGGCCATCTACGACATC
R: GGCCGTTATGGACGAGACTA

act-β AJ537421 F: TCCCTGGAGAAGAGCTACGA
R: AGGAAGGAAGGCTGGAAAAG

18S AY831388 F: TTCCTTTGATCGCTCTTAACG
R: TCTGATAAATGCACGCATCC
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3. Discussion

Searching for orally approved delivery systems such as solid dispersions [28] and
cyclodextrins [29], capable to supply micro and macronutrients for fish growth is still a
challenge for fish immunology researchers as. The reason is that, once administered in vivo,
some of them can fail, leading to the loss of their cargo prior to target immunocompetent
fish cells [30,31]. Among antioxidant agents, the whole GSE mixture has been studied for
its beneficial effects on fish cells [3,4], Moreover, even the isolated polyphenols arising
from GSE; namely, resveratrol was found to inhibit both lipopolysaccharide-induced and
endogenous eicosanoid production [32], and polyphenol-enriched extract was seen to
decrease the oxidative stress and extend the life span of medaka fish [33].

The safe and effective use of nanoparticles in biology and medicine requires in-depth
knowledge, down to the molecular level, of how nanoparticles interact with cells in a
physiological environment [34]. Until now, the relevance of GSE nanoparticles for adminis-
tration to gilthead seabream and European sea bass cell lines has never been investigated.
These two model cell lines were herein selected as they were obtained from two of the
most important marine fish species farmed in the Mediterranean area. In fact, cell cultures
are considered as a feasible approach to implementing the “3R principle”: replacement,
reduction, and refinement of animal usage. For the purpose of designing nanoparticles
for GSE supply to fish cells, three different types of SLN containing GSE were prepared
to employ the Gelucire® 50/13/Precirol® ATO5 blend. From a technological viewpoint,
Precirol® ATO5 is well recommended as an excipient for taste masking, offering excellent
anti-friction properties, and is ideal for capsule filling. On the other hand, Gelucire® 50/13
acts as a water-dispersible surfactant, forming fine (micro)emulsions and, as is the case
with Precirol® ATO5, high biocompatibility is ensured both in the human and veterinary
fields. Two of the three formulations of SLN herein presented were conceived with differ-
ent starting amounts of GSE (i.e., GSE-SLN(6mg) and GSE-SLN(12mg)). Furthermore, the
loading of GSE at two different doses (i.e., 6 and 12 mg of GSE) was thought to increase the
vectorization of the mixture due to the SLN carrier, while, at the same time, increasing the
GSE loading from 6 to 12 initial milligrams in the cargo seemed to be a way to reduce the
frequency of administration of the particulate SLN delivery system to the fish cells. The
relatively large dimensions of the control SLN could depend on the adoption of two lipids
forming the matrix (i.e., Gelucire® 50/13 and Precirol® ATO5). On the other hand, when
SLN were loaded with GSE, a reduced mean diameter of these nanocarriers was noted,
particularly for those charged with 12 mg of GSE where a size of 139± 15 nm was observed.
It may be due to the encapsulated GSE, which induces some structural modifications in
the SLN structure such as a conformational modification of the PEG moieties occurring in
Gelucire® 50/13, leading to SLN shrinkage and exposure of negative charges on the surface
of SLN. An intermediate mean diameter between unloaded SLN and GSE-loaded SLN was
observed for GSE-SLN(6mg) adsorbing GSE (i.e., 283 ± 32 nm) which causes an increase of
mean diameter from 208 ± 21 nm to 283 ± 32 nm. It may be ascribed to the adsorption
layer of GSE surrounding SLN. To understand the zeta potential values of observed for
GSE-SLN, it is also possible to invoke the lipid composition based on the combination
of Gelucire® 50/13 with Precirol® ATO5 taking into account that SLN containing GSE,
and only Gelucire® 50/13 as lipid matrix exhibited an external surface charge equal to
−14.5± 2.0 mV [1]. As previously pointed out, the biggest particles are GSE-SLN adsorbing
GSE, but their zeta potential value is similar to the one of GSE-SLN(6mg). It may suggest that
in the case of GSE-SLN(6mg) the negative charges on the surface of SLN are more densely
located on the surface while, in the case of GSE-SLN(12mg), they are looser and the negative
charge density on the surface of these particles is lower. Finally, from TEM observations,
indirect information on adsorption was also provided as the nanoparticles were seen to
cling to form cluster-shaped complexes.

To understand how the solid-state organization can influence the behavior of the
nano-system SLN once incubated with gilthead seabream and European sea bass, first
FT-IR spectra and DSC thermograms were acquired. The external localization of Gelucire®
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50/13 as derived by FT-IR spectra in our study is in good agreement with the interpretation
by Jeon et al. [35], who proposed that the molecular assembly between Precirol® ATO5
and Gelucire 50/13® when the Gelucire® 50/13 to Precirol® ATO5 mass ratio is lower than
in our case leads to the fact that Gelucire® 50/13 polar molecules might be located over
the surfaces of Precirol® ATO5 molecules, and the lipophilic moieties of Gelucire® 50/13
intercalate between the molecules of Precirol® ATO5. From the FT-IR spectrum of GSE-
SLN(6mg)-adsorbing GSE, it could be deduced that the adsorption process as described in
Section 4.2 also determines, to some extent, the external localization of GSE and, indeed, the
corresponding DSC thermogram could reinforce such a hypothesis. Hence, the molecular
encapsulation of GSE in the SLN arising from the DSC thermograms of SLN (where no
endothermic peak ascribable to GSE is detected) also helps us to understand the high
percentages of association efficiency (AE) found for these carriers. Notably, for the GSE-
SLN herein described, the molecular distribution of GSE in the lipid matrix derived from
DSC thermograms is also consistent with X-ray analysis and is also in agreement with the
concept that the amorphous state could contribute to the increased carrying capacity of
the active ingredient in the SLN [36]. In parallel, the decrease in the crystalline state of the
lipids detected by X-ray diffraction in the SLN has often been observed and indicates the
incorporation of the active principles in the SLN [37]. Finally, when Raman spectra were
acquired, the intensity ratios of the Raman peaks analysed showed a strengthening of the
intermolecular bonds in the layer and between the layers, which is also associated with
a more pronounced decrease in long-range crystallinity in GSE-SLN(6mg)-adsorbing GSE
than in GSE-SLN(6mg).

Furthermore, the exposure of GSE-SLN to DLB-1 and SAF-1 cells allowed us to clarify
the genetic processes involved in cell viability and cell defence. First, the expression of
antioxidant genes such as Nrf2, cat, and sod was significantly affected by the SLN exposure.
NRF2 is a transcription factor that is activated in response to a wide range of oxidative
and electrophilic stimulations, including radical oxygen species (ROS) and some chemical
agents [38], and it promotes the expression of the antioxidant gene response (such as
catalase or superoxide dismutase, which codify the antioxidant enzymes involved in
the detoxification of free radicals) and phase II enzymes [39]. In our experiment, Nrf2
expression was upregulated with respect to the control on DLB-1 and SAF-1 cells after GSE-
SLN exposure. These results indicated that GSE-SLN exposure activated the antioxidant
response elements that prepared cells against pro-oxidative future events. Increments of
Nrf2 expression after antioxidant exposure both in vivo [40,41] and in vitro [42] have been
described. Interestingly, cat and sod expression in the cells trend to be upregulated with
respect to the control after GSE-SLN exposure, although the response depends on the cell
type used in the assays (SAF-1 or DLB-1 cells), as was also observed in the viability results.

The management of Hsp70 expression is an optimal example of a cellular defence
mechanism developed to protect the organisms against diverse categories of damages (e.g.,
high temperature, toxins, and ROS) [43]. Since HSP70 is considered as a stress marker [44],
the decrease in Hsp70 expression in DLB-1 cells seems to indicate an improvement in the
cell welfare parameters, as it has been suggested in vitro [45]. However, no significant
changes in Hsp70 expression were observed on the SAF-1 cells after being incubated with
the particles, with respect to the values observed for control samples.

We also monitored the Bax protein trend, where the Bax protein is a member of the
Bcl-2 family that promotes apoptosis [46]. The incubation with GSE-SLN significantly
affected bax expression on the DLB-1 and SAF-1 cells. In fact, the DLB-1 cells showed
significant upregulation induced by GSE-SLN(6mg) and GSE-SLN(12mg) exposure (p < 0.05),
while bax expression was significantly downregulated after GSE-SLN(6mg)-adsorbing GSE
incubation for 24 h (p < 0.05). On the other hand, the SAF-1 cells showed the bax expression
to be downregulated compared with the control group after GSE-SLN(12mg) exposure
(p < 0.05). Interestingly, the bax expression increases on the DLB-1 and SAF-1 cells were
not perfectly correlated with the cell viability, except in the case of the SAF-1 cells exposed
to GSE-SLN(12mg). Concomitantly, caspase-3 is an executioner protease that stimulates the

163



Molecules 2022, 27, 344

death receptor extrinsic and mitochondrial intrinsic apoptosis pathways [47]. The casp3
expression was increased on the SAF-1 cells exposed to GSE-SLN(12mg) and GSE-SLN(6mg)-
adsorbing GSE, which could be correlated with the decrease in viability observed on the
SAF-1 cells after GSE-SLN(12mg) exposure. No significant changes were observed in the
casp3 expression on the DLB-1 cells.

In addition to other antioxidants systems (such as catalase, superoxide dismutase,
glutathione, and Zinc ions), metallothionein plays a key role against heavy metal toxic-
ity [48], although it has been proposed to have other functions, such as the sequestration of
ROS, radical nitrogen species (RNS), or electrophiles [49]. Both the DLB-1 and SAF-1 cells
exposed to GSE-SLN(6mg) showed a decreased mt expression, compared with the control
cells (p < 0.05). However, contrarily, the DLB-1 cells exposed to GSE-SLN(6mg)-adsorbing
GSE showed a significantly up-regulated mt expression (p < 0.05). These results are also
consistent with the hypothesis that the GSE-SLN(6mg)-adsorbing GSE increase antioxidant
defence, as described above. Overall, the amount of GSE entrapped in the SLN, once slowly
released, elicits a biological effect as was observed for the other SLNs with the same or
a higher amount of GSE. These observations, again, point to the acquisition of the same
or higher biological effects with lower amounts of GSE, including improvements in skin
wound healing, keeping in mind that the SAF-1 cells were obtained from fins [50].

Finally, we also focused on cytoskeleton function, as it is well known that it plays
an important role in many cellular processes, including apoptosis, considering that both
vimentin and tubulin have been located in apoptotic body formation [51,52]. In general,
herein, both vimentin and tubulin gene expression was downregulated on the DLB-1 and
SAF-1 cells after exposure to GSE-SLN(6mg), GSE-SLN(12mg), and GSE-SLN(6mg)-adsorbing
GSE. Overall, although only an in vitro study was performed in the present work, future
in vivo studies are planned to investigate the pharmacokinetic properties of the bioactive
compounds.

4. Materials and Methods
4.1. Materials

The grape seed extract was kindly provided by Farmalabor (Canosa di Puglia, Italy). It
was obtained after the acetone/water extraction of artificially dried seeds of Vitis vinifera L.,
leading to the final content of pro-anthocyanidins≥95.0%. According to the manufacturer’s
instructions, the grape seed extract also contained 13–19% as total percentage of catechin
and epicatechin. Tween®85 and the salts used for buffer preparation were purchased
from Sigma-Aldrich (Milan, Italy). Gelucire® 50/13 and Precirol® ATO5 were gifted by
Gattefossè (Milan, Italy). Throughout this work, double-distilled water was used. All other
chemicals were of reagent grade and the different companies are detailed together with the
methodology.

4.2. Preparation of SLN

The SLNs were prepared from Precirol® ATO5 and Gelucire® 50/13, adopting the melt
homogenization procedure, following Jeon et al.’s method with slight modifications [53].
The association of GSE to the SLNs containing Gelucire® 50/13/Precirol® ATO5 followed
different procedures: (i) Gelucire® 50/13 (20 mg) and Precirol® ATO5 (50 mg) were co-
melted at 80 ◦C (higher than the melting points of all the lipids) and, in a separate vial, the
surfactant (Tween®85, 22 mg) and 1.37 mL of double-distilled water were also heated at
80 ◦C. In the aqueous phase, 6 mg (or 12 mg) of GSE was dispersed under homogenization
at 12,300 rpm for 2 min with an UltraTurrax model T25 apparatus (Janke and Kunkel,
Germany) and let to equilibrate for 30 min at 80 ◦C. Afterwards, the aqueous phase was
mixed with melted Gelucire®/Precirol® ATO5, and the emulsion was homogenized at
12,300 rpm for 2 min by UltraTurrax prior to carrying out centrifugation at 16,000× g, for
45 min (Eppendorf 5415D, Germany). The SLN prepared to start from 6 mg and 12 mg of
GSE were herein indicated as GSE-SLN(6mg) and GSE-SLN(12mg), respectively; and (ii) a
suspension of GSE-SLN(6mg) (0.5 mL), obtained as reported above in (i), was incubated with
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1 mL of GSE aqueous solution (concentration of 1 mg/mL) at room temperature for 3 h
under light protection and mild stirring (50 oscillations/min). When the incubation time
was over, the mixture was then centrifuged at 16,000× g, for 45 min and the supernatant
was discarded. The SLNs prepared to start from 6 mg of GSE were herein indicated as
GSE-SLN(6mg)-adsorbing GSE. All pellets resulting from centrifugation were used for the
following studies. Unloaded SLNs were prepared following the same procedure described
above in (i) without any addition of any GSE to the aqueous phase [8,9,54].

4.3. Physic-Chemical Characterization of SLN

Particle size and polydispersion index (PDI) for the SLNs were evaluated using a
Zetasizer Nano ZS (ZEN 3600, Malvern, UK) apparatus following photon correlation
spectroscopy (PCS) mode. Particle size and PDI were measured after dilution 1:1 (v/v)
with double-distilled water, while the zeta-potential value was determined after dilution of
sample 1:20 (v/v) with KCl (1 mM, pH 7) described in [55]. GSE quantification was assessed
by HPLC analysis as previously reported in [2] using an HPLC apparatus consisting of a
Waters Model 600 pump (Waters Corp., Milford, MA, USA), a Waters 2996 photodiode array
detector, and a 20 µL loop injection autosampler (Waters 717 plus). A Synergy Hydro-RP
(25 cm × 4.6 mm, 4 µm particles; Phenomenex, Torrance, CA, USA) column in conjunction
with a precolumn C18 insert as a stationary phase was used for the analyses, and the elution
of the column in isocratic mode took place at a flow rate of 0.7 mL/min. The mobile phase
was composed adopting 0.02 M potassium phosphate buffer, pH 2.8: CH3OH 70:30 (v/v),
providing a GSE retention time equal to 12 min. For the GSE, calibration curve linearity
(R2 > 0.999) was checked over the range of concentrations equal to 100–50 mg/mL, and
for concentrations lower than 50 mg/mL, a fluorometer apparatus (Varian Cary Eclipse,
Mulgrave, Australia, excitation wavelength: 560 nm; emission wavelength: 583 nm; slits:
2.5 nm) was used. When a fluorometric assay was employed, the linearity was checked
over the range of concentrations equal to 50–2.5 mg/mL.

To determine the GSE association efficiency (AE) in the SLN, freeze-dried particles
were cleaved upon enzymatic digestion operated by carboxyl ester hydrolase as previously
described [2,37]. The enzyme was dissolved at 12 I.U./mL in phosphate buffer (pH 5) and
aliquots of lyophilized SLN in the range 1–2 mg were incubated with 1 mL of the enzyme
solution for 30 min in an agitated (40 rpm/min) water bath set at 37 ◦C (Julabo, Milan,
Italy). The samples were then centrifuged (16,000× g, 45 min, Eppendorf 5415D) and the
resulting supernatant was injected in HPLC for GSE content evaluation. The AE% of GSE
in the SLN was calculated as follows:

AE% = GSE in the supernatant after enzymatic assay with esterase/Total GSE × 100

where the total GSE is intended as the initial amount of GSE used for the SLN preparation.
Each measurement was performed in triplicate.

4.4. Transmission Electron Spectroscopy (TEM)

For the GSE containing SLN, TEM observations were also carried out. The morphol-
ogy and dimensions of the SLNs were determined by cryogenic transmission electron
microscopy (Cryo-TEM). All observations were performed using a Hitachi 7700 electron
microscope, at a temperature of 105 K and an acceleration voltage of 100 kV. The procedure
for vitrifying the samples (as previously described in [56]) can be summarized as follows.
A drop of suspension containing the nanocarriers was deposited on copper grids covered
with an amorphous carbon film. After removing the excess solution with buffer paper, the
sample was vitrified by immersion in liquid ethane maintained just above its freezing point.
The sample was then transferred to the Gatan 626 cryo holder. The sample was protected
against atmospheric conditions during the entire procedure to prevent the formation of
ice crystals. The digital images were acquired with an AMT-XR-81 camera and processed
with the EMIP software. Counting and size distribution of the nanoparticles were obtained
by processing the obtained TEM images. Twenty fields, randomly chosen, were taken
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into consideration for each sample, and the morphology and particle size of the particles
present in randomly selected areas on the basis of the count of 500 particles for each sample
was determined.

4.5. Solid State Studies

FT-IR spectroscopy: FT-IR spectra were obtained using powders of 2–5 mg of lyophilized
SLN (Lio Pascal 5P, Milan, Italy). Such powders were milled with KBr discs prior to acquire
spectra from a Perkin Elmer 1600 FT-IR spectrometer (Perkin Elmer, Milan, Italy). The
analysis was carried out at room temperature (r.t.) in the range of 4000–400 cm−1 at a
resolution of 1 cm−1 [57].

DSC: for bulk lipids, unloaded SLN, and GSE-SLN, DSC runs were performed on a
Mettler Toledo DSC 822e. The instrument was calibrated with indium for melting point
and heat of fusion, and in each run, the heating rate of 5 ◦C/min was used in the range of
25–275 ◦C. About 5 mg of lyophilized samples were taken in the standard aluminum sample
pans for analysis, and an empty pan was used as reference in each case. The analyses were
performed under nitrogen purge; triple runs were carried out on each sample [28,58].

X-ray diffraction: X-ray diffraction spectra were acquired with a MiniFlex Rigaku
diffractometer, operating in step-scan mode and equipped with a Cu Kα source (wavelength
λ = 0.154 nm) at 30 kV and 100 mA. The X-ray diffraction data were collected in the Bragg-
Brentano geometry, from 2 to 8 deg and from 10 to 40 deg, at a scanning speed of 0.02 deg/s.

Raman Spectroscopy: Raman scattering measurements were obtained by a Ren-
ishaw spectrometer equipped with a Leica metallographic microscope. The instrumen-
tation included a 514.5 nm air-cooled Argon ions laser source and 1800 lines/mm lat-
tice/monochromator with a RenCam CCD detector that assured a resolution of 1 cm−1.
The analysis of the obtained data was performed using Renishaw Wire 2.0 software.

4.6. Total Antioxidant Activity

The total antioxidant activity (TAA) was evaluated in the SLNs using a method based
on the ability of the antioxidants in the sample to reduce the radical cation of 2,20-azino-
bis-3-(ethylbenzothiazoline-6-sulphonic acid) (ABTS), determined by the decoloration of
ABTS+, and measuring the quenching of the absorbance at the wavelength of 730 nm
(BMG Labtech, Fluostar Omega, UK) [59]. This activity was calculated by comparing the
values of the sample with a standard curve of ascorbic acid, and expressed as ascorbic acid
equivalents (mmol) per milligram of SLN.

4.7. Cell Lines Culture

Two cell lines, SAF-1 from gilthead seabream and DLB-1 from European sea bass,
were used throughout the study. The established SAF-1 cell line [60] was seeded in 75-cm2

plastic tissue culture flasks (Nunc, Denmark) and cultured at 25 ◦C in an atmosphere with
85% relative humidity using a L-15 Leibowitz medium supplemented with 10% foetal
bovine serum (FBS, Sigma–Aldrich), 2 mM L-glutamine, 100 µg/mL streptomycin, and
100 U/mL penicillin. The subculture was carried out according to standard trypsinization
methods (0.25% trypsin/0.53 mM EDTA, Sigma–Aldrich). The cells were centrifuged
(200× g, 10 min) and the viability determined using the trypan blue exclusion test. The
SAF-1cells were plated in 48-well plates at 2.5 × 105 cell/well and cultured overnight at
25 ◦C with 85% relative humidity and 5% CO2 in the incubator chamber.

4.7.1. Cell Monolayers DLB-1

The DLB-1 cells were grown at 25 ◦C in a L-15 Leibovitz medium containing 0.16% NaCl,
15% foetal bovine serum (FBS), 20 mM HEPES, 2 mM glutamine, penicillin (100 IU/mL), and
streptomycin (100 µg/mL) and subcultured by trypsinization every week. The cells were
centrifuged (200× g, 10 min) and the viability determined using the trypan blue exclusion
test [61,62]. The cells were plated in 48-well plates at 2.5 × 105 cell/well and cultured
overnight at 25 ◦C with 85% relative humidity and 5% CO2 in the incubator chamber.

166



Molecules 2022, 27, 344

4.7.2. In Vitro Incubation of Fish Cell Lines with Particles

To determine whether GSE-SLN affected the viability of the SAF-1 and DLB-1 cells, the
cells were incubated without (control) or with different concentrations of loaded particles
(GSE-SLN(6mg), GSE-SLN(12mg), and GSE-SLN(6mg)-adsorbing GSE) (1, 10, and 20 µg/mL
of culture medium, respectively) at 25 ◦C with 85% relative humidity for 24 h. All the trials
were performed using six replicates.

4.8. Viability Assay

The cell viability was evaluated using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; Sigma-Aldrich) colorimetric assay based on the reduction of
the yellow soluble tetrazolium salt into a blue, insoluble formazan product by the mitochon-
drial succinate dehydrogenase [1]. For this, the SAF-1 and DLB-1 cells were washed and
incubated with 200 µL/well of culture medium containing 1 mg/mL of MTT. After 4 h of
incubation at 25 ◦C, the wells were washed, the formazan solubilized, and the absorbance
at 570 nm and 690 nm was determined in a microplate reader (BMG Labtech, Fluostar
Omega, UK). Blanks consisted of wells without cells.

4.9. Gene Expression

The SAF-1 and DLB1 cells were plated on uncoated 12-well culture dishes at a density
of 5 × 105 cells/well and incubated until 100% confluence. The cells were exposed in
culture medium to 0 (control) or 20 µg mL−1 of loaded particles (SLN and SLN-adsorbing
GSE) using 3 wells for each one and incubated for 24 h. The relative gene expression on the
cells was then evaluated using real-time PCR and the 2−∆∆CT method [63].

Total RNA was extracted from the cells using TRIzol reagent (Invitrogen; Berlin, Ger-
many) following the manufacturer’s instructions. The RNA was then treated with DNase
I (Invitrogen) to remove genomic DNA contamination. Complementary DNA (cDNA)
was synthesized from 1 mg of total RNA using the SuperScriptIV reverse transcriptase
(Invitrogen; Berlin, Germany) with an oligo-dT18 primer. The expression of 14 selected
genes was analysed by real-time PCR, performed with an ABI PRISM 7500 instrument
(Applied Biosystems; Waltham, CA, USA) using SYBRGreen PCR Core Reagents (Applied
Biosystems; Waltham, CA, USA), as previously described [64]. These genes code for struc-
tural proteins involved in antioxidant response, cell stress, apoptosis, and cell movement
(nuclear factor erythroid 2-related factor 2 (nrf2), superoxide dismutase (sod), catalase (cat),
heat-shock protein 70 (hsp70), BCL2 Associated X, apoptosis regulator (bax), caspase 3
(casp3), metallothionein (mt), vimentine (vim), and tubulin alpha (tub-a)). For each mRNA,
the gene expression was corrected by the median of the β-actin and 18-S expression content
in each sample. The primers used are shown in Tables 4 and 5. In all cases, each PCR was
performed with triplicate samples.

4.10. Statistical Analyses

For physic-chemical properties and size stability studies, statistical analyses were
carried out using Prism Version 4, GraphPad Software Inc. (San Diego, CA, USA). Data
were expressed as either mean± SD. Multiple comparisons were based on one-way analysis
of variance (ANOVA) with either Bonferroni’s or Tukey’s post hoc test, and differences
were considered significant when p < 0.05.

For biological studies, statistical differences among the groups were assessed by one-
way ANOVA analyses, followed by the Bonferroni or Games –Howell test, depending on
the homogeneity of the variables. The normality of the variables was confirmed by the
Shapiro–Wilk test and the homogeneity of variance by the Levene test. The significance
level was 95% in all cases (p < 0.05). All the data were analysed by the computer application
SPSS for Windows® (version 15.0, SPSS Inc., Chicago, IL, USA).
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5. Conclusions

For aquaculture application, we formulated a novel Gelucire® 50/13/Precirol® ATO5-
based SLN intended as a colloidal vector for the administration of the antioxidant GSE to
immunocompetent fish cells. The mild melt-emulsification technique provided particles
that combined high AE% of GSE with a reduced crystallinity level regarding the orga-
nization of the solid state, as evidenced by X-ray diffraction and Raman spectra. From
the biological evaluation of the SLNs, it was deduced, firstly, that both cell lines (SAF-1
and DLB-1) had different sensitivities to the exposure to the different GSE-SLNs at the
concentrations and incubation times tested in the present study. Furthermore, our results
demonstrated an important increase in antioxidant response (up-regulated expression of
Nrf2, cat, sod, and mt) in the cells after being incubated with the GSE-SLN. The concentration
of GSE, as well as the method of loading the GSE into the SLN, played crucial roles in
the physiological effects on the SAF-1 and DLB-1 cell lines, as was demonstrated by the
cytotoxicity assays and the gene expression of different apoptosis markers (casp3 and bax).
Finally, GSE-SLN affected the expression of different proteins related to the cytoskeleton
and apoptosis, which evidenced that GSE-SLN can be considered as a compelling and
valuable tool for use in different disease treatments. Moving on from good physicochemical
characteristics, ex vivo results in terms of cell viability and the expression of different
genes related to antioxidant defense, viability, and the cytoskeleton could be addressed in
future studies to evaluate if SLNs containing GSE could be a candidate for in vivo trials in
nutraceutical industries.
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Abstract: As an antioxidant, procyanidin B1(PB1) can improve the development of somatic cell
nuclear transfer (SCNT) embryos; PB1 reduces the level of oxidative stress (OS) during the in vitro de-
velopment of SCNT embryos by decreasing the level of reactive oxygen species (ROS) and increasing
the level of glutathione (GSH) and mitochondrial membrane potential (MMP). Metabolite hydrogen
peroxide (H2O2) produces OS. Catalase (CAT) can degrade hydrogen peroxide so that it produces
less toxic water (H2O) and oxygen (O2) in order to reduce the harm caused by H2O2. Therefore,
we tested the CAT level in the in vitro development of SCNT embryos; it was found that PB1 can
increase the expression of CAT, indicating that PB1 can offset the harm caused by oxidative stress by
increasing the level of CAT. Moreover, if H2O2 accumulates excessively, it produces radical-(HO-)
through Fe2+/3+ and damage to DNA. The damage caused to the DNA is mainly repaired by the
protein encoded by the DNA damage repair gene. Therefore, we tested the expression of the DNA
damage repair gene, OGG1. It was found that PB1 can increase the expression of OGG1 and increase
the expression of protein. Through the above test, we proved that PB1 can improve the repairability
of DNA damage. DNA damage can lead to cell apoptosis; therefore, we also tested the level of
apoptosis of blastocysts, and we found that PB1 reduced the level of apoptosis. In summary, our
results show that PB1 reduces the accumulation of H2O2 by decreasing the level of OS during the
in vitro development of SCNT embryos and improves the repairability of DNA damage to reduce
cell apoptosis. Our results have important significance for the improvement of the development of
SCNT embryos in vitro and provide important reference significance for diseases that can be treated
using SCNT technology.

Keywords: procyanidin B1; mouse; SCNT; embryo; reactive oxygen species

1. Introduction

Somatic cell nuclear transfer (SCNT) is a technology that transfers the nuclei of non-
pluripotent differentiated somatic cells into mature oocytes, so that the transplanted oocytes
have pluripotency and can develop into normal individuals. SCNT technology can be
used to obtain embryonic stem cells derived from nuclear transfer (ntESCs); ntESCs were
first obtained from mice [1], and then, scientists obtained ntESCs from rhesus monkeys [2].
Then, scientists used their experience in rhesus monkeys to obtain fibroblasts using fetuses
or infants [3]. Both normal humans and type 1 diabetes (T1D) patients have produced
ntESCs (nuclei of ntESC cell lines as donors and nuclei of adult somatic cells as donors for
nuclear transfer) [4,5]. Studies have shown the potential use of ntESCs in cell replacement
therapy [5]. Reproductive cloning has great potential to expand the population of important
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agricultural economic animals and save endangered animals without sacrificing donor
animals [6–9]. Another potential application of SCNT technology is the generation of
new animal models for human diseases [10,11]. Because of the huge application potential
of nuclear transfer, in addition to improving the efficiency of nuclear transfer from the
perspective of epigenetic modification, it is also very important to explore other aspects to
improve the efficiency of nuclear transfer.

Oxidative stress (OS) is a challenging problem in embryo culture and development
in vitro. When the embryos are exposed outside the body for manipulation, such as during
in vitro fertilization (IVF) [12], intracytoplasmic sperm injection (ICSI) [13], parthenogenetic
activation (PA) [14], and SCNT [15], they are subjected to oxidative stress. Under these
conditions, embryos produce higher levels of reactive oxygen species (ROS) and reduce
the levels of GSH [16], with disruption of the mitochondrial membrane potential [17]. Due
to the increase in oxidative stress, a large number of free radicals (such as the hydroxyl
radical (-OH)) and non-radical species (such as hydrogen peroxide (H2O2)) are produced
in cells [18,19]. Again, free radical and non-radical species cause oxidative stress, among
which H2O2 is the most typical non-radical species. H2O2 can be converted to -OH by
Fe2+/Cu+ [18]. Free radicals can cause DNA damage and induce cell apoptosis. In order
to enhance the antioxidant capacity of somatic cell nuclear transfer embryos, improve
the in vitro development ability of somatic cell nuclear transfer embryos, and reduce the
apoptosis level of somatic cell nuclear transfer embryos, it is very necessary to select
antioxidants with strong antioxidant activity to be added to the in vitro culture system of
somatic cell nuclear transfer embryos.

Procyanidin B1(PB1) is a small-molecule compound, extracted from a variety of
plants [20–23], especially grapes [24–26], and it has strong antioxidant effects [22,24,27–29].
The antioxidant function of PB1 works by reducing the LPS-induced production of ROS
and inhibiting extracellular signal-regulated kinase (ERK)1/2 and IkB kinase beta (IKKb)
activity [30]. Additionally, the antioxidant function of PB1 also operates via the indirect
activation of the nuclear factor E2-related factor 2 (Nrf2) antioxidant response element
(ARE) signaling pathway, which reduces the in vitro and in vivo oxidant levels in HepG2
cells [22]. The antioxidant effects of PB1 can also reduce neuronal death via the attenuation
of the activation of caspase-3 by inhibiting the activation of caspase-8 and caspase-9 [28].
Additionally, procyanidin B1 also has anti-inflammatory [30,31], and anti-tumor [32] effects.
Furthermore, the antioxidant procyanidin B1 contained in grape extracts protects from
chronic metabolic diseases such as diabetes and hypertension, and also prevents the
development of chronic kidney disease (CKD) and cardiovascular disease [33]. Thus, PB1
has beneficial effects on health and disease due to its antioxidant effects, and PB1 also
benefits the in vitro development of PA embryos [29]. So, PB1 may be a potential and
beneficial small molecules drug in relation to SCNT embryo development.

2. Results
2.1. Determination of the Concentration of PB1 and the Effect of 50 µM PB1 on the Development
of SCNT Embryos

SCNT embryos (Figure 1A) were cultured in KSOM media supplemented with 0, 20,
50, 80, 100, 120, and 150 µM PB1 to determine the blastocyst rate. Supplemented 50 µM PB1
significantly increased the blastocyst rate compared with the control group (38.12% ± 1.55%
vs. 34.26% ± 1.60%, Figure 1D).
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Figure 1. Effects of PB1 on SCNT embryo development. (A) Images of SCNT experimental protocol. Scale bar = 100 µm.
Below is the display picture of the magnification. Scale bar = 200 µm. (B) Picture of 2-cell to blastocyst rates for control and
50 µM PB1 groups. (C) Histogram of 2-cell, 4-cell, 8-cell, and blastocyst rate for control and 50 µM PB1 groups. (D) Shows
the blastocyst rate of control and 20, 50, 80, 100, 120, or 150 µM PB1-exposed groups. (E) Picture of blastocyst total cell
numbers for control and 50 µM PB1 groups. (F) Histogram of blastocyst total cell numbers for control and 50 µM PB1 groups.
Values shown are mean ± standard deviation of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001.
p < 0.05 indicates a significant difference between the two groups.

Supplemented 50 µM PB1 affected the development of SCNT embryos; at the eight-
cell and blastocyst stage, the eight-cell and blastocyst rate were significantly increased
compared with the control group (36.90% ± 4.36% vs. 27.34% ± 2.04%, p < 0.05; and
32.65% ± 2.46% vs. 25.27% ± 3.78%, p < 0.05, Figure 1B,C).

In regard to the total blastocyst cell numbers in SCNT embryos of cultured with
KSOM medium supplemented with 0 and 50 µM PB1, the result showed that the group
with supplemented 50 µM PB1 total blastocyst cell numbers were significantly increased
compared with the control group (93.86 ± 17.52 vs. 76.00 ± 10.18, p < 0.01, Figure 1E,F).

2.1.1. ROS, GSH and JC-1 Ratio Levels in Two-Cell, Four-Cell, Eight-Cell and Blastocyst
Embryos Cultured in KSOM Medium Supplemented in 50 µM PB1

At the two-cell stage, the GSH levels were significantly higher than those in the control
group (37.03 ± 3.10 vs. 33.70 ± 3.65, p < 0.01, Figure 2D–F). At the four-cell stage, there
were no significant results. At the eight-cell stage, the GSH levels significantly increased
compared with the control group (41.99 ± 4.80 vs. 38.03 ± 3.52 pixels per embryo, p < 0.05,
Figure 2D–F) and the ROS levels significantly decreased compared with the control group
(4.74 ± 1.12 vs. 6.04 ± 2.12 pixels per embryo, p < 0.05, Figure 2A–C). JC-1 red represents
the JC-1 polymer in the mitochondrial membrane, JC-1 green represents the JC-1 monomer
outside the mitochondrial membrane, and JC-1 ratio is the ratio of JC-1 red to JC-1 green,
representing the level of mitochondrial membrane potential (MMP). The decrease in MMP
level is a landmark event in the early stage of apoptosis. At the blastocyst stage, the
JC-1 ratio levels significantly increased compared with the control group (2.86 ± 0.91 vs.
2.32 ± 0.33 pixels per embryo, p < 0.05, Figure 2G–I) and the ROS levels significantly
decreased compared with the control group (5.59 ± 1.40 vs. 7.25 ± 2.05 pixels per embryo,
p < 0.05, Figure 2A–C).
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Figure 2. ROS, GSH and MMP levels in 2-cell, 4-cell, 8-cell, and blastocyst embryos. (A) Intracellular
H2DCFDA-stained (ROS) in 2-cell, 4-cell, 8-cell, and blastocyst embryos of control group. (Scale bar = 200 µm).
(B) Intracellular H2DCFDA-stained (ROS) in 2-cell, 4-cell, 8-cell, and blastocyst embryos of 50 µM PB1 group.
(Scale bar = 200 µm). (C) The ROS signal intensity of control group and 50 µM PB1 group. (D) Intracellular
CMF2HC-stained (GSH) in 2-cell, 4-cell, 8-cell, and blastocyst embryos of control group. (E) Intracellular
CMF2HC-stained (GSH) in 2-cell, 4-cell, 8-cell, and blastocyst embryos of 50µM PB1 group. (Scale bar = 200µm).
(F) The GSH signal intensity of control group and 50 µM PB1 group. (G) JC-red and JC-green in 2-cell, 4-cell,
8-cell, and blastocyst embryos of control group. (Scale bar = 200 µm). (H) JC-red and JC-green in 2-cell, 4-cell,
8-cell, and blastocyst embryos of 50 µM PB1 group. (Scale bar = 200 µm). (I) The JC-1 ratio (JC-red signal
intensity to JC-green signal intensity) of control group and 50 µM PB1 group. The experiment was repeated
three times, and values shown are mean ± standard deviation. * p < 0.05, ** p < 0.01.
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2.1.2. The Levels of Catalase (CAT) in Two-Cell, Four-Cell, Eight-Cell and Blastocyst
Embryos and the DNA Damage Repairability of PB1

At the two-cell and eight-cell stage, the CAT levels of the group cultured in KSOM
medium supplemented in 50 µM PB1 were significantly higher than the control group
(39.20 ± 3.07 vs. 36.92 ± 2.06 pixels per embryo, p < 0.01; 38.71 ± 2.94 vs. 35.13 ± 1.96
pixels per embryo, p < 0.01, Figure 3A–C).
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Figure 3. The levels of CAT in 2-cell, 4-cell, 8-cell, and blastocyst embryos and the DNA damage repairability of PB1.
(A) The CAT levels in 2-cell, 4-cell, 8-cell, and blastocyst embryos of control group. (Scale bar = 200 µm). (B) The CAT levels
in 2-cell, 4-cell, 8-cell, and blastocyst embryos of 50 µM PB1 group. (Scale bar = 200 µm). (C) The CAT signal intensity of
control group and 50 µM PB1 group. (D) OGG1 levels in blastocyst, with proteins labeled with red fluorescence and blue
indicating nuclei. (Scale bar = 100 µm) (E) Signal strength of OGG1 protein expression. (F) Relative expression levels of
OGG1 mRNA in blastocyst. The experiment was repeated three times, and values shown are mean ± standard deviation.
* p < 0.05, ** p < 0.01.

To determine the DNA damage repairability of PB1, we detected the OGG1 mRNA
and protein expression in blastocysts; the results showed that the OGG1 mRNA expression
was significantly increased and protein expression was increased in the 50 µM PB1 group
compared with the control group (114.27 ± 11.86 vs. 79.12 ± 24.82 pixels per embryo,
p < 0.05, Figure 3D,E, respectively).
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2.1.3. Apoptosis of Blastocysts Cultured in KSOM Medium Supplemented in 50 µM PB1

To determine their ability to inhibit apoptosis of PB1, we evaluated P53 and caspase-3
mRNA and protein expression through immunofluorescence staining. There were no
significant differences in the caspase-3 protein expression. However, the caspase-3 mRNA
expression significantly decreased. Additionally, the P53 mRNA expression also signif-
icantly decreased. The expression of P53 protein in blastocysts decreased in the 50 µM
PB1 group compared with the control group (73.47 ± 29.36 vs. 113.33 ± 50.85 pixels per
embryo, p < 0.05, Figure 4A,B,D, respectively). The TUNEL results show that the 50 µM
PB1 group showed a significant decrease in apoptosis level compared with the control
group (7.67 ± 0.50 vs. 8.43 ± 1.15 pixels per blastocyst, p < 0.05, Figure 4C,F, respectively).
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Figure 4. Apoptosis levels of blastocyst. (A) Caspase-3 and P53 levels in blastocyst, with proteins labeled with red
fluorescence and blue indicating nuclei. Scale bar = 200 µm. (B) P53 levels in blastocyst, with proteins labeled with red
fluorescence and blue indicating nuclei. Scale bar = 200 µm. (C) dUTPs labeled with green fluorescence and blue, indicating
nuclei, in blastocysts. Scale bar = 100 µm. (D) Signal strength of caspase-3 and P53 protein. (E) Relative caspase-3 and
P53 mRNA expression levels in blastocysts. (F) Percentage of apoptotic in blastocysts. Values indicate mean ± standard
deviation of three independent experiments. * p < 0.05, *** p < 0.001.
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3. Discussion

Based on the results of previous studies [22,25,29], we can determine that PB1 is a
small-molecule drug with antioxidant effects. In addition, we can confirm that it can
improve the developmental ability of embryos during early development [29]. The in vitro
development of embryos is inefficient compared to embryos derived in vivo [34]; embryos
cultured in vitro exhibit increased ROS levels, especially SCNT embryos during the process
of micromanipulation in vitro [35]. SCNT technology in embryos can also cause damage to
mitochondrial membrane potential, DNA, and gene and protein expression [35,36]. This
experiment focuses on the effect of PB1 on the early development of SCNT embryos to
reduce the level of OS in SCNT embryos development. Firstly, the optimal concentration
of PB1 during SCNT embryos development was selected. In view of the poor treatment
effect of 100 µM (the concentration used in the in vitro maturation of pig embryos) [29]
and the lower rate of blastocysts, we believe that the processing time for SCNT embryos in
mice is longer; it takes 3.5 days. We finally determined the best concentration to be 50 µM.
In the SCNT embryos treated at this concentration, the eight-cell rate and the blastocyst
rate were significantly improved, and the number of blastocyst cells was more than that of
the control group without PB1. The above results can show that PB1 at a concentration of
50 µM promotes the development of mouse embryos in vitro.

Scientists engaged in embryo development research have been committed to finding
ways to reduce the oxidative stress of embryo development in vitro. The most common
method is the addition of antioxidants to in vitro embryo culture medium, and the most
representative one is vitamin C (VC); VC can reduce excessive ROS levels and reduce DNA
damage and apoptosis [37]. With the progress of chemical extraction methods and the
continuous discovery of new chemical molecules, increasing numbers of antioxidants have
been discovered and used to improve oxidative stress in biological research, especially in
the field of embryonic development, such as asiatic acid [38] and melatonin [39]. Using
PB1 as an antioxidant, we analyzed the effect of PB1 on the level of ROS in SCNT embryos
and found that in the late stage of embryonic development (eight-cell and blastocyst stage),
the level of ROS showed a significant decrease, indicating that PB1 can play a role in
scavenging ROS during development, and that it takes time to accumulate so that it can
play a role. The finding that PB1 can reduce the level of active oxygen is consistent with
the results of previous studies [29,30].

As an important regulatory metabolite in cells, GSH has an antioxidant effect which
plays an important reducing role and is significantly increased during the two-cell and
eight-cell stage of SCNT embryo development during PB1 processing, which is consistent
with the previous results found in the maturation of pig oocytes [29], and the results are
consistent with those found in intestinal normal-like cells [40]. The improvement of GSH
level occurred earlier, in the two-cell stage. From this, we guessed that PB1 first increased
the GSH level, and GSH then played a role to reduce the ROS level in the eight-cell and
blastocyst stages. In addition, the endogenous source of ROS is mainly mitochondria.
MMP plays a key role in mitochondrial respiration. When MMP is depolarized, a large
amount of ROS is produced [29]. Additionally, GSH can also attenuate the depolarization
of MMP [41]. Our results show that when the MMP in the blastocyst increases, there is a
corresponding decrease in ROS in the blastocysts. In addition, in the process of redox in the
cell, GSH and GSSG (L-Glutathione Oxidized) are continuously circulated under the action
of the glutathione cycle. H2O2 can be degraded into H2O through the process of converting
GSH to GSSG, thereby reducing oxidative stress. Therefore, we believe that this process
may be due to PB1 increasing the conversion rate of GSSG to GSH, and the underlying
mechanism may be that PB1 promotes the activity of glutathione-related invertase, and
decreases glutathione reductase level.

In the process of oxidative stress, some metabolic by-products, such as H2O2, can be
produced [42]. These metabolic by-products of oxidative stress can cause serious damage to
cells. H2O2 can cause cell DNA damage and cell apoptosis [43]. The decrease in CAT levels
causes an increase in H2O2 levels [44]. We analyzed the level of CAT that can decompose
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H2O2, and after PB1 treatment, the level of CAT in SCNT embryos (two-cell and eight-cell
stage) showed a significant increase. The above results can show that PB1 increases the
expression level of CAT, which in turn can reduce the production of H2O2. The possible
mechanism is that PB1 activates the expression of the CAT gene, and the activated CAT
gene promotes the level of CAT. CAT can reduce the H2O2 level, so the H2O2 harm is
reduced, which reduces DNA damage and cell apoptosis, thereby reducing DNA damage
and cell apoptosis. The blastocyst stage is the final stage of early embryo development
and the longest PB1 treatment stage. Therefore, we tested the blastocyst DNA damage
repairability and the level of blastocyst apoptosis in the blastocyst stage. Since the protein
encoded by OGG1 (DNA damage repair gene) can protect DNA from ROS damage [45], we
detected the expression of the OGG1 gene in blastocysts. We found that the expression of
the OGG1 gene in blastocysts treated with PB1 was significantly increased compared with
the group without PB1, and protein expression was also significantly increased compared
with the group without PB1. We also carried out a correlation analysis on the level of
apoptosis of blastocyst stage cells. Although immunofluorescence staining showed that
the protein level of caspase-3 did not decrease significantly, the level of mRNA showed
a significant decrease in the expression of caspase-3. Another representative apoptotic
protein, P53, showed a significant reduction in protein and mRNA levels. TUNEL analysis
also showed a significant reduction in apoptosis. The above results can prove that PB1 can
enhance the embryo’s DNA repairability and reduce cell apoptosis.

In summary, our results show that PB1 can reduce the level of oxidative stress during
the early development of SCNT embryos, improve the embryo’s ability to remove oxidative
stress metabolites, and enhance the embryo’s DNA damage repairability, thereby reducing
the level of apoptosis and promoting the development ability of SCNT embryos.

4. Materials and Methods
4.1. Ethics Statement

The mice used for our experiments were kept in a comfortable environment (12 h
of light, 12 h of darkness, 20 ◦C, moderate humidity). Our experiments complied with
the Animal Care and Use Committee of Jilin University, Changchun, China (Grant No.
SY202009068).

4.2. Reagents and Animals

We purchased all chemicals and reagents from Sigma-Aldrich (St. Louis, MO, USA),
unless stated otherwise.

We used 8-week-old female offspring (B6D2F1) produced after mating of C57 BL/6J
(female) and DBA/2 (male) as experimental animals for SCNT.

4.3. Drug Treatment and Experimental Design

Based on our and others’ previous research on porcine [30] and on mouse embryos,
we analyzed the concentration of PB1 by treating the embryos with 0, 20, 50, 80, 100, 120,
and 150 µM. We found 50 µM to be the most suitable concentration. We dissolved PB1 in
KSOM solution to make a storage solution with a concentration of 500 mM and stored it
at −20 ◦C. When we came to use the working solution, we first diluted it to 500 µM with
KSOM solution, and then diluted it to the required concentration.

Regarding MII oocytes after SCNT, we chose good SCNT embryos and transferred them
to the new in vitro culture (IVC) KSOM medium (NaCl 555 mg/100 mL, KCl 18.5 mg/100 mL,
KH2PO4 4.75 mg/100 mL, MgSO4 7H2O 4.95 mg/100 mL, CaCl2 2H2O 25 mg/100 mL,
NaHCO3 210 mg/100 mL, Glucose 3.6 mg/100 mL, Na-Pyruvate 2.2 mg/100 mL, DL-Lactic
Acid, sodium salt 0.174 mL/100 mL, 10 mM EDTA 100 µL/100 mL, Streptomycin 5 Peni-
cillin 6.3 mg/100 mL, 0.5% phenol red 0.1 mL/100 mL, L-Glutamine 14.6 mg/100 mL,
MEM Essential Amino Acids 1 mL/100 mL, MEM Non-essential AA 0.5 mL/100 mL,
BSA 100 mg/100 mL) and KSOM medium supplemented with 50 µM of PB1. During the
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IVC process, we counted the 2-cell, 4-cell, 8-cell, and blastocyst embryos at 24, 48, 48–60,
72–84 h after SCNT.

4.4. SCNT Protocol and Embryonic IVC

Each female B6D2F1 mouse was injected with 7.5 IU PMSG (pregnant mare serum
gonadotropin; Merck Millipore, San Francisco, CA, USA) at 6:30 p.m. Forty-eight hours
later, the mice were injected with 7.5 IU hCG (human chorionic gonadotropin; Sigma,
St. Louis, MO, USA). After 13–15 h, we killed the mice by cervical dislocation, and the
oviducts were removed and put into HCZB [CZB stock medium 94 mL (500 mL of CZB
stock medium: special media ultra-pure water (470 mL), NaCl (2380 mg), KCl (180 mg),
MgSO4·7H2O (145 mg), EDTA·2Na (20 mg), D-Glucose (500 mg), KH2PO4 (80 mg), Na-
Lactate (2.65 mL)), PVA (10 mg), Hepes (476 mg), NaHCO3 (42 mg), CaCl2·2H2O 100× stock
(42 mg), CaCl2·2H2O 100× stock (1 mL), Na-Pyruvate (3.7 mL), Glutamax (1mL)]. Next, the
cumulus–oocyte complexes (COCs) were picked from the magnum tubae uterinae of the
oviducts; we detached cumulus cells from B6D2F1 COCs with 2% hyaluronidase melted
in HCZB, and washed them 3 times using HCZB. B6D2F1 MII oocytes were prepared for
SCNT. The restoration, activation, and culture of embryos were carried out at 37 ◦C with
5% CO2/95% air conditions, and all media overlaid with mineral oil were prepared for use
in an incubator.

SCNT protocol: We removed the B6D2F1 MII oocytes nucleus using a micromanip-
ulator in HCZB containing 0.5 µg/mL CB [HCZB + CB(Cytochalasin B)], and we used
cumulus cells of B6D2F1 mice as donor cells. After that, we injected cumulus cells into
B6D2F1 MII oocytes without nuclei. All manipulations were completed within 18 h after
the HCG injection. Next, we put the SCNT embryos in KSOM medium to recover for 1 h,
and then we put the SCNT embryos into Ca2+-free CZB containing 10 µM of Sr2+ and
0.5 µg/mL of CB for 6 h. After that, we transferred SCNT embryos to a KSOM medium
containing 0.5 nM of TSA(trichostatin A) for 4 h. Finally, we transferred SCNT embryos
into fresh KSOM medium. The KSOM culture medium supplemented with 50 µM of PB1
was used as the experimental group, and the KSOM culture medium without any addition
was used as the control group.

4.5. Assay of Total Blastocyst Cell Numbers

SCNT blastocysts were collected in order to count the total cell numbers. All blas-
tocysts were washed three times using PBS-PVA (phosphate-buffered saline mixed with
1 g/L of PVA) and fixed with 4% (w/v) paraformaldehyde; fixed blastocysts were washed
three times again and incubated in 5 µg/mL of Hoechst 33342 for 10 min at 37 ◦C. After
that, blastocysts were washed three times again; washed blastocysts were mounted on a
glass slide under a glass coverslip, and photographed using EVOS FL.

4.6. Immunofluorescence Staining and Quantitative Real-Time Polymerase Chain Reaction
(Q-PCR) Protocol

Blastocysts (the control group and 50 µM PB1-treated group) were fixed with 4%
(w/v) paraformaldehyde solution after being washed three times with PBS-PVA, and
incubated with 0.2% (v/v) Triton X-100 for 15 min. Then, after being washed 3 times,
all fixed blastocysts were incubated with 1% (w/v) BSA for 1 h. After they were fixed,
blastocysts were incubated with anti-P53 (1:100; Abcam, Cambridge, UK), anti-caspase-
3 (1:100; Abcam) and anti-OGG1 (1:100; GeneTex, Irvine, CA USA) antibodies at 4 ◦C
overnight. The next day, they were washed 3 times and incubated with a secondary
antibody (1:100; CY3-goat anti-rabbit; Boster Biological Technology, Wuhan, China) at
37 ◦C for 2 h. After being incubated with a secondary antibody and washed three times,
we placed the blastocysts in Hoechst 33342 for 10 min at room temperature. Blastocysts
were washed three times again; washed blastocysts were mounted on a glass slide under a
glass coverslip, and photographed using EVOS FL (Waltham, MA, USA).

Total mRNA was extracted from about 20–30 blastocysts using a microRNA extraction
kit (cat. 74181, Qiagen, Dusseldorf, Germany) and reverse transcribed into cDNA using a
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reverse transcription kit (Tiangen Biotech, Beijing, China). We added SYBR green fluores-
cent dye (Tiangen Biotech), cDNA, ddH2O, and primers (Table 1) to a 96-well PCR Cell
PCR-plate using an RT-PCR instrument (Eppendorf, Hamburg, Germany). The RT-PCR
cycles were as follows: pre-denaturation at 95 ◦C for 15 min, 95 ◦C for 10 s (denaturation),
60 ◦C for 20 s (annealing), and 72 ◦C for 30 s (extension) for 45 cycles. The β-actin gene
was used for standardization. Three independent experiments were performed; we used
the 2 − ∆∆Ct (∆∆Ct = ∆Ct (case) − ∆Ct (control)) method to calculate relative mRNA
expression. The primer sequences used for real-time PCR are shown in Table 1.

Table 1. Primer sequences used for real-time PCR.

Gene Primer Sequence Annealing

Forward CTGCCTAGCAGCATGAGACAT
OGG1 [45] 61 ◦C

Reverse CAGTGTCCATACTTGATCTGCC
Forward CAGCCAAGTCTGTGACTTGCACGTAC

P53 [46] 61 ◦C
Reverse CTATGTCGAAAAGTGTTTCTGTCATC
Forward CCAACCTCAGAGAGACATTC

Caspase3 [47] 61 ◦C
Reverse TTTCGGCTTTCCAGTCAGAC
Forward GGGAAATCGTGCGTGACATT

β-actin [48] 61 ◦C
Reverse GCGGCAGTGGCCATCTC

4.7. TUNEL Method

Blastocysts (control group and 50 µM PB1 treated group) were removed from the
KSOM medium, washed with PBS-PVA three times, and fixed with 4% (w/v) paraformalde-
hyde solution for 10 min, then washed 3 times, and transferred to 0.2% (v/v) Triton X-100
for 15 min. Then, we washed the blastocysts 3 times, and we incubated the blastocysts with
TdT and fluorescein-conjugated dUTPs (In Situ Cell Death Detection Kit; Roche, Mannheim,
Germany) in the dark for 30 min at 37 ◦C. After that, we washed the embryos 3 times and
transferred the blastocysts to Hoechst 33342 for 5 min at 37 ◦C, and they were washed
again three times with PBS-PVA. The processed blastocysts were fixed on a glass slide, and
observed and photographed using EVOS FL.

4.8. ROS, GSH and MMP Level Assay

Two-cell, four-cell, eight-cell, and blastocyst embryos were collected to measure ROS,
GSH and MMP levels. All the embryos (2-cell, 4-cell, 8-cell, and blastocyst) were washed
3 times to examine ROS levels, embryos were incubated with PBS-PVA containing 10 µM
2,7-dichlorodihydrofluorescein diacetate (H2DCFDA; Solarbio Life Sciences, Beijing, China)
for 5 min, and after being washed three times, they were photographed using EVOS FL
(green fluorescence, UV filters, 490 nm, Waltham, MA, USA). To detect GSH levels, 2-cell,
4-cell, 8-cell, and blastocyst embryos were incubated with PBS-PVA containing 10 µM
4-chloromethyl-6,8-difluoro-7-hydroxycoumarin (CMF2HC, Solarbio Life Sciences, Bei-
jing, China) for 5 min, then washed three times, and photographed using EVOS FL (blue
fluorescence, UV filter, 370 nm, Waltham, MA, USA). To detect MMP levels, we incu-
bated all cells with PBS-PVA containing JC-1 fluorescent probe (Solarbio Life Sciences,
Beijing, China) at 37 ◦C for 30 min. Cells were photographed using a fluorescence mi-
croscope (EVOS FL, Waltham, MA, USA) with 490 nm (green fluorescence) and 530 nm
(red fluorescence) excitation, and the MMP was calculated as the ratio of red fluorescence
(corresponding to activated mitochondria) to green fluorescence (corresponding to less
activated mitochondria, J-monomer).
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4.9. CAT Levels Method

Two-cell, four-cell, eight-cell and blastocyst embryos were collected to measure CAT
levels; all embryos were washed 3 times, then incubated with 200 µL of solution 1 mixed
with 1 µL of solution 2 (cat. BC0205, Solarbio Life Sciences, Beijing, China) for 5 min; after
that, we placed the embryos in KSOM medium to recover for 5 min, and photographed
them using fluorescence microscope (EVOS FL, Waltham, MA, USA) (blue fluorescence,
UV filter) excitation.

4.10. Statistical Analysis

We repeated each experiment at least three times and analyzed the data using SPSS 20.0
software (IBM, Armonk, NY, USA). We used the Student’s t-test to analyze comparisons of
the two groups (treatment and control groups) and the ANOVA test to analyze comparisons
of more than two groups and Dunnett’s test to analyze Figure 1D. p < 0.05 was considered
statistically significant.

5. Conclusions

The above research results indicate that as an antioxidant small molecule, PB1 can
reduce the oxidative stress level during the early development of SCNT embryos by
reducing the level of ROS and increasing the level of GSH. Additionally, it can improve
the ability of embryos to scavenge free radicals such as H2O2, improve DNA damage
repairability, and reduce the expression level of embryonic apoptosis markers, as well as
reduce the level of apoptosis of SCNT embryonic blastocysts, thereby reducing the level
of apoptosis. All the results support the idea that PB1 can be used as a supplement to
promotes the development of SCNT embryos.
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Abstract: Flavonoids are ubiquitous groups of polyphenolic compounds present in most natural
products and plants. These substances have been shown to have promising chemopreventive and
chemotherapeutic properties with multiple target interactions and multiple pathway regulations
against various human cancers. Polyphenolic flavonoid compounds can block the initiation or
reverse the promotion stage of multistep carcinogenesis. Quercetin is one of the most abundant
flavonoids found in fruits and vegetables and has been shown to have multiple properties capable of
reducing cell growth in cancer cells. Acute myeloid leukemia (AML) and myelodysplastic syndromes
(MDS) therapy remains a challenge for hematologists worldwide, and the outcomes for patients with
both disorders continue to be poor. This scenario indicates the increasing demand for innovative
drugs and rational combinative therapies. Herein, we discuss the multitarget effects of the flavonoid
quercetin, a naturally occurring flavonol, on AML and MDS.
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1. Introduction

Flavonoids are ubiquitous groups of polyphenolic compounds present in natural
products and plants such as fruits, vegetables, grains, bark, roots, stems, flowers, tea, and
wine [1]. These natural substances have been shown to present promising chemopreventive
and chemotherapeutic properties with multiple target interactions and multiple pathway
regulation against various human cancers. Polyphenolic flavonoid compounds can block
the initiation or reverse the promotion stage of multistep carcinogenesis [2]. Flavonoids
are usually classified into six main subgroups: flavone (baicalein, apigenin), flavonol
(fisetin, quercetin), flavanone (eriodyctiol, hesperidin), flavanol (catechin, epicatechin),
anthocyanidin (cyaniding, apigeninidin), and isoflavone (daidzein, prunetin) (Figure 1).

Quercetin (3,3′,4′,5,7-pentahidroxiflavonol) is one of the most abundant flavonoids
(Figure 2) belonging to the flavonol subgroup, found in fruits, vegetables, tea, and red
wine [3,4]. Quercetin is also found in medicinal plants including Allium cepa (Liliaceae),
Allium fistulosum (Amaryllidaceae), Apium graveolens (Apiaceae), Asopargus officinalis (As-
pargaceae), Camellia sinensis (Theaceae), Capparis spinosa (Capparaceae), Calamus scipionum
(Calamoidaceae), Centella asiatica (Apiaceae), Coriandrum sativum (Apiaceae), Ginkgo biloba
(Ginkgoaceae), Hypericum perforatum (Hyperiaceae), Hypericum hiricinum (Clusiaceae), Lac-
tuca sativa (Asteraceae), Moringa oleifera (Moringa), Morus alba (Moraceae), Nasturtium offici-
nale (Brassicaceae), Solanum lycopersicum (Solanaceae), Vitis vinifera (Vitaceae), and Sambucus
canadensis (Adoxaceae) [5–7]. Quercetin has anti-inflammatory, anticancer, cardiovascular
protection, antiviral, antidiabetic, immunomodulatory, antiallergy, and antihypertensive
therapeutic properties, in addition to gastroprotective effects. Quercetin is a yellow-colored
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crystalline insoluble solid substance and has a bitter taste. Quercetin is slightly soluble in
alcohol, aqueous alkaline solutions, and glacial acetic acid [5].
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Figure 2. Structure of quercetin. Quercetin contains the basic structure of flavonoids: diphenyl-
propane (C6–C3–C6) with hydroxyl groups attached to the rings. The official nomenclature according
to IUPAC is 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one. Other names include
5,7,3′,4′-flavon-3-ol, sophoretin, meletin, quercetine, xanthaurine, quercetol, quercitin, quertine, and
flavin meletin. Chemical formula: C15H10O7.

Quercetin biosynthesis occurs though the phenylpropanoid metabolic pathway. Firstly,
phenylalanine is converted to cinnamic acid; this reaction is catalyzed by the enzyme
phenylalanine ammonialyase (Figure 3). Cinnamic acid undergoes the action of the enzyme
cinnamate 4-hydroxylase to produce p-coumaric acid. This carboxylic group of synthesized
p-coumaric acid undergoes ligation with CoA and produces 4-coumaroyl-CoA; this reaction
is catalyzed by the enzyme p-coumarate:CoA ligase. Naringenin chalcone is produced by
the enzyme chalcone synthase from one molecule of 4-coumaroyl-CoA and three molecules
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of malonyl-CoA to form the essential A and B rings of the flavonoid skeleton (i.e., C6–C3–
C6). The chalcone isomerase synthesizes naringenin (a flavanone); this reaction enables the
construction of the heterocyclic C ring. Flavanone 3β-hydroxylase undergoes hydroxylation
of naringenin and produces dihydrokaempferol. Flavonol 3′-hydroxylase undergoes the
hydroxylation reaction on dihydrokaempferol to produce dihydroquercetin. Finally, the
activity of the enzyme flavonol synthase on dihydroquercetin catalyzes the biosynthesis of
quercetin [8,9].

Molecules 2021, 26, x FOR PEER REVIEW 3 of 12 
 

 

Quercetin biosynthesis occurs though the phenylpropanoid metabolic pathway. 
Firstly, phenylalanine is converted to cinnamic acid; this reaction is catalyzed by the en-
zyme phenylalanine ammonialyase (Figure 3). Cinnamic acid undergoes the action of the 
enzyme cinnamate 4-hydroxylase to produce p-coumaric acid. This carboxylic group of 
synthesized p-coumaric acid undergoes ligation with CoA and produces 4-coumaroyl-
CoA; this reaction is catalyzed by the enzyme p-coumarate:CoA ligase. Naringenin chal-
cone is produced by the enzyme chalcone synthase from one molecule of 4-coumaroyl-
CoA and three molecules of malonyl-CoA to form the essential A and B rings of the fla-
vonoid skeleton (i.e., C6–C3–C6). The chalcone isomerase synthesizes naringenin (a fla-
vanone); this reaction enables the construction of the heterocyclic C ring. Flavanone 3β-
hydroxylase undergoes hydroxylation of naringenin and produces dihydrokaempferol. 
Flavonol 3’-hydroxylase undergoes the hydroxylation reaction on dihydrokaempferol to 
produce dihydroquercetin. Finally, the activity of the enzyme flavonol synthase on dihy-
droquercetin catalyzes the biosynthesis of quercetin [8,9]. 

 
Figure 3. Quercetin biosynthesis. 

Quercetin has high bioavailability due to its aglycone structure, i.e., without a sugar 
group. The daily intake of quercetin in the diet is estimated to be 5–40 mg/day [2]; how-
ever, these values may be as high as 200–500 mg/day in individuals who consume large 
amounts of fruits and vegetables rich in quercetin (apples, onions, and tomatoes) [10]. In 
food, quercetin is found in a glycosylated pattern with bioavailability, which depends on 
the type of glycoside present in the molecule. After absorption, quercetin is metabolized 
in different organs, such as the intestine, colon, liver, and kidneys, where the molecule is 
conjugated to methyl, sulfate, and glucuronic acid [11]. The total amount of quercetin 
available in the plasma deriving from the diet is usually in the nanomolar concentration 
range (<100 nM); however, upon quercetin supplementation, this availability may in-
crease to the high nanomolar or low micromolar range. For example, after 28 days of sup-
plementation with 1 g/day of quercetin, concentrations of up to 1.5 μM have been ob-
served [12,13]. 

In vivo studies reported that low doses of 50–500 mg/kg per day of quercetin do not 
cause relevant adverse effects or carcinogenic effects in animals [13]. In humans, a phase 
I clinical study recommended a dose of 1400 mg/m2, i.e., 2.5 g for subjects weighing 70 kg, 
administered via intravenous infusions for 3 weeks at weekly intervals. High doses ex-
ceeding 50 mg/kg (i.e., 3.5 g/70 kg) produced renal toxicity without signs of nephritis or 
obstructive uropathy [14]. Other studies found no adverse effects associated with oral ad-
ministration of quercetin in a single dose of up to 4 g or after one month with 500 mg twice 

Figure 3. Quercetin biosynthesis.

Quercetin has high bioavailability due to its aglycone structure, i.e., without a sugar
group. The daily intake of quercetin in the diet is estimated to be 5–40 mg/day [2]; however,
these values may be as high as 200–500 mg/day in individuals who consume large amounts
of fruits and vegetables rich in quercetin (apples, onions, and tomatoes) [10]. In food,
quercetin is found in a glycosylated pattern with bioavailability, which depends on the type
of glycoside present in the molecule. After absorption, quercetin is metabolized in different
organs, such as the intestine, colon, liver, and kidneys, where the molecule is conjugated
to methyl, sulfate, and glucuronic acid [11]. The total amount of quercetin available
in the plasma deriving from the diet is usually in the nanomolar concentration range
(<100 nM); however, upon quercetin supplementation, this availability may increase to the
high nanomolar or low micromolar range. For example, after 28 days of supplementation
with 1 g/day of quercetin, concentrations of up to 1.5 µM have been observed [12,13].

In vivo studies reported that low doses of 50–500 mg/kg per day of quercetin do
not cause relevant adverse effects or carcinogenic effects in animals [13]. In humans, a
phase I clinical study recommended a dose of 1400 mg/m2, i.e., 2.5 g for subjects weighing
70 kg, administered via intravenous infusions for 3 weeks at weekly intervals. High doses
exceeding 50 mg/kg (i.e., 3.5 g/70 kg) produced renal toxicity without signs of nephritis
or obstructive uropathy [14]. Other studies found no adverse effects associated with oral
administration of quercetin in a single dose of up to 4 g or after one month with 500 mg
twice daily [15]. In 1999, the International Agency for Research on Cancer concluded that
quercetin is not classified as carcinogenic to humans. In the United States and Europe,
supplements of quercetin are commercially available, and the beneficial effects of quercetin
supplements were reported from clinical trials [16].

Quercetin has been shown to have multiple properties capable of reducing cell growth
in cancer cells due to a variety of biological activities including antioxidant, antiprolifera-
tive, apoptotic, and autophagic capacities.

Acute myeloid leukemia (AML) is an aggressive and malignant disorder of hematopoi-
etic stem cells characterized by the clonal expansion of abnormally differentiated blasts of
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myeloid lineages, having unfavorable prognosis and short life expectancy [17]. Myelodys-
plastic syndromes (MDS) comprise a heterogeneous group of clonal hematopoietic neo-
plasms characterized by aberrant myeloid differentiation, ineffective hematopoiesis, refrac-
tory cytopenia, and increased rates of AML progression [18].

AML and MDS therapy remains a challenge for hematologists worldwide, and the
outcomes of patients with both disorders remain poor. In MDS, the approval of azacitidine,
decitabine, and lenalidomide over the last decade represented a major advance for this
disease, despite the limited efficacy of these agents and most patients progressing within
2 years. Stem cell transplantation remains the only curative therapy; however, this option
is associated with restricted efficacy and toxicity, and the lack or loss of response following
standard therapies is related to dismal outcomes [18]. In AML, despite approximately 50%
of patients successfully recovering from chemotherapy and bone marrow transplantation,
elderly people are not capable of undergoing aggressive therapies, which demonstrates the
urgent need for innovative drugs and rational combination therapies [19].

Herein, we discuss the multitarget effects of the flavonoid quercetin, a naturally
occurring flavonol, on acute myeloid leukemia and myelodysplastic syndrome (Table 1).

Table 1. Summary of activities for quercetin in AML and SMD.

Activity Cancer Cell Type Notes Reference

Antiproliferative, apoptotic U937 In vitro [20]

Antiproliferative, apoptotic, autophagic, antioxidant P39 In vitro, xenograft [21]

Antiproliferative, apoptotic, autophagic, antioxidant HL-60 In vitro [22]

Antiproliferative, apoptotic, autophagic, antioxidant HL-60 In vitro, xenograft [23]

Antiproliferative, apoptotic, autophagic, antioxidant HL-60 xenograft [24]

Apoptotic U937 In vitro [25]

Apoptotic HL-60 In vitro [26]

Apoptotic, antioxidant HL-60, THP-1, NB4 In vitro [27]

Apoptotic, antioxidant HL-60, THP-1, MV4-11, U937 In vitro, xenograft [28]

Apoptotic U937 In vitro, xenograft [29]

Apoptotic U937 In vitro [30]

Apoptotic U937 In vitro [31]

Antioxidant THP-1 In vitro [32]

Antioxidant NB4 In vitro [33]

Epigenetic modulation HL-60, U937 In vitro, xenograft [34]

Epigenetic modulation HL-60 In vitro [35]

Apoptotic MV4-11, HL-60 In vitro [36]

2. Multitarget Effects of the Flavonoid Quercetin on Acute Myeloid Leukemia and
Myelodysplastic Syndrome
2.1. Antiproliferative Activity

Quercetin inhibits the growth and proliferation of cell lines from different types of
cancers (prostate, lung, breast, colon, and neoplasms) [20,37–40], and several mechanisms
have been proposed to explain these effects. These studies have identified the ability of
this compound to interact with specific regulatory proteins such as cyclins A, B, D and E;
cyclin-dependent kinases (CDKs); and CDKs inhibitors (p21 and p27). Depending on the
cell type, quercetin is able to block the G2/M or G1/S transition of the cell cycle.

The CDK activity regulator p21 is an important cell growth arrest mediator that
inhibits cell entry into the G1 phase in response to DNA damage and hampers the re-
entry of G2 cells into the S phase by blocking cyclin E-CDK2 mediated retinoblastoma
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(Rb) phosphorylation [41]. Rb is a direct substrate of CDKs and multiple mechanisms are
known to potentially inhibit Rb phosphorylation, including proteasomal degradation [42]
and inhibition of upstream Ras/RAF/MAPK or PI3K/Akt pathways [43,44].

Quercetin in vitro blocks cell-cycle progression at the G1 phase in P39 cells, a myeloid
cell line derived from MDS-chronic myelomonocytic leukemia. Quercetin decreased the
levels of CDK2, CDK6, cyclin D, cyclin E, cyclin A, and the phosphorylation of Rb accom-
panied by induction of p21 and p27 in these cells. In accordance, quercetin induced arrest
in the G1 phase of the cell cycle in immunodeficient mice xenografted with P39 cells. The
treatment of these mice with quercetin once every four days by intraperitoneal injection
at 120 mg/kg body weight decreased the expression of phosphorylated Rb and the cyclin
D and cyclin E proteins. Quercetin treatment also resulted in pronounced induction of
p21 in xenografts [21]. In addition, pronounced ERK 1/2 and JNK phosphorylation in P39
cells and in P39 xenografts was induced. P39 cells treated with a combination of quercetin
and selective inhibitors of ERK 1/2 and/or JNK (PD184352 or SP600125, respectively)
decreased cells in the G1 phase, supporting the idea that ERK and JNK activation plays an
important role in quercetin-induced G1 phase arrest in P39 cells [21].

Further studies have demonstrated that quercetin suppressed cell proliferation in the
HL-60 cell line, derived from a 36-year-old woman with acute promyelocytic leukemia.
Quercetin-induced G0/G1-phase arrest occurred [22,23] when expressions of cyclin-dependent
kinases CDK2 and CDK4 were inhibited, and the CDK inhibitors, p16 and p21, were in-
duced [23]. Quercetin also displayed antiproliferative activity against the HL-60 xenografts.
After 3 weeks of quercetin treatment, a pronounced decrease in the protein levels of CDK2,
CDK6, cyclin D, cyclin E and cyclin A were found. Quercetin treatment also resulted in
Rb-phosphorylation loss [24].

The antiproliferative effect of quercetin was also demonstrated in the human promono-
cytic U937 cell line [20]. Quercetin induced antiproliferation and arrest of G2/M phase in
these cells. An increase in the level of cyclin B in contrast to decreased levels of cyclin D,
cyclin E, E2F1, and E2F2 was found in quercetin-treated U937 cells. Removal of quercetin
from the cultures stimulated U937 cells to synchronously re-enter the cell cycle decreased
the expression level of cyclin B, and increased the expression level of cyclin D and cyclin E,
demonstrating that quercetin promotes reversible G2/M phase arrest. Quercetin further
caused DNA fragmentation and increased the sub-G1 population in U937 cells [20].

2.2. Apoptotic Activity

The apoptotic effect of quercetin may result in the activation of multiple pathways
in different types of cancer cell lines [25]. In vitro, quercetin led to pronounced apoptosis
in the MDS-chronic myelomonocytic leukemia P39 cell line by modulating apoptotic cell
death and stimulating the intrinsic and extrinsic apoptosis pathway [21]. Quercetin induced
upregulation of the pro-apoptotic protein Bax and suppression of antiapoptotic proteins
BcL-2, BcL-xL, and McL-1 in P39 cells. Furthermore, a decline in Rho123 fluorescence
intensity and a release of cytochrome c from the mitochondria to the cytoplasm suggested
that intracellular events related to P39 cell death caused by quercetin treatment are related
to mitochondrial dysfunction and changes in the mitochondrial membrane potential (∆ψm).
In addition, significant enhancements in cleaved caspase-9, caspase-8, and caspase-3 were
observed after quercetin treatment in P39 cells. Improvement in active caspase-8 and
increased expression of FasL indicate that the extrinsic or death receptor pathway of
apoptosis is activated by quercetin in P39 cells. The results obtained in vivo confirm
these findings, since quercetin treatment resulted in the reduction in P39 cell viability and
decreased tumor volume of P39 subcutaneously xenografted in immunodeficient mice.
Quercetin caused apoptosis activation and decreased the expression of BcL2, BcL-xL, and
McL-1 followed by increased Bax expression in P39 xenografts, as well as enhanced cleaved
caspase-3 in P39 xenografts [21].

The apoptotic effect of quercetin was also studied in NOD/SCID mice xenografted
with HL-60 AML cells. Quercetin reduced the expression of antiapoptotic proteins BcL-
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2, BcL-xL, and McL-1, but increased the expression of the proapoptotic protein BAX
in xenografts. Induction of caspase-3 activation was further observed after quercetin
treatment [24]. Yuan et al. [22] showed that quercetin caused apoptosis in HL-60 cells
by decreasing the protein expression of PI3K and Bax, inhibiting Akt phosphorylation,
decreasing the levels of BcL-2, and increasing the activation of caspase-2 and caspase-3 [22].
Quercetin induced apoptosis in HL-60 AML cells by increasing the activation of caspase-
9, caspase-3, and cleaved poly ADP-ribose polymerase (PARP). Cleaved PARP protein
levels were also increased in tumors obtained from HL-60 xenografts [23]. Niu et al. [26]
demonstrated that quercetin induced apoptosis in HL-60 cells in a caspase-3-dependent
manner by regulating the expression of downstream apoptotic proteins Bcl-2 and Bax [26].
Quercetin further potentiated the apoptosis induced by the glycolytic inhibitor 2-deoxy-d-
glucose (2-DG) in HL-60 cells. Cotreatment with quercetin and 2-DG elicited the opening
of mitochondria pore transition, which preceded the triggering of apoptosis [27]. Quercetin
induced the activation of ERK, and the inhibition of ERK by an ERK inhibitor abolished the
quercetin-induced cell apoptosis in HL-60 cells, as confirmed by the activation of caspase-
8, caspase-9, caspase-3, PARP cleavage, and mitochondrial membrane depolarization in
these AML cells. In vivo experiments corroborated these findings by demonstrating that
quercetin reduced tumor growth through activating the ERK pathway and the subsequent
cell apoptosis in HL-60 xenografts [28].

The ability of quercetin to induce apoptosis via the mitochondrial pathway was
also demonstrated in human promonocytic U937 cells: loss of mitochondrial membrane
potential prompted the release of cytochrome c in the cytoplasm with the activation of
caspase-3 [20]. Cheng et al. [29] reported that the administration of quercetin led to
pronounced apoptosis in the human leukemia cell line U937 by Mcl-1 downregulation,
Bax conformational change, and mitochondrial translocation that triggered cytochrome
c release. To prove quercetin’s effects, knockdown of Bax by siRNA was found to re-
verse quercetin-induced apoptosis and abolish the apoptosis and activation of caspase.
Knockdown of Mcl-1 by siRNA improved Bax activation and translocation, and cell death
induced by quercetin. Furthermore, in vivo administration of quercetin mitigated tumor
growth and increased TUNEL-positive apoptotic cells in tumor sections of U937 xenografts.
Quercetin also increased the expression of the pro-apoptotic protein Bax and inhibited the
antiapoptotic McL-1 protein in xenografts [29]. Quercetin in combination with shHSP27
synergistically induced apoptosis by decreasing the Bcl2-to-Bax ratio in U937 cells [30].
The apoptosis induced in U937 cells occurred by downregulation of Mcl-1 acting directly
or indirectly on mRNA stability and protein degradation [31]. Quercetin was also reported
to cause the induction of PARP cleavage in the three AML cell lines: THP-1, MV4-11,
and U937 [28]. Quercetin induced cell death by downregulating VEGRF2 and PI3K/Akt
signaling; these pathways were related to quercetin’s action on mitochondria and BCL2
proteins [36]. Increased VEGRF2 is related to chemotherapy resistance in human leukemia
cells, and VEGRF2 reduction sensitizes AML cells to chemotherapy treatment, leading
to an increase in mitochondrial mass and oxidative stress [45]. These findings reveal
quercetin as a promising compound targeting VEGRF2. These data suggest that the ability
of quercetin to induce apoptosis (both intrinsically and extrinsically) into cancer cells
establishes quercetin, without a doubt, as a promising molecule in the field of oncology.

2.3. Autophagic Activity

Quercetin demonstrated autophagic activity on both acute myeloid leukemia and
myelodysplastic syndrome cell lines. Quercetin was found to induce autophagy and
cell death [46] and, apparently, autophagy activation is an attempt to rescue cells from
induced apoptosis [47]. This flavonol may induce sirtuins [48], reactive oxygen species
(ROS) production [49], and JNK 1/2; Mek/ERK [50], all of which are capable of influencing
the regulation of the autophagic process. Another target is represented by PI3K pathway
proteins, which may positively or negatively affect autophagic regulation. In addition,
quercetin assists in the accumulation of hypoxia-induced factor (HIF)-1 alpha, which
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represses mTOR signaling and induces the expression of BNIP3/BNIP3 ligand, supporting
the rupture of the Beclin-1/BcL-2 (BcL-xL) complex for activation of Atg7 and Atg12-Atg5
and the cleavage of LC3 [47]. Conversely, quercetin may further inhibit autophagic flow.
This result was obtained by the inhibition of PI3K class III and the NF-κB pathway (which
may inhibit or induce autophagy depending on the context) [51]. Another interesting
property of quercetin is that, when in combination with other substances, it may potentiate
autophagic and apoptotic effects [52].

Quercetin triggered autophagy both in vitro and in vivo in P39 cells in the MDS-
derived leukemia cell line [21]. High acidic vesicular organelle formation was detected in
quercetin-treated P39 cells. Quercetin increased the expressions of light chain 3 (LC3)-II,
PI3K, Beclin-1, Atg5-Atg12, and Atg7 in P39 cells. The inhibition of autophagy in P39
cells using chloroquine (endossomal acidification inhibitor) triggered apoptosis but did
not alter the modulation in the G1 phase, suggesting that quercetin-induced autophagy
plays a protective role against apoptotic cell death in P39 cells but is not associated with the
cell cycle [21]. In accordance with the in vitro results, quercetin increased the expressions
of PI3K, Beclin-1, Atg5- Atg-12, and Atg7 in P39 xenografts. Increased cleaved LC3 was
further detected in the tumor sections of xenografts by immunohistochemistry. Quercetin
additionally dephosphorylated Akt and mTOR in P39 cells and P39 xenografts, underlin-
ing the functional importance of Akt–mTOR signaling in quercetin-mediated protective
autophagy in P39 cells [21]. Quercetin was described to affect both mTOR activity and
activation of PI3K/Akt signaling pathway, giving quercetin the advantage of functioning as
a dual-specific mTOR/PI3K inhibitor. Akt-mTOR signaling is a frequently hyperactivated
pathway in cancers and, as a key regulator of homeostasis, controls the essential pathways
leading to cell growth, protein synthesis, and the autophagic process [53].

The induction of autophagy by quercetin on HL-60 AML xenografts was additionally
described [24]. Quercetin increased the expressions of PI3K, Beclin-1, ATG7, and ATG12-
ATG5 in HL-60 xenografts, and caused the pronounced induction of the LC3-I to LC3-II
switch [24]. Chang et al. [23] reported the effect of quercetin on autophagy both in vitro and
in vivo in the HL-60 AML cell line. Increased expression of LC3-II, decreased expression of
p62, and formation of acidic vesicular organelles were found after quercetin treatment [23].
Decreased protein expression of PI3K and phosphorylated Akt were reported in the HL-60
cell line after quercetin treatment [22].

2.4. Antioxidant Activity

Quercetin is considered one of the most prominent dietary antioxidants [11]. The
antioxidant effect of quercetin has been extensively described [54]. Quercetin is a potent
scavenger of ROS, including superoxide (O2−), and reactive nitrogen species (RNS) such as
nitric oxide (NO) and peroxynitrite (ONOO–). These antioxidative capacities of quercetin
are attributed to the presence of two pharmacophores within the molecule that have the
optimal configuration for free radical scavenging: the catechol group in the B ring and the
OH group at position 3 of the AC ring [11].

During antioxidative activities, quercetin becomes oxidized into oxidation products
(QQ: ortho-quinone) and reacts with glutathione (GSH) to form 6-glutathionyl quercetin (6-
GSQ) and 8-GSQ (Figure 4). Oxidation products such as semiquinone radicals and quinones
have been well-described to display various toxic effects in vitro only due to their ability to
arylate protein thiols [11]. The antioxidative mechanism of quercetin occurs primarily with
the O2 bond yielding the ortho-quinone and H2O2 radicals. Quercetin further reacts with
H2O2 in the presence of peroxidase, decreasing H2O2 levels. In addition, the antioxidant
capacity of quercetin depends on the availability of intracellular glutathione (GSH).

The antioxidative aspect of quercetin was associated with the amelioration of adverse
side effects derived from cancer therapy, which is considered a suitable strategy for the
prevention and treatment of cancer [55]. This property of quercetin was demonstrated in
both acute myeloid leukemia and myelodysplastic syndrome.
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Quercetin decreased ROS levels in P39 MDS-derived leukemia cells induced by ter-
butylhydroperoxide [21]. The antioxidative activity of quercetin in P39 cells could be
explained by its capacity to interact with important antioxidant cellular defense systems,
such as the Nrf2/Keap complex. This complex is connected with apoptotic pathways
through the regulation of proteins from the Bcl-2 family. Keap1 appears to restrain and
destabilize Bcl-2 and decrease Bcl-2:Bax heterodimers, facilitating cancer cells apopto-
sis [56].

Quercetin further reduced ROS and NO in LPS-stimulated human THP-1 acute mono-
cytic leukemia cells [32]. In contrast, quercetin was shown to induce the cell death of
HL-60 AML cells in vitro and in vivo through the induction of intracellular oxidative stress
following activation of ERK. The authors demonstrated that mitochondrial superoxide and
intracellular peroxide levels in HL-60 AML cells and HL-60 xenografts were higher after
quercetin treatment [28]. In another study, quercetin caused disparate effects on ROS gen-
eration in HL60 cells, and did not affect GSH levels [27]. In a human acute promyelocytic
leukemia NB4 cell line, quercetin increased the levels of Nrf2 in the cytosol, reducing them
in the nucleus [33].

2.5. Epigenetic Modulation

An important feature of quercetin was recently reported: the ability to affect epigenetic
regulators. Studies evaluating the epigenetic effects of quercetin in MDS are not available.
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In AML, quercetin induced cell death in HL-60 and U937 leukemia cell lines by targeting
the epigenetic regulators of pro-apoptotic genes [34]. The results showed that quercetin
treatment abolishes DNA methyltransferase (DNMT) 1 and DNMT3a expressions partly
due to STAT-3 regulation. Downregulation of class I histone deacetylases (HDACs) by
quercetin was also detected. Treatment of cells with MG132, a proteasome inhibitor, in
combination with quercetin prevented the degradation of class I HDACs compared to
cells treated with quercetin alone, indicating increased proteasome degradation of class I
HDACs by quercetin. Demethylation of the pro-apoptotic BCL2L11 and DAPK1 genes in
a dose- and time-dependent manner was observed after quercetin treatment. Moreover,
quercetin caused a global increase in acetylated histone 3 and histone 4, resulting in three-
to ten-fold increases in the promoter regions of DAPK1, BCL2L11, BAX, APAF1, BNIP3,
and BNIP3L. The increase in the mRNA levels of all these genes induced by quercetin
corroborates these findings [34]. Briefly, the induction of apoptosis by quercetin appears
to be related to the influence of this flavonoid on DNA demethylation activity, HDAC
inhibition, and the enrichment in H3ac and H4ac in the promoter regions of genes involved
in the apoptosis pathway, leading to their transcription activation.

Induction of FasL-related apoptosis by quercetin was described by transactivation
through activation of c-jun/AP-1 and promotion of histone H3 acetylation in human HL-60
leukemia cells [35].

3. Conclusions

The natural polyphenolic flavonoid compound quercetin has emerged as a molecule
possessing multiple properties (Figure 5). Quercetin has been proven to be an excellent
antioxidant that also possesses antiproliferative, apoptotic, and autophagy capacities in
AML in vitro and in vivo, in addition to exerting effects on epigenetic modulation. The
effects on MDS are poorly understood as few studies have been performed. Clinical studies
evaluating quercetin’s effects on AML and MDS patients are not available. However, we
conclude that quercetin has the potential to induce cell death in human AML and MDS-
derived leukemia cell lines, both in vitro and in vivo, and that this capacity is related to a
mechanism involving multitarget cooperation. The ability of this flavonoid to interfere with
different mechanisms involved in cancer development indicates quercetin as an alternative
for acute myeloid leukemia and myelodysplastic syndrome.
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Abstract: Copper (Cu) is essential for multiple biochemical processes, and copper sulphate (CuSO4) is a
pesticide used for repelling pests. Accidental or intentional intoxication can induce multiorgan toxicity
and could be fatal. Curcumin (CUR) is a potent antioxidant, but its poor systemic bioavailability is the
main drawback in its therapeutic uses. This study investigated the protective effect of CUR and N-CUR
on CuSO4-induced cerebral oxidative stress, inflammation, and apoptosis in rats, pointing to the
possible involvement of Akt/GSK-3β. Rats received 100 mg/kg CuSO4 and were concurrently treated
with CUR or N-CUR for 7 days. Cu-administered rats exhibited a remarkable increase in cerebral
malondialdehyde (MDA), NF-κB p65, TNF-α, and IL-6 associated with decreased GSH, SOD, and
catalase. Cu provoked DNA fragmentation, upregulated BAX, caspase-3, and p53, and decreased BCL-2
in the brain of rats. N-CUR and CUR ameliorated MDA, NF-κB p65, and pro-inflammatory cytokines,
downregulated pro-apoptotic genes, upregulated BCL-2, and enhanced antioxidants and DNA integrity.
In addition, both N-CUR and CUR increased AKT Ser473 and GSK-3β Ser9 phosphorylation in the
brain of Cu-administered rats. In conclusion, N-CUR and CUR prevent Cu neurotoxicity by attenuating
oxidative injury, inflammatory response, and apoptosis and upregulating AKT/GSK-3β signaling. The
neuroprotective effect of N-CUR was more potent than CUR.

Keywords: curcumin; GSK-3β; inflammation; DNA damage; oxidative stress

1. Introduction

Copper (Cu) is a redox-active metal found in many organs and tissues. It is essential
for a plethora of biochemical processes such as blood clotting, iron absorption, protein
homeostasis, energy production, and cellular metabolism [1]. It acts as a cofactor necessary
for many redox-regulating proteins [2]. Cu homeostasis is maintained within the normal
level by precise regulatory mechanisms that regulate its absorption, excretion, and blood
level [3]. Genetic alteration in Cu-regulating ATPases, ATP7A, and ATP7B can cause
Menkes disease (MD) and Wilson disease (WD), respectively [2,4,5]. MD is associated with
a defect in Cu absorption and severe Cu deficiency, while WD results in Cu toxicity and
affects several organs, including the liver, brain, and eye [2]. Chronic exposure to Cu has
been implicated in the pathogenesis of neurodegenerative diseases such as Alzheimer’s
disease [6], Parkinson’s disease [7], and familial amyotrophic lateral sclerosis (ALS) [2,8].

Copper sulphate (CuSO4) is a well-known pesticide used for repelling pests that
decreases the crop yield in agriculture. It is commonly used in tissue culture incubators to
minimise the contamination risk as it has bactericidal and fungicidal properties. Accidental
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or intentional CuSO4 intoxication can induce multiorgan dysfunctions that could be fatal.
The systemic absorption of Cu occurs through the gastrointestinal tract, lungs, and skin [9].
The clinical manifestations of Cu toxicity are erosive gastropathy, acute liver and kidney
injuries, intravascular hemolysis, arrhythmia, rhabdomyolysis, and seizures [10]. Although
the mechanisms of CuSO4 toxicity are not fully addressed, they represent a combination
of significant oxidative stress and endocrine perturbation in the vulnerable organs of the
body [11]. Animal studies showed that the chronic oral administration of CuSO4 causes liver
and kidney functional impairment due to increased Cu levels in the respective organs [12].
The toxic effects of Cu on the liver and kidney have been studied extensively, while the
toxicities of other vital organs of the body are less documented. Similar to other metals, the
management of Cu toxicity includes the use of chelating agents such as D-penicillamine,
tetrathiomolybdate, and trientine [13]. Other chelators such as deferoxamine (DFO) have
an affinity for Cu binding [14]. Despite the effectiveness of these chelators, they often
associated with some serious adverse effects on cardiovascular, gastrointestinal, respiratory,
and nervous systems, which necessitates the use of safer alternatives. In addition, the
limited or moderate effectiveness of these chelators has been found in some cases.

Curcumin (CUR) is a hydrophobic polyphenolic compound found natively in tu-
rmeric [15]. It exhibits antioxidant [16], antimicrobial [17], anti-inflammatory, pulmoprotec-
tive [18], anti-diabetic [19], hepatoprotective [20–22], nephroprotective [23], and antitumor
actions [24]. In addition to these pharmacological effects, CUR possesses neuroprotective
activity where it protected the brain against oxidative injury induced by heavy metals [25].
CUR–cyclodextrin/cellulose nanocrystals (CNCx) exerted more potent antiproliferative
effect on prostate and colorectal cancer cell lines than CUR [26]. In addition, CNCx miti-
gated oxidative stress and improved myelination, and the cellular, electrophysiological, and
functional characteristics of Charcot–Marie–Tooth-1A transgenic rats [27]. Recently, Iurciuc-
Tincu et al. have immobilized CUR into polysaccharide particles and reported increased
stability and bioavailability [28,29]. CUR loading to polysaccharides facilitated overcoming
the gastric juice barrier and efficient absorption in the intestine [28,29]. CUR has shown a
modulatory effect on glycogen synthase kinase-3 (GSK-3) activity [30], and we have recently
reported the involvement of GSK-3β inhibition in mediating its protective efficacy against
lead hepatotoxicity [20]. GSK-3β is implicated in neuronal survival; however, the exact
mechanism is not clear-cut [31]. Studies have demonstrated increased neuronal death fol-
lowing the overexpression of GSK-3β [32], whereas its knockdown prevents apoptosis [33].
Despite the potent pharmacological effects of CUR, its poor systemic bioavailability and
rapid metabolism represent the main drawbacks in its therapeutic uses, which is a problem
that was amended by nanoparticle encapsulation [34]. In comparison to the native form,
nano-CUR (N-CUR) has a higher solubility and stability but similar activity [15]. Therefore,
this nanoformulation can significantly enhance the cell permeability and show more protec-
tive effects in vitro and in vivo. This study was conducted to investigate the involvement of
the Akt/GSK-3β pathway in CuSO4-induced cerebral oxidative stress, inflammation, and
apoptosis in rats and the ameliorative effect of CUR and N-CUR.

2. Results
2.1. N-CUR and CUR Attenuate Cu-Induced Cerebral Oxidative Stress

The ameliorative effect of CUR and N-CUR on oxidative stress in the brain of Cu-
exposed rats was evaluated through the assessment of malondialdehyde (MDA), re-
duced glutathione (GSH), superoxide dismutase (SOD), and catalase (CAT). Cerebral
MDA was significantly elevated in Cu-administered rats when compared with the control
group (p < 0.001; Figure 1A). In contrast, cerebral GSH content (Figure 1B), SOD activ-
ity (Figure 1C), and CAT activity (Figure 1D) were decreased in Cu-administered rats
(p < 0.001). Treatment with DFO, CUR, and N-CUR decreased MDA and increased GSH,
SOD, and CAT in the brain of Cu-administered rats. The effect of both CUR and N-CUR on
cerebral MDA was significant compared to DFO (p < 0.01).
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Figure 1. N-CUR and CUR attenuate Cu-induced cerebral oxidative stress. Treatment with N-CUR,
CUR, and DFO decreased MDA (A) and increased GSH (B), SOD (C), and CAT (D) in the brain of
Cu-administered rats. Data are mean ± SEM, (n = 8). * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.2. N-CUR and CUR Suppress Cerebral Inflammation in Cu-Administered Rats

Cerebral levels of NF-κB p65, TNF-α, and IL-6 were assayed to determine the amelio-
rative effect of CUR and N-CUR on inflammation induced by Cu ingestion (Figure 2). Cu
administration increased NF-κB p65 (Figure 2A), TNF-α (Figure 2B), and IL-6 (Figure 2C)
in the cerebrum of rats (p < 0.001). All treatments (DFO, CUR, and N-CUR) decreased the
levels of cerebral NF-κB p65, TNF-α, and IL-6 significantly (p < 0.001). N-CUR was more
effective in decreasing cerebral NF-κB p65 (p < 0.05) than DFO, and TNF-α, and IL-6 as
compared to either DFO or CUR.
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2.3. N-CUR and CUR Prevent Apoptosis in Cu-Administered Rats

The expression levels of BAX, caspase-3, and p53 were significantly increased in the
cerebrum of rats exposed to Cu as compared to the control group, as depicted in Figure 3.
In contrast, rats administered with Cu exhibited a remarkable downregulation of cerebral
BCL-2 expression. DFO, CUR, and N-CUR significantly downregulated BAX, p53, and
caspase-3 and upregulated BCL-2 in the cerebrum of Cu-administered rats. The effect of
N-CUR on BAX and BCL-2 was significant when compared with CUR, whereas its effect
was more potent on BAX, caspase-3, and p53 than the effect of DFO.
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Figure 3. N-CUR and CUR prevent apoptosis in Cu-administered rats. (A) Representative blots showing
changes in the expression of BAX, BCL-2, and caspase-3. (B–E) N-CUR, CUR, and DFO decreased
(B) BAX, increased (C) BCL-2, and downregulated (D) caspase-3, and (E) p53 expression in the brain of
Cu-administered rats. Data are mean ± SEM, (n = 8). * p < 0.05, ** p < 0.01 and *** p < 0.001.

The beneficial effects of CUR and N-CUR against Cu-induced cerebral cell death were
further confirmed via assessment of DNA fragmentation (Figure 4). Cu-administered
rats showed an increase in DNA fragmentation levels as compared to the control group
(p < 0.001). All treatments (DFO, CUR and N-CUR) prevented the deleterious effect of Cu
on DNA integrity.

2.4. N-CUR and CUR Upregulate AKT/GSK-3β Signaling in Cu-Administered Rats

To investigate the effect of Cu and the ameliorative effect of DFO, CUR, and N-CUR
on cerebral AKT/GSK3β signaling, the phosphorylation levels of AKT and GSK3βwere
determined using Western blotting (Figure 5). Cu-treated rats exhibited a significant
decrease in pAKT Ser473 and pGSK-3β Ser9 as compared to the normal rats (p < 0.001).
Treatment with DFO, CUR, or N-CUR increased cerebral AKT and GSK-3β phosphorylation
levels. N-CUR exerted a stronger effect on AKT/GSK-3β signaling than DFO and CUR.
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Figure 5. N-CUR and CUR upregulate AKT/GSK-3β signaling in Cu-administered rats. (A) Rep-
resentative blots of pAKT, AKT, pGSK-3β, and GSK-3β. (B,C) N-CUR, CUR, and DFO increased
AKT Ser473 (B) and GSK-3β Ser9 (C) phosphorylation in the brain of Cu-administered rats. Data are
mean ± SEM, (n = 8). *** p < 0.001.

2.5. N-CUR and CUR Upregulate Brain-Derived Neurotrophic Factor (BDNF) in
Cu-Administered Rats

The administration of Cu resulted in a significant downregulation of BDNF expression
in the cerebrum of rats, as shown in Figure 6. Treatment of the Cu-administered rats with
DFO, CUR, or N-CUR increased the levels of cerebral BDNF. While the effect of CUR on
BDNF was significant as compared to DFO, the effect of N-CUR was more potent when
compared to both treatments.
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3. Discussion

Cu is the third most abundant essential transition metal in humans, and the brain is the
second organ containing the highest content after the liver [35]. It is essential for antioxidant
defenses, energy homeostasis, and many other physiological processes [1]. However, it may
cause neurotoxicity and contribute to the pathogenesis of neurodegenerative diseases [1],
where oxidative stress represents the main underlying mechanism [36]. The present results
revealed the development of cerebral oxidative stress manifested by elevated MDA and
decreased GSH, SOD, and CAT in Cu-administered rats.

Cu cycles easily between stable oxidised and unstable reduced states to coordinate
ligands and enzymes and facilitate redox reactions, thereby acting as a cofactor for many
enzymes [37]. Although the redox nature makes Cu essential for many biological processes,
it renders it toxic because of the generation of highly reactive hydroxyl radicals [36]. In
addition, Cu can increase mitochondrial reactive oxygen species (ROS) generation and alter
the activity of respiratory chain enzymes [38]. The generated ROS are potent oxidising
agents that provoke the oxidative damage of lipids, proteins, and DNA [39], leading to
lipid peroxidation (LPO), DNA breaks, and other deleterious effects [40]. Accordingly,
LPO was elevated and GSH, SOD, and CAT were declined in the brain of Cu-administered
rats in the present study. Given the role of oxidative stress in mediating Cu toxicity, CUR
can suppress neurotoxicity via its radical-scavenging and antioxidant properties. Here,
rats that received CUR and N-CUR exhibited a remarkable reduction in cerebral MDA
levels and enhanced GSH, SOD, and CAT. The antioxidant efficacy of CUR has been
reported in numerous studies that employed animal models of neurotoxicity induced by
D-galactosamine, fluoride, formaldehyde, rotenone, vincristine, tetrachlorobenzoquinone,
pentylenetetrazole, acrylamide, and other agents (reviewed in [41]). In addition, CUR
reduced cerebellar LPO in lead-intoxicated rats [25]. These beneficial effects were attributed
to the potent radical-scavenging activity of CUR. The activation of nuclear factor erythroid
2-related factor 2 (Nrf2), a redox-sensitive factor that regulates antioxidant genes and
suppresses oxidative stress [42], might also have a role in the neuroprotective activity of
CUR. In this context, CUR enhanced Nrf2 and antioxidant defenses in rat cerebellar granule
neurons challenged with hemin [43] and quinolinic acid-induced neurotoxicity [44].

The upregulation of BDNF in the brain of Cu-administered rats treated with CUR and
N-CUR might have a role in boosting the antioxidant defenses through Nrf2 activation.
In accordance, a recent study demonstrated that CUR increased BDNF in the brain of
quinolinic acid-intoxicated rats, and this activated ERK1/2 and consequently enhanced
Nrf2 expression and GSH levels [44]. BDNF belongs to the neurotrophin family and is
involved in the maintenance of adult neuronal function [45]. In astrocytes, BDNF has
been proposed to play a role in regulating Nrf2 and their metabolic cooperation between
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neurons [46]. In a model of traumatic brain injury with transplanted neuronal stem cells,
BNDF induced Nrf2-mediated antioxidant response [47]. Therefore, this study introduced
new information that the upregulation of BDNF plays a role, at least in part, in the protective
effect of CUR against Cu neurotoxicity and that N-CUR has a stronger effect on modulating
BDNF expression. However, the lack of data showing changes in Nrf2 expression could be
considered a limitation of this study.

In addition to the attenuation of oxidative stress, CUR and N-CUR suppressed NF-κB
and pro-inflammatory cytokines in the brain of Cu-administered rats. The inflammatory
response observed in Cu-administered rats is a direct consequence of excessive ROS gener-
ation. The activation of NF-κB and subsequent release of many inflammatory mediators
occur as a result of increased cellular ROS [48]. The pro-inflammatory action of Cu is
driven by its potential to catalyse ROS generation and decreasing GSH [36], which is an
effect reported in the present study. CUR and N-CUR effectively ameliorated cerebral
inflammation in Cu-administered rats. N-CUR decreased the levels of TNF-α and IL-6
significantly when compared with CUR, demonstrating enhanced anti-inflammatory ac-
tivity of the nano form. The ability of CUR to suppress inflammation has been reported
in several studies. In a rat model of acrylamide neurotoxicity, Guo et al. [49] showed that
CUR attenuated neuroinflammation by decreasing TNF-α and IL-1β levels. In addition,
CUR decreased circulating TNF-α in an animal model of lead neurotoxicity [50].

Apoptotic cell death was observed in the brain of Cu-administered rats in the present
study. BAX, caspase-3, and p53 were upregulated, whereas the anti-apoptotic BCL-2 was
declined in the brain of rats as a result of Cu ingestion. Cu-mediated ROS generation
induces mitochondrial permeability transition in astrocytes [51] and hepatocytes [52], lead-
ing to cell death via apoptosis. Excess ROS can activate the pro-apoptotic protein BAX,
which increases cytochrome c release by promoting the loss of membrane potential via
mitochondrial voltage-dependent anion channel [53]. Oxidative stress can also provoke
p53 nuclear accumulation and its binding to specific DNA sequences, leading to the tran-
scription of genes involved in cell death [54] and the release of mitochondrial cytochrome c
and the activation of caspases [55]. In contrast, BCL-2 suppresses the release of cytochrome
c and prevents apoptosis [56]. CUR downregulated the pro-apoptotic factors and increased
BCL-2 expression, demonstrating an anti-apoptotic effect that is a direct consequence of its
antioxidant and anti-inflammatory properties. The effect of N-CUR on BAX and BCL-2
expression was more potent than CUR. The cytoprotective efficacy of CUR has been re-
ported in a Drosophila model of Huntington’s disease [57]. In this model, CUR competently
ameliorated neurodegeneration, cytotoxicity, and the compromised neuronal function [57].

To further explore the mechanism underlying the neuroprotective effect of CUR in
Cu-administered rats and whether N-CUR is more potent, we determined their effect
on AKT/GSK-3β signaling. The phosphorylation of AKT Ser473 and GSK-3β Ser9 was
decreased in the brain of Cu-administered rats. While CUR ameliorated the altered phos-
phorylation levels of these proteins, N-CUR remarkably activated AKT/GSK-3β signaling.
Activated AKT mediates the regulation of different processes, including cell growth and
proliferation through the phosphorylation of GSK-3, mTOR, NF-κB, and other proteins [58].
AKT controls the activity of GSK-3β, which is active in resting cells, through phosphoryla-
tion at Ser9 [59]. Increased GSK-3β activity provoked liver injury [60], whereas its inhibition
accelerated the generation of hepatocytes and protected against acetaminophen [61] and
lead toxicity [62]. In neuronal cells, the overexpression of GSK-3β induced apoptosis [32,63],
demonstrating its crucial role in cell death. BAX phosphorylation has been suggested to
be stimulated through GSK-3, and the mutation of GSK-3 inhibited BAX mitochondrial
translocation [64]. Moreover, GSK-3 can work in concert with JNK to orchestrate neuronal
apoptosis [65]. In the current study, Cu ingestion decreased AKT Ser473 and GSK-3β Ser9
phosphorylation. Reduced inhibition of GSK-3β through its phosphorylation at Ser9 due
to suppressed AKT coincides with the observed upregulation of BAX and other mediators
of apoptosis. Therefore, the neuroprotective effect of CUR could be directly connected to
its ability to activate AKT, which then inhibits GSK-3β-mediated apoptosis. Accordingly,
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activation of the AKT/GSK-3β signaling by CUR conferred protection against liver injury
induced by heavy metals [20]. In support of our findings, computational approaches have
demonstrated that CUR inhibits GSK-3β by fitting into its binding pocket [66,67]. This
inhibitory effect has been confirmed by an in vitro study showing that the IC50 of CUR’s
inhibitory activity was 66.3 nM [66]. Furthermore, studies demonstrating the effect of CUR
on GSK-3 activity in several diseases have been reviewed by McCubrey et al. [30].

In addition to the findings of this study, Balasubramanian [68,69] presented important
quantum chemical insights into the neuroprotective mechanism of CUR and its efficacy to
prevent Alzheimer′s disease. The dual property of CUR to be nonpolar in parts and polar
in other parts is due to the presence of both phenolic and enolic protons combined with an
aliphatic hydrophobic bridge. This property enables CUR to cross the blood–brain barrier
(BBB) and bind to and prevent the polymerisation of amyloid-β (Aβ) oligomers [69]. By
employing quantum chemical computations, Balasubramanian [68] studied the chelate
complexes of CUR with Cu(II) and other transition metal ions that provoke the polymeri-
sation of Aβ and formation of neurotoxic conformations, reporting that the β-diketone
bridge, through the loss of an enolic proton of CUR, is the primary site of chelation. CUR
can form stable chelate complexes at the β-diketone bridge, thereby scavenging neurotoxic
metal ions and inhibiting Aβ polymerisation and the subsequent generation of neurotoxic
conformations [68]. Moreover, the ability of piperine, an alkaloid present in black pep-
per, to enhance the bioavailability and neuroprotective efficacy of CUR is noteworthy of
mention. Through the use of quantum chemical and molecular docking, Patil et al. [70]
demonstrated that piperine increased the bioavailability of CUR (20-fold) by inhibiting the
enzymes mediating CUR glucuronosylation and by intercalating into CUR layers through
intermolecular hydrogen bonding [70]. These processes enhance the metabolic transport
and consequently the bioavailability of CUR [70]. In support of these findings, Singh
et al. [71] reported the protective effect of CUR with piperine, a bioavailability enhancer,
against neurotoxicity induced by 3-nitropropionic acid (3-NP) in rats. When supplemented
with piperine, CUR improved motor function, attenuated oxidative stress and inflamma-
tory cytokines, and modulated catecholamines and dopamine turnover in the striatum of
3-NP-admninstered rats [71].

4. Materials and Methods
4.1. Chemicals and Reagents

CuSO4, CUR, carboxymethylcellulose (CMC), thiobarbituric acid, agarose, reduced
glutathione (GSH), and pyrogallol were obtained from Sigma (St. Louis, MO, USA).
Liposomal N-CUR was obtained from Lipolife (Essex, UK), and DFO was purchased from
Novartis Pharma AG (Rotkreuz, Switzerland). TNF-α and IL-6 ELISA kits were supplied
by R&D Systems (Minneapolis, MN, USA), and the NF-κB p65 ELISA kit was obtained
from MyBiosource (San Diego, CA, USA). Antibodies against pAKT Ser473, AKT, pGSK-3β
Ser9, GSK-3β, BDNF, and β-actin were supplied by Novus Biologicals (Centennial, CO,
USA). Primers were obtained from Sigma (St. Louis, MO, USA). Other chemicals were
supplied by standard manufacturers.

4.2. Animals and Treatments

Forty male Wistar rats, weighing 180–200 g, were obtained from the Animals Care
Centre at King Saud University. The animals were given free access to food and water
and acclimatised for one week under standard conditions and 12 h light/dark cycle and
free access to food and water. All experimental procedures were conducted in accordance
with the requirements of the research ethics Committee at King Saud University (Ethical
reference no. SE-19-129). After acclimatisation, the rats were randomly allocated into five
groups (n = 8) as follows:

• Group I (Control): received 1% CMC orally for 7 days.
• Group II (CuSO4): received 100 mg/kg CuSO4 dissolved in 1% CMC orally for

7 days [12].
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• Group III (DFO): received DFO (23 mg/kg) [72] and 100 mg/kg CuSO4 orally for
7 days.

• Group IV (CUR): received 80 mg/kg CUR suspended in 1% CMC [9,72] and 100 mg/kg
CuSO4 orally for 7 days.

• Group V (N-CUR): received 80 mg/kg N-CUR suspended in 1% CMC [9,72] and
100 mg/kg CuSO4 orally for 7 days.

Twenty-four h after the last treatment, the rats were sacrificed under ketamine/xylazine
anesthesia. Blood was collected via cardiac puncture and serum was separated by cen-
trifugation. The rats were dissected, and the brain was removed and kept frozen in liquid
nitrogen. Other parts from the cerebrum were homogenised in cold PBS (10% w/v), cen-
trifuged at 5000 rpm for 15 min at 4 ◦C, and the supernatant was used for assessment of
MDA, GSH, SOD, CAT, TNF-α, IL-6, and NF-κB p65.

4.3. Determination of MDA and Antioxidants

MDA was determined as previously described [73]. GSH, SOD, and CAT were
assayed according to the methods of Ellman [74], Marklund and Marklund [75], and
Cohen et al. [76], respectively.

4.4. Determination of NF-κB p65, TNF-α, IL-6, and p53

NF-κB p65 was assayed using a specific ELISA kit (MyBioSource, San Diego, CA, USA),
and TNF-α and IL-6 were assayed using R&D Systems (Minneapolis, MN, USA) ELISA
kits. p53 was determined using ELISA kit supplied by Novus Biologicals (Centennial,
CO, USA).

4.5. Determination of DNA Fragmentation

Agarose electrophoresis and the colorimetric methods [77] were used to assess DNA
fragmentation. The results were presented as a fold change of the control.

4.6. Gene Expression

Changes in the expression of BAX, BCL-2, and caspase-3 were determined by RT-PCR
as previously described [78]. Briefly, RNA was isolated from the frozen brain samples
using TRIzol (ThermoFisher Scientific, Waltham, MA, USA). Following treatment with
RNase-free DNase (Qiagen, Hilden, Germany), RNA was quantified using a nanodrop.
RNA samples with OD260/OD280 nm ratio of ≥ 1.8 were reverse transcribed into cDNA.
The produced cDNA was amplified using PCR master mix (Qiagen, Hilden, Germany)
and the primer pairs listed in Table 1. The PCR products were loaded in 1.5% agarose gel,
electrophoresed, and the bands were visualised using UV transilluminator. The images
were analysed by ImageJ (version 1.32j, NIH, USA), and the values were normalised
to β-actin.

Table 1. Primers used for RT-PCR.

Gene GenBank Accession Number Primers (5′–3′) Product Size (bp)

BAX NM_017059.2 F: TGGCGATGAACTGGACAACA
R: TGTCCAGCCCATGATGGTTC 223

BCL-2 NM_016993.2 F: GAGGGGCTACGAGTGGGATA
R: CAATCCTCCCCCAGTTCACC 359

Caspase-3 NM_012922.2 F: GAGCTTGGAACGCGAAGAAA
R: GGCAGTAGTCGCCTCTGAAG 472

β-actin XM_039089807.1 F: CACTCCAAGTATCCACGGCA
R: TGCCTCAACACCTCAAACCA 303
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4.7. Western Blotting

The samples were homogenized in RIPA buffer supplemented with proteinase/phosp-
hatase inhibitors, centrifuged, and protein concentration was determined in the supernatant
using Bradford protein assay kit (BioBasic, Markham, Canada). Forty µg protein from
each sample was subjected to 10% SDS/PAGE and electrotransferred to nitrocellulose
membranes. The membranes were subjected to blocking in 5% milk in TBST followed by
incubation overnight at 4 ◦C with primary antibodies against pAKT Ser473, AKT, pGSK-3β
Ser9, GSK-3β, BDNF, and β-actin. The probed membranes were washed, and secondary
antibodies were added. After washing, the membranes were washed with TBST, developed
using Clarity™ Western ECL Substrate from BIO-RAD (Hercules, CA, USA), and then
visualised in ImageQuant LAS 4000. The band intensity was quantified using ImageJ
(version 1.32j, NIH, USA).

4.8. Statistical Analysis

The obtained data are expressed as mean ± standard error of the mean (SEM). Sta-
tistical analysis was performed by one-way ANOVA and Tukey′s post hoc test using
GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA). A p value < 0.05 was
considered significant.

5. Conclusions

These results confer new information on the protective effect of N-CUR on Cu neu-
rotoxicity. N-CUR and CUR attenuated oxidative stress, inflammation, cell death, and
oxidative DNA damage in the brain of Cu-administered rats. The modulatory effect of N-
CUR and CUR on AKT/GSK-3β signaling was involved, at least in part, in their protective
activity against Cu neurotoxicity. The neuroprotective effect of N-CUR was stronger when
compared to the native form, which is an effect that could be attributed to the improved
properties of CUR.
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Abstract: Metabolic syndrome (MetS) is a constellation of risk factors that may lead to a more sinister
disease. Raised blood pressure, dyslipidemia in the form of elevated triglycerides and lowered high-
density lipoprotein cholesterol, raised fasting glucose, and central obesity are the risk factors that
could lead to full-blown diabetes, heart disease, and many others. With increasing sedentary lifestyles,
coupled with the current COVID-19 pandemic, the numbers of people affected with MetS will be
expected to grow in the coming years. While keeping these factors checked with the polypharmacy
available currently, there is no single strategy that can halt or minimize the effect of MetS to patients.
This opens the door for a more natural way of controlling the disease. Caffeic acid (CA) is a
phytonutrient belonging to the flavonoids that can be found in abundance in plants, fruits, and
vegetables. CA possesses a wide range of beneficial properties from antioxidant, immunomodulatory,
antimicrobial, neuroprotective, antianxiolytic, antiproliferative, and anti-inflammatory activities.
This review discusses the current discovery of the effect of CA against MetS.

Keywords: caffeic acid; metabolic syndrome; phenolic compound; obesity; dyslipidemia; hyper-
glycemia; hypertension

1. Introduction

Metabolic syndrome (MetS) has affected almost one fifth of the adult population
and increases the risk of cardiovascular disease, type-2 diabetes, and all-cause mortality
compared to a healthy person [1]. In Asia, Malaysia is recognized as one of the countries
that has a high MetS prevalence [2]. MetS is a complication of the modern lifestyle that
includes overeating and underactivity [3]. With the current COVID-19 pandemic situation
and increasing state of sedentary lifestyle, the numbers are bound to be more than the
expected figures in the coming years [4].

The current definition of MetS still uses the Harmonized Criteria that state that
abnormal findings of 3 out of 5 of the following risk factors would qualify a person of
having MetS: raised blood pressure, dyslipidemia (raised triglycerides (TG) and lowered
high-density lipoprotein cholesterol), raised fasting glucose, and central obesity [5,6]. These
components have the ability to precede into cardiac dysfunction, but together, they can
also cause an additional risk to morbidity and mortality [7]. Although MetS has been
collectively accepted as an alarming condition, the clinical world has yet to mutually agree
on a uniform terminology and diagnostic criteria. This is mainly due to the adversity of
genetic predisposition, diet history, and physical, geographical, and endocrinal attributes
that together take part in forming this intricate syndrome [8]. One of the causes of MetS is
the increase in oxidative stress and chronic inflammation. In many instances, it has been
shown that an antioxidant imbalance may play a role in its development where there is an
overproduction of reactive oxygen species (ROS) and nitrogen (RNS) species that can react
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with virtually all biomolecules, causing oxidative damage [9,10]. Similarly, human studies
have also shown that MetS is associated with oxidative stress and a proinflammatory state
that comes with a high antioxidant defense in the peripheral blood mononuclear cells
assumed to be derived from a pre-activation state of human cells [11].

Although obesity and insulin resistance remain at the root of MetS pathogenesis, other
factors such as chronic stress and dysregulation of the hypothalamic–pituitary–adrenal
axis and autonomic nervous system, increased cellular oxidative stress, renin–angiotensin–
aldosterone activity, and intrinsic tissue glucocorticoid reaction, as well as the newly
discovered miRNAs, have been identified to play roles in this condition [12,13].

At the core of many pathological diseases, including MetS, an increase in ROS has
played a crucial element that can be tipped over with the aid of a longstanding diet
comprising antioxidants [14]. Reactive species are essential signaling molecules that are
involved in nearly every physiological activity, from cell division to metabolic regulation.
They modulate the activity of biomolecules, and redox-sensitive transcription factors
activate a cell’s adaptive endogenous response, including antioxidant defense. The degree
of reactive species production and neutralization that are tightly associated with oxidative
metabolism determines the redox homeostasis of cells and their surroundings. Setting
the redox states of cells is critical in both health and disorders such as MetS [15]. The
question is, which antioxidant and at what aliquot would be the optimum elixir to shorten
the period in combating the specific diseases.

The research world has, for many years, focused on a more natural approach toward
combatting human diseases. Synthetic medications have slowly proven its downside
over years of pharmacological use. Polypharmacy in the treatment of MetS has become
a substantial healthcare burden due to adverse drug reactions, morbidity, and cost [16].
One of the phytonutrient compounds that caught the attention of researchers were the
flavonoids. These are a very diverse group of polyphenolic compounds that consists of
a benzo-γ-pyrone and can be found in several parts of a plant. They are classified as
plant secondary metabolites having a polyphenolic structure [17,18]. These compounds,
which can be found in abundance in the Mediterranean diet, has increasingly shown a
beneficial effect in maintaining cardiometabolic and cardiovascular health, which, in turn,
reduces the risks of MetS development. This positive impression may be due to the diets
that are high in polyphenolic antioxidant content derived from vegetables, grapes, and
olive oils [19]. Similarly, treatment with naringin, a type of glycoside flavonoid, has been
reported to reverse MetS by reducing visceral obesity, blood glucose, blood pressure, and
lipid profile [20].

In this review, we discuss a phenolic compound found in many herbs, caffeic acid
(CA), or its chemical name 3,4-dihydroxycinnamic acid, which belongs to a group called
phenolic compounds, which are a naturally occurring chemical structure found abundantly
in fruits and vegetables [21,22].

2. Caffeic Acid as a Phenolic Compound

Phenolic compounds provide protection against noncommunicable diseases not only
by their means of antioxidant activity but also by regulating a variety of cellular processes
at different levels, including enzyme inhibition, modification of gene expression, and
protein phosphorylation [23]. An increase in phenolic compounds can alter their health
benefits [24]. There are over 8000 phenolic compounds that can be classified into two main
groups: flavonoids and nonflavonoids. Flavonoids contain a phenyl benzopyran skeleton:
two phenyl rings joined through a heterocyclic pyran ring. Nonflavonoids, on the other
hand, are mostly smaller and simpler in comparison to flavonoids [17].

Phenolic acids (PAs) are a group of nonflavonoid phenolic compounds that contain
a single phenyl group substituted by a carboxylic group and one or more hydroxyl (OH)
groups [25]. PAs are further divided according to the length of the chain that contains the
carboxylic group into: hydroxybenzoic acids, hydroxycinnamic acids, and hydroxyphenyl
acids. The group hydroxycinnamic acid has a C6-C3 (phenylpropanoid) basic skeleton.
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Hydroxy derivatives of cinnamic acid are more effective as an antioxidant than the hy-
droxyl derivatives of benzoic acid as the presence of a CH2 = CH-COOH group in the
cinnamic acids ensures a greater antioxidant capacity than the COOH group in benzoic
acid (Figure 1). One of the major hydroxycinnamic acids is CA [26–28].
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CA is found in coffee, honey, potatoes, berries, herbs, and vegetables such as olives,
Swiss chard, and carrot [29]. In vitro and in vivo studies have shown that CA not only
possesses antioxidant capacity but also has immunomodulatory [30], antimicrobial [31],
neuroprotective, antianxiolytic [32], antiproliferative, and anti-inflammatory activities [33],
and has shown to improve inflammation and oxidative stress in chronic metabolic diseases.
Besides the therapeutic potentials of CA, studies have also shown that the pure form of
CA has the availability to be absorbed in the intestines and form subsequent interactions
with the target tissue [34]. This solidifies the potential of using CA as an oral route of
administration as an appealing choice for a phytonutrient.

CA has also been found in Gelam honey and stingless bee honey through HPLC
analysis [35,36]. The antioxidant capability of CA is due to its ability to scavenge ROS,
including O2−, OH−, and H2O2 [37]. CA has shown to be an effective ABTS, DPPH,
and superoxide anion radical scavenger, with a total reducing power and metal chelates
on ferrous ion activities, in comparison to other standard antioxidant compounds such
as BHA, BHT, alpha-tocopherol, and trolox in different in vitro antioxidant assays [38].
Multiple factors influence PA efficacy in vivo, including the amount of consumed chemical,
whether it is absorbed or metabolized, its plasma or tissue concentrations, PA type and
dosage, and synergistic effects [39].

Besides pure CA, its derivatives in the form of caffeic acid phenyl ester (CAPE) and
caffeic acid phenylethyl amide (CAPA) have also been found to have a therapeutic effect
against MetS. However, CAPA and CAPE are less stable in its form compared to CA [40].
CAPE is an active component of the propolis substance and has been known for its anti-
inflammatory, antioxidant, and anti-cancer effects [41]. The following section discusses the
effects of CA and its derivatives on different components of MetS.

3. CA vs. Obesity

Obesity is a condition where excess body fat accumulates either due to the enlarge-
ment of lipids in existing adipocytes (hypertrophy), or through an increase in the number
of adipocytes (hyperplasia) [42]. Adipose tissue in the human body functions as an energy
storage system, an endocrine gland, and a heat productor (nonshivering thermogene-
sis) [43]. In healthy slender individuals, adipocytes are smaller, more insulin-sensitive,
and secretes anti-inflammatory mediators such as adiponectin, IL-10, IL-4, IL-13, IL-1
receptor agonist (IL-1Ra), apelin, and transforming growth factor beta (TGFβ). In contrast,
the adipocytes of an obese individual are enlarged and infiltrated by a large number of
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pro-inflammatory M1 macrophages that secrete pro-inflammatory cytokines such as TNFα,
IL-6, visfatin, leptin, MCP-1, Ang-II, and plasminogen activator inhibitor-1 [44]. With the
surplus of these pro-inflammatory compounds within the obese adipocyte, they are often
referred to be in a state of inflammation. This state of chronic low-grade activation of the
innate immune system is critical in the pathophysiology of obesity and MetS [45].

Visceral fat is localized within the abdomen and is metabolically active with the
constant release of free fatty acids into the portal circulation [46]. In a state of caloric
excess, the hypertrophied adipocytes will secrete adipokines that result in the increment
of additional pre-adipocytes that will later mature. However, this compensatory act
reaches its threshold and causes fat accumulation in the visceral depots. The accumulation
and distribution of the fat depots play a key role in forming metabolic complications. A
metabolically healthy obese individual that remains insulin-sensitive and displays a normal
metabolic and hormonal profile and is physically different compares to a metabolically
unhealthy obese person through their higher abdominal circumference measurement [47].

Metabolic changes in obesity are associated with a persistent low-grade inflamma-
tory state that impairs energy homeostasis and glucose metabolism [44,48]. The c-Jun
N-terminal kinase (JNK) and the nuclear factor-kappa B (NF-κB) signaling pathways con-
tribute to inflammation and play a key role in obesity, insulin-resistance, and in regulating
the expression of proinflammatory molecules [49]. Zhang and colleagues found that CA
was able to exert anti-inflammatory effects in dextran sulfate sodium-induced colitis mice,
showing a significantly suppressed secretion of IL-6 and TNFα and colonic infiltration of
CD3+ T cells, CD177+ neutrophils, and F4/80+ macrophages through the activation of the
NF-κB signaling pathway. Their study concluded that CA was able to amend the colonic
pathology and inflammation, indirectly contributing toward reducing obesity [50].

Obesity may also be associated with adipocyte necrosis, which could be the start
of a pro-inflammatory response. Adipocytes grow hypertrophic when their caloric in-
take and energy expenditure increase, which has been linked to cell hypoxia and death.
These hypertrophic adipocytes will subsequently start secreting TNFα in small amounts,
resulting in a chemotactic response that draws macrophages [48]. An in vitro study using
adipose stem cells (ASCs) showed that CAPE had the ability to inverse the effects of high
glucose and lipopolysaccharide exposure. Through this study, they found that CAPE
treatment was able to restore the functions of adipocytes by increasing the adiponectin and
peroxisome proliferator-activated receptor gamma (PPARγ), resulting in the reduction in
pro-inflammatory factors [51]. CA also acts on adipogenesis by reducing intracellular lipid
accumulation in an in vitro model [52].

Increasing evidence has shown that gut microbiota plays a role in the development of
obesity and MetS through the modulation of energy absorption, and subsequently influ-
ences glucose and lipid metabolism [53,54]. It was recently postulated that gut microbiota
producing t10,c12-conjugated linoleic acid induced lipogenesis [8]. Dietary polyphenols
have been found to promote the growth of beneficial bacteria while inhibiting pathogenic
bacteria [55]. In an in vivo study to determine the anti-obesity effect of CA, high-fat-diet
(HFD)-induced mice were seen to have a positive effect after being given a daily dose of
50 mg/kg CA for a span of 12 weeks. The researchers noted a significant reduction in body
weight and fat accumulation, increases in energy expenditure and beneficial gut bacteria
(i.e., Muribaculaceae), and a decrease in pathogenic bacteriae (i.e., Lachnospiraceae) [56].

In another study, HFDs in nonalcoholic fatty liver disease (NAFLD)-induced mice
were used to demonstrate the effectiveness of CA treatment and its effects toward the gut
microbiota. CA was able to significantly reduce the body weight of the HFD-fed mice
and attenuated the expression of lipogenesis-related protein expression (Srebp1, Fas, Acc,
and Scd1) in the liver. It was concluded that CA exerted protective effects on the NAFLD
mice by inhibiting gut dysbiosis, pro-inflammatory LPS release, and subsequent lipid
synthesis [57].
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4. CA vs. Hyperglycemia and Insulin Resistance

One of the primary causes of metabolic and endocrine abnormalities, as well as
cellular damage in afflicted tissue, is hyperglycemia-related oxidative stress [15]. Nutrient-
induced toxicity due to overnutrition may lead to insulin-resistance in tissues such as the
heart and the skeletal muscle, which normally responds to insulin for glucose uptake [58].
Insulin resistance is a condition where the tissues use their adaptive mechanism to avoid
toxic nutrient overload [59]. Over time, insulin resistance will cause an increase in fasting
glucose and reduced insulin-mediated glucose clearance. Eventually, hyperinsulinemia will
occur as a negative feedback from the target cells, signaling inadequate insulin response,
and, in turn, the pancreatic β-cells will produce more insulin. The prolonged inability to
correct the state of insulin resistance will eventually give rise to hyperglycemia and type
2 diabetes [60].

CA is found to increase insulin sensitivity through the reduction in proinflammatory
cytokines and increase in adiponectins under the hyperglycemic state [51]. In a study that
used MetS diet-induced rats, where it caused increases in BMI and abdominal circum-
ference, blood glucose, triglycerides, and LDLc, and lowered the HDLc, the group that
received a dose of 40 mg/kg oral gavage of CA daily for 6 weeks showcased a significant
reduction in serum leptin, adiponectin, insulin, TNF-a, IL-6, and IL-8. The study showed
that CA had the highest superoxide dismutase (SOD), catalase, and glutathione peroxidase
antioxidant enzymes in the liver after 4 weeks of CA administration in comparison to
ferulic acid, gallic acid, and protocatechuic acid under the same doses [61]. This suggests
that the scavenging activity as a result of CA administration shows the most promising
effectivity amongst the listed phenolic acids that protect against hyperglycemic damages.

Nasry et al. investigated the role of pioglitazone (a synthetic PPARγ agonist that
causes a decrease in insulin resistance) on HFD-induced-MetS rats, and CA was able to
show promising results. There was a significant reduction in insulin resistance, fasting
blood glucose, and fasting serum insulin with an increase of insulin sensitivity and β cell
function. CA also reduces the nitric oxide (NO) liver contents to almost half of those of
the HFD-induced MetS rats [62]. This shows the efficacy of CA as scavenging activity
toward correcting the insulin resistance through the reduction in oxidative stress caused by
the HFD.

CA also suppresses the hepatic glucose output by enhancing its utilization and inhibit-
ing overproduction [63]. This can be seen by the increase in glucokinase activity through
an increase in its mRNA expression and glycogen content. It was also found to simultane-
ously lower the G6Pase and phosphoenolpyruvate carboxykinase activities together with
their respective mRNA expressions, along with a decline in the GLUT2 expression in the
liver [63].

CA methyl and ethyl esters exert antidiabetic activities in insulin-responsive cells
through insulin-independent mechanisms involving AMPK and adipogenic factors [64]. A
2-week treatment of CAPA toward streptozotocin and diet-induced diabetic mice were able
to protect them against hepatic inflammation and glucose intolerance associated with the
NF-κB-mediated induction of inflammatory cytokines and the increase in the expression
of antioxidant protein. HepG2 cell models were then used to further investigate CAPA’s
ability. They were able to show that CAPA was able to ameliorate TNFα-induced pIKKα/β
expression and prevent TG accumulation in H2O2-treated HepG2 cells [40]. These findings
strengthen the belief that chronic oral administration of CAPA is able to protect against
MetS.

Stress-induced inflammation may cause the development of insulin resistance [65–67].
Stress activates the hypothalamic–pituitary–adrenal axis, renin–angiotensin system path-
way, and sympathoadrenal system, all of which are involved in the production of pro-
inflammatory cytokines, resulting in the negative downregulation of insulin signaling by
either phosphorylating insulin resistance serine residues or inhibiting Akt, resulting in
insulin resistance. CA given to chronic restraint stress-induced insulin-resistance mice
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showed to reduce fasting blood sugar, systemic inflammation, and oxidative stress, and
improve insulin sensitivity [68].

5. CA vs. Dyslipidemia

Dyslipidemia is described as an abnormal level of circulating lipids. It has been
acknowledged that dyslipidaemia increases the risk of cardiovascular disease develop-
ment [69]. This condition may be of primary cause (genetic) or secondary (diet, drugs,
chronic diseases, and metabolic disorders, including MetS). Dyslipidemia is detected
through a biochemical analysis of fasting lipid profile, which consists of TG, total choles-
terol (TC), high-density lipoprotein cholesterol (HDL-c), low-density lipoprotein cholesterol
(LDL-c), and non-HDL-c. Dyslipidemia is diagnosed when there is an increased concentra-
tion of TG, TC, LDL-c, and non-HDL-c, along with a decreased level of HDL-c [70].

Free fatty acids (FFA) are abundantly released in an obese body due to the increase in
the adipose tissue mass. FFA causes an increase in the synthesis of glucose and TG in the
liver, as well as an increase in VLDL secretion. This occurs together with the reduction in
HDL-C and increased density of LDL [71]. CA has shown improvement in the serum lipid
profile, serum liver biomarker enzymes, and hepatic tissue architecture to normal in HFD-
induced hyperlipidemic rat models by showing antihyperlipidemic and hepatoprotective
activities. CA was found able to reduce the levels of endoplasmic reticulum stress markers
in the liver after a HFD obese induction [72]. Besides CA’s ability to revert dyslipidemia
by reducing TG and TC, studies have shown that CA was able to revert hepatic steatosis
in the long run [49,73–75]. In a recent in vivo study, a 12 week CA supplementation on
HFD obese mice revealed that CA was able to reduce body weight and fat accumulation
together with readings of improved lipid profile with an increased HDL [56]. This suggests
that CA’s ability to impair the formation of bad white fat tissue could subsequently reduce
FFA production, thereby showing its hepatoprotective ability.

CA is capable of providing a TG-lowering, anticoagulatory, antioxidative, and anti-
inflammatory protection for the cardiac tissue and also downregulating the TNF-α and
monocyte chemoattractant protein-1 mRNA expression in the kidney of diet-induced
diabetic rats [76]. Studies on diet-induced hypercholesterolemic rats by Agunloye and
Oboh compared the modulatory properties of CA and chlorogenic acid, proving that
CA was a better candidate in ameliorating the pathological condition. They also tested
two different dosages of the drug (10 mg/kg and 15 mg/kg of CA) and concluded the
lipid-lowering effects were more effective at larger doses [77].

It is possible that an excessive amount of oxidative stress and/or inflammation can
convert circulating LDL and HDL particles into oxidized LDL (oxLDL) and oxidized
HDL particles (oxHDL). OxLDL and oxHDL both stay longer in the bloodstream due to
their impaired interaction with their specific receptors. Their diminished clearance and
imbalance of lipid profile ultimately contributes to the onset of atherosclerosis [19]. CA is
thought to prevent atherosclerosis by lowering the functional and structural changes in the
arteries [78]. This has been demonstrated by its ability to inhibit thrombogenic thromboxane
A2 (TXA2) production together with other platelet-aggregating molecules [79,80]. CA also
downregulated platelet-activating molecules such as COX-1, calcium ions, and P-selectin
and upregulated platelet-inhibiting molecules such as cAMP and cGMP, resulting in an
inhibition toward thrombogenic processes [81].

6. CA vs. Hypertension

Almost 80% of the individuals with MetS suffer from hypertension. Evidence con-
curred that 65–75% of the risk factor for primary hypertension is contributed by obesity
and excess weight gain [82]. Besides, insulin resistance has also been linked to hyper-
tension as insulin is able to cross the blood–brain barrier and subsequently activate the
systemic nervous system, in addition to its ability to upregulate the angiotensin II (AT-II)
receptor and reduce NO [60]. NO is one of the most important ROS in the cardiovascular
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system. ROS are produced by NO synthase enzymatically, and they act as a prototype
endothelial-derived vasodilator [83].

Nω-Nitro-L-arginine-methyl ester (L-NAME) is a well-known active inhibitor of
NO production in the nerves and the endothelial cell. A study using L-NAME-induced
hypertensive rats showed that a combination of caffeine and CA was able to reduce the
systolic BP. A decrease in ACE and arginase activity coupled with high NO and low MDA
levels might be associated with their antihypertensive effects [84,85]. In another study
using CAPE against the high-fructose corn syrup diet-induced vascular damage in rats,
blood pressure values were significantly reduced after a two-week intraperitoneal injection
with CA derivative. This study also noted that CAPE has the ability to correct the reduced
levels of endothelial NO synthase levels caused by the high-fructose corn syrup diet [73].

According to a more recent study, CA has a favorable effect on the vascular function
and blood pressure stabilization. In this study, male SERCA2a knockout mice and its
wild-type were surgically implanted with mini osmotic pumps filled with AT-II solutions
and fed with a normal diet of 0.05% CA in drinking water. CA significantly attenuated
the AT-II-induced increase in blood pressure reading in the wildtype mice but showed no
hypotensive effect to the SERCA2a knockout mice. This suggests that the CA might act by
activating the SERCA2a on the primary vascular smooth muscle cells [86].

CA has also been reported to be a potent antihypertensive agent and has been con-
firmed to have a nontoxic manifestation [87,88]. Agunloye and Oboh’s in vitro study
revealed that CA was capable of inhibiting key enzymes associated with hypertension
that includes E-NTPDase, 5′-ectonucleotidase, ADA, ACE, arginase, and AChE. This study
suggested that CA targets specific enzymes associated with hypertension [89]. Decreased
ACE and arginase activity, as well as high NO and low MDA levels, might be associated
with their antihypertensive effects [77]. The summary for MetS studies related to CA can
be found in Table 1, whereas the proposed pathway for CA against MetS can be found in
Figure 2.

Table 1. MetS studies related to CA.

Pathological Induction/State
Dose of CA or Its

Derivates and
Administration Route

Duration of
Treatment Observations Reference

Diet-induced MetS with HFD
in male Wistar rats 40 mg/kg via oral gavage 6 weeks

Reduced:
—Insulin
—HOMA-IR
—Leptin
—TNFα
—IL-6
—IL-8
—Total cholesterol, TG,VLDLc,
LDLc,HDLc

Increased:
—Adiponectin

[61]

Diet-induced hypercholesterolemic
rats 10 and 15 mg/kg 21 days

Reduced:
—Total cholesterol
—TG
—LDL
—HDL

(With dose 15 mg/kg showing better
results)
Increased:

—Plasma and heart SOD
activity

[77]

Nω-Nitro-L-argininge-
methylester (L-NAME)-induced
hypertensive in male Wistar rats

5 mg/kg and 25 mg/kg via
oral gavage 20 days

Reduced:
—SBP
—MDA

Increased:
—ACE activity
—NOx level

[85]
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Table 1. Cont.

Pathological Induction/State
Dose of CA or Its

Derivates and
Administration Route

Duration of
Treatment Observations Reference

Surgically implanted mini osmotic
pumps filled with

Ang II solution in wild type
mice and SERCA2a knockout mice

0.05% CA in drinking water 8 weeks

CA was able to:
—Relax mesenteric artery
—Smooth norepinephrine-induced
vasoconstriction
—Reduced intracellular Ca2+ ions
—Bind to SERCA forming strong
hydrogen bonds
—Significantly attenuated
AngII-induced hypertension.
However, CA failed to do so in
SERCA2a knockout mice

[86]

HFD obesity-induced
C57BL/6J mice 50 mg/kg via oral gavage 12 weeks Reduced serum insulin [56]

Alloxan-induced type-1 diabetic in
Swiss albino mice

50 mg/kg intraperitoneal
injection 7 days

Protective effects on liver and kidneys
Hypoglycemic and hypolipidemic
properties.

[75]

STZ-induced diabetic male Wistar
rats

10 and 50 mg/kg via oral
gavage (diluted in canola oil) 30 days

Reduced
—FBS
—oxidative stress parameters (lipid
peroxidation, reactive species
production, protein oxidation, and
MPO activity).

[90]

STZ-induced diabetic rats orally 5 weeks

Increased:
—serum insulin level
—GSH, CAT, and SOD levels

Reduced:
—Blood glucose level

Histologically seen normal islet
morphology in CA administered diabetic
rats.

[91]

STZ and high-fat
high-fructose-diet-induced CD1

(ICR) mice
10 mg/kg/day of CAPA orally 2 weeks

Reduced
—Body weight increase
—Plasma retinol binding protein 4
(RBP4)
—Adiponectin level
—TNFα in liver

Preserved glucose tolerance
Prevented glucose intolerance
Preserved basal coronary flow

[40]

Insulin-resistant adipocytes
ASCs exposed to high glucose

levels

Decreased lipid droplets and radical
oxygen species formation.
Increased insulin sensitivity (showed
reduction in pro-inflammatory cytokines
level and increased adiponectins).

[51]

HFD inducing NAFLD in
C57BL/6J mice

0.08% or 0.16% CA added to
pellet diet 8 weeks

Reduced body weight in both
concentrations.
Positively altered the community
compositional structure of gut
microbiota.

[57]
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Table 1. Cont.

Pathological Induction/State
Dose of CA or Its

Derivates and
Administration Route

Duration of
Treatment Observations Reference

Non-insulin-dependent DM
(NIDDM) and insulin-resistant (IR)

mice models

15 and 30 mg/kg CAPE
dissolved in PEG-400 given

via oral gavage.
5 weeks

Improved:
—Insulin sensitivity
—Hyperlipidemia
—Peroxisome-proliferator-
activated receptor-α (PPAR-α)
—TNFα
—Glucose consumption
—Glucose uptake
—Glycogen content
—Oxidative stress level
—Decreased level of
glucose-6-phosphotase expression
(G6Pase).

[49]

HFD-induced obesity in mice 50 mg/kg/day orally 10 weeks

Reduced:
—Body weight
—Liver weight
—Liver lipid accumulation
—Levels of ER stress markers in
the liver

Improved glucose intolerance and
insulin sensitivity.

[72]

High fructose corn syrup-
induced vascular dysfunction

in Sprague Dawley rats

50 mmol/kg intraperitoneal
injection 2 weeks

Reduced SBP
Increased NO synthase production.
Significant reduction in TC and LDL.
No significant change to HDL nor TG.

[73]

Chronic restraint stress-induced
insulin resistance in LACA mice

5 and 10 mg/kg
intraperitoneal injections 30 days

Reduces:
—Fasting blood sugar
—Systemic inflammation
—Oxidative stress
—Improved insulin sensitivity

[68]

HFD-induced MetS in C57 mice

A combination of ferulic acid
(50 mg/kg/day) with CA 0.9
mg/kg/day via subcutaneous

injection

40 days

Prevents obesity.
Reverts hyperglycemia.
Reverts dyslipidemia.
Reverts hepatic steatosis.

[74]

High-fat-diet and STZ-induced
diabetic male Wistar rats 40 mg/kg via oral gavage 8 weeks

Improved albumin excretion by kidneys.
Improved blood glucose
Reduced renal mesangial matrix
extension.
CA results were seen better in reversing
the diabetic nephropathy in comparison
to prevention.

[92]

L-NAME-induced Sprague
Dawley rats

50 µmol/kg/day
intraperitoneally 14 days

Kidney tissue analysis shows that CA
was:

—Unable to preserve PON1 activity
—Unable to reduce NF-κB
significantly

[93]

Hyperlipidemic Wistar Albino 20 mg/kg/day 30 days

Significantly reduced:
—Total cholesterol
—TG
—HDL-c

[94]
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7. Conclusions

There has been enormous progress in understanding the effect of CA through retro-
spective research. Strong evidence of the ability of CA to reverse the MetS effects through
the reduction in inflammatory markers such as TNFα coupled with reduced oxidative
stress parameters have guided researchers to a more proteomic and metabolomic approach.
Besides the singular usage of CA, studies of using CA as an enhancer together with more
commonly used drugs have surfaced. Through this review, we can conclude that CA
holds strong potential to be used as MetS management by its anti-obesity, antidiabetic,
hypolipidemic, and hypotensive activities. During the course of drafting this manuscript,
we identified a substantial gap in which the wealth of knowledge about CA is limited to
findings in animal models or cell lines. Further studies in the form of a clinical trial or a
population cohort study would further strengthen the beneficial effect of CA on MetS.
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