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Preface to ”Oxidative Stress Modulators and

Functional Foods”

Many years of research have elucidated the role of natural antioxidants and dietary supplements 
as functional foods with the potential to prevent oxidative stress due to the suppressing of reactive 
oxygen species (ROS) and reactive nitrogen species (RNS). Recent studies have also revealed that 
cell signalling pathways, such as Nrf2-ARE, signalling with antioxidant protein (heme oxygenase-1, 
HO-1) expression and coexisting anti-apoptotic cell signaling, play significant roles to avoid cell 
damage by the excessive production of ROS, RNS, or electrophiles. Therefore, natural products 
extending beyond the traditional antioxidant role are gaining a great deal of attention in functional 
foods, which can protect against various diseases related to oxidative stress. This book of “Oxidative 
Stress Modulators and Functional Foods” consists of 16 articles including 1 review article related to 
the antioxidant role of natural products and their ability to modulate oxidative stress and/or reverse 
disease both in vitro and in animal models. Additionally, the molecular mechanisms of these actions 
and the modulation of the signalling pathways in the redox system by natural products are included.

I would like to thank all the authors for their valuable contributions and all the reviewers for 
their availability to review the papers involving their useful suggestions to elevate scientific quality. 
Appreciate also to the journal’s publishing team for their help in disseminating the call for papers 
and in every step of the publishing process.

Junsei Taira

Editor
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Many years of research have seen the investigation of natural antioxidants and dietary
supplements as functional foods with the potential to prevent oxidative stress due to the
scavenging of reactive oxygen species (ROS) and reactive nitrogen species (RNS). Recent
studies have also revealed that cell signalling pathways, such as Nrf2-ARE, signalling with
antioxidant protein (heme oxygenase-1, HO-1) expression, play significant roles in the
cell’s survival response to avoid cell damage by the excessive production of ROS, RNS, or
electrophiles. Therefore, natural products extending beyond the traditional antioxidant role
are gaining a great deal of attention in functional foods, which can protect against various
diseases related to oxidative stress. This Special Issue consists of 15 articles related to the
antioxidant role of natural products, but also their ability to modulate oxidative stress
and/or reverse disease both in vitro and in animal models. Additionally, the molecular
mechanisms of these actions and the modulation of the signalling pathways in the redox
system by natural products are included.

Folic acid (FA) is known as a dietary supplement that can prevent neural tube de-
fects (NTDs), involving the failure of neural tube (NT) closure in the developing embryo,
especially spina bifida and anencephaly in the periconceptional period. Previous study
indicated that moderate levels of nitric oxide (NO) and nitric oxide synthase (NOS) play
a critical role in normal embryonic development. NO inhibits methionine synthase (MS),
involving the interference transfer of the methyl group from the methyl donor, 5-methyl-
tetrahydrofolate through the FA metabolite system (Folate pathway), to homocysteine
during methionine production. Taira et al. [1] elucidated that FA can directly scavenge NO,
suggesting that NO modulation, due to FA, may contribute to alleviation from failure in
neural tube formation, causing the high level of NO production.

Understanding the structure–activity relationships of antioxidants and their mecha-
nisms of action is important for designing more potent antioxidants for potential use as
therapeutic agents as well as preservatives. The kinetic studies of antioxidative action of
ellagic acid (EA) under physiological conditions elucidated that the hydroxyl radical (•OH)
with EA conforms to hydrogen atom transfer and radical adduct formation mechanisms,
whereas the sequential proton loss electron transfer mechanism is responsible for the
scavenging of the CCl3OO• radical, generating in the organism during the metabolism
of CCl4. In addition, compared to trolox, EA was found to be more reactive toward •OH,
but less reactive toward CCl3OO• in which their calculated rate constants are in very
good agreement with the corresponding experimental values [2]. From another viewpoint
of antioxidant mechanisms, the computational study for antioxidant mechanisms was
carried out using total enthalpy values on the electronic effects of ortho-substituents in
dendritic tri-phenolic antioxidants, comprising a common phenol moiety and two other
phenol units with electron-donating or electron-withdrawing substituents. As the pre-
ferred antioxidant mechanism, in sequential proton loss electron transfer (SPLET) it was
found that electron-donating groups, such as the OCH3 group, are useful for designing
potent dendritic antioxidants, while the nitro and halogens do not add value to the radical
scavenging antioxidant activity [3]. Furthermore, to predict the antioxidant potentiality
in vivo, Boix et al. [4] proposed that the zebrafish model assay has the capability to predict
in vivo protective activity or to determine their underlying mechanisms of action. This

Antioxidants 2021, 10, 191. https://doi.org/10.3390/antiox10020191 https://www.mdpi.com/journal/antioxidants
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article showed a useful experimental system to evaluate the in vivo protective effects of
different antioxidant compounds, based on the zebrafish embryo test under oxidative stress
conditions using tert-butyl hydroperoxide, tetrachlorohydroquinone and lipopolysaccha-
ride chemicals. This system was also applied to the study of the effects of well-known
antioxidants, such as vitamin E, quercetin, and lipoic acid, and confirmed the zebrafish
model as a useful in vivo tool to test the protective effects of antioxidant compounds.

Recent studies have revealed that cell signalling pathways, such as Nrf2-ARE sig-
nalling with HO-1 expression play significant roles to avoid cell damage causing oxidative-
related various diseases. Taira et al. [5] focused on exploring the Nrf2 active compound and
over five hundred various edible medicinal herbs were evaluated by a reporter assay, and
the highest Nrf2 activity was found in the ethanol extract of Peucedanum japonicum leaves.
The active compound in the extract was identical to pteryxin based on 1H, 13C-NMR spectra
and liquid chromatography/time-of-fright/mass spectrometry (LC/TOF/MS). Pteryxin
accumulated the transcription factor Nrf2 in the nucleus and resulted in the expression of
the HO-1. This study also suggested that the electrophilicity, due to α,β-carbonyl and/or
substituted acyl groups in the molecule, modulates the cysteine residue in Keap1 via the
Michel reaction, at which point the Nrf2 is dissociated from the Keap1. Furthermore, the
Nrf2 activator in bioresource reported the function in relation to disease. Osteoarthritis
(OA) is a common joint degenerative disease induced by oxidative stress in chondrocytes.
Kim et al. [6] demonstrated the inhibitory effects of cudratricusxanthone O (CTO), isolated
from the Maclura tricuspidata Bureau (Moraceae), on the H2O2-induced damage of SW1353
chondrocytes. CTO induced HO-1 expression, involving the translocation of Nrf2 into
the nucleus. Pretreatment with CTO in H2O2-treated cells regulated ROS production by
inducing, expression of antioxidant enzymes (SOD, catalase, glutathione peroxidase (GSH-
Px), glutathione reductase, and HO-1, and also prevented H2O2-induced apoptosis by
regulating the expression of anti-apoptotic proteins, such as Bcl-2 and Bax. Environmental
stress, involving oxidative stress, due to Ultraviolet (UV) and air pollutants contributing
fine dust (FD) containing hazardous chemicals, induces triggering allergic reactions and
inflammation of the skin, which lead to thickening of the epidermis, discoloration, skin
wrinkling, loss of elasticity and skin-cell growth retardation [7,8]. Fernando et al. [7] re-
ported that a low molecular weight fucoidan fraction (SHC4, 60 kDa, with 37.43% fucose
and 28.01% sulfate), isolated from Sargassum horneri, reduced intracellular ROS levels
and increased the cell viability on UVB (280–320 nm) exposed HaCaT keratinocytes and
inhibited UVB-induced apoptotic body formation, sub-G1 accumulation of cells through
the mitochondria-mediated pathway. The UVB protective effect of SHC4 was facilitated
by enhancing intracellular antioxidant defence via Nrf2-HO-1 signalling. The FD in air
pollutants also produced the ROS in human HaCaT keratinocytes. (–)-loliolide (HTT),
isolated from Sargassum horneri, has the potential to increase cell viability by reducing the
ROS production in FD-stimulated keratinocytes, involving the mitochondria-mediated
apoptosis pathway. HTT suppressed FD-stimulated DNA damage and the formation of
apoptotic bodies, and it reduced the population of cells in the sub-G1 apoptosis phase.
The cytoprotective effects of the HTT against FD-stimulated oxidative damage is mediated
through squaring the Nrf2-HO-1 pathway involved in increasing HO-1 and NAD(P)H
dehydrogenase (quinone) 1 in the cytosol [8].

In this Special Issue, the approach to find new biological activities of antioxidants in
relation to various diseases and the different bioactivities, due to habitat-derived conditions,
were reported by the following: (1) Type 2-diabetes mellitus (T2-DM) is caused by hyper-
glycaemic abnormalities in controlling blood glucose and insulin resistance. This article
showed the mechanism of ameliorative effects due to quamoclit angulata (QA) on diabetes.
QA supplementation (5 or 10 mg/kg/day) for 12 weeks reduced homeostasis model assess-
ment insulin resistance, kidney malfunction, and glomerular hypertrophy in T2-DM. More-
over, the QA treatment significantly attenuated renal NLRP3 inflammasome-dependent
hyper-inflammation and the consequential renal damage caused by oxidative stress, apop-
tosis, and fibrosis in T2-DM [9]. (2) In a similar model animal experiment, the high sugar-fat
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(HSF) diet induced obesity, insulin resistance, cardiac dysfunction, and oxidative damage.
When tomato-oleoresin supplementation (containing 10 mg lycopene/kg body weight (BW)
per day) was given orally every morning for a 10-week period, the insulin resistance, cardiac
remodelling, and dysfunction were improved by regulating the β-adrenergic response. [10].
(3) The antioxidant properties of epigallocatechin-gallate (EGCG), a green tea compound,
have been already studied in various diseases. To improve the bioavailability of EGCG,
this article demonstrated the result of the comparative effect of liposomal EGCG (L-EGCG)
with EGCG solution in experimental DM induced by streptozotocin in rats. L-EGCG
indicated a better efficiency regarding the improvement of oxidative stress parameters for
malondialdehyde (MDA), NO, and total oxidative status; antioxidant status for total an-
tioxidant capacity of plasma, thiols, and catalase and matrix-metalloproteinase-2 were also
significantly reduced in the L-EGCG-treated group, compared with the EGCG group [11].
(4) Myricetin is present in many natural foods with various biological activities, such as
anti-oxidative and anti-cancer activities. Benzo[a]pyrene (B[a]P), a group 1 carcinogen,
induces mutagenic DNA adducts. B[a]P is metabolized by phase I enzymes, cytochrome
P450 (CYP), and CYP1A1 also produces the metabolites conjugated with the DNA-BPDE
(B[a]P-7,8-dihydrodiol-9,10-epoxide) adduct and 8-hydroxy-2’-deoxyguanosine formation.
This article showed that myricetin reduces B[a]P-induced toxicity by inhibiting those
metabolites by the reduction of the B[a]P metabolism via reduced CYP1A1 expression, and
the elimination of B[a]P metabolites via enhanced GST expression [12]. (5) The variations in
the phenolic profile for 21 compounds and bioactivities for antioxidant and antimutagenic
activities between bilberry and lingonberry leaves different from three locations due to
different altitude, solar exposure and temperature range were investigated. As a result,
flavonols, hydroxycinnamic acids, and anthocyanins, due to habitat-derived conditions,
could be clearly distinguished in these species [13].

As a large molecule antioxidant, a novel pectic polysaccharide, SAZMP4 (M.W,
28.94 kDa), mainly containing 1,4-linked galacturonic acid (GalA, 93.48%), with side
chains of various neutral sugars, such as rhamnose, arabinose was isolated from Jujube
pomace and the structure was determined by GC, FI-IR, GC-MS, NMR for molecule anal-
ysis, and SEM (scanning electron microscope) and AFM (atomic force microscope) for
molecular morphological analysis. In addition, the antioxidant activity of SAZMP4 against
H2O2-induced oxidative stress in Caco-2 cells demonstrated SOD activity and GSH-Px,
MDA. Additionally, a better water retention capacity and the thermal stability of SAZMP4
indicated a potential application in the food industry as an additive [14].

The review article in this Special Issue discussed cellular and genetic factors that
increase oxidative stress in Parkinson’s disease (PD). PD is a neurodegenerative disorder
caused by the depletion of dopaminergic neurons in the basal ganglia, the movement centre
of the brain. The accumulation of oxidative stress-induced neuronal damage, due to the
increased production of ROS or impaired intracellular antioxidant defences, invariably
occurs at the cellular levels. The dopaminergic prodrugs and agonists can alleviate some
of the symptoms of PD, but they could not be completely prohibited by the progression
of PD pathology. The progress of PD takes a long time for the neurodegenerative process;
therefore, the authors proposed that strategies to prevent or delay PD pathology may be
well suited to lifestyle changes, such as dietary modification with antioxidant-rich foods,
including vitamin C, vitamin E, carotenoids, selenium, and polyphenols [15].

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Osteoarthritis (OA) is a common joint degenerative disease induced by oxidative stress in
chondrocytes. Although induced-heme oxygenase-1 (HO-1) has been found to protect cells against
oxygen radical damage, little information is available regarding the use of bioactive compounds
from natural sources for regulating the HO-1 pathway to treat OA. In this study, we explored the
inhibitory effects of cudratricusxanthone O (CTO) isolated from the Maclura tricuspidata Bureau
(Moraceae) on H2O2-induced damage of SW1353 chondrocytes via regulation of the HO-1 pathway.
CTO promoted HO-1 expression by enhancing the translocation of nuclear factor erythroid 2-related
factor 2 (Nrf2) into the nucleus without inducing toxicity. Pretreatment with CTO-regulated reactive
oxygen species (ROS) production by inducing expression of antioxidant enzymes in H2O2-treated
cells and maintained the functions of H2O2-damaged chondrocytes. Furthermore, CTO prevented
H2O2-induced apoptosis by regulating the expression of anti-apoptotic proteins. Treatment with
the HO-1 inhibitor tin-protoporphyrin IX revealed that these protective effects were exerted due to
an increase in HO-1 expression induced by CTO. In conclusion, CTO protects chondrocytes from
H2O2-induced damages—including ROS accumulation, dysfunction, and apoptosis through activation
of the Nrf2/HO-1 signaling pathway in chondrocytes and, therefore, is a potential therapeutic agent
for OA treatment.

Keywords: cudratrixanthone O; reactive oxygen species; nuclear transcription factor erythroid-2-like
factor 2; hemeoxygenase-1; apoptosis

1. Introduction

Osteoarthritis (OA) is a chronic joint degenerative disease that affects normal movements due
to loss of articular cartilage, particularly in older adults [1,2]. OA is accompanied by decomposition
and destruction of the mesochondrium and cartilage, as well as synovial inflammation, but the
main pathological reasons include oxidative stress, aging, and expression of inflammation-related
genes [3]. A previous study showed that the degradation of the extracellular matrix (ECM) by the
inflammatory response is essential for OA progression, and the damaged joint tissues produce severe
cytokines and ECM degradation by-products [4]. Chondrocytes play an important role in maintaining
the function of the joints and can generate tissue ECM—including collagen II and proteoglycan—to
maintain tissue homeostasis and joint movement [5]. Reactive oxygen species (ROS)—such as hydrogen
peroxide (H2O2)—are crucial modulators of the redox-sensitive cell signaling pathway, and involved in
biological processes—such as host defense, oxygen sensing, proliferation, and apoptosis. However, from
a pathological point of view, the overproduction of ROS is associated with inflammation, atherosclerosis,
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diabetes, high blood pressure, tumor formation, and OA [6]. Therefore, suppressing cell damage to
chondrocytes by regulating ROS production in osteoarthritis is an important treatment strategy.

To eliminate cell damage caused by excessive ROS production, most cells, including chondrocytes,
have endogenous defense strategies that protect cells from oxidative stress through the nuclear factor
erythroid-2-related factor 2 (Nrf2) pathway [7,8]. The defense system activated by Nrf2 leads to
induction of superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione (GSH), and heme
oxygenase-1 (HO-1) [9]. Heme oxygenases (HOs) are a group of enzymes that catalyze heme breakdown,
and four metabolites have been identified: iron, carbon monoxide (CO), and biliverdin. Three types of
HO have been discovered, including HO-1, HO-2, and HO-3. HO-1 plays a key role in the defense
mechanism against oxidative damage [10–12]. Although activation of Nrf2 and HO-1 as endogenous
defense mechanisms in chondrocytes is important, little is known about whether bioactive small
molecules isolated from natural products promote the Nrf2/HO-1 pathway to defend cells from
oxidative damage.

Maclura tricuspidata Bureau (Moraceae) is a deciduous broad-leaved tree that is common in
China, Korea, and Japan. It has been used in Korean traditional medicine to treat inflammation,
gastritis, cancer, and liver damage [13–15]. The major components of M. tricuspidata are xanthones,
flavonoids, isoflavonoids, and benzylated flavonoids. Among them, prenylated xanthones exhibit
antioxidative, anti-inflammatory, antiatherosclerotic, and neuroprotective activities [16–18]. Moreover,
prenylated xanthones have shown anti-inflammatory effects in RAW264.7 cells stimulated with
lipopolysaccharides (LPS) by inhibiting the expression of pro-inflammatory mediators through HO-1
expression [19]. However, despite these various biological activities, prenylated xanthones have
not been studied for OA. Previous studies have shown that hypoxia or inflammatory induction of
SW1353 chondrocytes stimulated by IL-1β, monosodium iodoacetate (MIA), and H2O2 is known
as a representative in vitro model for OA studies [20–23]. In this study, we investigated the role of
prenylated xanthones, cudratricusxanthone O (CTO), isolated from M. tricuspidata, on the suppression
of H2O2-induced cell damage by promoting the Nrf2/HO-1 pathway in SW1353 cells.

2. Materials and Methods

2.1. Chemicals and Reagents

Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), penicillin, and streptomycin
were purchased from Welgene Inc. (Korea). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT) was purchased from Amresco Inc. (Solon, OH, USA). The primary antibodies of Nrf2, HO-1, β-actin,
Bcl-2, superoxide dismutase (SOD) and catalase (CAT) were purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA), Bax and Caspase-3 were purchased from Cell Signaling Technology (Danvers,
MA, USA). Hydrogen peroxide solution (H2O2), Protoporphyrin IX (SnPP), Cobalt protoporphyrin (CoPP)
and DCF-DA (2′, 7′-dichloroflourescin diacetate) were bought from Sigma Aldrich (St. Louis, MO, USA).
RIPA buffer and ECL Western blotting detection reagents were purchased from Fisher Scientific Inc.
(Waltham, MA, USA).

2.2. Plant Materials and Isolation of Compounds

A voucher specimen (accession number KMU 002019-0116) was deposited at the College of
Pharmacy, Keimyung University, Daegu, Korea. Cudratrixanthone O (CTO) was isolated from the bark
extract of M. tricuspidata, and the structure of CTO was identified using nuclear magnetic resonance
(NMR) and electrospray ionization mass spectrometry (ESIMS) compared with previously reported
literature [24].

2.3. Cell Culture

The human chondrosarcoma cell line SW1353 was purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle medium (DMEM)
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(Welgene, Gyeongsangbuk-do, Korea) containing 10% (v/v) fetal bovine serum, 10 μg/mL streptomycin,
and 100 U/mL penicillin (Gibco BRL, Grand Island, NY, USA) in incubated on at 37 ◦C in 5% CO2.

2.4. Cell Viability and Coefficient Assays

SW1353 cells (5 × 103 cells/well) were seeded in 96-well plates for 24 h, and cultured with or
without CTO (1, 2, 5 μM) for 24 h. Then, 50 μL of MTT (5 mg/mL in PBS, Sigma-Aldrich) was treated to
each well for 4 h. Four hours later, supernatant was aspirated, and 150 μL of DMSO was added to
each well. The absorbance values were measured at 540 nm on a microplate reader (TECAN, Austria),
and for confluency assays cells were seeded in 24-well plates for 24 h, after then, with CTO (1, 2, 5 μM),
and the cells counted with Incucyte® Live-Cell analysis systems (Göttingen, Germany).

2.5. Western Blot Analysis

Western blot analysis was performed to examine the expression levels of indicated proteins
in SW1353 chondrocytes. Cells were lysed in RIPA buffer containing protease inhibitors and
centrifuged at 14,000 rpm for 30 min and quantitate by Bradford assay using a Bio-Rad Bradford assay
reagent (Hercules, CA, USA). Then, proteins were separated using 8–12% SDS/polyacrylamide gel
electrophoresis and transferred on to PVDF membranes, After blocking with TBS-T buffer containing
skim milk (5%), The membranes were incubated with the primary antibodies overnight at 4 ◦C,
after with a secondary antibody. PVDF membrane was detected with Healthcare Life Science ECL-plus
(Tokyo, Japan), the images were taken by ImageQuant LAS 4000 (GE Healthcare Life Science, Tokyo,
Japan). The expressional value of cytosolic proteins was normalized to the intensity level of β-actin
and proteins compared with the untreated cells (control) using image J software.

2.6. Cytosolic and Nuclear Protein Extraction

SW1353 cells were seeded at 5 × 105 cells/mL in a 6-well plate. The harvested cells were then
lysed on ice for 20 min with radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher Scientific,
Waltham, MA, USA) and the isolated cytoplasm and nuclei were removed using the NE-PER nuclear
and cytoplasmic extraction reagent kit (Pierce Biotechnology, Rockford, IL, USA) according to the
manufacturer’s instructions.

2.7. Measurement of ROS Generation

The production of intracellular ROS was assessed using a cell-permeable fluorogenic probe,
2′, 7′-dichlorodihydrofluorescein diacetate (DCF-DA). SW-1353 cells were seeded in 6-well plate at
1 × 105 cells/well for 24 h, and after pretreated with different concentrations of CTO for 6 h and then
cultured for 2 h in the presence or absence of 0.5 mM H2O2. Then, the cells were washed twice with
PBS to and DCF-DA was incubated in a dark place at 37 ◦C for 20 min. After 20 min, cells were washed
with PBS and fixed with 4% paraformaldehyde (pH 7.4) for 20 min. After observation, the ROS was
detected by a fluorescence Olympus IX microscope 71-F3 2PH (Tokyo, Japan).

2.8. RT-qPCR Analysis

After treatment, total RNA was extracted from the SW-1353 cells using TRIzol/chloroform reagent
(Bioneer, Korea) according to the manufacturer’s instructions. Total RNA was transcribed into cDNA
by PrimeScript-RT reagent kit, then the cDNA was amplificated by the SYBR Premix Ex Taq (Sangon).
The cycling conditions were 40 cycles at 50 ◦C for 2 min, 95 ◦C initial denaturation for 10 min, 95 ◦C
denaturation for 15 s, and 60 ◦C annealing for 30 s. The mRNA encoding each target was measured
using real-time PCR and GAPDH was used as the housekeeping gene. The cycle threshold (Ct) value
of the target gene was normalized to GAPDH. The primers and amplification products of each gene
used in this study are shown in Table 1.
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Table 1. Primer sequences.

Target Gene Sequence

col2a1
Forward (5′-3′) TGGACGCCATGAAGGTTTTCT
Reverse (3′-5′) TGGGAGCCAGATTGTCATCTC

aggrecan Forward (5′-3′) GAAGTGGCGTCCAAACCAA
Reverse (3′-5′) CGTTCCATTCACCCCTCTCA

timp1 Forward (5′-3′) AATTCCGACCTCGTCATCAG
Reverse (3′-5′) GTTGTGGGACCTGTGGAAGT

mmp3 Forward (5′-3′) GGT GTG GAG TTC CTG ATG TTG
Reverse (3′-5′) AGC CTG GAG AAT GTG AGT GG

mmp13 Forward (5′-3′) TCA GGA AAC CAG GTC TGG AG
Reverse (3′-5′) TGA CGC GAA CAA TAC GGT TA

adamts
Forward (5′-3′) TTCCACGGCAGTGGTCTAAAG
Reverse (3′-5′) CCACCAGGCTAACTGAATTACG

sod
Forward (5′-3′) GGGAGATGGCCCAACTACTG
Reverse (3′-5′) CCAGTTGACATCGAACCGTT

cat
Forward (5′-3′) ATGGTCCATGCTCTCAAACC
Reverse (3′-5′) CAGGTCATCCAATAGGAAGG

bcl2
Forward (5′-3′) AGG CTG GGA TGC CTT TGT GG
Reverse (3′-5′) GGG CAG GCA TGT TGA CTT CAC

bax
Forward (5′-3′) TTCTGACGGCAACTTCAACTGG
Reverse (3′-5′) AGGAAGTCCAATGTCCAGCC

caspase3 Forward (5′-3′) GGAATTGATGCGTGATGTT
Reverse (3′-5′) TGGCTCAGAAGCACACAAAC

gapdh Forward (5′-3′) ACCCAGAAGACTGTGGATGG
Reverse (3′-5′) CACATTGGGGGTAGGAACAC

2.9. Annexin V-FITC/PI Apoptosis Assay

SW-1353 cells were seeded in six-well plates for 24 h, then pretreated with CTO (0, 1, 2, 5 μM)
for 6 h. The positive control group and the CTO-treated groups were then exposed to H2O2 to a final
concentration of 0.5 mM for 2 h. Cells were collected by centrifugation and washed twice with PBS,
and apoptotic incidence was analyzed by the Annexin V-FITC/PropidiumIodide (PI) detection kit (BD
Biosciences, San Diego, CA, USA) according to the manufacturer’s instructions. The rate of apoptosis
was analyzed using a Incucyte® Live-Cell analysis systems.

2.10. Statistical Analysis

Each experiment was performed in triplicate and expressed as mean value and standard deviation.
Statistical analysis was conducted using SPSS Statistics 19.0 software. Differences among groups
were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s test or Student’s t-test.
p < 0.05 were considered to indicate statistical significance.

3. Results

3.1. CTO Is Not Cytotoxic to SW1353 Chondrocytes

To investigate whether CTO (Figure 1A) showed cytotoxicity in chondrocytes, SW1353 chondrocytes
were treated with 0, 1, 2, and 5 μM of CTO for 24 h, and cell viability was examined by MTT analysis.
No cytotoxicity was observed in the CTO-treated cells, and no morphological change in CTO-treated
SW1353 cells (Figure 1B). Moreover, treatment with CTO (0–5 μM) did not affect cellular confluency
in SW1353 cells (Figure 1C). CTO showed no statistically significant changes in cytotoxicity or
cellular confluency.
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Figure 1. Cudratricusxanthone O (CTO) is not cytotoxic to SW1353 chondrocytes. (A) The chemical
structure of CTO. (B) SW1353 chondrocytes were seeded at a density of 1 × 104 cells/well and treated
with CTO at the indicated concentrations (0–5 μM) for 24 h, then after CTO cytotoxicity was evaluated by
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay. (C) The confluency of cells
was determined using IncuCyte imaging system. The Student’s t-test was used for statistical analysis.

3.2. CTO Induces HO-1 Expression by Promotion of Nrf2 Translocation

Nrf2 and HO-1, the major downstream antioxidant signaling pathway, play a major role in
regulating oxidative stress. Therefore, the protein expression of HO-1 was measured by Western blot
to confirm that CTO activates the Nrf2/HO-1 signaling pathway. After treatment with 5 μM of CTO in
SW1353 cells, the expression of HO-1 was induced in a time- and dose-dependent manner. HO-1 was
expressed in cells treated with CTO for 6 h and showed the highest expression at 18 h (Figure 2A, top).
Concentration-dependent experiments showed that treatment with CTO promoted HO-1 expression
in a dose-dependent manner (Figure 2A, bottom). Western blot was used to verify whether Nrf2
translocation into the nucleus was involved in HO-1 expression by CTO. Dose-dependent treatment
with 5 μM CTO reduced Nrf2 in the cytosol but enhanced its expression in the nucleus (Figure 2B).
HO-1 expression is induced by the activation of MAPK, of which ERK1/2, JNK, and p38 act as upstream
regulators of the Nrf2 cascade. We investigated whether CTO promotes Nrf2 translocation and HO-1
induction through activation of the MAPK pathway. Western blotting was performed on SW1353
cells treated with CTO 5 μM in a time-dependent manner for 15, 30, and 60 min. Gradually enhanced
phosphorylation of MAPKs was observed after CTO treatment (Figure 2C). These results suggested that
CTO was involved in Nrf2 translocation and HO-1 expression by activation of MAPKs in SW1353 cells.

3.3. CTO Suppresses ROS Production by Inducing SOD and CAT in SW1353 Cells

It has been reported that treatment with H2O2 of chondrocytes produces ROS, which leads to cell
apoptosis. To evaluate the effect of CTO on the production of ROS from cells treated with H2O2 in
chondrocytes, the production of ROS and the expression of antioxidant enzymes such as SOD and CAT
were evaluated in H2O2-stimulated SW1353 cells. In DCF-DA fluorescence staining, H2O2-stimulated
cells showed an increase in ROS, but pretreatment with dose-dependent CTO reduced ROS production
(Figure 3A). Expression levels of antioxidant proteins SOD and CAT were inhibited by H2O2 treatment
but significantly protected by CTO treatment (Figure 3B). Furthermore, the effect of CTO on mRNA
levels of SOD and CAT was evaluated by real-time PCR. We confirmed that expression levels of both
antioxidant protein and mRNA were protected (Figure 3C). These results suggest that CTO regulates
ROS production by preventing H2O2-induced apoptosis and retaining the expression of antioxidant
proteins in chondrocytes.
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Figure 2. CTO induces heme oxygenase-1 (HO-1) expression by the promotion of Nrf2 translocation.
(A) The cells (5 × 105 cells/mL) were treated with 5 μM for the indicated time (0, 6, 12, 18, 24 h) or with
the indicated concentrations of CTO (0.5, 1, 2, and 5 μM) and cobalt protoporphyrin (CoPP) (20 μM) for
18 h. The induced HO-1 expression was detected by Western blot analysis. (B) The translocation of
Nrf2 was analyzed by Western blot analysis from cells treated with 5 μM of CTO for the indicated time.
(C) The cells were treated with 5 μM CTO for the indicated times (0–60 min) and phosphorylation of
ERK1/2, JNK and p38 were determined by Western blot analysis. * p < 0.05 was considered significant
differences between groups are indicated.

3.4. CTO Up-Regulates Chondrocytes-Specific Genes but Inhibits the Expression of MMPs in H2O2 Treated
SW1353 Cells

Accumulating evidence suggests that H2O2-induced ROS production degrades the function of
chondrocytes. Cartilage-specific genes such as col2a1 and aggrecan play an essential role in the creation
and maintenance of cartilage tissue, and proteolytic enzymes such as MMPs induce cartilage tissue
loss. Therefore, to explore whether CTO pretreatment prevents functional loss of chondrocytes by
H2O2, the mRNA levels of essential genes for cartilage tissue formation (col2a1, aggrecan), timps, mmps,
and adamts were measured using real-time PCR in H2O2-treated SW1353 chondrocytes. We found that
the mRNA levels of col2a1, aggrecan, timp1, and timp3 were suppressed by H2O2, but protected in a
concentration-dependent manner by CTO (Figure 4A). Moreover, we confirmed that the mRNA levels
of mmps and adamts (a group of secreted proteinases and proteolytic enzymes), which suppressed
the functions of chondrocytes, were increased by H2O2 treatment but significantly decreased by
CTO treatment (Figure 4B). These results suggest that CTO protects the function of chondrocytes by
upregulating essential genes for cartilage tissue formation as well as downregulating mmps and adamts
upon H2O2 treatment.
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Figure 3. CTO suppresses ROS production by inducing superoxide dismutase (SOD) and catalase
(CAT) in SW1353 cells. (A) The cells were pre-treated with the indicated concentrations of CTO for 6 h,
and then stimulated with or without 0.5 mM H2O2 for 2 h. The cells were incubated at 37 ◦C in the
dark for 20 min with culture medium containing 2 μM 2′, 7′-dichloroflourescin diacetate (DCF-DA) to
monitor reactive oxygen species (ROS) production. The degree of ROS production was measured by
fluorescence microscope. (B) The expression of SOD and CAT proteins were measured by Western blot
analysis from cells pre-treated with CTO and stimulated by 0.5 mM H2O2. (C) The mRNA level of
these genes was measured by real-time PCR. * p < 0.05 was considered significant compared to only
H2O2 treat group.

Figure 4. CTO up-regulates chondrocytes-specific genes but inhibits the expression of mmps in H2O2

treated SW1353 cells. (A,B) SW1353 cells were pre-treated with the indicated concentration of CTO
(0, 1, 2, and 5 μM) for 6 h, and then incubated with 0.5 mM H2O2 for 2 h. The mRNA levels of
cartilage-specific core genes and timps (A) and mmps genes (B) were determined by real-time PCR
analysis. The results were normalized to gapdh expression. * p < 0.05 was considered significant
compared only to H2O2 treat group.

3.5. CTO Inhibits Apoptotic Pathway Induced by Treatment with H2O2 in SW1353 Cells

To evaluate whether pretreatment with CTO of chondrocytes prevents H2O2-induced apoptosis,
we measured the confluency of H2O2-stimulated cells. Cellular confluency revealed that pretreatment
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with CTO protected cells from the cytotoxicity of H2O2 in chondrocytes in a concentration-dependent
manner (Figure 5A). To confirm whether pretreatment with CTO prevents cells to undergo apoptosis,
Annexin V and caspase 3/7 from SW1353 cells pretreated with CTO and stimulated with H2O2 were
detected by IncuCyte imaging system. In the CTO-pretreated cells, the previously increased intensity of
Annexin V by H2O2 was then significantly reduced, and the previously decreased intensity of caspase
3/7 by H2O2 was then enhanced. (Figure 5B). To examine whether CTO pretreatment affected the
mRNA levels of anti-apoptotic genes such as bcl2 and caspases3 or pro-apoptotic genes including bax in
H2O2-treated conditions, we performed real-time PCR for SW1353 cells incubated with the indicated
condition. The expression of bcl2 and caspases3 was reduced by H2O2 treatment, but retained by CTO
pretreatment. On the other hand, the enhanced expression of the pro-apoptotic gene bax by H2O2

treatment decreased in a concentration-dependent manner by CTO pretreatment (Figure 5C). Protein
levels of these genes were confirmed through Western blotting (Figure 5D). These results suggest that
CTO pretreatment effectively prevents chondrocytes from H2O2-induced apoptosis by regulating the
expression of apoptosis-related genes.

Figure 5. CTO inhibits the apoptotic pathway induced by treatment with H2O2 in SW1353 cells. (A, B)
The cells were pre-treated with or without the indicated concentration of CTO (0, 1, 2, and 5 μM) for 6 h
and then incubated with 0.5 mM H2O2 for 2 h. The confluency of cells was measured by IncuCyte
imaging system (A), and apoptotic cells were evaluated by staining with Annexin V and caspase-3/7
(B). (C, D) The mRNA levels of bcl-2, bax and caspase3 were measured by real-time PCR (C) and protein
expressions were confirmed by Western blot analysis (D). The results were normalized to gapdh (C) or
β–actin (D) expression. * p < 0.05 was considered significant compared to only H2O2 treat group.

3.6. Upregulated HO-1 by Pre-Treatment with CTO Protects SW1353 Cells from ROS Production Induced
by H2O2

In Section 3.2, we showed that CTO effectively induces HO-1 expression by promoting Nrf2
translocation in SW1353 cells. We next investigated the effect of CTO on ROS production and antioxidant
enzymes induced by H2O2 treatment in suppressing the expression of HO-1 by treatment with tin
protoporphyrin IX (SnPP), an inhibitor of heme oxygenase enzyme. CTO treatment suppressed ROS
generated by H2O2 stimulation in a concentration-dependent manner; however, the inhibitory effect of
CTO on ROS production was reversed in the presence of SnPP (Figure 6A). Moreover, the recovery
of SOD and CAT expression by pretreatment with CTO in H2O2-treated cells was inhibited in the
SnPP-treated group (Figure 6B) and mRNA (Figure 6C). These results suggested that HO-1 induced by
CTO pretreatment in H2O2-stimulated SW1353 cells is involved in the regulation of ROS production
and recovery of antioxidant enzymes.
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Figure 6. Upregulated HO-1 by pre-treatment with CTO protects SW1353 cells from ROS production
induced by H2O2. (A) SW1353 cells were seeded at a density of 5 × 104 cell/well and pre-treated
with or without 20 μM Protoporphyrin IX (SnPP) for 1 h. Then cells were treated with the indicated
concentrations of CTO (0, 1, 2, and 5 μM) for 6h, and incubated with 0.5 mM of H2O2 for 2h. The cells
were incubated with culture medium containing 20 μM DCF-DA to monitor ROS production at 37 ◦C
in the dark for 20 min. The images were obtained by fluorescent microscope system. (B, C) Protein
expressions and mRNA levels of sod and cat were detected by Western blot analysis (B) and real-time
PCR (C) from cells cultured with the indicated conditions. The results were normalized with β–actin
(B) or gapdh (C) expression. * p < 0.05 vs. only H2O2 treat group; # p < 0.05 vs. only CTO treated group.

3.7. Induced HO-1 by CTO Regulates Chondrocytes-Specific Genes and Expression of mmps in H2O2 Treated
SW1353 Cell

We evaluated the effects of CTO on the specific genes and its function regulation of
chondrocytes. Therefore, we additionally evaluated whether HO-1 expression by pretreatment with
CTO protects chondrocyte-specific genes and functions in SW1353 cells in H2O2-treated conditions.
CTO dose-dependently recovered the mRNA levels of col2a1, aggrecan, timp1 and timp3; however,
SnPP-treated cells did not show recovery of col2a1, aggrecan, timp1 and timp3 in H2O2-treated
conditions (Figure 7A). We subsequently evaluated the effect of HO-1 expression by CTO treatment in
H2O2-stimulated SW1353 cells on the mRNA levels of mmps and adamts, components of the extracellular
matrix. We confirmed that the enhanced mRNA levels of mmp3, mmp13, and adamts by H2O2 were
significantly blocked by CTO treatment, but recovered by treatment with SnPP (Figure 7B). These
results suggest that the CTO-induced HO-1 protects SW1353 cells against dysfunction caused by H2O2

treatment, such as restoring cartilage-specific core proteins and inhibiting proteolytic enzymes.

3.8. Enhanced HO-1 by CTO Shows Protective Effect from Apoptosis Induced by H2O2 in SW1353 Cells

In Section 3.7, we confirmed that CTO protected SW1353 cells H2O2-induced apoptosis.
To investigate whether induced HO-1 expression by CTO pretreatment plays a protective role in
apoptosis induced by H2O2 treatment, the expression of annexin V and caspase 3/7 were assessed in
cells treated with SnPP. Suppression of Annexin V by CTO pretreatment was significantly increased by
SnPP treatment. The level of caspase-3/7 upregulated by CTO treatment was re-inhibited by SnPP
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treatment (Figure 8). These results suggest that the induction of HO-1 by CTO pretreatment prevents
H2O2-induced apoptosis in SW1353 cells.

Figure 7. Induced HO-1 by CTO regulates chondrocytes-specific genes and expression of MMPs in
H2O2 treated SW1353 cells. (A, B) SW1353 cells were pre-treated with or without 20 μM SnPP for 1h.
Then cells were treated with the indicated concentration of CTO (2 or 5 μM) for 6 h, and incubated
with 0.5 mM H2O2 for 2 h. The mRNA levels of cartilage-specific core genes and timps (A) and mmps
genes (B) were determined by real-time PCR analysis. The results were normalized to gapdh expression.
* p < 0.05 vs. only H2O2 treat group; # p < 0.05 vs. only CTO treated group.

Figure 8. Enhanced HO-1 by CTO shows a protective effect from apoptosis induced by H2O2 in SW1353
cells. (A) SW1353 cells were pre-treated with or without 20 μM SnPP for 1h. Then cells were treated
with the indicated concentration of CTO (2 or 5 μM) for 6 h, and incubated with 0.5 mM H2O2 for 2 h.
Apoptotic cells were evaluated by staining with caspase 3/7. Reagents using IncuCyte imaging system.
* p < 0.05 vs. only H2O2 treat group; # p < 0.05 vs. only CTO treated group.

4. Discussion

Promoting the expression of antioxidant enzymes in articular chondrocytes and inhibiting
oxidative stress has been considered as a potential therapeutic approach in OA [25,26]. Hydrogen
peroxide (H2O2) is a general type of ROS, and enzymes such as SOD, CAT, GPX, glutathione reductase
(GR), and HO-1 protect the oxides caused by oxidative stress [27]. Nrf2 is a nuclear transcription
factor that promotes the expression of antioxidant-related enzymes, such as HO-1, through binding
to antioxidant response elements (AREs) and shows a protective role against cellular damages [28].
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The MAPK pathway is involved in the translocation of Nrf2 to regulate oxidative stress [29]. Western
blot analysis showed that CTO increased HO-1 expression depending on the concentration and time of
translocation of Nrf2 to the nucleus. Moreover, CTO enhanced the phosphorylation of MAPKs in a
time-dependent manner. These results suggest that CTO defends the cells against oxidative damage by
up-regulating HO-1 expression via the MAPK pathway.

As one of several antioxidant mechanisms to prevent ROS-induced damage, SOD and CAT play vital
roles in reducing oxidative stress by removing H2O2 [30]. In these mechanisms, CTO down-regulated
the level of ROS stimulated by H2O2, and Western blot analysis showed the recovery of expression
levels of antioxidant enzymes previously inhibited by H2O2. Reduced expression of Col2A1 and
Aggrecan in chondrocytes is an important feature of cartilage degeneration; MMP-3 and MMP-13
are responsible for the degradation of the extracellular matrix that damages cartilage structures and
properties, and TIMPs inhibit activities of these MMPs [31,32]. Inhibition of MMPs is recognized as a
major treatment strategy to block joint cartilage loss in OA, and H2O2 promotes the expression and
secretion of enzymes such as MMP-3, MMP-13, and ADAMTS [33]. CTO effectively inhibited the
MMP-3, MMP-13, and ADAMTS enzymes secreted from H2O2 stimulated chondrocytes, and recovered
Col2A1, Aggrecan, and TIMP mRNA, which play an essential role in cartilage degeneration caused by
H2O2. From the previous results, CTO is an HO-1 inducer. Therefore, to investigate the protective effect
of CTO-induced HO-1 expression on the H2O2-stimulated chondrocytes, we reversed the protective
effect of chondrocytes by treatment with SnPP, an HO-1 inhibitor.

H2O2 causes apoptosis by increasing the production of ROS and destroying the mitochondrial
membrane potential, which activates Bax of apoptosis and inactivates antiapoptosis Bcl-2 [34,35].
It also sequentially activates stimulators of apoptosis, such as caspase-3 and 7 [36]. In this study,
CTO recovered the mRNA and protein expression levels of the anti-apoptotic protein BCL-2 in
H2O-treated conditions and further inhibited those of apoptotic stimulants, such as BAX, induced
by H2O2. The protein and mRNA levels of caspase-3 were also reversed. Previous studies showed
that hypoxia leads to the formation of ROS, which induces oxidative stress and partially activates
the transcription factor Nrf2, resulting in HO-1 expression and hypoxia-inducible factors through the
phosphoinositide 3-kinase (PI3K)/Akt signaling pathway [37]. In this study, H2O2-stimulated SW1353
chondrocytes were treated with SnPP, an HO-1 inhibitor, to suppress HO-1 expression induced by CTO.
Therefore, the ROS inhibitory and anti-apoptotic effects of CTO as shown above, and the expression of
antioxidant enzymes, were reversed. These results suggest that the protective effect on chondrocytes
appears through HO-1 expression by the activity of Nrf2 by CTO rather than by Nrf2 activity by H2O2.
These results suggest that, through activation of Nrf2 and HO-1, CTO could suppress ROS production
and apoptosis as well as regulate antioxidant enzyme expression stimulated by H2O2 in SW1353 cells.

5. Conclusions

In this study, we investigated the effects of CTO on apoptotic, antioxidant enzymes and
cartilage-specific proteins caused by ROS, a major cause of osteoarthritis in H2O2 stimulated SW1353
cells. We found that CTO effectively regulated ROS generation by H2O2 and apoptosis of SW1353
through Nrf2/HO-1 activity, and recovered lost antioxidant enzymes. This study revealed a new
pharmacological effect of prenylated xanthones CTO, isolated from M. tricuspidata, and suggests its
potential as a novel natural treatment for osteoarthritis.
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Abstract: The antioxidant effect of compounds is regularly evaluated by in vitro assays that do not
have the capability to predict in vivo protective activity or to determine their underlying mechanisms
of action. The aim of this study was to develop an experimental system to evaluate the in vivo
protective effects of different antioxidant compounds, based on the zebrafish embryo test. Zebrafish
embryos were exposed to tert-butyl hydroperoxide (tBOOH), tetrachlorohydroquinone (TCHQ)
and lipopolysaccharides from Escherichia coli (LPS), chemicals that are known inducers of oxidative
stress in zebrafish. The developmental toxic effects (lethality or dysmorphogenesis) induced by
these chemicals were modulated with n-acetyl l-cysteine and Nω-nitro l-arginine methyl ester
hydrochloride, dimethyl maleate and dl-buthionine sulfoximine in order to validate the oxidant
mechanism of oxidative stress inducers. The oxidant effects of tBOOH, TCHQ, and LPS were confirmed
by the determination of significant differences in the comparison between the concentration–response
curves of the oxidative stress inducers and of the modulators of antioxidant status. This concept
was also applied to the study of the effects of well-known antioxidants, such as vitamin E, quercetin,
and lipoic acid. Our results confirm the zebrafish model as an in vivo useful tool to test the protective
effects of antioxidant compounds.

Keywords: oxidative stress; zebrafish embryo; in vivo model; antioxidant effect

1. Introduction

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are products of cellular metabolism,
which play a dual role in beneficial and deleterious effects over different organs [1]. Aerobic organisms
have antioxidant defenses to protect cells from oxidative damage. These defenses can be enzymatic
(antioxidant enzymes) or non-enzymatic (antioxidant compounds) [2]. The imbalance between reactive
metabolite production and antioxidant defenses in the organism is denominated oxidative stress (OS)
and can produce potential detrimental effects in the organisms [3]. The consequences of OS can be very
variable depending on the reactive species implicated, the subcellular structure where they are generated,
the organs or tissues implicated in the effect, the genetic characteristics of the organism or developmental
stage, among other factors. It is a phenomenon which has been related to different processes (aging,
cancer, diabetes, cardiovascular and neurodegenerative diseases, etc.) as it can damage and inhibit the
normal function of lipids, proteins, and DNA [4].

Antioxidants are chemicals that can inhibit or prevent oxidation processes. Such compounds
can be produced within the human body or absorbed from dietary intake [5]. The antioxidant
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capacity of compounds is usually evaluated by in vitro techniques as the oxygen radical absorbance
capacity (ORAC) or the total radical-trapping antioxidant parameter (TRAP), which are useful for the
high-throughput screening of the antioxidative or radical-scavenging capacities of the compounds [6].
There are also cell-culture approaches, such as the cell-based antioxidant assay (CAA), which uses
Caco-2 cells that allow for the study of intracellular influence of antioxidant chemicals [7]. These in vitro
assays and biological techniques, which are regularly used to evaluate antioxidant capacity, do not have
predictive capability for the protective activity that natural compounds have in vivo, or to determine
their underlying mechanisms of action [8]. In vivo assays of antioxidant capacity of natural compounds
have been performed in mice [9], in rats [10], and using other animal models, such as Caenorhabditis
elegans [11] and adult zebrafish [12]. However, until now none of these in vivo models have been
established and validated to systematically evaluate the protective effects of natural compounds.

Zebrafish (Danio rerio, ZF) is a tropical fish of the Cyprinidae family. The ZF embryo is considered
a potential tool for investigating environmental exposures with direct relation to human health [13].
The ZF embryo presents multiple advantages, from which it can be highlighted that it is an in vivo model
which studies the whole organism, with the main characteristics of an in vitro model: easy maintenance,
large number of offspring, rapid embryonic development, possibility to combine with other biochemical,
cellular and molecular techniques, screening of compounds, application to high-throughput methods,
etc. [14–16]. The ZF embryo has been used as a model to study alterations and diseases related
to OS mechanisms: inflammation [17], senescence [18], teratogenicity [19], neurodegenerative [20],
and cardiovascular diseases [21]. Furthermore, ZF presents antioxidant genes and enzymes to protect
them against OS effects. These defenses are analogous to mammalian antioxidant systems [22,23].
The protective effects of some antioxidants against exposure to OS inducers in ZF embryos have been
studied with the objective to investigate the antioxidant mechanisms of action and demonstrate the
usefulness of these antioxidants against oxidative damage [19,24,25].

The aim of the present work was to design an experimental system based on the ZF embryo
test, which could be the basis for the study of in vivo protective effects of chemicals with antioxidant
activity against oxidant-induced developmental toxicity in ZF embryos.

2. Materials and Methods

2.1. Chemicals and Solution Preparation

Tetrachlorohydroquinone (TCHQ, CAS number 87-87-6), lipopolysaccharides from Escherichia coli
0111:B4 (LPS), Nω-nitro l-arginine methyl ester hydrochloride (L-NAME, CAS number 51298-62-5),
DL-buthionine sulfoximine (BSO, CAS number 5072-26-4), (±)-α-tocopherol (vitamin E, CAS number
10191-41-0), (±)-α-lipoic acid (lipoic acid, CAS number 1077-28-7), and quercetin hydrate (quercetin,
CAS number 337951) were obtained from Sigma-Aldrich, Madrid, Spain. Tert-butyl hydroperoxide
(tBOOH, CAS number: 75-91-2) was acquired from TCI Europe and n-acetyl-l-cysteine (NAC, CAS
number 616-91-1) and diethyl maleate (DEM, CAS number 141-05-9) were obtained from Cymit
Química, Barcelona, Spain.

tBOOH, LPS, NAC, and DEM were directly dissolved in 0.3X Danieau’s buffer (17.4 mM NaCl;
0.23 mM KCl; 0.12 mM MgSO4·7 H2O; 0.18 mM Ca(NO3)2; 1.5 mM HEPES (N-(2-hydroxyethyl)
piperazine-N′-(2-ethanesulfonic acid); pH 7.4). TCHQ, vit. E, quercetin, and lipoic acid were dissolved
in 100% dimethyl sulfoxide (DMSO, Sigma-Aldrich, Madrid, Spain) and subsequently diluted in 0.3×
Danieau’s buffer to a final DMSO concentration of 0.05 % (v/v).

Our previous experience with 0.05 % DMSO in 0.3× Danieau’s buffer clearly indicates that it does
not produce any effects in lethality or dysmorphogenesis in ZF embryos, and it was not expected to
modify the toxicity of the compounds. Moreover, DMSO is only expected to modify the permeability
of chemicals if used at higher concentrations > 0.1% [26].
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Concentrations of all chemicals are expressed in molarity, except for LPS that is given as μg/mL,
due to the variable molecular mass of LPS, as it is part of the outer membrane of bacteria—in this case,
Escherichia coli.

2.2. Animals and Embryo Production

Adult wild type ZF (BCN Piscicultura Iberica; Terrassa, Spain) were kept in aquariums with a
closed flow-through system at 26 ± 1 ◦C and 10–14 h constant dark–light cycle. Females and males were
housed separately and fed with commercial flakes and brine shrimp (Ocean Nutrition, San Diego, USA).
The day before the experiments, females and males were transferred to a breeding tank (10 females;
8 males). ZF embryos were collected within 1 h after the onset of lights in the morning. They were
extensively cleaned, and fertilized eggs were staged according to [27] and selected for subsequent
exposure under a dissection stereomicroscope (Motic SMZ168, Motic China Group, LTD., Luwan,
Shanghai, China). The study was approved by the Ethic Committee for Animal Experimentation of the
University of Barcelona and by the Department of Environment and Housing of the Generalitat de
Catalunya with license number DAAM 7971.

2.3. Exposure of Zebrafish Embryos to Oxidative Stress Related Compounds

To characterize the effects on embryonic development produced by compounds related to
OS, ZF embryos were exposed to OS inducers, modulators of antioxidant status and antioxidants.
For compounds which were dissolved in DMSO and diluted with Danieau’s buffer, a vehicle negative
control group with 0.05% DMSO in 0.3× Danieau’s buffer was assayed.

Exposures to antioxidants and to modulators were performed from 2 to 26 h post-fertilization
(hpf) in order to select, for each of the compounds of study, the highest concentration at which any
effect in lethality or in embryonic development was observed (maximum tolerable concentration,
MTC). From 26 to 50 hpf, embryos were incubated with 0.3× Danieau’s buffer with or without DMSO,
depending on the dissolution of the compound of study.

Exposure to OS inducers was conducted from 26 to 50 hpf to select the working concentrations of
these compounds for the experimental design. In this case, from 2 to 26 hpf, embryos were incubated
with Danieau’s buffer with or without DMSO, depending on the dissolution of the compound of study.

Exposure of ZF embryos was semi-static and was carried out in 6-well plates (Greiner Bio-one,
Frickenhausen, Germany). Ten embryos per group were selected and randomly distributed into the
wells and filled with 5mL of the corresponding solution of the compound. Embryos were incubated
at 26 ± 1 ◦C with a dark–light cycle of 10–14 h. Renewal of the medium and of the solutions was
made every 24 h. Evaluation of the embryos was performed at different time points. Lethality was
determined at 8, 26, and 50 hpf based on egg coagulation, the absence of tail detachment, or somite
formation and the absence of heartbeat [28]. Dysmorphogenic effects were evaluated at 50 hpf by
the total morphological score system described by [29]. For each compound of study, at least three
independent experiments were performed using embryos from different spawning events (n = 3).

The percentage of lethality and of dysmorphogenesis was calculated per compound at every
tested concentration, and the concentration–response curves for these effects were plotted. From these
curves the concentration, which produced mortality to 50% of the embryos (lethal concentration 50,
LC50), and the concentration at which 50% of the embryos presented at least one dysmorphogenic
feature (effective concentration 50 for dysmorphogenesis, EC50), were calculated.

2.4. Pre-Exposure of the Embryos to Modulators of Antioxidant Status + Exposure to OS Inducers

To elucidate the OS role in the developmental effects produced by OS inducers, another assay
was performed by modulating the ZF embryos’ OS responses through pre-exposure to the MTC of
compounds which can affect OS conditions, and the posterior exposure to the working concentrations
of OS inducers. NAC and L-NAME were used to potentiate antioxidant status, as NAC increases
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glutathione levels [30] and L-NAME inhibits nitric oxide production [31]. On the other hand, DEM and
BSO were used to inhibit glutathione synthesis [32] by increasing the sensitivity of the embryos to OS.

At 2 hpf, embryos were pre-exposed to the MTC of modulators of antioxidant status for
24 h, and then washed with 0.3× Danieau’s buffer. At 26 hpf, embryos were exposed to OS
inducers at the selected working concentrations. Lethality and dysmorphogenesis were evaluated
as previously described, and concentration–response curves were plotted. A comparison of the
concentration–response curves of pre-exposure to modulators of antioxidant status + exposure to OS
inducers with concentration–response curves of OS inducers exposure was performed.

2.5. Pre-Exposure of the Embryos to Antioxidant Compounds + Exposure to OS Inducer

To detect the protective effects of chemicals against oxidant induced developmental toxicity in ZF
embryos, different compounds with well determined antioxidant activity were assayed.

A pre-exposure to the MTC of vitamin (vit.) E, lipoic acid and quercetin was performed
from 2 to 26 hpf, followed by a washing step with 0.3× Danieau’s solution and the exposure to
the working concentrations of the selected OS inducer for 24 h. Evaluation of the embryos was
performed as described before, and concentration–response curves were graphically represented.
A comparison between the concentration–response curves of pre-exposure to antioxidants + exposure
to the selected OS inducer with the concentration–response curve of the exposure to the selected OS
inducer was performed.

2.6. Data Evaluation

Comparison of categorical variables was performed with the Fisher’s exact test. Concentration–
response curves for lethality and dysmorphogenesis were fitted to all the data using the Hill model in
GraphPad Prism 6 software and compared with the extra sum-of-squares F test, which compares the
parameters fit to datasets (GraphPad Software, La Jolla, CA, USA). Confidence intervals were set at 95%
and a probability of p < 0.05 was considered as statistically significant.

3. Results

3.1. Characterization of the Effects of Oxidative Stress Related Compounds in Zebrafish Embryos

The results of the characterization of the lethal and dysmorphogenic effects produced by ZF
embryos exposure to OS inducers, modulators and antioxidants are shown in Table 1.
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Table 1. Characterization of lethality and dysmorphogenesis in zebrafish embryos, produced by
oxidative stress-related compounds.

Compounds
Range of

Concentrations
MTC LC50 EC50

Exposure
Window

OS Inducers
Tert-butyl hydroperoxide

(tBOOH) 1–4 mM n.d.a 2.4 mM 1.6 mM 26–50 hpf

Tetrachlorohydroquinone (TCHQ) 2.5–20 μM n.d.a 16.0 μM 3.9 μM 26–50 hpf
Lipopolysaccharides from

Escherichia coli 0111:B4
(LPS)

5–60 μg/mL 25 μg/mL 50.1 μg/mL 35.9 μg/mL 26–50 hpf

Modulators of Antioxidant Status
n-acetyl-l-cysteine

(NAC) 50–2500 μM 250 μM 1874 μM 920.6 μM 2–26 hpf

Diethyl maleate
(DEM) 0.1–100 μM 0.5 μM n.d.b 1.5 μM 2–26 hpf

Nω-nitro l-arginine methyl ester
hydrochloride

(L-NAME)
0.1–100 μM 5 μM n.d.c 44.36 μM 2–26 hpf

DL-buthionine sulfoximine
(BSO) 1–5000 μM 50 μM n.d. c 2722 μM 2–26 hpf

Antioxidants
Vit. E 1–1000 μM 100 μM n.d.d n.d.d 2–26 hpf

Lipoic acid 0.1–1000 μM 5 μM 116.4 μM n.d.c 2–26 hpf
Quercetin 0.1–30 μM e 20 μM n.d.d n.d.d 2–26 hpf

Range of tested concentrations, maximum tolerable concentration (MTC), lethal concentration 50 (LC50), effective
concentration 50 for dysmorphogenesis (EC50) and exposure window for each of the studied compounds. n.d.: data
were not determined. a: MTC was not determined because the compound produced lethal or dysmorphogenic
effects at all the studied concentrations. b: LC50 was not calculated because no lethal effects were observed until the
highest concentration, where lethality was of 100%. c: LC50 or EC50 was not calculated because no significant effects
in the mortality of the embryos were observed. d: LC50 and EC50 were not calculated because the compounds did
not produce lethal or dysmorphogenic effects at any of the tested concentrations. e: Quercetin solution precipitated
from 30 μM. It was not possible to evaluate the effects at higher concentrations.

OS inducers produced developmental effects in zebrafish embryos (lethality and dysmorphogenic
effects), which were concentration-dependent. Modulators of antioxidant status and antioxidants
did not produce lethality at the studied concentrations, and the dysmorphogenic effects observed in
the embryos exposed to the tested compounds were mainly developmental delay, cardiac oedema,
and brain necrosis, which were not specific alterations. The only compound-specific effect was observed
in TCHQ exposure, which produced an effect in the pigmentation of the embryos.

3.2. Pre-Exposure to Modulators of Antioxidant Status + Exposure to OS Inducers

We attempted to modulate the embryotoxic and lethal effects produced by OS inducers in zebrafish
embryos by pre-exposing them to a set of known modulators of antioxidant status in zebrafish (Table 2),
in order to evaluate if the effects produced by OS inducers were caused by an OS mechanism.
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Table 2. Lethality and dysmorphogenesis effective concentration values in zebrafish embryos on the
modulation of developmental effects produced by OS inducers.

Modulator of Antioxidant Status OS Inducer
LC50

(95% CI)
EC50

(95% CI)

None 1

Tert-butyl hydroperoxide
(tBOOH)

2.38 mM
(2.28–2.48)

1.64 mM
(1.44–1.87)

n-acetyl-l-cysteine (NAC) n.d. 2.28 mM **
(2.11–2.46)

Nω-nitro l-arginine methyl ester
hydrochloride

(L-NAME)
n.d. 3.17 mM ***

(2.85–3.52)

Diethyl maleate
(DEM)

2.06 mM *
(1.78–2.38)

1.17 mM **
(1.07–1.29)

DL-buthionine sulfoximine
(BSO)

1.95 mM ***
(1.85–2.05)

1.20 mM *
(1.07–1.33)

None

Tetrachlorohydroquinone
(TCHQ)

15.2 μM
(13.8–16.7)

8.84 μM
(7.15–10.9)

NAC 19.6 μM *
(16.6–23.3)

15.5 μM ***
(14.8-16.3)

L-NAME 19.0 μM *
(17.3–20.9)

17.1 μM ***
(16.9–17.3)

DEM 9.78 μM **
(7.31–13.1)

4.79 μM *
(3.88–5.91)

BSO 6.89 μM ***
(6.13–7.75)

4.17 μM **
(3.62–4.81)

None 1

Lipopolysaccharides
from Escherichia coli

0111:B4
(LPS)

50.1 μg/mL
(48.6–51.8)

36.0 μg/mL
(28.4–45.6)

NAC 51.6 μg/mL *
(48.8–54.5)

39.6 μg/mL
(35.0–44.8)

L-NAME 53.4 μg/mL *
(51.9–55.0)

51.3 μg/mL **
(49.6–53.0)

DEM 42.1 μg/mL ***
(37.9–46.8)

31.1 μg/mL
(26.3–36.6)

BSO 45.2 μg/mL **
(43.2–47.4)

36.2 μg/mL
(29.4–44.5)

Lethal concentration 50 (LC50), effective concentration 50 for dysmorphogenesis (EC50) and 95% confidence interval.
Statistically significant differences with respect to the group, which was not exposed to any modulator: *: p < 0.05;
**: p < 0.01; ***: p < 0.001; n.d.: no lethality was observed; 1 A unique tBOOH and LPS concentration–response curve
was generated with the dissolution of the compounds in Danieau’s buffer without DMSO and compared to all the
concentration–response curves of the groups pre-exposed to chemicals (initially dissolved or not in DMSO) due to
the lack of effect of DMSO in the embryonic development of ZF.

In embryos which were exposed to tBOOH, a pre-exposure to NAC and L-NAME significantly
drifted the tBOOH concentration–response curves to higher concentrations (Figure 1), the fact that, at
the NAC and L-NAME pre-exposure group, no significant effects in mortality of the embryos were
observed being of special importance. On the contrary, when ZF embryos where pre-exposed to DEM
and BSO, a significant shift in the concentration–response curves to lower concentrations of tBOOH
was observed (Figure 1). As described before, the tBOOH concentration–response curve was generated
after a pre-incubation of the embryos for 24 h in 0.3× Danieau’s buffer without DMSO, due to the lack
of effects of DMSO in ZF development.
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Figure 1. Concetration–response curves for lethality and dysmorphogenesis of tert-butyl hydroperoxide
(tBOOH) alone or in combination with modulators of antioxidant status.

The modulation of antioxidant status in embryos exposed to TCHQ presented similar results
to tBOOH. When ZF embryos were pre-exposed to NAC and L-NAME, the concentration–response
curves for lethality and dysmorphogenesis were significantly shifted to higher concentrations of TCHQ
(Figure 2). On the other hand, assays conducted with pre-exposure to DEM and BSO produced a
statistically significant drift in the concentration–effect curves for lethality and dysmorphogenesis to
lower concentrations of TCHQ (Figure 2).

Figure 2. Concentration–response curves for lethality and dysmorphogenesis of tetrachlorohydroquinone
(TCHQ) alone or in combination with modulators of antioxidant status.

Pre-exposure of ZF embryos to NAC, DEM, L-NAME, and BSO followed by LPS exposure at the
selected working concentrations shifted the lethality concentration–effect curves significantly. In the
analysis of dysmorphogenic effects in ZF embryos, no significant effects were observed in embryos
pre-exposed to NAC, DEM, and BSO, and subsequently exposed to LPS. Only a significant reduction
in dysmorphogenic effects was observed in L-NAME pre-exposed embryos (Figure 3). As described in
the previous section, embryos were pre-incubated with 0.3×Danieau’s buffer without DMSO, followed
by LPS exposure and calculation of the concentration–response curve, due to the lack of effects of
DMSO in ZF development.
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Figure 3. Concentration–response curves for lethality and dysmorphogenesis of lipopolysaccharides of
Escherichia coli 0111:B4 (LPS) alone or in combination with modulators of antioxidant status.

The modulation of antioxidant status in embryos exposed to tBOOH produced more consistent
results than other OS inducers. The observed effects in the embryonic development were general
alterations not compound-specific. tBOOH was selected as the general OS inducer for the study of
protective effects of antioxidant compounds.

3.3. Detection of Protective Effects of Antioxidant Compounds in Zebrafish Embryos

The second part of the study consisted in the use of tBOOH as a general OS inducer for the
detection of compounds with very well-known antioxidant capacity. ZF embryos were exposed from 2
to 26 hpf to antioxidant compounds (vit. E, lipoic acid, and quercetin), before exposing them to tBOOH
from 26 to 50 hpf.

In all cases, pre-exposure to the studied compounds produced a significant drift in the
concentration–response curves of lethality and dysmorphogenesis to higher concentrations of tBOOH
(Figure 4), which may indicate an antioxidant effect.

Figure 4. Concentration–response curves for lethality and dysmorphogenesis of tBOOH alone or in
combination with different antioxidant compounds.

The LC50, after tBOOH exposure, was 2.38mM, and values obtained after vit. E, lipoic acid,
and quercetin exposure were 2.83 mM, 3.72 mM, and 3.26 mM, respectively. For the EC50 values, the
situation was similar, from tBOOH exposure, the EC50 was 1.64 mM, while pre-exposure to the studied
compounds returned an EC50 of 2.42 mM for vit. E, 3.70 mM for lipoic acid and 3.05 mM for quercetin
(Table 3).
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Table 3. Effects of antioxidant compounds in lethality and dysmorphogenesis of zebrafish embryos
exposed to tBOOH.

Antioxidant
Compounds

OS Inducer LC50 (95% CI) EC50 (95% CI)

None 1

Tert-butyl hydroperoxide
(tBOOH)

2.38 mM
(2.28–2.48)

1.64 mM
(1.44–1.87)

Vitamin E 2.83 mM ***
(2.70–2.69)

2.42 mM ***
(2.17–2.70)

Lipoic acid 3.72 mM ***
(3.14–4.40)

3.70 mM ***
(3.03–4.51)

Quercetin 3.26 mM ***
(2.83–3.76)

3.05 mM ***
(2.64–3.54)

Lethal concentration 50 (LC50), effective concentration 50 for dysmorphogenesis (EC50) and 95% confidence
interval. Statistically significant differences with respect to the group which was not exposed to any antioxidant
compound: ***: p < 0.001; 1 A unique tBOOH concentration–response curve was generated and compared to all the
concentration–response curves of the antioxidants pre-exposure groups (initially dissolved or not in DMSO) due to
the lack of effect of DMSO in the embryonic development of ZF.

4. Discussion

Oxygen is an essential element for cell life and, from its metabolism, some toxic derivatives are
produced, such as ROS, which are highly reactive to biological molecules and can produce OS [33].
An important factor that could prevent OS effects is the alimentary antioxidants intake. For this reason,
the study of antioxidant capacity of compounds has been gaining interest in the past few years. It has
been postulated that, in order to evaluate the antioxidant potential, a method which includes in vivo
techniques would have more impact on the results because OS implies mechanisms which depend on
many system conditions, especially the kinetic part of the reactions [34]. We have proposed the ZF
embryo test, which could be a valuable in vivo method to test the antioxidant capacity of compounds,
with the main advantages of an in vitro technique.

In the first part of this study, we characterized the embryotoxic and dysmorphogenic effects of
several compounds, which have an OS-related mechanism of action on the ZF embryos: tBOOH,
TCHQ, and LPS. The induction of OS by tBOOH is due to its capacity to generate butoxyl radicals
which deplete antioxidant systems and lead to cell death [35], and it has been previously used in ZF
embryos to induce OS [36]. TCHQ can induce OS by producing superoxide radicals, favoring the
depletion of the reduced glutathione concentrations [37], and it has also been observed that TCHQ can
produce DNA strand breakage in cells [38]. LPS is a microbial product of bacteria and its contribution
to ROS production has been studied as a secondary effect to inflammation [39]. It has been used as
an OS inducer in different in vitro and in vivo models [40]. All the studied OS inducers produced a
significant increase in lethality and in the production of dysmorphogenesis in the exposed ZF embryos.

In order to check if the observed effects in ZF embryos could be produced by an OS mechanism,
we performed assays of modulation of the embryos’ antioxidants statuses with compounds related
to OS. The modulation was carried out through raising or decreasing the antioxidant defenses of the
embryos with NAC and L-NAME, and DEM and BSO, respectively. NAC is an antioxidant compound,
which is a rate-limiting substrate in glutathione synthesis, and it can also act as a scavenger of free
radicals [41]. L-NAME is an inhibitor of nitric oxide synthase, the enzyme responsible for nitric oxide
synthesis. As a result of this inhibition, it reduces the production of endogenous nitric oxide, which is a
compound that can produce reactive nitrogen species and consequently, OS [30]. DEM is an alkylating
agent that can produce a conjugation and depletion of glutathione [42], and it can also activate the
nuclear factor (erythroid-derived 2)-like 2 (Nrf2) pathway [22], and BSO is an antioxidant molecule
suppressor, which specifically inhibits γ-glutamyl cysteine synthetase, the enzyme for glutathione
biosynthesis, and causes the depletion of glutathione levels [43].
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In general terms, we have demonstrated that the lethal and dysmorphogenic effects of tBOOH
and TCHQ were significantly reduced when the embryos were pre-treated with antioxidant
compounds (NAC and L-NAME). From the opposite position, the observed effects in mortality and in
dysmorphogenesis were significantly increased when ZF embryos were pre-exposed to compounds
which decrease the antioxidant status (DEM and BSO). We could conclude that tBOOH and TCHQ
produced their embryolethal and dysmorphogenic effects in ZF embryos by an OS mechanism of
action. No significant effects in dysmorphogenesis related to OS were observed in the LPS treatment
group. The observed effects in the lethality of ZF embryos exposed to LPS could be more related to
its mechanism as an inflammation inducer [44] than as an OS mechanism. Nevertheless, the effects
of these compounds, associated with an OS mechanism, should be verified by analyzing parameters
directly related to OS, like evaluation of the expression of OS-related genes in the exposed ZF embryos.

Because of its consistent results, tBOOH was selected as the OS inducer to be used to evaluate the
antioxidant potential of compounds. To validate the use of tBOOH to detect the protective effects of
antioxidant compounds, ZF embryos were pre-exposed to diverse compounds with a well-established
antioxidant capacity (vit. E, lipoic acid, and quercetin) and posteriorly exposed to tBOOH. In addition,
a statistical analysis was performed by comparing the concentration–effect curves for lethality and for
dysmorphogenesis obtained in both experiments: tBOOH alone and antioxidants + tBOOH.

Vit. E is a compound with free-radical scavenging activity, which leads to an antioxidant action
that has been demonstrated in vitro [45]. Lipoic acid is a thiol regenerating compound, which increases
the level of glutathione. It inhibits the formation of hydroxyl radicals, and it also scavenges ROS [46].
Quercetin is a flavonol found in apples, tea, and onions, and exerts its antioxidant effect through
different bioactive effects. Its main antioxidant mechanism of action is through quenching different
radicals, such as hydroxyl, peroxyl, and superoxide, as well as nitric oxide and lipid oxidation [5].
Quercetin can induce antioxidant gene expression through the activation of Nrf2 [47]. Among these,
quercetin can also modulate mitochondrial biogenesis by reducing ROS production in various cell
types [48]. The pre-exposure of the embryos to vit. E, quercetin, and lipoic acid, followed by the
exposure to the OS inducer, has confirmed the protective effects of well-known antioxidant compounds
against oxidant-induced developmental toxicity in ZF. In all the cases, the pre-exposure of ZF embryos
to the compounds followed by the exposure to the selected concentrations of tBOOH produced a
significant shift of the concentration–effect curves of lethality and dysmorphogenesis. These results
indicated the preventive effect of vit. E, lipoic acid, and quercetin against the toxic effects of tBOOH,
which were related to an OS mechanism of action. The antioxidant effect of these compounds versus
oxidant effects produced by the OS inducer should be confirmed by the application of antioxidant
capacity evaluation methods.

The ZF embryo test has been widely used to study different types of compounds, including
OS-related chemicals. Recently, a new stable transgenic line has been developed for the rapid detection
of oxidative stress, although it has not been systematically tested to evaluate the antioxidant capacity
of chemicals [49]. The results of our study are similar to those observed by the authors in [25], in which
they observed the protective effect of vit. E in ZF embryos exposed to PCB126, which causes OS.
There are other studies in which they evaluated the effects of compounds, which may have part of
its mechanism of action related to oxidative injury, such as ethanol, in ZF embryos [19]. In this case,
they analyzed and confirmed the partial prevention of ethanol-induced cardiovascular disfunction by
lipoic acid in ZF embryos. Natural antioxidant compounds, such as quercetin, have demonstrated
their antioxidant capacity and their protective activity against different diseases using the ZF embryo
test [12], reinforcing the results obtained in our study.

5. Conclusions

The ZF embryo has been established as the basis for the study of the modulative and protective
effects of antioxidant compounds in oxidant induced developmental toxicity in ZF. An experimental
design using tBOOH as an OS inducer has been developed in the present study. The evaluation of the
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OS-related effects produced by tBOOH was estimated by a modulation of the antioxidant status assay
with NAC, L-NAME, DEM, and BSO. The study of the protective effects of antioxidant compounds
was performed with pre-exposure of ZF embryos to vit. E, lipoic acid, and quercetin, which are
compounds with a well-established antioxidant capacity, and the protective effect of these compounds
on developmental effects in the embryos was confirmed.

Our experimental system could be used as a valuable in vivo tool for testing compounds with
presumable antioxidant activity, with advantages in respect to other techniques used in the evaluation
of the antioxidant capacity (analytical or cell-based assays).

Further studies should be done to extensively characterize the effects of tBOOH as an OS inducer,
as well as to evaluate the antioxidant capacity of compounds, in order to establish an OS model based
on ZF embryos to study new antioxidant compounds and the mechanism of action by which they exert
their antioxidant activity.
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Abstract: Although one can find numerous studies devoted to the investigation of antioxidative
activity of ellagic acid (EA) in the scientific literature, the mechanisms of its action have not yet
been fully clarified. Therefore, further kinetic studies are needed to understand its antioxidative
capacity completely. This work aims to reveal the underlying molecular mechanisms responsible for
the antioxidative action of EA. For this purpose, its reactions with HO• and CCl3OO• radicals were
simulated at physiological conditions using the quantum mechanics-based test for overall free-radical
scavenging activity. The density functional theory in combination with the conductor-like polarizable
continuum solvation model was utilized. With HO• radical EA conforms to the hydrogen atom
transfer and radical adduct formation mechanisms, whereas sequential proton loss electron transfer
mechanism is responsible for scavenging of CCl3OO• radical. In addition, compared to trolox, EA was
found more reactive toward HO•, but less reactive toward CCl3OO•. The calculated rate constants
for the reactions of EA with both free radicals are in a very good agreement with the corresponding
experimental values.

Keywords: QM-ORSA; antioxidative mechanisms; reaction rate constants; physiological conditions;
polyphenols

1. Introduction

In recent years, therapeutic applications of non-drug substances such as functional foods,
are progressively increasing. Therefore, studies on functional foods represent a cutting-edge topic
among nutritional scientists. The significance of bioactive compounds as functional supplements of
foods has been well established due to their effectiveness in health promotion by disease prophylaxis or
treatment. Special attention has been devoted to investigations of polyphenolic compounds, known for
their various nutritional, biologic, and pharmacological effects. In order to provide the health benefits
to the consumers, functional foods and nutraceuticals have been supplemented with these compounds
in recent years [1].

Among polyphenolic compounds, ellagic acid (EA) attracts an ever-increasing interest due to its
great potential in food technology, as well as in pharmaceutical, medical and cosmetic industries [2].
EA, a dimeric derivative of gallic acid, arises from acidic hydrolysis of ellagitannins. It represents a
planar molecule which contains four hydroxyl and two lactone groups (see Figure 1). This dietary
polyphenol can be found in a wide variety of fruits. Raspberries, cranberries, strawberries, grapes,
as well as pomegranate seeds, are known for example for their high content of EA [3]. Other sources
include pecans, walnuts and distilled beverages [4].
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Figure 1. Optimized structures of neutral ellagic acid and its monoanion. Carbon atoms are depicted
in gray, oxygen atoms in red, chlorine atoms in green and hydrogen atoms in white color. The atom
labeling scheme and color coding are applied throughout the study.

Like other dietary polyphenols, EA possesses a wide range of biological activities suggesting that it
can exert strong beneficial effects on human health. In many epidemiological and experimental studies,
anticarcinogenic, anti-inflammatory, antiviral, antibacterial, anti-atherosclerosis, antihypertensive,
antihyperglycemic, cardioprotective and anti-fibrosis actions of EA have been demonstrated [5–11].
It can inhibit carcinogenesis by occupying sites (i.e., microsomal P-450 enzymes, glutathione-S
-transferase or DNA), that would normally interact with ultimate carcinogens, through several
mechanisms [12,13]. The anticarcinogenic effect of ellagic acid has been studied in various cancer
cells. There it exhibits antiproliferative activity, combined with the ability to cause cell cycle arrest and
to induce apoptosis [14]. The anticarcinogenic effects of ellagic acid have been observed in several
cancer types: prostate, skin, esophageal and colon cancers [15]. Moreover, EA causes cell-specific
responses, meaning that tumor cells are more susceptible to EA than normal cells [10]. In addition,
EA prevents metabolic activation of aflatoxin B1, polycyclic aromatic hydrocarbons (PAHs) and nitroso
compounds into ultimate carcinogens that cause DNA damage [12]. Due to its beneficial effects against
a wide range of diseases, EA represents a great candidate for a therapeutic and chemopreventive agent,
especially in the form of functional food supplements [16].

It has been shown that the high free radical scavenging activity of EA may be at least partially
responsible for the observed in vivo biologic effects [14]. The presence of four hydroxyl groups
enables EA to scavenge numerous reactive oxygen and nitrogen species and makes this compound a
powerful antioxidant [17,18]. EA represents also a very efficient inhibitor of lipid peroxidation even at
micromolar concentrations [19]. Furthermore, studies of Hassoun et al. showed that EA exhibits a
better antioxidative efficacy against oxidative stress and lipid peroxidation than vitamin E [19]. Finally,
besides numerous beneficial effects on human health, EA as a strong antioxidant can prolong shelf life
and preserve the quality of foods [1].

In scientific literature, one can find a few theoretical studies devoted to the examination of
the antioxidative activity of EA through thermodynamic and kinetic approaches. Marković et al.
have shown that the thermochemical viability of different antioxidative mechanisms depends on
the deprotonated portion of EA, the polarity of reaction media, as well as on the properties of the
free radical [20]. Based on the calculated thermodynamic parameters, they have suggested that the
hydrogen atom transfer (HAT) is the most favorable mechanism in nonpolar media, whereas sequential
proton loss electron transfer (SPLET) is preferred in polar media, which is in agreement with results
reported by Mazzone et al. [21]. Utilizing the transition state theory, Tiwari and Mishra have determined
the rate constants for the reactions of EA (as well as its monomethyl and dimethyl derivatives) with
hydroxyl (HO•), methoxy (CH3O•) and nitrogen dioxide (NO2

•) radicals [22]. However, the calculated
rate constants of HO• and CH3O• radicals have been overestimated by several orders of magnitude
in comparison with the experimentally obtained values [17,18]. Galano et al. have also investigated
several aspects related to the antioxidant activity of EA [17]. They have demonstrated that the
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free radical scavenging activity of EA does not decrease upon metabolism and provides continuous
protection against oxidative stress. To the best of our knowledge, the results of Tiwari and Mishra and
Galano et al. represent the only theoretical studies dedicated to kinetic investigations of antioxidative
activity of EA [17,22].

However, one can find numerous experimental studies devoted to the examination of EA as an
important component of various foods and beverages, its antioxidative mechanisms have not been fully
clarified. Elucidation of the mechanisms by which dietary polyphenols prevent and suppress various
diseases represents an important step in understanding their effects in vivo and may help the design
of novel strategies for disease prophylaxis and treatment. Therefore, further kinetic investigations
are needed to reveal and to fully understand the underlying molecular mechanisms responsible for
the antioxidative action of EA. Consequently, the hydrogen atom transfer (HAT), radical adduct
formation (RAF), sequential proton loss electron transfer (SPLET) and single electron transfer (SET)
mechanisms [23–25] were studied by simulating the reactions of EA with two free radicals, HO•
and CCl3OO•, at physiological conditions (pH = 7.4 in aqueous solution) using quantum-chemical
methods. An additional goal was to determine the relative antioxidative activity of EA, using trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, Tx) as a reference compound.

2. Materials and Methods

2.1. Computational Methods

All results were obtained from calculations using the density functional theory (DFT) approach.
Full geometry optimizations and subsequent frequency calculations were performed using the hybrid
meta M06-2X functional in conjunction with flexible 6-311++G(d,p) basis set and conductor-like
polarizable continuum model (CPCM) [26], as implemented in the Gaussan 09, Revision D.01, software
package [27]. Implicit water solution (dielectric constant, ε = 78.3553) was employed to mimic the
physiological aqueous environment. The M06-2X functional was developed for studying main-group
thermochemistry and kinetics [28,29]. In addition, this theoretical model has recently demonstrated
robustness and very good overall performance in investigations of several related polyphenolic
systems [30–34]. Restricted and unrestricted calculations were applied for the closed-shell and
open-shell structures, respectively. The nature of the reactive species was confirmed by analyzing
the results of the subsequent frequency calculations in the harmonic approximation: only real
frequencies for equilibrium geometries and exactly one imaginary frequency for transition states
(TSs) were obtained. The intrinsic reaction coordinate (IRC) calculations were additionally performed
to verify each transition state. IRC represents the minimum energy reaction pathway (MERP) in
mass-weighted cartesian coordinates between the transition state and the corresponding reactants
and products. Moreover, the natural bond orbital (NBO) analysis was applied for all structures to
obtain the corresponding partial atomic charges [35]. The IRC and NBO analyses were performed
using default settings.

2.2. Quantum Mechanics-Based Test for Overall, Free-Radical Scavenging Activity

Four antioxidative mechanisms—HAT, RAF, SPLET and SET—were examined following the
quantum mechanics-based test for overall free-radical scavenging activity (QM-ORSA) protocol [36],
which was designed for studying free-radical reactions in solutions of different polarities.
QM-ORSA represents a universal and quantitative method of evaluating the free radical scavenging
activity of chemical compounds, that is, their primary antioxidant activity. This methodology involves
revealing of all thermodynamically feasible reaction pathways included in the antioxidative process,
which are subjected to subsequent kinetic investigations. By calculating the reaction pathways for all
present acid–base forms of the investigated compound, QM-ORSA takes into account also the influence
of pH. Namely, at a particular pH, the antioxidant can be present in different acid–base forms (cationic,
neutral, monoanionic, dianionic, etc.) depending on its pKa values. The reliability of the QM-ORSA
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protocol was confirmed on the set of test reactions, where the correlation between the logarithms of
the calculated and experimental rate constants was excellent (the R value is very close to one (0.99),
the slope is very close to one (0.99), and the intercept is very close to zero (0.06) [36]. Moreover,
the absolute error of the Gibbs activation free energies of 1.213 kJ mol−1 was significantly lower than
the accepted computational accuracy of 4.184 kJ mol−1. Finally, this protocol has been successfully
applied for several investigations of antioxidative activity in the scientific literature [31,32,34,37–42].

2.2.1. Thermodynamic Considerations

The thermochemical viability of all possible reaction pathways and reaction sites included in the
antioxidative process was investigated in terms of the reaction Gibbs free energies (ΔGr). The free
energies of the examined reactions were determined at T = 298.15 K and P = 101,325 Pa. The exergonic
(ΔGr < 0) and isoergonic (ΔGr ≈ 0) reaction paths were subjected to further kinetic calculations.

2.2.2. Kinetic Considerations

Depending on the type of the mechanism, the reaction rate constants were obtained in two different
ways. In the case of HAT and RAF mechanisms, where the transformation of reactants to products
occurs over energy barriers, the Eckart method [43] also known as zero-tunneling method (ZCT-0)
was applied. This method uses the Eckart function for generating the ground-state potential energy
function based on information on the stationary points (reactants, transition state and products) along
MERP. To perform the Eckart method calculations TheRate program [44] was utilized. For the electron
transfer reactions involved in SPLET and SET mechanisms, the Marcus theory [45] was applied.

The overall reaction rate constants (koverall), which correspond to experimentally observed reaction
rates of specific free-radical reactions, were calculated. The koverall values were obtained as a sum over
all acid–base species (i) present at the physiological pH (7.4) of the total reaction rate constant values
(kTOT) multiplied by the corresponding molar fractions (f ):

koverall =
∑

i = {acid− base
species}

f (i) × kTOT(i) (1)

The kTOT values for all acid–base species were obtained as sums of the reaction rate constants
corresponding to each antioxidative mechanism (j):

kTOT =
∑

j = {antioxidative
mechanism}

kmech( j) (2)

The kmech is defined as a sum of reaction rate constants (k) belonging to the same antioxidative
mechanism calculated at different reactive sites (l):

kmech =
∑

l = {antioxidative
pathway}

k(l) (3)

The antioxidative pathway belongs to a specific antioxidative mechanism at a specific reactive
site. To determine the relative contribution of an antioxidative pathway (l), the branching ratio, Γ(l),
was calculated using the following relation:

Γ(l) =
k(l)

koverall
(4)

36



Antioxidants 2020, 9, 587

2.2.3. Relative Antioxidative Activity

The relative antioxidative activity of EA (rT) was calculated by dividing koverall of EA with koverall

of Tx:

rT =
kEA

overall

kTx
overall

(5)

3. Results and Discussion

3.1. Thermodynamic Considerations

In the previous study of Galano at al. it was found that the dominant species of EA present
at physiological conditions (pH = 7.4) are neutral (~10.7%) and monoanionic (EA−, ~89.3%) forms,
which is also in accordance with the reported pKa values (Figure 1) [17].

To select favorable mechanistic pathways for further kinetic investigations of the antioxidative
action of EA the Gibbs free energies of the following reactions of neutral species:

HAT : EA + R• → EA• + RH (6)

RAF : EA + R• → [EA−R]• (7)

SPLET (I step) : EA + HO− → EA− + H2O (8)

SPLET (II step) : EA− + R• → EA• + R− (9)

SET : EA + R• → EA•+ + R− (10)

as well as of monoanionic species:

HAT : EA− + R• → EA•− + RH (11)

RAF : EA− + R• → [EA−R]•− (12)

SPLET (I step) : EA− + HO− → EA2− + H2O (13)

SPLET (II step) : EA2− + R• → EA•− + R− (14)

SET : EA− + R• → EA• + R− (15)

had to be examined first. In reactions (6)–(15) R• stands for HO• or CCl3OO•. The HO• represents
the most electrophilic among the oxygen-centered radicals capable of reacting immediately after its
formation with almost any molecule in the vicinity. It is responsible for 60% to 70% of the tissue damage
caused by ionizing radiations and most oxidative damage to DNA [23]. CCl3OO• is generated in the
organism during the metabolism of CCl4, a well-known liver toxin. As most of the oxygen radicals,
CCl3OO• reacts with various biomolecules such as proteins, DNA and lipids [46,47]. In addition,
CCl3OO• was specifically selected because it is often used in experimental studies to imitate larger
peroxyl radicals [48]. A wide variety of experimental studies have been indeed conducted in order to
elucidate an effective scavenger of this radical, especially among the naturally occurring antioxidants.
However, to the best of our knowledge, computational investigations regarding the reactivity of
CCl3OO• remain surprisingly scarce.

Structures of EA and its monoanion employed in the present study are consistent with the
structures published in previous papers [17,20]. The calculated reaction free energies are summarized
in Table 1. In the case of the neutral species, only half of the positions in the molecule must be
considered explicitly due to the symmetry, whereas in the case of the monoanion the symmetry is
broken and all the sites must be considered explicitly.
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Table 1. Gibbs energies ΔGr (kJ mol−1) of the reactions of ellagic acid (EA) and its monoanion (EA−)
with HO• and Cl3COO•; HAT, RAF, SPLET and SET denote hydrogen atom transfer, radical adduct
formation, sequential proton loss electron transfer and single electron transfer mechanisms, respectively.

Mechanism Position
EA EA−

HO· Cl3COO· HO· Cl3COO·

HAT 1a −144.0 −36.3
2a −144.2 −36.4 −167.5 −59.7
1a’ −150.7 −42.9
2a’ −151.8 −44.0

RAF 1 −62.6 32.8 −16.9 /
2 −47.4 39.7 −66.4 8.5
3 −47.9 32.9 −43.4 33.7
4 −7.6 78.3 −24.5 49.7
5 −11.2 66.1 0.5 66.7
6 −39.9 45.9 −66.8 10.8
1′ −61.8 31.0
2′ −47.8 42.0
3′ −45.9 48.0
4′ −6.0 75.1
5′ −6.1 65.8
6′ −40.0 50.8

SPLET 1a −161.6 −145.1
/ 17.6 0.7 −5.6 −22.5

SET / 127.6 110.72 17.6 0.7

According to the highly exergonic ΔGr values, EA and EA− can scavenge both free radicals
through HAT reaction pathways. In the case of EA, all four positions (1a = 1a’ and 2a = 2a’) are equally
feasible, whereas in the case of EA− the reaction pathway at position 2a’ becomes the most favorable.
In the case of the RAF mechanism, the reaction pathways at positions 7 and 7′ are excluded from
the examination. Namely, the significant partial positive charge of carbonyl carbons, makes these
positions unsuitable for the attack of the studied electrophilic free radicals (Figure S1). All remaining
reactive positions with HO• radical are exergonic or isoergonic (ΔGr ≈ 0), suggesting that the RAF
mechanism is thermodynamically favorable. As for CCl3OO• radical, we were unable to locate the
corresponding radical adduct for the reaction with EA− at position 1 and all remaining positions are
endergonic. These findings imply that RAF mechanism cannot be responsible for the antioxidative
action of EA in the case of CCl3OO• radical.

The basic environment provides conditions for proton loss from EA and EA−, to form EA−
and EA2−, respectively, which is reflected in the negative ΔGr values for the first step of the SPLET
mechanism. Considering, that EA2− represents the dominant form only at higher pH values (pH > 10),
it is reasonable to assume that SPLET mechanism cannot be responsible for the antioxidative action of
EA− toward the studied selected free radicals [32,49]. On the other hand, the second step of the SPLET
mechanism of EA deserves a careful inspection. Namely, electron transfer reaction is endergonic in the
case of the highly reactive HO•, whereas it is isoergonic in the case of CCl3OO• and should, therefore,
be further examined. The higher reactivity of CCl3OO• in comparison to HO• during the electron
transfer reaction can be explained by the strong negative inductive effect of the three chlorine atoms
which increases the electron affinity of the radical. High ΔGr values for the SET reactions between EA
and both studied free radicals indicate that this mechanism does not occur, whereas the SET reaction
pathway of EA− is identical to the second step of the SPLET mechanism of EA.
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3.2. Kinetic Considerations

All exergonic and isoergonic reaction pathways were subjected to kinetic examination aimed
at revealing the TSs and at calculating the corresponding activation free energies and reaction rate
constants (Table 2).

Table 2. Activation energies ΔG‡a (kJ mol−1) and rate constants k (M−1 s−1) for exergonic reaction
pathways of the reactions of EA and EA− with HO• and CCl3OO•.

MechanismPosition
HO· Cl3COO·

EA EA− EA EA−

ΔG‡a k ΔG‡a k ΔG‡a k ΔG‡a k

HAT 1a ~0.0 1.91 × 109 64.9 7.74 × 103

2a ~0.0 1.91 × 109 ~0.0 1.91 × 109 56.7 7.54 × 104 / /

1a’ ~0.0 1.91 × 109 ~0.0 1.91 × 109 64.9 7.74 × 103 / /

2a’ ~0.0 1.91 × 109 ~0.0 1.91 × 109 56.7 7.54 × 104 198.8 4.06 × 10−20

RAF 1 36.9 6.17 × 107 17.0 5.30 × 107

2 40.8 1.33 × 107 ~0.0 1.91 × 109

3 39.3 2.47 × 107 26.8 4.60 × 107

4 46.5 1.40 × 106 9.3 3.59 × 107

5 52.1 1.58 × 107 49.3 4.12 × 105

6 40.7 1.43 × 107 ~0.0 1.91 × 109

1′ 36.9 6.17 × 107 33.7 8.27 × 107

2′ 40.8 1.33 × 107 37.4 4.69 × 107

3′ 39.3 2.47 × 107 36.2 7.02 × 107

4′ 46.5 1.40 × 106 44.3 3.12 × 106

5′ 52.1 1.58 × 105 51.9 1.49 × 105

6′ 40.7 1.43 × 107 38.4 3.14 × 107

SPLET(I) 1a / / / / ~0.0 1.91 × 109 / /

SPLET(II) / / / / / 0.7 1.56 × 109 / /

SET / / / / / / / / /

koverall 9.70 × 109 1.59 × 109

kexp
overall 8.9 × 109 0.84 × 109

All our attempts to locate TSs for the HAT reactions of EA and EA− with HO• were unsuccessful,
so it was reasonable to assume that all these processes are barrierless. To confirm this assumption,
each reactive position was further investigated in the following manner. HO• radical was positioned
in the vicinity of the corresponding H atom and then allowed to approach the reactive center
up to the formation of the products. Dependence of the total energy on the corresponding scan
coordinate (HO•–H distance) was analyzed. Based on the monotonous decrease of total energy
with decreasing of HO•–H distance it was concluded that these reactions are indeed barrierless and
therefore diffusion-controlled, with the corresponding reaction rate constant of 1.91 × 109 M−1 s−1.
Two representative total energy profiles (one for the neutral form EA and one for the monoanion EA−)
for HAT reactions are depicted in Figure 2.

A majority of TSs involved in the RAF mechanism of EA and EA− with HO• were successfully
allocated (Cartesian coordinates of all TSs are provided in the Supplementary Materials). Two exceptions
represent the reaction pathways at positions 2 and 6 of EA−, for which we were not able to locate
TSs, despite numerous attempts. For this reason, the relaxed scan procedure applied for the HAT
reaction pathways has also been employed in these two cases. The total energy of the system indeed
monotonously decreases with decreasing HO•–C distance, so it can be concluded that these two
processes are also diffusion-controlled (Figure S2). The increased affinity of C2 and C6 atoms toward
HO• in comparison to other positions is not surprising due to the strong mesomeric activating
effect of O− at ortho and para positions. The rate constants for the reactions at other positions are
correspondingly reduced mostly by two orders of magnitude. The mutual characteristics of TSs
obtained for the studied RAF reactions include relatively strong interactions of hydroxyl radical
with π electrons of the aromatic ring, as well as the preserved planarity of the molecule (Figure 3a).
Slower rates are observed for the reactions at positions 4 = 4′ of EA and 4′ of EA−, whereas the
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slowest reactions are those in positions 5 = 5′ of EA, as well as 5 and 5′ of EA−. In the first case,
the π-interactions between the hydrogen of the hydroxyl radical and the aromatic ring is lost in TS
(Figure 3b), whereas in the second, the reacting system becomes nonplanar and therefore less stable
(Figure 3c). Additionally, the results of the IRC calculations for the representative TSs for the RAF
mechanism with HO• are shown in Figure S3.

−

Figure 2. Dependence of total energy on the characteristic HO•–H distance during the hydrogen atom
transfer between ellagic acid (top) or its monoanion (bottom) and HO•.

For the HAT reactions between EA and CCl3OO• both TSs were successfully located (Figure 4).
The results of the IRC calculations are shown in Figure S4. In both TSs, the planarity of the system is
preserved. As expected, the HAT reaction pathways with CCl3OO• are slower than the corresponding
reactions with HO• (Table 2). On the other hand, we have encountered significant difficulties to
locate TSs for the reactions of EA− with CCl3OO•. Only one approximation of TS was revealed,
using a similar procedure described in detail in a previous study of Tošović and Marković [32].
Namely, the energy profile of the reaction in 2a’ position is characterized by an extremely steep
decrease to the energy minimum (Figure S5). It is worth pointing out that the corresponding energy
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maximum is characterized by a single desired strong imaginary vibrational frequency (1339.94i cm−1).
Considering that the calculated ΔG‡a value is extremely high (~200 kJ mol−1) and the corresponding rate
constant is tremendously small, the contribution of this reaction pathway to the overall antioxidative
capacity of EA toward CCl3OO• remains negligible. It is reasonable to assume that similar results
would be observed in the case of the two remaining HAT reaction paths (at positions 2a and 1a’), so they
were not considered further.

−

− −

Figure 3. Representative examples of transition states obtained for the RAF reaction of EA and EA−
with HO• at positions: (a) 1′ (EA−), (b) 4=4′ (EA) and (c) 5 (EA−). All distances are reported in Å.

−

− −

Figure 4. Optimized geometries of transition states for the hydrogen atom transfer (HAT) reaction
pathways of ellagic acid with CCl3OO• at positions 1a=1a’ and 2a=2a’. All distances are reported in Å.

Figure S6 demonstrates a barrierless formation of EA− in a proton loss reaction of the SPLET
mechanism of EA, whereas the rate constant value of 1.56 × 109 M−1 s−1 for the second step of the
SPLET mechanism, i.e., the electron transfer reaction, indicates that this reaction is also practically
diffusion controlled.

The obtained koverall values amount to 9.70 × 109 and 3.71 × 108 M−1 s−1 for the reactions with
HO• and CCl3OO• (Table 2), respectively and it is very interesting to compare them with the existing
experimental results. In the study of Priyadarsini et al. [18], the rate constants for these reactions were
determined in aqueous solution at pH=7 using pulse radiolysis technique and amount to 8.9 × 109 and
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1.4 × 108 M−1 s−1 for the HO• and CCl3OO• radicals, respectively. Considering that the agreement
between experimental and calculated reaction rate constants is very good, it can be concluded that
the utilized computational approach successfully quantified reactivity of EA toward both studied
free radicals.

To estimate the importance of each individual path to the overall antioxidative capacity of EA, the
branching ratios were calculated (Table S1). The greatest Γ values in the case of HO• belong to the
diffusion-controlled reactions of monoanion, i.e., all HAT reaction pathways and two specific RAF
reactions. On the other hand, the highest Γ values were obtained for the SPLET reaction paths between
CCl3OO• and the neutral form of EA.

Galano et al. reported the overall rate constant values for the reactions of EA with HO• and
CCl3OO• radicals (among others) calculated solely based on the mechanisms in which the electron
transfer reactions are involved, i.e., SPLET and SET, using a different theoretical model [17]. Our work
suggests that in the case of CCl3OO• radical the electron transfer reaction is indeed the predominant
antioxidative pathway and the comparison of our results with the study of Galano et al. for overall
rate gives a good agreement. On the other hand, our results indicate that SPLET and SET mechanisms
are not favorable for scavenging of HO• and no meaningful comparison with the work of Galano et al.
can be made.

3.3. Relative Antioxidative Activity

According to the QM-ORSA protocol, a thermodynamic and kinetic study needs to also be
performed for the reference compound, Tx, to determine relative antioxidative value, rT. The koverall

value for the reaction of Tx with HO•, calculated using an identical methodology and theoretical
model under equal conditions, has been recently reported and amounts to 1.94 × 109 M−1 s−1 [32].
On the other hand, to the best of our knowledge, the koverall value for the reaction of Tx with
Cl3COO• is yet unknown. For this reason, all necessary calculations regarding this reaction had to
be performed. The corresponding results and short discussion are provided in the Supplementary
Materials. The obtained koverall value for Tx reacting with Cl3COO• is equal to 1.91 × 109 M−1 s−1.

Based on the calculated koverall values for the reactions of EA and Tx with HO• and CCl3OO•
in aqueous solution the rT values were determined. The obtained rT values of 5.00 and 0.19 for the
reactions with HO• and CCl3OO•, respectively, imply that EA is more reactive toward HO•, but less
reactive toward CCl3OO• in comparison to Tx.

4. Conclusions

Antioxidants represent an important group of functional compounds that possess the ability to
extend shelf life and maintain the quality of foods. More important, in biologic systems, antioxidants
protect against oxidative stress and consequently help to prevent numerous diseases.

In this work, we investigated the antioxidative mechanisms of a dietary polyphenol EA by utilizing
the QM-ORSA methodology. For this purpose, the reactions of EA with HO• and CCl3OO• radicals
were simulated.

Highly exergonic ΔGr values indicate that EA and EA− can scavenge both investigated free
radicals through HAT reaction pathways. The RAF reaction pathways are thermodynamically possible
in the case of the reactions with HO•, whereas the SPLET reaction mechanism is thermodynamically
feasible in the case of CCl3OO• radical. High ΔGr values for the SET reactions between EA and both
studied free radicals indicate that this mechanism does not play a vital role.

Based on the obtained kinetic results, EA can scavenge HO• primarily through HAT and RAF
mechanisms, whereas SPLET mechanism is responsible for scavenging of the CCl3OO• radical.
Moreover, based on the calculated rT values, EA is more reactive toward HO•, but less reactive toward
CCl3OO• than Tx.

Last but not least, the calculated overall reaction rate constants, koverall, for the reactions of EA with
HO• and CCl3OO•, respectively, are in a very good agreement with the experimental values, indicating

42



Antioxidants 2020, 9, 587

that the applied computational methodology successfully quantified the reactivity of EA toward both
investigated free radicals. Considering that antioxidative mechanisms in aqueous environments are
extremely complex, the consensus between the calculated and available experimental data strongly
supports the reaction mechanisms proposed in this work.
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Abstract: This study was performed to evaluate and compare the in vitro antioxidant, antimicrobial,
and antimutagenic activities, and the polyphenolic content of the Nord-West Romanian wild bilberry
(Vaccinium myrtillus L.) and lingonberry (Vaccinium vitis-idaea L.) leaves from three different natural
habitats (Smida, Turda, Borsa). In the case of both species, the flavanols level was higher in
Smida habitat (altitude 1100 m), whereas quercetin derivates were more abundant in Borsa habitat
(altitude 850 m). The bilberry leaf extracts contained in the highest amounts the feruloylquinic acid
(59.65 ± 0.44 mg/g for Borsa habitat) and rutin (49.83 ± 0.63 mg/g for Borsa habitat), and showed
relevant 2,2-diphenyl-1-picrylhydrazyl (DPPH) antioxidant activity (271.65 mM Trolox/100 g plant
material for Borsa habitat, 262.77 mM Trolox/100 g plant material for Smida habitat, and 320.83 mM
Trolox/100 g plant material for Turda habitat), for all the three extracts. Gallocatechin was the
dominant flavanol in lingonberry species, with the highest amount being registered for Smida
habitat (46.81 ± 0.3 mg/g), revealing a DPPH antioxidant activity of 251.49 mM Trolox/100 g plant
material. The results obtained in the antimicrobial tests showed that the best inhibitory effect among
bilberry species was attributed to the Turda (altitude 436 m) and Smida locations, against both
Gram-positive and Gram-negative bacterial strains. For lingonberry, the differences in habitat did
not influence the antibacterial effect, but the antifungal effect, only in the case of Candida zeylanoides.
A strong antimutagenic effect was registered by the bilberry leaves toward Salmonella typhimurium
TA100. Our study may be able to provide a better understanding of the correlation between natural
habitat conditions and the accumulation of secondary metabolites and their related bioactivities in
studied leaves.

Keywords: bilberry; lingonberry; polyphenols; antioxidant compounds; antimicrobial activity;
antimutagenicity; altitude variations
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1. Introduction

Most recent epidemiological studies have reported that certain medicinal plants can be responsible
for preventing the development or evolution of several diseases [1–4]. The naturally-derived
antioxidants are a topic of major interest considering their proven health effects on humans [2,5],
but also to gradually replace the synthetic antioxidants that have been reported as endocrine disrupters
or even carcinogenic compounds [6,7]. Dietary polyphenols have diverse therapeutic uses and several
proven biological properties [1,8–11], being of important consideration to study their varieties in
medicinal plants and natural foods [12].

The development of newly plant-derived functional products and nutraceuticals, known as
edible sources with high antioxidant content, have been the intensively studied research topics
in recent years [13]. Among them, Vaccinium species are constantly reported for their diversity
in phenolic compounds [14–16], whereas cranberry (Vaccinium macrocarpon Ait.) and bilberry
(Vaccinium myrtillus L.), being more debated than lingonberry (Vaccinium vitis-idaea L.), contributed
to their high consumption rate under several forms: as fresh fruits, processed products, and dietary
supplements. Recent literature reported that lingonberry occupies a significant position in the
antioxidant and antimicrobial capacity ranking of Vaccinium-derived species [17,18].

Bilberry (Vaccinium myrtillus L.), also known as the European blueberry, and lingonberry
(Vaccinium vitis-idaea L.), commonly known as cowberry or partridgeberry, are two small, spontaneous
growing shrubs belonging to the genus Vaccinium, Ericaceae family. Their berries mature from July
to September, while the ripeness time is highly affected by the site conditions, precisely altitude,
and habitat type. Usually, higher altitudes generate later plant ripening when compared with
lower elevations.

The bilberry and lingonberry leaves are the main by-products of berry harvesting and recent
investigations [14,19] have reported a significantly higher content of phenolic compounds in the
leaves and stems of Vaccinium species in contrast to the berries, in line with the strongest antioxidant
activities registered by these aerial parts than fruits [20], indicating that they may be utilized as an
alternative source of bioactive natural products for the development of food supplement, nutraceuticals,
or functional food. Literature studies have shown that the leaves of bilberry and lingonberry contain
fewer anthocyanins than fruits, but the content of phenolic compounds is higher in leaves than in
fruits [16,21,22]. Several studies have reported the presence of hydroxycinnamic acids, flavonols,
proanthocyanidins, cinchonains, and iridoids in the bilberry leaves [19,23–25]. Traditionally, bilberry
leaves extracts are used for treating urinary tract affection and diabetes. Owing to the presence of
various phenolic compounds, bilberry leaves also have antibacterial, anti-inflammatory, and antioxidant
activities [26–28]. Chemical composition and biological properties of lingonberry leaves are similar
to those of bilberry. Phenolic compounds found in lingonberry leaves are hydroxycinnamic acids,
proanthocyanidins. flavonols, cinchonains, iridoids, and arbutin derivatives [14,23,27]. Extracts
of lingonberry leaves have shown multiple beneficial diuretics and antiseptic properties for the
urinary tract, anti-cough, phlegm removing, anti-inflammatory, neuroprotective, and antioxidant
activity [21,29,30].

The genetic factor must be considered when referring to polyphenol biosynthesis in the different
parts of the plant, including leaves. Moreover, the biotic and abiotic conditions may be responsible
for certain variations (increases or decreases) in phenolic concentration, as reported in the recent
literature for bilberry leaf and stem [19,24] and lingonberry leaf [25,31]. A multitude of environmental
factors change with the altitude of the growing site, precisely precipitation, mean temperature,
soil, wind speed, low- and high-temperature extremes, duration of snow cover, length of vegetation
period, and intensity of radiation under clear sky conditions. Enhanced UV-B radiation and lower
temperatures at high altitudes have been constantly debated as having an impact on plant secondary
metabolism [32,33]. As a protective mechanism towards damage induced by excessive UV-B radiation,
plants support and stimulate the biosynthesis of UV-B-absorbing phenolic compounds with an
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antioxidant capacity [32,34]. The stimulation of enzymes responsible for flavonoid biosynthesis in
UV-enhanced radiation experiments was highly underlined [35,36].

The latitude-related factor was discussed in particular for V. myrtillus L., being reported for
the high influence on the quality and quantity of phenolic compounds [24,37–40], suggesting that
higher phenolic amounts may be supported by northern latitudes, altitude, and sunny weather.
However, most studies have aimed to investigate an individual morphological part of the bilberry
plant, with fruits as most debated, and leaves in a small percentage. In this context, this study aims to
provide a better understanding of the correlation between natural habitats and the accumulation of
phenolic compounds in the leaves of Vaccinium myrtillus L. and Vaccinium vitis-idaea L. and their related
bioactivities: antioxidant, antimicrobial, and antimutagenic. Thus, the investigation on the differences,
derived from natural habitats within the same region (Nord-West), on polyphenolic content of the
Romanian wild bilberry and lingonberry leaf extracts could be useful to broaden the knowledge on
this field.

Considering that the chemical composition of the Nord-West Romanian wild bilberry and
lingonberry leaves has never been the subject of a scientific paper to best of our knowledge, this study
aimed to determine the phenolic composition of bilberry and lingonberry leaves and to measure their
antioxidant, antibacterial, antifungal, and antimutagenic activities, whereas the antimutagenic and
antimicrobial activities of the leaves are of significant novelty. Furthermore, the differences between
the three different natural habitats of Romanian bilberry and lingonberry leaves were also investigated.

2. Materials and Methods

2.1. Plant Samples and Growing Conditions

The leaves of bilberry (Vaccinium myrtillus L.) and lingonberry (Vaccinium vitis-idaea L.) were
collected in the autumn (September) of 2017 from spontaneous species of three different locations in
Romania, differing in altitude and habitat type: (1) Turda (46◦32′00” N, 23◦52′00” E), Cluj County;
(2) Smida (46◦38′33” N, 22◦52′49” E), Cluj County; and (3) Borsa (47◦39′19” N, 24◦39′47” E), Maramures
County. Leaves of both species were randomly sampled from ca. 10 shrubs in the same 20 m × 20 m
area for each habitat. The plant material was dried at room temperature for 7–10 days and grounded
to a fine powder and kept in the dark prior to analyses. The results were calculated based on the
dried and grounded plant material/powder. The numbers of Plant Voucher Specimens are VM103
and VVI105.

2.2. Description of Habitats

Turda is a municipality in the county of Cluj, Transylvania, Romania, and it is located about 30 km
southeast of Cluj-Napoca. Turda developed mainly on the left side of the Aries, river. The minimum
altitude is 310 m in the eastern extremity, on the Aries, valley, and the maximum is in the northeast of
the city, on Slăninii Hill (436 m), from where the leaves were collected. The karst relief is present and
develops into soluble rocks (limestone, salt, gypsum), being characterized by mineral soils. The climate
in September is quite dry with 44 mm of rainfall, and involves a maximum temperature of 23 ◦C
and a minimum of 15 ◦C. The collection place had a moderate solar exposition considering the slope
exposure [41].

Smida is located in the heart of the Apuseni Natural Park, a protected area that is among the
last large areas of large, forested karst (spreading its wild beauty on approximately 76,000 hectares)
throughout Europe. Smida village is at an altitude of 1100 m and benefits from a moderate continental
climate, whereas in September, there is a maximum temperature of 23 ◦C and a minimum of 1 ◦C,
with 6.5 mm of rainfall. The soil is characterized by acid brown soils with medium texture, and good
aquatic drainage considering the winters rich in snow. It possesses large areas of natural forests and
meadows, with a variety of fauna and flora. The relief is a karstic one, well developed, and made
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up of caves [42]. The collection place had partial sun exposure considering the open-spaced areas
surrounded by forest.

The Borsa town is located in the south of Maramures, county, Transylvania, Romania at an altitude
of 850 m in the Rodnei Mountains, on the Vis, eu river valley. The relief of the area is mountainous,
very rugged, and with steep slopes and high-level differences, being characterized by the moderate
continental climate sector, with a maximum temperature of 13 ◦C and a minimum of 8 ◦C, and with
the average annual rainfall of 1100 mm and permanent exposure to the advection of the western air
masses of oceanic nature, whose characteristics are reflected in the evolution of all climatic elements.
The collection place is characterized by acid brown soils and good solar exposition [43].

2.3. Chemicals and Reagents

Catechin, chlorogenic acid, quercetin, cyanidin chloride, and gallic acid used as standards
for the HPLC-DAD-ESI-MS analysis were purchased from Sigma-Aldrich (Steinheim, Germany).
Folin–Ciocalteu’s phenol reagent, sodium carbonate (Na2CO3), sodium nitrate (NaNO2), hydrochloric acid
(HCl), aluminum chloride (AlCl3), sodium hydroxide (NaOH), acetic acid, acetonitrile, methanol, ethanol,
DPPH (2,2-diphenyl-1-picrylhydrazyl), and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid) were purchased from Sigma-Aldrich (Steinheim, Germany). For antimicrobial assays, Mueller–Hinton
agar, thioglycollate broth with resazurin, and Mueller–Hinton broth were purchased from BioMerieux
(France), and Tween 80 and Broth Malt medium were purchased from Sigma-Aldrich (Steinheim,
Germany).

2.4. Ultrasound-Assisted Extraction Procedure

The fine powder obtained from the leaves (0.25 g) was extracted with 7 mL 40% v/v ethanol
in water for 30 min in an ultrasonic bath, at 20 ◦C. After centrifugation (5000 rpm for 10 min at
24 ◦C), the supernatant was filtered and stored (−18 ◦C) until analysis (total phenolic content, total
flavonoid content, total anthocyanin content, antioxidant, antimutagenic and antimicrobial activities,
and HPLC-DAD-MS analysis).

2.5. Analysis of Phenolic Compounds

2.5.1. HPLC-DAD-ESI-MS Analysis

Identification and quantification of phenolic compounds in the leave extract were performed on
an HPLC-DAD-ESI-MS system consisting of an Agilent 1200 HPLC with DAD detector, coupled to an
MS-detector single-quadrupole Agilent 6110. For phenolic compounds’ separation, the Eclipse column,
XDB C18 (4.6 × 150 mm, particle size 5 μm) (Agilent Technologies, USA), was used at 25 ◦C. The binary
gradient was prepared from 0.1% acetic acid/acetonitrile (99:1) in distilled water (v/v) (solvent A) and
0.1% acetic acid in acetonitrile (v/v) (solvent B) with a flow rate of 0.5 mL/min, according to the elution
program described by Dulf et al. [44]. For MS fragmentation, the ESI (+) module was used, with a
scanning range between 100 and 1200 m/z, capillary voltage 3000 V, at 350 ◦C, and with a nitrogen flow
of 8 l/min. The eluent was monitored by DAD, and the absorbance spectra (200–600 nm) were measured
and collected during each run. For analyzing the data, Agilent ChemStation Software (Rev B.04.02
SP1, Palo Alto, CA, USA) was performed. The phenolic compounds from the extracts were identified
by comparing the retention times, UV visible, and mass spectra of the peaks with four reference
standards, as follows: the compounds of the flavanol subclass were quantified using the calibration
curve performed with catechin standard on the concentration ranges of 10–200 μg/mL and expressed
as equivalents of catechin (mg catechin/g plant material) (r2 = 0.9985); for the hydroxycinnamic acid
subclass, the compounds were quantified using the calibration curve performed with chlorogenic acid
on the concentration range of 10–50 μg/mL, expressed as chlorogenic equivalents (mg chlorogenic
acid/g plant material) (r2 = 0.9937); flavonols were quantified using the calibration curve performed
with quercetin on the concentration ranges of 10–200 μg/mL, expressed as quercetin equivalents (mg
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quercetin/g plant material) (r2 = 0.9951); and anthocyanins were quantified using the calibration curve
made with cyanidin on the concentration ranges of 10–100 μg/mL, expressed as cyaniding equivalents
(mg cyanidin/g plant material) (r2 = 0.9951).

2.5.2. Total Phenolic Content

The determination of total phenolic content (TPC) was performed by the Folin–Ciocalteu
method [44,45]. Briefly, 25 μL of sample extract was combined with 125 μL of Folin–Ciocalteu
reagent (0.2 N) and 100 μL of sodium carbonate solution (Na2CO3, 7.5% w/v). Afterward, the mixture
was incubated for 2 h in the dark at room temperature (25 ◦C). The absorbance was recorded at 760 nm,
using ethanol as blank. A standard curve was prepared using gallic acid (0.01–1 mg/mL), and the TPC
in the extract was expressed as gallic acid equivalents (GAE) (mg GAE/100 g plant material).

2.5.3. Total Flavonoid Content

Total flavonoid content (TFC) was determined by a spectrophotometric method [46] based on the
formation of a complex flavonoid—aluminum. Shortly, 1 mL of sample extract was mixed with 0.3 mL
NaNO2 (5%); after 5 min, 0.3 mL AlCl3 (10%) was added; afterward, 2 mL NaOH (1M) and water to a
total volume of 10 mL. The absorbance was measured immediately, at 510 nm. A standard curve was
prepared using quercetin (0.117–1 mg/mL) and the TFC was expressed as quercetin equivalents (QE)
(mg QE/ 100 g plant material).

2.5.4. Total Anthocyanin Content

The total anthocyanin content (TAC) was determined by UV/visible spectrophotometric
method [47]. The extracts were diluted with 40% ethanol, and the absorption was measured at
530 nm using a Jasco UV-VIS Spectrophotometer (V-530 double beam, Tokyo, Japan). The anthocyanin
content was estimated as cyanidin-3-glucoside at 530 nm using a molar absorptivity coefficient of
26,900 and was expressed as milligrams per 100 g of plant material [47].

2.6. DPPH Free-Radical-Scavenging-Assay

DPPH free-radical–scavenging activity was performed using the method described by
Ebrahimabadi et al. [48] with slight modifications. First, 250 μL of each leaf hydroethanolic extract was
mixed with 1750 μL of freshly prepared DPPH solution (0.1 mM in 40% ethanol). The absorbance was
measured after 30 min of rest under dark conditions, at 517 nm, using the spectrophotometer Biotek
and 40% ethanol as blank. In the DPPH assay, the antioxidant activity of the extracts was evaluated
using the calibration curve performed with Trolox, and then the absorbance was recorded for all the
tested extracts, to calculate the percentage inhibition (expressed as percentage inhibition of the DPPH
radicals). The percentage inhibition (I%) was calculated as I% =[ (AB − AA)/ AB] × 100, where AB =

absorbance of blank and AA- = absorbance of hydroethanolic extract.

2.7. Antimicrobial and Antifungal Capacity

2.7.1. Stains and Cultivation Conditions

To determine the antimicrobial activity for all extracts, six bacterial strains were used: three
Gram-positive bacteria: Staphylococcus aureus (ATCC 49444), Enterococcus faecalis (ATCC 29212),
Rhodococcus equi (ATCC 6939), and three Gram-negative bacteria: Pseudomonas aeruginosa (ATCC 27853),
Klebsiella pneumonia (DSMZ 2026), Escherichia coli enterotoxigen (ATCC 25922). All tested microorganisms
were obtained from the Food Biotechnology Laboratory, UASVM CN, Romania.

2.7.2. Microdilution Technique

Evaluation of the antimicrobial activity was done according to the guidelines of the Clinical
Laboratory Standards Institute (CLSI) [49], using the standard broth microdilution technique for
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bacteria that grow aerobically, with slight modifications. Briefly, all the bacteria were cultured on
Mueller–Hinton agar, followed by their storage at 4 ◦C and subculture once a month. Before antibacterial
susceptibility testing, each strain was inoculated on Mueller–Hinton agar plates and incubated at 37 ◦C
for 24 h. The medium used for susceptibility testing was Mueller–Hinton broth. Inoculums (density
of 0.5 in McFarland scale) were prepared in a 0.9% NaCl sterile solution. Then, tested strains were
suspended in Mueller–Hinton broth medium, to give a final density of 2 × 105 colony-forming units
(CFU)/mL. The inoculum was stored at 4 ◦C for further use. Determinations of minimum inhibitory
concentrations (MICs) were performed by a serial dilution technique using 96-well plates. The 100 μL
Mueller–Hinton broth was placed into each of the 96 wells of the microplates. Aliquots of 100 μL of
each extract (concentration of 0.1 g/mL) were added into the first rows of the microplates and twofold
dilutions of the extracts were made by dispensing the solutions into the remaining wells. Then, 10 μL
of the culture suspensions was inoculated into the wells. We used ethanol (40%) in water as a control.
The microplates were incubated for 24–48 h at 37 ◦C. The MIC of the plant extracts was detected after
the addition of 20 μL (0.2 mg/mL) of resazurin solution to each well, and the plates were incubated for
2 h at 37 ◦C. A change from blue to pink indicates the reduction of resazurin and, therefore, bacterial
growth. The MIC was defined as the lowest concentration of the extract that inhibited the growth of
the bacterial strain [50], which respectively prevented this color change. The minimum bactericidal
concentrations (MBCs) were determined by serial subcultivation of 2 μL into 96-well plates containing
100 μL of Mueller–Hinton broth per well and further incubation for 48 h at 37 ◦C. The MBC was
defined as the lowest concentration of the tested extract/compound/antibiotic killing the majority
(99.9%) of bacterial inoculum, thus with no visible growth [50]. Streptomycin (Sigma P 7794, Santa
Clara, CA, USA) (0.05–3 mg/mL) was used as a positive control for bacterial growth. Water was used
as a negative control.

2.7.3. Antifungal Assay

Evaluation of the antifungal activity was done according to the guidelines of the CLSI [51],
using the reference method for broth dilution antifungal susceptibility testing of yeasts, with slight
modifications. To determine the minimum inhibitory concentration (MIC) and minimum fungicidal
concentration (MFC) of the tested extracts, three fungi were used: Candida albicans (ATCC 10231),
Candida zeylanoides (ATCC 20367), and Candida parapsilosis (ATCC 22019). All the tested fungal strains
were obtained from the above-mentioned source. The cultures were stored on malt agar at 4 ◦C and
subcultured monthly. Before antifungal susceptibility testing, each strain was inoculated on malt
agar plates to ensure optical growth characteristics and purity. The medium used for susceptibility
testing was broth malt. The initial density of Candida spp. was approximately 2 × 106 colony-forming
units/mL (CFU/mL). Inoculums (density of 0.5 in McFarland scale) were prepared in a 0.9% NaCl
sterile solution. Then, tested strains were suspended in broth malt medium, to give a final density of
1.5 × 105 CFU/mL. For the minimum inhibitory concentration test, the broth microdilution method
was applied by preparing a serial of dilutions in 96-well plates. The 100 μL medium was placed
into each of the 96 wells of the microplates. Aliquots of 100 μL of each extract diluted in 0.85%
saline (concentration of 0.1 g/mL) were added into the first rows of the microplates, and twofold
serial dilutions were made by dispensing the solutions into the remaining wells. Then, 10 μL of the
inoculum was added to the wells. Plates were incubated at 28 ◦C for 72 h on a rotary shaker. Minimum
inhibitory concentration (MIC) values were determined by adding resazurin (20 μL, 0.02%) followed
by incubation for 2 h. The MIC was defined as the lowest concentration required to inhibit the growth
of the fungal strain (observed through a binocular microscope). The MFCs were determined by serial
subcultivation of 2 μL of tested extracts dissolved in medium and inoculated for 72 h into microtiter
plates containing 100 μL of broth per well, followed by further incubation 72 h at 28 ◦C. The lowest
concentration with no visible growth was defined as the MFC, indicating the death of 99.9% of the
original inoculum. The positive control used was fungicide fluconazole (1–3500 μg/mL) (Sigma F 8929,
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Santa Clara, CA, USA), while the negative control used was water. All the tests were done in duplicate
and repeated thrice.

2.8. Mutagenic and Antimutagenic Assay

According to the plate incorporation method [52], described in more detail by Sarac and Sen [53],
the plant extracts were tested for mutagenicity and antimutagenicity towards S. typhimurium TA98 and
S. typhimurium TA100, whereas the positive controls used were 4-nitro-ophenylenediamine (4-NPD,
3 mg/plate) for TA98 and sodium azide (NaN3, 8 mg/plate) for TA100. The negative control was
ethanol/water (1:1, v/v), and the concentration of plant extracts was established to 5 mg/plate. According
to the equation described by Ong et al. [54], the antimutagenicity was calculated as follows: %Inhibition
= [1 − T/M] × 100, where T is the number of revertants per plate in the presence of mutagen and the
plant extract, and M is the number of revertants per plate without plant extract (positive control).
The antimutagenicity of the reference mutagens in the absence of the plant extract was defined as
0% inhibition. For each of the two species, the testing was done in duplicate with three subsamples
each, and in accordance, the data are reported as the mean ± standard deviation (SD). The following
percentage ranges were used to express the antimutagenicity: strong: 40% or more inhibition; moderate:
25–40% inhibition; low/none: 25% or less inhibition [55].

2.9. Statistical Analysis

All of the analyses were done in triplicate, and the data were reported as the means ± standard
deviation (SD). The statistical differences among the leave extracts of the three different locations for
each type of species were performed using one-way analysis of variance (ANOVA) (Tukey multiple
comparison tests) via GraphPad Prism Version 8.0.1 (Graph Pad Software Inc., San Diego, CA, USA).
Differences between means at the 5% level were reported to be statistically significant.

3. Results and Discussion

3.1. Phenolic Profile of Wild Bilberry and Lingonberry Leaves

In this study, in the leaves of bilberry and lingonberry, 21 phenolic compounds were identified,
originating from four phenolic groups: hydroxycinnamic acids, flavonols, flavanols, and anthocyanins,
whereas 19 were found in bilberry leave extracts and 18 in lingonberry leave extracts (Table 1). In the
case of bilberry leaves, the most abundant compounds for all three locations were represented by the
flavonols class comprising only quercetin derivates. The second most abundant class was flavanols.
For lingonberry leaves, the most abundant class of compounds was flavanols, as reported in the
literature [56], for all the three different altitude habitats, followed by hydroxycinnamic acids. In the
case of lingonberry leaves, the flavonols class registered small levels for each compound, except rutin.
Moreover, the anthocyanins group was not detected.
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The flavanols identified among the two studied species were catechin, epicatechin, gallocatechin,
epigallocatechin, two procyanidin dimers, and procyanidin trimer. The procyanidin dimers and
trimers are known as proanthocyanidins as well.

In the case of bilberry leaves, for almost all flavanols, the V. myrtillus leaves from Smida (VMS)
reported the highest amounts. Exceptions were catechin and procyanidin dimers II, in which case
V. myrtillus leaves from Turda (VMT) presented significantly higher values. The major flavanol
identified was procyanidin trimer in all three natural habitats, whereas the VMS had the highest value
(24.30 ± 0.72 mg/g plant material), closely followed by VMT, while V. myrtillus leaves from Borsa (VMB)
registered a 2.5-fold lower value. In particular, gallocatechin was twofold more in VMS than VMT and
threefold more when compared with VMB. Epigallocatechin presence only in VMS contributes to the
range of differences found among the three different locations. Procyanidin dimer I was not detected in
the bilberry leaves of any of the three habitats, whereas epicatechin was the minor compound identified.
The VMB leaves had the lowest values among all the flavanols identified, whereas epigallocatechin,
epicatechin, and procyanidin dimer I were not present. Compounds present in lower proportions were
catechins, in line with the previous results on bilberry leaves from Northern Europe [24]. Significant
differences in gallocatechin, epigallocatechin, epicatechin, and procyanidin trimer were detected
among locations, and up to threefold higher levels (in the case of gallocatechin) were measured, which
can be linked to specific growth conditions of the sites (soil, solar exposure, microclimatic conditions).
The habitat can specifically influence the amounts of phenolics as follows: either by the influence of
pedological or climatic factors and their interactions [57]. Likewise, Martz et al. [24] reported that
high-light-intensity location, higher altitudes, and/or latitudes contributed to more than twofold higher
levels of phenolics in the leaves in contrast to lower altitudes or low-light-intensity sites.

Exceptionally high levels of flavanols were quantified in lingonberry leaves, in agreement with
the results of previous studies [14,16,56,58], whereas the most recent study of Tian et al. [59] found,
as the two most common flavanols, (+)-catechin and (-)- epicatechin, at the highest level in lingonberry
(V. vitis-idaea) leaf extract (118 mg/100 mL). In our study, gallocatechin was quantified in high amounts,
whereas epigallocatechin was detected in significant levels ranging from 23.35 ± 0.61 to 35.97 ± 0.23
depending on the habitat. Their occurrence has never been reported in lingonberry so far, only in
bilberry leaves [23] and bilberry stems [19]. However, Bujor et al. [14] reported only a trace amount in
lingonberry leaves and quantified the gallocatechin in lingonberry stems. In our study, V. vitis-idaea
leaves from Smida (VVIS) registered the highest values among almost all the flavanols identified,
except for procyanidin trimer and procyanidin dimer II. Gallocatechin was the major flavanol identified
in all the three locations, whereas VVIS had the highest amount (46.81 ± 0.38 mg/g plant material),
while epigallocatechin and catechin were close behind. Epicatechin was the minor compound identified,
and only in V. vitis-idaea leaves from Borsa (VVIB); moreover, VVIB registered the highest values for
procyanidin dimer II and procyanidin trimer. Furthermore, recent literature reported rich contents
of procyanidin dimers and trimers in the extracts of lingonberry leaf (85 mg/100 mL) [59]. All these
results underline that rising concentrations of flavanols and especially gallocatechin, epigallocatechin,
and catechin in lingonberry leaves, as well as procyanidin trimer in bilberry leaves, were observed
in the habitats with higher altitude. This fact was explained in the previously reported results,
whereas an increase of flavonoids level with elevation in herbal plants [60] and bilberry leaves [24] was
registered. According to the literature, catechin dominated in the red berries, lingonberry, and cranberry,
while epicatechin dominated in blue and blackberries [56], in agreement with our findings.

V. vitis-idaea L. yielded greater amounts of gallocatechin, epigallocatechin, catechin,
and procyanidin dimer I with increasing altitude and its related climatic and soil conditions, except
lower levels were found at the altitudes of 1100 when compared with 850 m in the case of procyanidin
dimer II and procyanidin trimer (Table 1). The variation of the flavonoid fraction turned out to be
closely related to the altitude-derived conditions, because we found the percentages of four out of six
flavonoid compounds rising significantly at the highest altitude. It can be concluded that environmental
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factors at higher altitudes lead to elevated levels of flavanols, with gallocatechin and epigallocatechin
above all, in dried and grounded lingonberry leaves.

Hydroxycinnamic acids are the most widespread phenolic acids in plants, which are described
as cinnamic acid-derived compounds. Four derivates of hydroxycinnamic acid were identified:
chlorogenic acid, feruloylquinic acid, dicaffeoylquinic acid, and caffeoylarbutin. In the case of bilberry
species, VMB together with its environmental-derived conditions (good solar exposure, acid brown
soil, low-temperature range) presented the highest levels among the four compounds, except for
caffeoylarbutin and dicaffeoylquinic acid, which were not detected. The major compound reported
was feruloylquinic acid (59.65 ± 0.44 mg/g plant material in VMB), followed by chlorogenic acid
(5.94 ± 0.05 mg/g plant material in VMB) as 10-fold less than feruloylquinic acid. The study of Martz
et al. [24] indicated that bilberry leaves from higher latitudes and higher altitudes (boreal forests in
Finland, thus low solar exposure) had lower levels of chlorogenic acid derivatives. In the recent
paper investigating the Finnish bilberry (V. myrtillus L.) leaf extract, hydroxycinnamic acid derivatives
represented 82% of the total content of phenolics, mostly as 3-O-caffeoylquinic acid, whereas other
hydroxycinnamic acids (coumaric acid, caffeic acid, and ferulic acid) were identified as esters of acids
or hexoses [59].

Concerning the lingonberry species, a specific hydroxycinnamic acid was found, precisely the
caffeoylarbutin (not detected in bilberry leaves), with an increase of three- to fourfold when compared
with dicaffeoylquinic acid, depending on the location. Similarly, Liu et al. [25], Tian et al. [16],
and Hokkanen et al. [23] found 2-caffeoylarbutin as the major caffeic acid derivative. The lowest levels
of all hydroxycinnamic acids were reported for VVIS, whereas the highest levels were reported for
VVIB (caffeoylarbutin). The major compound was again feruloylquinic acid (33.42 ± 0.37 mg/g plant
material), as almost half the amount when compared with bilberry species.

Bidel et al. [61] found that the amount of hydroxycinnamic acid highly increased with a higher
photosynthetic active radiation (PAR) level, while Li et al. [62] also reported a comparable pattern
in apple peel. Hydroxycinnamic acids protect the fundamental tissues from adverse UV radiation;
therefore, their expanded accumulation in intense light exposure is anticipated [36]. The high UV-B
exposure at higher altitudes is the key determinant for the increased synthesis of phenolic acids in
plants [63]. Moreover, lower temperatures at higher altitudes also sustain secondary metabolism [33,37],
particularly the accumulation of hydroxycinnamic acids. Following all the above, the Borsa habitat,
characterized by a good solar exposure, low-temperature range, and brown acid soils, may explain the
highest levels of hydroxycinnamic acids when compared with a moderate/partial solar irradiation and
higher temperature ranges (characterizing the other two habitats).

From the flavonols group, seven phenols were identified, all were quercetin derivatives: quercetin,
quercetin-rutinoside (rutin), quercetin-glucoside, quercetin-acetyl-rhamnoside, quercetin-arabinoside,
quercetin-xyloside, and quercetin-diglucoside. The major flavonol identified within both species was
quercetin-rutinoside (rutin), being approximately 40 times higher than most of the flavonols compounds
identified, and about 2 times higher than quercetin-acetyl-rhamnoside. Among studied bilberry leaves,
VMB presented the highest level (49.83± 0.63 mg/g plant material), where all the extracts showed a level
above 40 mg/g plant material. Concerning the lingonberry leaves, again, VVIB has shown the highest
amount (21.88 ± 0.19 mg/g plant material), where VVIS was half of this level. The second major flavonol
compound identified in both species was quercetin-acetyl-rhamnoside with VMT presenting the
highest amount (18.60 ± 0.16 mg/g plant material) in the bilberry species, and VVIB in the lingonberry
species (8.01 ± 0.01 mg/g plant material). In the case of almost all flavonol compounds, the Smida
location (1100 m altitude) reported the lowest values. These results suggest that a Borsa habitat-type
(altitude 850 m, good solar exposure, low-temperature range, brown acid soils) may be more beneficial
for the biosynthesis of major flavonols compounds, whereas a good solar exposure (low forest
environment) may positively contribute to flavonols level. The existing literature [19] on bilberry leaves
reported, as major flavonols compound, the quercetin glycosides, namely, quercetin-3-O-galactoside,
quercetin-3-O-glucoside, quercetin hexuronides, quercetin pentosides, and a quercetin rhamnoside.
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Moreover, the specific quercetin-3-O-(400-(3-hydroxy-3-methyl glutaryl))-a-rhamnoside was identified
in all of the morphological parts studied, being previously reported in leaves by Hokkanen et al. [23]
and Ieri et al. [27]. In the study of Bujor et al. [14], investigating the lingonberry leaves, a range
of 12–19% flavonols were found. There were 18 quercetin glycosides identified, whereas the
quercetin-3-O-galactoside, quercetin-3-O-glucoside, quercetin rutinoside, quercetin pentosides, and
quercetin-3-O-rhamnoside were in line with previous findings [16,23,25] and our study.

Concerning the anthocyanins class, the three anthocyanins identified were cyanidin-glucoside,
cyanidin-arabinoside, and cyanidin-acetyl-glucoside. The anthocyanins group was present only in
VMT and VMS leave extracts, but in a small amount (<0.35 mg/g). Our findings are in agreement with
the study of Jaakola et al. [36], where elevated gene expression and, therefore, flavonoid biosynthesis
including cyanidin glycosides owing to an increased UV exposure in bilberry leaves was described.
Therefore, an assumption that anthocyanins from both bilberry leaves may have occurred in higher
amounts with increased solar radiation can be made, if we consider the presence of cyanidin-arabinoside
only in VMS. When compared with their related berries [64], anthocyanin synthesis is highly affected
by light exposure and, as a consequence, bilberries from shaded sites [40] contained lower amounts of
red pigments, as low light conditions limit photosynthetic activity. The mechanism involves firstly
a decrease in carbohydrate synthesis, followed by a low level of substrate generated for secondary
metabolism. Certain phenolic classes are then downregulated, with anthocyanin synthesis negatively
influenced. Li et al. [62] also found that anthocyanin level as well as the flavonol content and activity
of phenylalanine ammonia-lyase (PAL), and certain enzymes, were increased in the sun-exposed apple
peel compared with the shaded peel, underlying the upregulation of the phenylpropanoid pathway
generated by a favorable light condition. Rieger et al. [60] reported that the anthocyanins level in
bilberries decreased with increasing altitude, while Roslon et al. [65] did not found a relationship
between the content of anthocyanins in bilberry fruits and the position of habitats at different altitudes.
In the same study, the leaves anthocyanins were not investigated as they were considered not specific
for leaves.

3.2. Total Phenolics and Total Flavonoids

According to Figure 1A, the TPC among both species was very similar, whereas there were no
statistical differences between the three types of lingonberry leaves. In the case of bilberry leaves,
the highest level of TPC was registered by VMT with 13,588.95 ± 9.25 mg GAE/100 g plant material
(135.8 ± 9.25 mg GAE/g plant material), being significantly different only from VMS, but not from VMB.
In the study of Bujor et al. [19], on the same period of vegetation (September), for the bilberry leaf
extracts, a TPC of 142.9 ± 19.2 (mg GAE/g dry extract) was reported, while in the most recent study
on lingonberry of the same author [14], the lingonberry leaves extract shown a TPC of 158.9 ± 6.0
(mg GAE/g dry extract). These results are in the same range as our findings. Nevertheless, the
Vaccinium plants have the same Romanian origin, but different habitats and environmental factors.
In the study of Tian et al. [59], the lingonberry leaf ethanolic extracts showed a TPC of 859.5 ± 9.9
(GAE mg/100 mL), while for bilberry leaf ethanolic extracts, a TPC of 201.7 ± 18.2 (GAE mg/100 mL)
was found. A possible explanation for the evident differences in contrast to our results may lie in the
geographical location, Finnish versus Romanian. According to the same study [59], a higher value of
Folin–Ciocalteau was found in the extracts from leaves than in the extract from berries and branches,
and the leaf extracts showed higher antioxidative activities (3–20-fold in ORAC assay, 10–20 fold in
TRAP) than the berry extracts, in association with the higher contents of phenolic compounds in the
leaf extracts [59]. However, regarding our findings, it may be stated that the different habitats did not
statistically influence the TPC of both bilberry and lingonberry leaves, considering the high fluctuation
in amounts in the different phenolic sub-classes among the three different locations.
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Figure 1. Total phenolic content (Folin–Ciocalteu method) (A), total flavonoids content (B), total
anthocyanin content (C), and 2,2-diphenyl-1-picrylhydrazyl (DPPH) antioxidant activity (D) of the two
species leave extracts, from all three locations. The total phenolic content of the extract is expressed
as gallic acid equivalents (GAE) in mg/100 g plant material. Total flavonoid content is expressed as
quercetin equivalents (QE) in mg/100 g plant material. The DPPH activity was expressed as percentage
inhibition (I%). Values are reported as mean ± SD of triplicate determinations and different symbols
(*, **, ***) indicate significant differences (p < 0.05) between the three different locations for each of the
two species leave extracts, separately (one-way analysis of variance (ANOVA), multiple comparison
tests, Tukey multiple range tests), while symbol (ns) indicate no significant difference. VMT, V. myrtillus
leaves from Turda; VMS, V. myrtillus leaves from Smida; VMB, V. myrtillus leaves from Borsa; VVIT,
V. vitis-idaea leaves from Turda; VVIS, V. vitis-idaea leaves from Smida; VVIB, V. vitis-idaea leaves
from Borsa.

Figure 1B presents the TFC of the leaves extracts from both examined species. Among the
studied bilberry leaves, there was no statistical difference with the habitat variation, with all three
extracts having similar levels of approximately 7300 mg QE/100 plant material. The bilberry species
had twofold higher TFC when compared with lingonberry. This may be explained by the fact that
chromatographic profiles of flavonoids, but not only them, are different among bilberry, blueberry,
lingonberry, and cranberry [66,67]. In the case of lingonberry extracts, the VVIB registered the highest
value (4994.18 ± 8.03 mg QE/100 plant material), being statistically different from the other two habitats.
Uleberg et al. [37] found that the amount of flavan-3-ols was higher in bilberries growing at lower
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temperatures, a fact that might explain why Borsa habitat, with lower temperatures (ranging between
13 ◦C and 8 ◦C), registered higher amounts. In the study of Mikulic-Petkovsek et al. [40], low levels of
flavanols were found in fruits collected in shaded forests characterized by a low photosynthetic active
radiation (PAR), and high flavanol amounts in bilberries from sun-exposed locations with high PAR.
Jaakola et al. [36] reported that the levels of flavan-3-ols were significantly higher in bilberry leaves
exposed to direct sunlight. Considering that Borsa collection place had a good solar exposure when
compared with partial or moderate exposure in the other two habitats, these previous findings might
explain our results.

Other articles [60,63] reported that increased solar exposure by higher altitudes contributes directly
to increased flavonoids content in plants, which is partially true in our study considering that Borsa
location (850 m altitude) had the highest level, and Smida location (1100 m) did not. Moreover, another
study investigating the bilberry leaves concluded that leaves collected from open and forest areas
showed that synthesis and accumulation of flavonoids were delayed in the forest compared with the
high light open sites [24]. Several flavonoids and hydroxycinnamic acids act as characteristic UV
shields and contribute to the plants’ protective mechanism determined by high irradiation sites [60].

3.3. Total Anthocyanin Content

To our knowledge, this is the first study investigating the variation of the amounts of anthocyanins
in wild-grown bilberries and lingonberries leaves in correlation to the geographical habitat. According
to Figure 1C, only bilberry leaves via VMT and VMS extracts were found to have anthocyanin content.
The anthocyanin profile contained small amounts of cyanidin glycosides, whereas VMS registered the
highest level, precisely 13.29 ± 0.13 mg/100 g plant material. Our results matched well with the results
of a previous comparison of eastern and southern European plants with those from Scandinavia [68],
suggesting that a higher altitude may provide an increased sunlight exposure, and thus a higher
anthocyanins content. The low levels of total anthocyanin content might be owing to a non-specificity
in the leaves of berries when compared with the fruits.

3.4. DPPH Antioxidant Activity

The percentage inhibition of the DPPH radicals for tested leaf extracts is shown in Figure 1D. For
bilberry leaves, VMT showed the best radical scavenging capacity based on the DPPH assay expressed
as percentage inhibition of DPPH radicals (also as Trolox equivalents, precisely 310.74 mMT/100 g),
while in the case of lingonberry leaves, the VVIB had the highest percentage inhibition of the DPPH
radicals (and as Trolox equivalents, precisely 320.83 mMT/100 g). These results could be explained by
the highest value registered for TPC, in the case of bilberry leaves, and considering the well-known
correlation between increased phenolic content and strong antioxidant capacity, whereas for VVIB, the
highest TFC value reported may be responsible for the scavenging capacity, as previously reported
in the literature [69]. Previous articles have reported that more solar exposure at increased altitude
contributed to elevated biosynthesis of ortho-dihydroxylated flavonoids [34,63], as well as a better
radical scavenger capacity [70]. In the case of lingonberry leaves, flavanols, flavonols, and caffeic acid
derivatives bring highly antioxidant 1,2-dihydroxyphenyl moieties, whereas coumaric acid derivatives
display the less antioxidant monohydroxyphenyl moiety. For similar phenolic contents in the case of
lingonberry leaves, the V. vitis-idaea leaves from Turda (VVIT) present significantly lower antioxidant
capacity than both VVIS (−26%) and VVIB (−39%) (Figure 1D). Concerning the higher levels of flavanols,
and precisely of procyanidin dimers and procyanidin trimer, compared with VVIT, as well as for VVIB,
a significant contribution via feruloylquinic acid might explain the differences. Extension and terminal
epicatechin units in flavanols were already proven to be similarly reactive in the quenching of the
nitrogen-centered DPPH radical [71]. In the study of Tian et al. [59], the DPPH radical scavenging
capacity of the berry leaf extracts varied among species and cultivars, whereas within 10 min, all the
leaf extracts succeeded to capture around 80% of DPPH radicals.
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The difference in reactivity of leaf extracts, from the three different habitats, in the DPPH test can
be attributed to their varying contents in polyphenols containing dihydroxyphenyl moieties, molecular
sizes, like for flavanols [14], or the presence of unidentified antioxidant substances. Soobrattee et al. [72]
classified the antioxidant activity in the following order: procyanidin dimer > flavan-3-ols > flavonols >
hydroxycinnamic acids > simple phenolic acids. Heim et al. [73] explained why the proanthocyanidins
(procyanidin dimers and procyanidin trimer) as oligomers and polymers of flavan-3-ols exhibit stronger
DPPH capacity, namely owing to more catechol groups, coupled with C3-OH and C4-C8 linkage.

3.5. Assessment of Antimicrobial Capacity

The studied leaves extract registered antibacterial and antifungal capacity towards bacteria and
fungal strains. The results of MIC are described in Table 2, and those of MBC are provided in Table 3,
for both bacteria and fungi strains. An important range of bacteriostatic effects of the bilberry and
lingonberry leaves extracts was reported, depending on the tested strain.

Table 2. Minimum inhibitory concentration (MIC) of bilberry and lingonberry leaves expressed
as mg/mL.

Type of
Strains

Gram-Positive Gram-Negative Fungi

Sample S.
aureus

E.
fecalis R. equi E. coli

enterotoxigen
K.

pneumonia
P.

aeruginosa
Candida
albicans

Candida
zeylanoides

Candida
parapsilosis

mg/mL
VMT 0.06 0.12 0.06 0.24 0.24 0.24 125 31.25 31.25
VMS 0.12 0.24 0.06 0.48 0.12 0.24 125 62.5 31.25
VMB 0.06 0.12 0.06 0.48 0.12 0.24 125 31.25 31.25
VVIT 0.12 0.12 0.06 0.48 0.12 0.96 125 62.5 31.25
VVIS 0.12 0.12 0.06 0.48 0.12 0.96 125 31.25 31.25
VVIB 0.12 0.12 0.06 0.48 0.12 0.96 125 62.5 31.25

Fluconazole
μg/mL - - - - 15.62 7.81 15.62

Streptomicyn
μg/mL 0.03 0.06 0.06 0.12 0.06 0.06

Table 3. Minimum bactericidal/fungicidal concentration (MBC/MFC) of bilberry and lingonberry leaves
expressed as mg/mL.

Type of
Strains

Gram-Positive Gram-Negative Fungi

Sample S.
aureus

E.
fecalis R. equi E. coli

enterotoxigen
K.

pneumonia
P.

aeruginosa
Candida
albicans

Candida
zeylanoides

Candida
parapsilosis

mg/mL
VMT 0.12 0.24 0.12 0.48 0.48 0.48 250 62.5 62.5
VMS 0.24 0.48 0.12 0.96 0.24 0.48 250 125 62.5
VMB 0.12 0.24 0.12 0.96 0.24 0.48 250 62.5 62.5
VVIT 0.24 0.24 0.12 0.96 0.24 1.92 250 125 62.5
VVIS 0.24 0.24 0.12 0.96 0.24 1.92 250 62.5 62.5
VVIB 0.24 0.24 0.12 0.96 0.24 1.92 250 125 62.5

Fluconazole
μg/mL - - - - 31.24 15.62 31.24

Streptomicyn
μg/mL 0.06 0.12 0.12 0.24 0.12 0.12

In the case of bilberry leaves, towards S. aureus, the best antibacterial activity was registered for
both VMT and VMB (MIC = 0.06 and MBC = 0.12 mg/mL). This result may be because of the increased
TPC, considering that several studies underlined the fact that polyphenols may attack an important
number of bacteria, and the antimicrobial capacity depends on interactions between polyphenols and
bacterial cell surface [74,75]. R. equi was the most sensitive strain towards all the bilberry extracts,
whereas E. faecalis Gram-positive strain was the most resistant one.
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Towards the lingonberry extracts, S. aureus and E. faecalis exhibited a higher resistance in
comparison with R. equi. Considering the Gram-negative strains, E. coli enterotoxigen was not as
sensitive as K. pneumonia and P. aeruginosa towards extracts’ antibacterial effects. In the case of
lingonberry species, the same antibacterial pattern was registered as for Gram-positive ones.

The highest inhibitory activity among bilberry species against all the strains is attributed to the
VMT and VMB, while for lingonberry, it seems that natural habitat conditions did not influence the
antibacterial effect, but the antifungal effect, only in the case of Candida zeylanoides. It can be concluded
that the Gram-positive strains were much more sensitive to all the tested extracts when compared with
the Gram-negative ones.

There are only a few studies reporting the antibacterial capacity of bilberry and lingonberry species.
In vitro antimicrobial effect of flavonol glycosides, anthocyanins, procyanidins, and flavan-3-ols groups
derived from lingonberry juice were demonstrated towards S. mutans and F. nucleatum [76]. Moreover,
the antibacterial capacity of fruits and leaves of bilberry in different types of solvents, like water, ethanol,
and ethyl acetate, was tested on E. coli, E. faecalis, and P. vulgaris, and it was reported that all extracts
had a higher effect towards E. faecalis and P. vulgaris [77]. The study of Tian et al. [59] demonstrated
that the extracts of lingonberry leaves, hawthorn leaves, sea buckthorn leaves, Saskatoon leaves, and
raspberry leaves registered high inhibitory effects towards S. aureus, L. monocytogenes, and B. cereus. The
findings also suggested increased sensitivity of Gram-positive in contrast to Gram-negative bacteria to
the phenolic extracts. Moreover, the same study found that the TPC and the content of non-flavonoid
phenolics presented a stronger correlation with the inhibitory effects on S. aureus and Bacillus cereus
when compared with TFC. Another study [78] established that lingonberry fruit extracts containing
mainly type-A proanthocyanidins may be bactericidal against S. aureus or inhibit the hemagglutination
of E. coli. Considering that both species had important amounts of proanthocyanidins (procyanidin
dimer II, procyanidin trimer), this hypothesis could explain the antibacterial effects on S. aureus
and E. coli. Several mechanisms of action in the growth inhibition of bacteria are involved, such as
destabilization of the cytoplasmic membrane, permeabilization of the plasma membrane, inhibition
of extracellular microbial enzymes, direct actions on microbial metabolism, and deprivation of the
substrates required for microbial growth [79].

Regarding the antifungal capacity, both species, in the case of all three types of habitats, had
the same effect towards Candida albicans, precisely none (MIC = 125 and MFC = 250 mg/mL) when
compared with control Fluconazole (MIC = 15.62 and MFC = 31.25 mg/mL), with the highest antifungal
effect towards Candida parapsilosis (MIC = 31.25 and MFC = 62.5). Against Candida zeylanoides, the
highest inhibitory potential was registered by VMB and VMT (MIC = 31.25 and MFC = 62.5 mg/mL),
as well as VVIS, respectively. A possible explanation of why Candida species were not sensitive to our
berry leaf extracts could be explained by the lack of ellagitannins, reported previously as the main
antimicrobial compounds against these microorganisms [80].

3.6. Assessment of Antimutagenic Effects of Bilberry and Lingonberry Leaves

The investigation and discovery of antimutagenic properties of plants are of great practical and
therapeutic importance in pharmacology and medicine. Research over the past few years has revealed
that mutation has a key role in carcinogenesis [81]. The wild bilberry and lingonberry leaf extracts
were tested for their antimutagenic activity, considering our recent review study on their significant
antioxidant capacity [1]. The influence of the habitat conditions, as well as the type of Vaccinium
species, had an important influence on the number of revertants in S. typhimurium TA98 and TA100.
The antimutagenicity potential of both species towards S. typhimurium TA98 and TA100 is reported in
Table 4, whereas the tested direct-acting mutagens were 4-NPD for TA98 and sodium azide (NaN3)
for TA 100.
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Table 4. Antimutagenicity capacity towards Salmonella typhimurium TA98 and TA100 strains.

Samples
Number of Revertants

TA 98 TA100
Mean ± S.D Inhibition % Mean ± S.D Inhibition %

Negative Control 9.25 ± 3.6 a 9.25 ± 2.4 a

VMT 132 ± 3.2 31.95 198 ± 4.2 43.26
VMS 133 ± 4.4 31.44 201 ± 6.3 42.4
VMB 137 ± 3.6 29.38 202 ± 5.4 42.12
VVIT 144 ± 4.7 25.77 223 ± 2.6 36.1
VVIS 145 ± 2.1 25.25 245 ± 4.3 29.79
VVIB 144 ± 5.9 25.77 234 ± 7.9 32.95

4-NPD b 194 ± 3.3 - - -
NaN3

b - - 349 ± 15.22 -
a Values expressed are means ± S.D of three replications. b 4-nitro-ophenylenediamine (4-NPD) and NaN3 were
used as positive controls for Salmonella thyphimurium TA98 and TA100 strains, respectively.

Concerning S. typhimurium TA98, the leaf extracts proved to significantly inhibit the number
of revertants of strain TA98 induced by 4-NPD. Therefore, moderate antimutagenic activity was
reported for both types of species, whereas the higher inhibition was registered by the bilberry leaves,
precisely VMT (31.95%), closely followed by VMS (31.44%). A possible explanation for this could be
the fact that the VMT sample had an increased scavenging capacity, as the literature constantly links
the antioxidant potential with the antimutagenic capacity of different types of plant extracts [82,83].
Moderate inhibition of around 25% was registered by all the lingonberry types of leaves, a fact that
might be explained by the lack of statistically significant levels of TPC among the three extracts.

Towards TA100, both types of species registered a higher antimutagenic activity, suggesting
that S. typhimurium TA100 was much more sensitive to Vaccinium-type of leaf extracts. Following
Table 4, all three types of bilberry leaves showed a strong inhibition capacity (>40%), whereas the best
inhibition was exhibited by the VMT (43.26%) extract, closely followed by VMS and VMB. Regarding
the lingonberry leaves, all of the extracts proved a moderate antimutagenic effect, whereas the VVIT
extract inhibited the mutagenic effect of sodium azide of more than 36%, while the VVIS had the lowest
inhibition percentage (29.79%). The best antimutagenic capacity was registered toward the strain
S. typhimurium TA100 by all the leaf extracts.

In the case of both species, all the above-mentioned favorable effects are more likely to be associated
with a high content of flavanols and flavonols, which significantly decrease the mutagenic activity
of the standard mutagens examined. To the best of our knowledge, this is the first study evaluating
the antimutagenic activity of Nord-West Romanian wild bilberry and lingonberry leaves, thus with
significant novelty for the present paper. Moreover, the literature lacks in studies investigating
this specific features of bilberry and lingonberry fruits or leaves. In the study of Smith et al. [84],
the antimutagenic activity of different berry extracts was investigated. Among the tested berries were
strawberry, raspberry, and blueberry of different fresh cultivars, and in several kinds of solvents (H2O,
ethanol, methanol). The antimutagenic inhibition range was between 23% and 53%. Another study [85]
investigating the capacity to prevent mutation induced by two promutagenic dietary quinolines,
namely MeIQ and 4-NQO of the V. floribundum and V. myrtillus berries extracts, reported being inactive
at concentrations up to 1000 g/plate. In the recent review study on flavonoids’ bioactivity [86], it was
reported that plant flavonoids exhibit an important antimutagenic activity. Moreover, cranberry
(V. macrocarpon), as a significant source of polyphenols, has been reported within vitro antimutagenic
properties [2,87].

Therefore, regarding the existing data, we can state that the berries contain anthocyanins and
procyanidins, constantly reported for their strong antioxidative activity, leading to both in vitro and
in vivo antibacterial and antimutagenic activities [88]. In this study, the hydroethanolic extracts from
leaves of V. myrtillus L. and V. vitis-idaea L. did inhibit the mutations on the Ames Salmonella test.
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Besides, the present study has shown for the first time that hydroethanolic extracts from leaves of
wild bilberry and lingonberry are a promising source for its antimutagenic compounds. These results
indicate that it may be considered to be a safe and useful agent for the prevention of mutations.

4. Conclusions

The influence of natural habitats on the level of individual phenolic compounds and biological
activities were examined, and considerable variations in phenolic profile and significant differences
of bioactivities between bilberry and lingonberry leaves, collected from three different locations,
were observed.

This study reports a qualitative analysis of bilberry and lingonberry leaves with structures
proposed for 21 phenolic compounds. Quantitative analysis revealed that flavonoids class contribute
more than half of the phenolic pool in leaves; whereas for bilberry species, rutin represents 50%
of this subclass; and for lingonberry species, the flavanols comprise the majority via gallocatechin,
epigallocatechin, catechin, and procyanidin trimer. Of significant novelty was the antimutagenic testing
among these species, at different habitats, concluding that bilberry leaves have a stronger antimutagenic
capacity, whereas better sun exposure may contribute to an increased flavonols synthesis, leading
to better antioxidant and antimutagenic activities. Regarding the antimicrobial effects of the studies
species, the Gram-positive bacteria were more susceptible to the activity of the extract, presenting high
antibacterial effects, whereas the antifungal capacity was low.

Thus, the hypothesis that plants from higher altitudes contain higher amounts of radical scavenging
compounds as a result of their exposure to more severe climatic conditions including enhanced solar
radiation cannot be affirmed in general. On the basis of our results, distinct differences between
the amounts of phenolic compounds due to habitat-derived conditions (altitude, solar exposure,
temperature range, and so on) can be expected at least in the case of the flavanols, flavonols,
hydroxycinnamic acids, and anthocyanins investigated in these species.
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Abstract: The emergence of fine dust (FD) among air pollutants has taken a toll during the past
few decades, and it has provided both controversy and a platform for open conversation amongst
world powers for finding sustainable solutions and effective treatments for health issues. The present
study emphasizes the protective effects of (–)-loliolide (HTT) isolated from Sargassum horneri against
FD-induced oxidative stress in human HaCaT keratinocytes. The purification of (–)-loliolide was
carried out by centrifugal partition chromatography. HTT did not show any cytotoxicity, and it
further illustrated the potential to increase cell viability by reducing the reactive oxygen species (ROS)
production in FD-stimulated keratinocytes. Furthermore, HTT suppressed FD-stimulated DNA
damage and the formation of apoptotic bodies, and it reduced the population of cells in the sub-G1

apoptosis phase. FD-induced apoptosis was advancing through the mitochondria-mediated apoptosis
pathway. The cytoprotective effects of the HTT against FD-stimulated oxidative damage is mediated
through squaring the nuclear factor E2-related factor 2 (Nrf2)-mediated heme oxygenase-1 (HO-1)
pathway, dose-dependently increasing HO-1 and NAD(P)H dehydrogenase (quinone) 1 (NQO1)
levels in the cytosol while concomitantly improving the nuclear translocation of Nrf2. Future studies
could implement the protective functionality of HTT in producing pharmaceuticals that utilize natural
products and benefit the diseased.
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1. Introduction

Recently, air pollution has become one of the most debated environmental issues throughout
the globe. A real-time air quality index has been created to alert the public regarding levels of
various air quality parameters, namely temperature, humidity, pressure, and pollutants such as
nitric oxide (NO2(g)), sulfur dioxide (SO2(g)), and carbon monoxide (CO(g)) with immediate updates.
This system is operational in many cities around the globe. Fine dust (FD) is one of the principal
contributors to air pollution that is prominently observed in highly industrialized East Asian countries,
including China, Japan, and Korea [1,2]. Recent studies have predicted increasing global warming in
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the upcoming decades, fueled with various deleterious anthropogenic activities that can drastically
catalyze the desertification process, which escalates the overall dust emissions from the desert areas
and consequently affects environmental dynamics and ecosystems [3]. Strong winds from the northern
and northwestern parts of the arid and semi-arid regions of Mongolia and China carry particulate
matter as far as the North American continent that can be identified from the mineral signature of
the aerosol composition [3,4]. The overexploited use of coal and petroleum for energy has become a
major contributor to the emerging FD pollution with unburnt particles constantly being released into
the atmosphere [2]. According to Raloff (2001), FD particles originating from industries may contain
unburnt hydrocarbons, soot, CO(g), carcinogens (asbestos, pesticides, and silica), and heavy metals
such as cadmium, mercury, led, chromium, arsenic, and copper [5]. The above environmental hazards
can cause various detrimental effects on human health, triggering allergic reactions and oxidative stress.
Chronic exposure would cause the development of conjunctivitis, asthma, rhinitis, and dermatitis [6,7].
In some instances, intercontinental FD clouds can also harbor pathogenic bacteria and viruses [5].
Though numerous studies have been carried out to understand the health impacts of FD, the available
literature regarding the effects of FD-induced oxidative stress in human keratinocytes is insufficient.

The consumption of marine algae in East Asian countries has increased over the last few decades
with the identification of a large number of bioactive natural products that benefit human health [8,9].
Sargassum horneri is an edible brown alga that is abundant along the coasts of China, South Korea, Japan,
and the North American continent [10,11]. Due to its high biomass and nutritional value (as it is packed
with vitamins, polysaccharides, amino acids, and dietary fibers), it is regarded as one of the delicacy
dishes in Korea. Moreover, for centuries, S. horneri has been used as an ingredient in indigenous
medicine [10]. Various studies have addressed the beneficial effects of bioactive compounds such as
sargachromenol, phenolics, fucoxanthin, phlorotannins, proteoglycan, and sulfated polysaccharides
isolated from S. horneri [7–10,12].

(–)-Loliolide ((6S,7aR)-6-hydroxy-4,4,7a-trimethyl-5,6,7,7a-tetrahydro-1-benzofuran-2(4H)-one) is
a frequently available monoterpenoid lactone. First discovered in English Ryegrass (Lolium perenne)
in 1964, (–)-loliolide (HTT) has since been found in many plants and animals in both terrestrial
and marine ecosystems [13]. Various biological functions of HTT have been reported, including
antioxidant, anti-fungal, antibacterial, and anti-cancer activities; in some instances, it has been used as
an alternative medicine for depression and diabetes [13,14]. The major emphasis of the current study
was to demonstrate that FD has the ability to induce keratinocytes to produce reactive oxygen species
(ROS), inevitably resulting in oxidative stress that causes cell damage and apoptosis; another emphasis
was the potential protective effects of HTT in developing future pharmaceuticals and cosmeceuticals.

2. Materials and Methods

2.1. Raw Materials, Chemicals, and Reagents

Urban aerosols (NIES CRM No. 28) were acquired from the National Institute for Environmental
Studies (Tsukuba, Ibaraki, Japan). TrytonX-100, 3-(4-50dimethyl-2yl)-2-5-diphynyltetrasolium bromide
(MTT), 2′,7′-dichlorofluorescin diacetate (DCFH-DA), dimethyl sulfoxide (DMSO) ethidium bromide,
and low melting agarose were purchased from Sigma-Aldrich (ST. Louis, MO, USA). Human HaCaT
keratinocytes were donated by the American Type Culture Collection (Manassas, VA, USA). Dulbecco’s
Modified Eagle Medium (DMEM) and antibiotics (streptomycin and penicillin) were purchased from
GibcoBRL (Grand Island, NY, USA), and the fetal bovine serum (FBS) was obtained from Welgene
(Gyeongsangbuk-do, South Korea). Relevant antibodies were purchased from Cell Signaling Technology
Inc. (Beverly, MA, USA) and Santa Cruz Biotechnology Inc. (Dallas, TX, USA). All additional chemicals
and reagents used were purchased from commercial sources with the highest quality.
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2.2. Sample Preparation and Isolation of HTT

The collection of S. horneri samples was done during the spring season in 2015 along Jeju Island
coasts in South Korea. Samples were washed with tap water to remove excess salts and other
contaminants, and this process was followed by storage under refrigerated conditions. A detailed
extraction and purification method of HTT was described in our previous publication [15]. Briefly,
S. horneri dry powder was extracted with 80% methanol at 37 ◦C and concentrated using a rotary
evaporator. The crude extract was sequentially fractioned into n-hexane, chloroform (CMSH), and ethyl
acetate. CMSH was further purified by a high-performance centrifugal partition chromatography
system (Sanki Engineering, Kyoto, Japan) using upper and lower phases of an equilibrated solvent
system composed of n-hexane/ethyl acetate/methanol/water (5:5:5:5, v/v). The separation was monitored
at 240 nm by an L-4000 UV detector (Hitachi, Japan). The eluant was collected into test tubes using
a fraction collector (FC 203B, Gilson, South Korea). The further purification of the active fraction
was carried out by a Prep HPLC system (Waters, Milford, MA, USA) using a semi-preparative C18
(YMC-Pack ODS-A, 5 μm, 10× 250 mm) column. The gradient elution was carried out using acetonitrile:
distilled water as; 0–60 min 5:95–100: 0 v/v; 60–70 min 100:0–100: 0 v/v at a flow rate of 3 mL min−1,
while the UV absorbance was observed at 230 and 254 nm by a Waters 2998 photodiode array detector
(Waters, Milford, MA, USA).

2.3. In Vitro Analysis

2.3.1. Cell Culture and Maintenance

HaCaT (human keratinocyte) cells were cultured using DMEM media containing 10% (v/v)
heat-inactivated FBS and 1% (v/v) streptomycin and penicillin (100 μg mL−1). Cells were maintained
inside a controlled environment with 5% CO2 at 37 ◦C. Periodic subculturing was practiced, and cells
with exponential growth were used for experiments that achieved a 95% confluency. HTT was initially
dissolved in DMSO and diluted using DMEM for cell culture experiments. The final concentration of
DMSO in treated samples was kept below 0.1%. DMEM was added to control cell groups to maintain a
constant volume.

2.3.2. Cell Viability and ROS Production

The concentration of FD used, exposure time, and the method were based on previous observations
and preliminary experiments [7]. Initially, FD was suspended in DMEM, followed by sonication for
one minute to separate any clumps. FD suspended solvent was vortexed prior to each treatment.
HaCaT cells were seeded at a concentration of 1 × 105 cells mL−1 in 96 well plates, with 2 × 104 cells
in each well, which were incubated for 24 h. Different concentrations of HTT were used to treat the
cells, and after one hour, cells were stimulated with FD (150 μg mL−1) for one-hour. The FD-containing
media were carefully removed and washed three times, followed by adding new media. MTT and
DCFH-DA assays were conducted to measure the cell viability and intracellular ROS generation,
respectively [16].

Simultaneously, the same concentration of cells was seeded in a 24 well plate and 6 cm culture
dishes with 5 × 104 cells per well and 3 × 105 cells per dish for the respective detection of ROS levels
by using fluorescence microscopy and flow cytometry under DCFH-DA staining. The side scatter
vs. forward scatter (SSC vs. FSC) gating strategy was used in the flow cytometry to eliminate cell
debris. Images of the fluorescence microscopy were obtained by using an Invitrogen™ EVOS™ Auto 2
fluorescence microscope (Thermo Fisher Scientific, Bothell, WA, USA), and flow cytometry analysis
was conducted using a Beckman Coulter CytoFLEX system (Beckman Coulter, Brea, CA, USA).

2.3.3. Nuclear Morphological Analysis

Nuclear staining was carried out by using Hochest 33342 following the method described by
Yang et al. (2011) with slight modifications [14]. HTT treatment and FD stimulation followed the same
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method mentioned in Section 2.3.2. After washing with phosphate-buffered saline (PBS), the Hoechst
33342 reagent was added, achieving a final concentration of 2 μg mL−1 per well, each of which were
incubated for 20 min at 37 ◦C in the dark. The visualization of nuclear morphology was carried out
using a fluorescence microscope.

2.3.4. Annexin V Assay

Early apoptosis detection was carried out by flow cytometry using an eBioscience™ Annexin V
Apoptosis Detection Kit (Thermo Fisher Scientific, Carlsbad, CA, USA) according to the manufacture’s
guidelines. HTT-treated, FD-induced cells were incubated for six hours prior to harvesting for the assay.

2.3.5. Cell Cycle Analysis

Cell cycle analysis was conducted according to a pre-described method by Fernando et al. (2017)
with slight alterations [17]. Briefly, HTT-treated and FD-induced cells, as described in Section 2.3.2,
were used. Cell harvesting was carried out 24 h after the incubation, which was followed by fixing in
70% ethanol at 4 ◦C. Cells were washed using PBS, treated with 2 mM of ethylenediaminetetraacetic
acid (EDTA), and resuspended in 300 μL of PBS–EDTA-containing RNase (0.2 μg mL−1) and propidium
iodide (50 μg mL−1) for 30 min. The analysis was conducted using a flow cytometer.

2.3.6. Alkaline Comet Assay

The alkaline comet assay was carried out following the procedure by Fernando et al. (2017) with
minor modifications [17]. The sample treated cells were incubated for 24 h and dispersed in 1% low
melting agarose at 40 ◦C. The cell-agarose mixture was pipetted onto agarose pre-coated microscopic
slides and rested for solidification. Then, the slides were lysed overnight by submerging in a 1%
TrytonX-100-containing lysis buffer at 4 ◦C. Electrophoresis was conducted for 30 min at 30 V/300 mA,
while the temperature was maintained at 4 ◦C. A neutralizing buffer was used to wash the slides three
times, prior to staining with ethidium bromide (2 μg mL−1) for five minutes. Pre-chilled water was used
to wash away any excess dye, and the visualization was conducted using a fluorescence microscope.

2.3.7. Western Blot Analysis

As elucidated in Section 2.3.2, HTT-treated FD-induced cells were harvested and lysed using
a NE-PER® nuclear and cytoplasmic extraction kit and radioimmunoprecipitation assay (RIPA)
buffer (Thermo Scientific, Rockford, IL, USA). Isolated cytoplasmic and nuclear protein levels were
determined by using Bio-Rad Protein Assay Dye (Bio-Rad Laboratories, Inc., Hercules, CA, USA), and a
concentration gradient of bovine serum albumin was used as the reference standard. A normalized
amount of protein was loaded into 10% polyacrylamide gels and electrophoresed. After transferring the
protein bands to nitrocellulose membranes, blocking was carried out with 5% skim milk in tris buffered
saline (TBS) containing Tween-20 for two hours. Primary antibodies were added to the membranes
and incubated overnight at 4 ◦C with continuous agitation. Then, the membranes were incubated
with their respective enzyme-linked secondary antibodies for two hours at room temperature and
visualized using SuperSignal™West Femto Maximum Sensitivity Substrate (Thermo Scientific Inc.,
Rockford, IL, USA) on a Core Bio DavinchChemi imager (Seoul, Korea).

2.4. Statistical Analysis

PASW Statistics 18 was used to conduct the statistical analysis, and data are expressed as
mean ± standard error of the mean (SEM). The significant differences amongst data sets were
determined by using the ANOVA with the Duncan’s multiple range test. The significance of data was
determined at p < 0.05.

72



Antioxidants 2020, 9, 474

3. Results

3.1. Effect of HTT on Cytotoxicity, Cell Viability and Intracellular ROS Production of FD-Induced HaCaT Cells

The extraction of S. horneri and further purification that led to the isolation of HTT is depicted in
Figure 1A. Details of this isolation procedure were described in our previous publication [15]. According
to Figure 1B, a non-significant increment of cell viability and ROS was observed, suggesting that the
used concentrations of HTT had no cytotoxicity towards HaCaT cells. FD had induced the production
of intracellular ROS compared to the control cell group while simultaneously reducing cell viability.
However, treating cells with different concentrations of HTT significantly increased the cell viability
compared to the cells that were exposed only to FD, concomitantly minimizing the production of
intracellular ROS in a dose-dependent manner (Figure 1C). The highest concentration of HTT (200 μM)
showed a similar cell viability activity to those of the positive control, indomethacin (IM). The protective
effects of HTT against FD-induced ROS generation were confirmed by flow cytometry and fluorescence
microscopic analysis (Figure 1D,E). FD-stimulated cells indicated a rightward shift of the cell population
with a higher intensity of fluorescence compared to the control cells. The green fluorescence in Figure 1E
was at its peak for the FD-stimulated cell group compared to the control. In both instances, treating
with HTT dose-dependently reduced the fluorescence of DCFH-DA, confirming the protective effects
of HTT against FD-induced oxidative stress.

3.2. HTT Inhibited Early Apoptosis and Apoptotic Body Formation in FD-Induced HaCaT Cells

Phosphatidylserine (PT) is an inner plasma membrane phospholipid that becomes translocated to
the outer plasma membrane during the early stages of apoptosis. Annexin V is a phospholipid-binding
protein that has a high affinity towards PT, and that can be utilized to detect early apoptotic cells [18].
The Hoechst 33342 nuclear staining is a unique fluorescent staining technique used to visualize
apoptotic bodies and thereby determine the level of nuclear condensation and DNA damage [17].
According to the results of Figure 2A, HaCaT cells stimulated by FD indicated an apparent reduction of
total cell density, with a notable increment of apoptotic bodies compared to the control; this indicated
nuclear condensation. Cells that were pre-treated with HTT (200 μM) had the least amount of apoptotic
bodies and the highest cell population compared to the rest of the treatment groups. Compared to the
control, FD-induction increased the cell population in early apoptosis from 0.63% to 16.47%, as depicted
in the lower right quadrants of the histograms in Figure 2B. The dose-dependent reduction of early
apoptotic cell population further confirmed the protective effects of HTT against FD-induced apoptosis.

3.3. HTT Attenuates DNA Damage and Apoptotic Cells in the Sub-G1 Phase

The alkaline comet assay—also known as single-cell gel electrophoresis—is a widely used method
to detect DNA damage in cells. The comet tail length and tail DNA content are considered to be
proportional to DNA damage [17]. As shown in Figure 3A, the tail DNA content drastically increased
in the FD-treated cells compared to the control cell group, while the HTT pre-treatment reduced the
tail DNA content in a dose-dependent manner suggesting the potential ability of HTT to reduce DNA
damage induced by FD. Furthermore, as illustrated in Figure 3B, a significant proportion of FD-induced
untreated cells were in the sub-G1 phase (21.46%) compared to the control cell group (1.06%). However,
the sub-G1 cell population was dose-dependently reduced with HTT treatment. These results coincided
with the results obtained for the Hoechst 33342 nuclear staining, further establishing the protective
effect of HTT against FD-induced DNA damage in HaCaT cells.
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Figure 1. (A) Purification process and the chemical structure of (–)-loliolide (HTT) with 1H NMR
chemical shifts. The effects of HTT on cell viability and intracellular reactive oxygen species (ROS)
production (B) in the absence of fine dust (FD) and (C) with FD-stimulated HaCaT cells. Analysis of
ROS levels in 2′,7′-dichlorofluorescin diacetate (DCFH-DA)-stained HaCaT cells by (D) flow cytometry
and (E) fluorescence microscopy. Seeded cells were pre-treated with different concentrations of HTT
(50–200 μM) at one hour prior to stimulation with 150 μg mL−1 of FD. Indomethacin (IM) was used as
the positive control. The experiments were conducted in three independent determinations (n = 3),
and the values are given as means ± SEM. Error bars with different letters are significantly different
(p < 0.05).

74



Antioxidants 2020, 9, 474

Figure 2. The effect of (–)-loliolide (HTT) on apoptotic body formation and early apoptosis in
fine dust (FD)-induced HaCaT cells. Fluorescence microscopy of nuclear morphological analysis
using (A) Hoechst 33342 dye and early apoptosis detection by (B) annexin V with flow cytometry.
HTT pre-treated (50–200 μM) exposed to FD for one hour before replenishing with new media.
The experiments were conducted in triplicates with three independent trials to confirm repeatability.

Figure 3. (–)-loliolide (HTT) inhibited DNA breakage and apoptosis in fine dust (FD)-stimulated
HaCaT cells. (A) Comet tails and (B) sub-G1 cell populations of FD-stimulated HaCaT cells treated with
HTT. Cells were treated with different concentrations of HTT (50–200 μM) prior to stimulation with
FD. Comet tail DNA percentages were analyzed using the OpenComet plugin of the ImageJ software.
Results were analyzed as three independent determinations (n = 3) to confirm repeatability. Values are
given as means ± SEM, and error bars representing different letters are significantly different (p < 0.05).
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3.4. HTT Attenuates Apoptosis via the Mitochondrial Pathway

The effects of HTT on apoptosis-related proteins were analyzed using Western blotting. According to
the results shown in Figure 4A, stimulating cells with FD increased the levels of pro-apoptotic proteins
p53, B-cell lymphoma 2-associated X protein (Bax), cleaved caspase-9, cytochrome c, cleaved poly
(ADP-ribose) polymerase (PARP), and caspase-3 while reducing the anti-apoptotic proteins B-cell
lymphoma 2 (Bcl-2), PARP, and B-cell lymphoma extra-large (Bcl-xL) compared to the control cell
group. Nonetheless, the HTT pre-treated cells showed increased levels of Bcl-2, Bcl-xL, and PARP while
simultaneously suppressing the levels of Bax, cleaved PARP, cleaved caspase-9, caspase-3, cytochrome
c, and p53 in a concentration-dependent manner that suggested the protective effect of HTT against
FD-induced apoptosis in HaCaT cells. Furthermore, according to Figure 4B, treating cells with HTT
(without FD stimulation) had no effect on apoptotic related protein levels (Bax, Bcl-2, and Bcl-xL) in
HaCaT cells.

Figure 4. Effect of (–)-loliolide (HTT) on the levels of key apoptosis and antioxidant molecular
mediators. Effect of HTT on key apoptotic mediators in (A) fine dust (FD)-induced and (B) non-induced
cells. Effect of HTT on nuclear factor E2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling
molecules in (C) FD-induced and (D) non-induced HaCaT cells. Seeded cells were treated with different
concentrations of HTT one hour before stimulation. Indomethacin (IM) was used as the positive control.
The experiment was done in three independent trials to confirm repeatability.

3.5. Effect of HTT on Upregulation of Nrf2/HO-1 Pathway Proteins

Figure 4C illustrates nuclear factor E2-related factor 2 (Nrf2) pathway-related protein level
expressions. FD slightly increased the nuclear translocation of Nrf2. This was consistent with the
increment of NAD(P)H dehydrogenase (quinone) 1 (NQO1) and heme oxygenase 1 (HO-1) protein
levels in the cytosol compared to the control cells. However, the HTT pre-treated cells had gradually
increased levels of NQO1, HO-1, and Nrf2 dose-dependently. Moreover, the levels of NQO1, HO-1,
and Nrf2 had a slight dose-dependent increment without FD-stimulation, thus suggesting the potential
of HTT to activate the Nrf2/HO-1 antioxidative pathway (Figure 4D). Indomethacin was used as a
positive control in the experiment for the comparison of its effects with HTT.
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4. Discussion

“Oxidative stress” and “ROS” are two frequently used terms that complement each other and play
major roles in human health [19,20]. Weakened antioxidant defense mechanisms, coupled with excess
production of ROS such as hydrogen peroxide (H2O2), superoxide anion radicals (O2

•−), hydroxyl
radicals (•OH), hypochlorite (ClO−), and nitric oxide radicals (NOx

•), is considered as primary causes
of oxidative stress that damages major macromolecules of cells such as carbohydrates, proteins, lipids,
and DNA, ultimately leading to cellular death. Moreover, the above incidents may trigger diseases
such as diabetes, atherosclerosis, various neurodegenerative and cardiovascular disorders, and even
cancer [19,21].

FD is one of the highly discussed issues in the modern world, as it affects countries all around
the globe. Prolonged exposure to FD-polluted air containing various toxic substances, namely heavy
metals and organic pollutants such as polycyclic aromatic hydrocarbons (PAHs) can synthesize ROS
(e.g., the generation of HO• via Fenton’s reaction) inside the human body, subsequently leading to
pulmonary and systemic oxidative stress [22–24]. According to Mori et al. (2008), the FD used in the
current study mainly consisted of Si (14.9%), C (12%), Ca (6.69%), Al (5.04%), S (3.91%), Fe (2.92%),
Mg (1.40%), K (1.37%), Cl (0.807%), Na (0.796%), N (0.79%), Ti (0.292%), P (0.145%), and Zn (0.114%),
as well as minor amounts of other elements and substances including PAHs such as fluoranthene,
benzo (b) fluoranthene, pyrene, indeno (1,3,3,-cd) pyrene, benzo (ghi) perylene, benz (a) anthracene,
benzo (k) fluoranthene, and benzo (a) pyrene—all of which have the potential to induce oxidative
stress in human keratinocytes [25]. Furthermore, FD reported from other heavily industrialized areas
has shown similar general constituents (elements and PAHs) [26,27].

HTT is a crucial bio-active compound available in S. horneri that possesses potent medicinal
properties and has been used as folk medicine in countries such as Japan, Mexico, Egypt, and the
Philippines [13]. Therefore, the potential therapeutic use of HTT in attenuating FD-induced oxidative
stress was investigated in the current study.

The HaCaT cell model is commonly used in dermatological studies to represent typical human
keratinocytes. Located on the epithelium of the outer skin, these cells are prime candidates that have
direct contact with FD and the potential to induce oxidative damage. This was further confirmed from
the results shown in Figure 1C–E, where the concentration of the used FD increased the generation of
ROS in HaCaT cells, thus increasing oxidative damage and inevitably reducing cell viability. However,
the used concentrations of HTT increased the cell viability while minimizing the overall ROS production
without any cytotoxicity, thus further illustrating the potential of HTT in attenuating the oxidative
stress generated from exposure to FD. Further evidence was acquired from flow cytometry and
fluorescence microscopy using DCFH-DA staining, which indicated the reduction of ROS levels upon
HTT treatment. The flowcytometric analysis allows to omit the florescence incidents from dead cells
and cell debris. The above results, together with fluorescence microscopy, confirmed the ability of HTT
to attenuate oxidative stress caused by FD.

Apoptosis is considered to be the major outcome in cells and tissues that are regularly exposed
to high levels of oxidative damage [19,21]. DNA fragmentation and nuclear condensation, along
with the formation of apoptotic bodies, is a crucial identification criterion of controlled cell death [28].
Hoechst 33342 staining is a widely used staining technique that is implemented to visualize the
formation of apoptotic bodies. The annexin V assay has the capability to identify different stages of
apoptosis in particular cell lines and to provide the foundation to detect and differentiate between
viable, early, and late apoptotic cells [18]. Based on the obtained results, HTT minimized the apoptotic
body formation, an effect that was further confirmed by the results of the annexin V and alkaline comet
assays. The cell cycle analysis histograms gave clear evidence of the ability of HTT on attenuating
apoptosis from the reduction of sub-G1 hypodiploid subpopulations in the cell cycle [29].

The mitochondrial-mediated apoptosis pathway is a highly complex cascade of reactions that
regulates cell death. Bcl-2 family proteins, including pro-apoptotic proteins such as BH3 interacting-domain
death agonist (Bid), Bcl-2-associated death promoter (Bad), Bcl-2 related ovarian killer (Bok), Bcl-2
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homologous antagonist killer (Bak), Bcl-2-interacting killer (Bik), Bcl-2-modifying factor (Bmf), Bim,
Nova, p53 upregulated modulator of apoptosis (Puma) and Bax; anti-apoptotic proteins (Bcl-xL, Bcl-2,
and Mcl-1) coupled with caspases regulate the complex procedure [17,21]. The activation of the
mitochondrial-mediated apoptosis pathway takes place with the activation of p53 and pro-apoptotic
Bcl-2 family proteins in the cytosol, which leads to the inhibition of anti-apoptotic Bcl-2 family proteins
localized on the mitochondria’s outer membrane. This phenomenon increases the mitochondrial outer
membrane permeabilization, which leads to the release of apoptosis-promoting proteins cytochrome c,
endonuclease G, and the apoptosis-inducing factor to the cytosol. The combination of procaspase-9,
apoptosis activating factor-1, and cytochrome c are known as the apoptosome. This complex is the
prime candidate for activating caspase-9, which enables a cascade of reactions to take place activating
caspases-3, -6, and -7 that further continue the apoptosis process [21]. Moreover, initiator caspases,
namely caspase-2, -8, -9, and -10 are responsible for the apoptosis initiation and execution, while the
effector caspases such as caspase-3, -6, and -7 are key intermediates that connect the cascade. This leads
to the rise of morphological and biochemical modifications in key regulatory molecules such as PARP,
which is a protein responsible for the repairing ability, transcription, and stability of DNA [17]. Results
observed in the present study showed that HaCaT cells exposed to FD demonstrated apoptosis via the
mitochondrial-mediated apoptosis pathway, and HTT dose-dependently minimized the pro-apoptotic
molecule levels in cells. Furthermore, an in-depth analysis of mRNA expressions of key mediators
related to the mitochondrial-mediated apoptosis pathway could be implemented in future studies and
could be utilized to provide a thorough insight into the mechanism.

The activation of the Nrf2 pathway is considered to be one of the key regulatory processes that
enable cells to exhibit resistance against redox imbalances and oxidative stress [30]. Inactive Nrf2
is localized in the cytosol bound with Kelch-like ECH-associated protein 1 (Keap1) that inhibits the
activation of Nrf2 [31]. With the ongoing oxidative stress conditions in the cell, the Keap1 protein is
inactivated by an upstream molecule known as p62 and promotes the nuclear translocation of activated
Nrf2. This phenomenon is the key inducer of activating NQO1—a drug-metabolizing enzyme—and
HO-1, which triggers protective effects by regulating redox imbalance. Nevertheless, the oxidative
stress caused by the stimulant overwhelms the protective effects of antioxidative gene HO-1, limiting
its potential ability to maintain redox imbalance [31]. However, based on the results, HTT potentially
increased the Nrf2 levels in the nucleus, simultaneously increasing the HO-1 and NQO1 proteins in
a concentration-dependent manner in the cytosol, suggesting that the cytoprotective effects of HTT
against FD-induced oxidative damage was carried via the Nrf2/HO-1 signaling pathway.

5. Conclusions

Considering the results of the current study, HTT holds potent protective competence in attenuating
FD-induced oxidative stress in human keratinocytes. Furthermore, new techniques and methods could
be materialized to identify and increase the efficiency of extracting HTT like bio-active compounds
from S. horneri. Future studies could be implemented on applications of HTT-based pharmaceutical
and cosmetic products as a means of maintaining healthy skin.
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Abstract: Type 2 diabetes mellitus (T2DM) is caused by abnormalities of controlling blood glucose
and insulin homeostasis. Especially, hyperglycemia causes hyper-inflammation through activation of
NLRP3 inflammasome, which can lead to cell apoptosis, hypertrophy, and fibrosis. Quamoclit angulata
(QA), one of the annual winders, has been shown ameliorative effects on diabetes. The current study
investigated whether the QA extract (QAE) attenuated hyperglycemia-induced renal inflammation
related to NLRP inflammasome and oxidative stress in high fat diet (HFD)-induced diabetic mice.
After T2DM was induced, the mice were treated with QAE (5 or 10 mg/kg/day) by gavage for 12 weeks.
The QAE supplementation reduced homeostasis model assessment insulin resistance (HOMA-IR),
kidney malfunction, and glomerular hypertrophy in T2DM. Moreover, the QAE treatment significantly
attenuated renal NLRP3 inflammasome dependent hyper-inflammation and consequential renal
damage caused by oxidative stress, apoptosis, and fibrosis in T2DM. Furthermore, QAE normalized
aberrant energy metabolism (downregulation of p-AMPK, sirtuin (SIRT)-1, and PPARγ-coactivator α
(PGC-1 α)) in T2DM mice. Taken together, the results suggested that QAE as a natural product has
ameliorative effects on renal damage by regulation of oxidative stress and inflammation in T2DM.

Keywords: Quamoclit angulata; type 2 diabetes; kidney damage; inflammation; oxidative stress;
apoptosis; fibrosis

1. Introduction

Diabetes mellitus (DM) is considered as a metabolic disease that results in impaired glucose and
insulin homeostasis [1]. Especially, insulin resistance caused by hyperglycemia, is the worldwide
epidemic that is accompanied by various complications in type 2 DM (T2DM) [2]. The early stage
of nephropathy (DN) is characterized by the structural changes of kidney such as damage of the
glomerular basement membrane (GBM), enlargement of the mesangial cells, glomerulosclerosis, and
fibrosis and renal function failure including microalbuminuria and reduced glomerular filtration rate
(GFR) [3,4].

The main cause of renal damage is the hyperglycemic condition in T2DM. Hyperglycemia leads to
overproduction of reactive oxygen species (ROS), which potentially causes oxidative stress and activates
various cytokines, chemokines, and growth factors. Oxidative stress results from an imbalance between
oxidants and antioxidants such as NAD(P)H quinone dehydrogenase-1 (NQO1), hemeoxygenase-1
(HO-1), catalase, superoxide dismutase (SOD), and glutathione peroxidase (GPx) [5–7]. The pathogenic
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changes caused by hyperglycemia-induced oxidative stress modify normal cell signaling and induce
hyper-inflammation, apoptosis [8]. Moreover, formation of advanced glycation end products (AGEs)
and activation of the AGE receptor due to hyperglycemia directly promote inflammatory states in the
kidney by increasing oxidative stress [9].

Furthermore, oxidative stress activates the nucleotide-binding oligomerization domain (NOD)-like
pyrin domain containing receptor 3 (NLRP3) inflammasome [10,11]. Activated NLRP3 recruits
the apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) and
pro-caspase-1, and contributes to the maturation of interleukin-1β (IL-1β) by activating caspase-1.
NLRP3 inflammasome and mature IL-1β activate a transcription factor, nuclear factor-κB (NF-κB),
and enhance multiple proinflammatory factors such as tumor necrosis factor-α (TNF-α), interleukin-6
(IL-6), and inducible nitric oxide synthase (iNOS) [12]. Hence, the activation of NLRP3 inflammasome
contributes to chronic inflammatory response as well as insulin resistance in diabetes [13,14].

Moreover, chronic hyperglycemia-induced oxidative stress and hyper-inflammation accelerate
renal apoptosis [5,13,15]. Cellular apoptosis is regulated by caspases through an extrinsic and intrinsic
pathway. In ongoing-diabetes, hyperglycemia induces ROS-related apoptosis by increasing the
Bax/Bcl-2 ratio, which is associated with progressive activation of pro-apoptotic caspase-3 [15,16].
ROS also increases protein kinase C (PKC), which activates transcription of transforming growth
factor-β (TGF-β) [17]. In general, TGF-β leads to proliferation of fibroblasts and activates
α-smooth muscle actin (α-SMA), which accommodates collagen formation and cellular hypertrophy.
TGF-β also causes the proliferation of mesangial cells, consequentially leading to kidney fibrosis [18].
Therefore, suppression of renal cell apoptosis and pro-fibrotic change along with NLRP3 inflammasome
related hyper-inflammation would be an effective target strategy on alleviating renal damage and the
progress to DN [13].

Furthermore, abnormal energy metabolism in the kidney can cause renal damage. Sirtuin1 (SIRT1)
mediates inflammatory signaling and apoptosis as a molecular response to glucotoxicity via
deacetylation and inhibition of transcription factor NF-κB [19]. When the AMP/ATP ratio increases,
5′ adenosine monophosphate-activated protein kinase (AMPK) alleviates renal inflammation causing
aberrant energy accumulation. The SIRT1/AMPK signaling pathway along with the peroxisome
proliferator-activated receptor γ-coactivator α (PGC-1α) also suppresses renal hyper-inflammation and
oxidative stress [20]. Hence, amelioration of SIRT1/AMPK signaling would be a possible therapeutic
approach for diabetic renal damage.

In recent years, many medicinal plants have been reported as antidiabetic natural products
including banaba, fenugreek, gymnema, yerba mate, etc. Among these plants, Quamoclit angulata (QA)
is emerging as a source of therapeutic substance for diabetes and its complications. Although QA
has not been fully investigated, a previously reported patent has shown that herbal agents of the
Quamoclit angulata extract (QAE) decreased the fasting blood glucose (FBG) level and hemoglobin
A1c (HbA1c) production by stimulating insulin secretion in pancreatic β cell. QAE also attenuated
albuminuria, which is a major factor of DN in diabetic mice. Furthermore, QAE ameliorated
angiogenesis by reducing the mRNA level of vascular endothelial growth factor (VEGF) in the ARPE
19 cell [21]. Nevertheless, little research has investigated the effects of QAE supplementation on
renal damage in a hyperglycemic condition by molecular mechanisms. Hence, we examined if
QAE supplementation has protective roles in renal damage via modulation of oxidative stress and
inflammation in high fat diet-induced diabetic mice.

2. Materials and Methods

2.1. Quamoclit Angulata Extracts (QAE)

QA was obtained at Jeju, Korea. Aerial parts without the seed of QA (50 g) were extracted with
400 mL of water by incubation at 50 ◦C for 1 h. The sticky solid extract (50 g) was suspended in water,
added to 1 kg of activated charcoal at room temperature for 1.5 h. After incubation, water, 20% ethanol
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fraction, and charcoal were removed through centrifugation and filtration (0.45 μm). Fractions were
mixed, concentrated in vacuo, and frozen to dry. The yields of hot water extract and activated charcoal
fractions were 25% and 11%, respectively.

2.2. Identification of Candidate Compounds of QAE

The standardization of QA was analyzed by using the HPLC system (Waters Corp., Milford,
MA, USA) consisting of a separation module (e2695) and a photodiode array (PDA) detector.
Twenty milligrams of dried QA were dissolved in 50% methanol/water. Protocatechuic acid, chlorogenic
acid, syringic acid, myricetin, and quercetin were used as standard compounds and dissolved in
methanol. For the analysis of each compound or sample, a Kromasil C18 column (150 × 4.6 mm, 5 μm)
was used and a column temperature was set at 30 ◦C. The mobile phase consists of 3% acetic acid/water
(solvent A) and methanol (solvent B) using a gradient program of 0–10% (B) in 0–10 min, 10–70% (B) in
10–44 min, 70–100% (B) in 44–50 min. The calibration was linear in a range of 0.1–1000 μg/mL for
these five compounds. The flow rate was 0.9–1.0 mL/min and the PDA detector was set at 280 nm for
acquiring chromatograms.

2.3. Animals Experiments

Male C57BL/6 mice at five weeks were housed in two or three per cages and maintained in a
constant environment (temperature (22 ± 1 ◦C), humidity (50 ± 5%), and 12 h light/12 h dark cycle).
After seven days of adaptation, the mice were randomly allocated into two groups. The first group
was a non-diabetic control group (NC), which was fed an AIN-93G diet (10% kcal fat, Research Diets,
New Brunswick, NJ, USA). The second was a diabetic group (DM), which was fed a high fat diet (40%
kcal fat, Research Diets, New Brunswick, NJ, USA) for four weeks.

Then, the diabetic group received an intraperitoneal administration of 30 mg/kg body weight
(BW) of streptozotocin (Sigma-Aldrich, St. Louis, MO, USA) in a citric acid buffer (pH 4.4). The NC
mice received an equivalent amount of solvent. After five weeks from the last injection, fasting blood
glucose (FBG) levels were measured once per week during the whole period of the animal experiment.
Mice with FBG >140.4 mg/dL (7.8 mmol/L) more than two times were considered as the diabetic
condition. The diabetes induction protocol was referred to the previous study by Zhang et al. [22].

Mice were separated in four groups; (1) CON: Non-diabetic normal mice were gavaged with
distilled water, (2) DMC: Diabetic mice were gavaged with distilled water, (3) LQ: Diabetic mice were
gavaged with a low dosage of QAE (5 mg/kg/day), (4) HQ: Diabetic mice were gavaged with a high
dosage of QAE (10 mg/kg/day). QAE was dissolved in distilled water. Body weight, food intake, and
fasting blood glucose level were weekly monitored during the animal experiment.

The animals were sacrificed after 12 weeks of oral supplementation. Blood was collected in a
heparin (Sigma-Aldrich, St. Louis, MO, USA) coated syringe from the heart, centrifuged at 850 g at
4 ◦C for 10 min to obtain plasma. The kidney was removed from mice and stored at −80 ◦C before
the experiment. All experiments with mice were approved by the Institutional Animal Care and Use
Committee of Kyung Hee University (KHUASP(SE)-16-005 on 14 June, 2019).

2.4. Hemoglobin A1c (HbA1c) and Plasma Insulin Assay

HbA1c levels were measured using enzyme-linked immunosorbent assay (ELISA) commercial
kits (Crystal Chem., Downers Grove, Elk Grove Village, IL, USA) according to directions of the
manufacturer within two weeks from the sample collection.

The plasma insulin level was measured using ELISA kits (RayBiotech, Inc., Norcross, GA, USA).
The homeostasis model assessment of insulin resistance (HOMA-IR) values were calculated as follows:

HOMA-IR = fasting insulin (mmol/L) × fasting glucose (μU/mL)/22.5
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2.5. Oral Glucose Tolerance Test (OGTT)

Fasted mice were administrated for 16 h with a 50% glucose solution (2 g/kg). The blood glucose
level was detected at 0, 15, 30, 60, 90, and 120 min using a glucometer (OneTouch, LifeScan Inc.,
Malvern, PA, USA). The area under the curve (AUC) values of OGTT are calculated according to the
trapezoidal rule as follows:

AUC =
∑

(((blood glucose) i + (blood glucose) i−1) × ((time) i - (time) i−1)/2)
(i = time sequence)

2.6. Renal Function Test

Urine samples were collected during three phases of the experiment (0–4 weeks; initial, 4–8 weeks;
mid, and 8–12; late-points). Urinary albumin excretion was determined by the albumin assay kit
(Bioassay, Hayward, CA, USA). The concentrations of urinary and plasma creatinine were calculated
from interpolating the results of optical density at 515 nm into a standard curve. Concentrations of
BUN were measured in accordance with the manufacturer’s instructions using a commercial kit (Asan
pharmaceutical, Seoul, South Korea).

2.7. Histological Observation of Kidney

Kidney tissues were fixed in 10% formaldehyde and then dehydrated through a series of alcohol.
The tissues were cleared in xylene and embedded in paraffin. The sections were cut with a microtome
into 5 μm, and stained with hematoxylin and eosin (H&E). Kidney morphology in stained tissue was
observed using an optical microscope (Nikon ECLIPSE Ci, Nikon Instrument, Tokyo, Japan).

To calculate the glomerular area in H&E-staining, paraffin-embedded sections were measured by
the Canvas 11 software (Deneba, Miami, FL, USA). The Glomerulus area was expressed as the mean of
thirty glomeruli per each sample and a minimum of four samples from each group were examined.
Area values are reported in μm2 × 10−3.

2.8. Protein Extraction and Western Blot Analysis

The kidneys were ground and lysed on ice for 30 min. The lysate was centrifuged to remove
tissue debris at 1945× g at 4 ◦C for 10 min. Each supernatant was centrifuged again at 9078× g at 4 ◦C
for 30 min. Then, the final supernatant was collected for cytosolic extract. The pellet was re-crushed in
a hypertonic lysis buffer for 1 h, and then the lysate was centrifuged at 9078× g at 4 ◦C for 20 min and
the supernatant was used for nuclear extract. The protein concentration was quantified according to a
BCA protein assay (ThermoFisher Scientific, Grand Island, NY, USA).

Thirty μg of each protein sample were loaded into an SDS-PAGE and transferred to poly-vinylidine
fluoride (PVDF) membranes (Millipore, Marlborough, MA, USA). We used 8~12% SDS-PAGE gel
according to the molecular weight (MW) of target protein(s). After the transfer, the membrane was
blocked in 1~3% bovine serum albumin (BSA) in a phosphate buffed saline −0.1% Tween 20 (PBS-T),
the membrane was incubated at 4 ◦C with each primary antibody. To detect primary antibodies,
respective horseradish peroxide (HRP)-conjugated secondary antibodies were given to membranes.
Protein bands were visualized using a chemiluminescent detector (Syngene, Cambridge, UK). Levels of
targeted proteins were calculated using Syngene GeneSnap (Syngene, Cambridge, UK).

2.9. Statistical Analysis

Data were expressed as mean ± standard error of the mean (SEM). The significant differences
between sample groups were determined using one-way ANOVA (significant level = 0.05).
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3. Results

3.1. Identification of Major Natural Compounds in QAE

In this study, five compounds such as protocatechuic acid, chlorogenic acid, syringic acid, myricetin,
and quercetin were analyzed by using the HPLC system. As shown in Table 1, the QA extract mainly
involved protocatechuic acid (198.86 ± 2.26 μg/g). Meanwhile, chlorogenic acid (54.11 ± 1.81 μg/g),
syringic acid (56.38 ± 0.57 μg/g), myricetin (12.42 ± 0.09 μg/g), and quercetin (13.41 ± 0.08 μg/g) were
detected in QAE.

Table 1. Contents of protocatechuic acid, chlorogenic acid, syringic acid, myricetin, and quercetin
compounds by HPLC analysis in the presence of Quamoclit angulata extract (QAE).

Samples
Content (μg/g)

Protocatechuic Acid Chlorogenic Acid Syringic Acid Myricetin Quercetin

QAE 198.86 ± 2.26 54.11 ± 1.81 56.38 ± 0.57 12.42 ± 0.09 13.41 ± 0.08

Data were expressed as means ± SEM (n = 3).

3.2. Effect of QAE Supplementation on Body Weight, Food Intake, and Kidney Weight in T2DM Mice

Body weight and food intake of all T2DM groups (the DMC group, the LQ group, and the HQ
group) were significantly increased compared to the NC group. QAE supplementation for 12 weeks
had no effect on body weight change in T2DM mice. With a slightly different result, kidney weight in
the DMC group was significantly increased compared to the NC group, and there was no significant
difference in the LQ group and the HQ group compared to the DMC group (Table 2).

Table 2. Effect of QAE on body weight, kidney weight, and food intake in type 2 diabetes mellitus (T2DM) mice.

Group NC DMC LQ HQ

Body Weight (g)
before treatment 26.58 ± 0.45 a 32.04 ± 1.04 b 31.90 ± 1.25 b 30.80 ± 0.68 b

after treatment 30.42 ± 0.61 a 40.93 ± 1.57 b 40.20 ± 2.20 b 39.40 ± 1.89 b

Gain 3.85 ± 0.33 a 8.89 ± 0.70 b 8.31 ± 1.15 b 8.60 ± 1.33 b

Kidney Weight (mg) 151.00 ± 5.34 a 183.00 ± 14.37 b 175.00 ± 11.18 a,b 176.00 ± 4.30 a,b

Food Intake (g/day) 2.32 ± 0.21 a 3.48 ± 0.25 b 3.3 ± 0.12 b 3.76 ± 0.12 b

Data were expressed as means ± SEM. Mean values with the same superscript letter (a,b) are not significantly
different (p < 0.05). NC: Normal mice; DMC: Type 2 diabetic mice; LQ: Type 2 diabetic mice supplemented with a
low dose (5 mg/kg/day) of QAE; HQ: Type 2 diabetic mice supplemented with a high dose (10 mg/kg/day) of QAE.

3.3. Effect of QAE Supplementation on Fasting Blood Glucose and Plasma Insulin Levels, Homeostasis Model
Assessment of Insulin Resistance (HOMA-IR), and Hemoglobin A1c (HbA1c) in T2DM Mice

Fasting blood glucose level, plasma insulin level, HOMA-IR, and HbA1c level were as follows
(Table 3). At the end of the QAE treatment period, there was no difference in the fasting blood glucose
level among all groups. The plasma insulin level in the HQ group was significantly lower than that in
the DMC group. HOMA-IR was significantly reduced in both QAE treated diabetic groups. The HbA1c
level was significantly decreased only in the HQ group compared with the DMC group (Table 3).
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Table 3. Effect of QAE on plasma indices related to type 2 diabetes.

Plasma Indices NC DMC LQ HQ

FBG (mg/dL) 122 ± 7.51 a 173 ± 14.30 b 156 ± 9.94 a,b 150 ± 12.04 a,b

Insulin (uU/mL) 1.62 ± 0.30 a 2.62 ± 0.23 b 1.80 ± 0.38 a,b 1.61 ± 0.20 a

HOMA-IR 2.82 ± 0.58 a 8.45 ± 0.79 b 3.80 ± 1.01 a 4.19 ± 0.62 a

HbA1c (%) 6.61 ± 0.51 a 12.18 ± 2.82 b 8.64 ± 0.76 a,b 7.13 ± 0.39 a

Data were expressed as means ± SEM. Mean values with the same superscript letter (a,b) are not significantly
different (p < 0.05). NC: Normal mice; DMC: Type 2 diabetic mice; LQ: Type 2 diabetic mice supplemented with a
low dose (5 mg/kg/day) of QAE; HQ: Type 2 diabetic mice supplemented with a high dose (10 mg/kg/day) of QAE.

3.4. Effect of QAE Supplementation on Glucose Homeostasis in T2DM Mice

OGTT was performed to estimate insulin resistance and failure of glucose metabolism (Figure 1A),
and glucose AUC was calculated as shown in Figure 1B. The figure showed that the DMC group had a
high blood glucose level during 120 min after glucose administration compared to the NC group and
there was no significant difference in the blood glucose level at 90 min after glucose administration
among the DMC group and the QAE treatment groups. The blood glucose level of the LQ group at
120 min was remarkably reduced as compared to the DMC group and glucose AUC of the LQ group
was significantly lower than that of the DMC group. On the other hand, the protein level of receptor
for advanced glycation end products (RAGE) was remarkably increased in the DMC group compared
to that of the NC group (Figure 1C). The HQ group showed a significant reduction of RAGE expression
in comparison to the DMC group.

Figure 1. Effect of QAE on (A) glucose tolerance, (B) glucose area under the curve (AUC), and (C) renal
receptor of AGE (RAGE) in T2DM mice. Data were expressed as means ± SEM. Mean values with
the same superscript letter are not significantly different (p < 0.05). NC: Normal mice; DMC: Type 2
diabetic mice; LQ: Type 2 diabetic mice supplemented with a low dose (5 mg/kg/day) of QAE; HQ:
Type 2 diabetic mice supplemented with a high dose (10 mg/kg/day) of QAE.
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3.5. Effect of QAE Supplementation on Kidney Function in T2DM Mice

The ACRs of all T2DM groups were significantly higher than that in the NC group during the
entire experimental period (Figure 2A). The ACRs of the QAE treatment groups decreased during
the treatment period and showed a significant difference at the late stage of treatment in the diabetic
mice. As shown in Figure 2B, the supplementation with a high dose of QAE significantly decreased
the plasma creatinine and BUN compared with the DMC group. In representative H&E staining of the
kidney (Figure 2C), the DMC group showed glomerular hypertrophy as compared to the NC group,
while both the QAE treated groups ameliorated glomerular hypertrophy. The red arrow indicated
mesangial expansion in the DMC group compared to the NC group. In the NC group, Bowman’s
space was observed as a thin white line. However, Bowman’s space was broadened in the DMC
group compared to that in the NC group, and was narrower in the QAE treatment groups than
that in the DMC group. In addition, glomerular surface areas in histological sections of renal cortex
were quantified to measure the degree of glomerular hypertrophy (Figure 2C). The glomerulus of
the DMC group was significantly expanded compared with that of the NC group, while both QAE
supplementation groups regardless of dose showed significantly reduced glomerular hypertrophy.

Figure 2. Effect of QAE on (A) urine albumin/creatinine ratio (ACR), (B) level of plasma creatinine
and blood urea nitrogen (BUN), and (C) renal morphology and glomerular size in T2DM. Data
were expressed as means ± SEM. Mean values with the same superscript letter (a,b and c) are not
significantly different (p < 0.05). NC: Normal mice; DMC: Type 2 diabetic mice; LQ: Type 2 diabetic
mice supplemented with a low dose (5 mg/kg/day) of QAE; HQ: Type 2 diabetic mice supplemented
with a high dose (10 mg/kg/day) of QAE.

3.6. Effect of QAE Supplementation on Oxidative Stress in T2DM Mice

The renal 4-hydroxynonenal (4-HNE) level was examined for assessing lipid peroxidation and the
level of renal protein carbonyls was used as a marker of protein oxidation caused by oxidative stress
(Figure 3A). In the kidney, the 4-HNE protein level in the DMC group was significantly higher than
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that in the NC group. The HQ group presented a significant reduction of 4-HNE level compared to that
of the DMC group. Renal levels of protein carbonyls in both QAE groups were significantly lower than
that in the DMC group. In the DMC group, the protein levels of nuclear Nrf2 and its related markers
such as HO-1, NQO1, catalase, MnSOD, and GPx were remarkably higher than those in the NC group.
However, both QAE treatments significantly reduced the protein levels of nuclear Nrf2 and MnSOD.
Moreover, a high dose of the QAE treatment significantly decreased the protein levels of HO-1, NQO1,
and catalase in the diabetic mice. The protein levels of GPx and NOX4 were not significantly different
among the DMC group and the QAE treatment groups (Figure 3B).

Figure 3. Effect of QAE on renal (A) 4-hydroxynonenal (4-HNE) and protein carbonyls and
(B) antioxidant defense system in T2DM mice. Data were expressed as means ± SEM. Mean values
with the same superscript letter (a,b) are not significantly different (p < 0.05). NC: Normal mice; DMC:
Type 2 diabetic mice; LQ: Type 2 diabetic mice supplemented with a low dose (5 mg/kg/day) of QAE;
HQ: Type 2 diabetic mice supplemented with a high dose (10 mg/kg/day) of QAE.

3.7. Effect of QAE Supplementation on Inflammation in T2DM Mice

The protein level of NLRP3 inflammasome was elevated in the DMC group compared to that of
the NC group. However, the level of NLRP3 was significantly decreased in the QAE treatment groups
compared to those in the DMC group. However, only a high dose of QAE treatment significantly
lowered the protein levels of ASC, procaspase-1, caspase-1, and mature IL-1β in the diabetic mice.
The protein levels of precursor IL-1β were not normalized in the QAE treatment groups compared to
that in the DMC group (Figure 4A).

Furthermore, the DMC group demonstrated higher levels of inflammation related protein including
monocyte chemoattractant protein (MCP)-1, CRP, nuclear NF-κB, TNF-α, IL-6, and iNOS than the NC
group (Figure 4B). However, a high dose of QAE treatment in the diabetic mice reversed the protein
levels of MCP-1 and nuclear NF-κB to the levels of the NC mice. In addition, the QAE treatment
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regardless of dose suppressed other inflammatory markers such as CRP, TNF-α, IL-6, and iNOS in the
diabetic mice.

Figure 4. Effect of QAE on renal NLRP3 Inflammasome related hyper-inflammation in T2DM mice.
Protein levels of (A) nucleotide-binding oligomerization domain-like pyrin domain containing receptor
3 (NLRP3) inflammasome: nucleotide-binding oligomerization domain-like pyrin domain containing
receptor 3 (NLRP-3); apoptosis-associated speck-like proteins including caspase recruitment domain
(ASC), caspase-1, and interleukin (IL)-1β; and (B) markers of pro-inflammatory response: monocyte
chemoattractant protein-1 (MCP-1), C-reactive protein (CRP); and nuclear factor kappa B (NF-κB)-related
inflammatory response: nuclear factor kappa B (NF-κB), tumor necrosis factor-α (TNF-α), interleukin
(IL)-6, and inducible nitric oxide synthase (iNOS). Data were expressed as means ± SEM. Mean values
with the same superscript letter (a,b and c) are not significantly different (p < 0.05). NC: Normal mice;
DMC: Type 2 diabetic mice; LQ: Type 2 diabetic mice supplemented with a low dose (5 mg/kg/day) of
QAE; HQ: Type 2 diabetic mice supplemented with a high dose (10 mg/kg/day) of QAE.

3.8. Effect of QAE Supplementation on Energy Metabolism in T2DM Mice

The protein levels of AMPK were not significantly different among the groups. The protein level
of phosphorylated AMPK in the DMC group was significantly declined compared to that of the NC
group, but those in the QAE treatment groups were increased compared to the DMC group. In addition,
the QAE treatment elevated the pAMPK/AMPK ratio as much as the level of the NC group (Figure 5A).
Furthermore, the protein levels of SIRT1 and PGC-1α were significantly declined in the DMC group
compared to those in the NC group, but were increased in the QAE treatment groups regardless of
dosage (Figure 5B).
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Figure 5. Effect of QAE on renal AMPK/SIRT1 signaling in T2DM mice. (A) Phosphorylation of AMPK
and (B) SIRT-1 and PGC-1α. Data were expressed as means ± SEM. Mean values with the same
superscript letter (a,b) are not significantly different (p < 0.05). NC: Normal mice; DMC: Type 2 diabetic
mice; LQ: Type 2 diabetic mice supplemented with a low dose (5 mg/kg/day) of QAE; HQ: Type 2
diabetic mice supplemented with a high dose (10 mg/kg/day) of QAE.

3.9. Effect of QAE Supplementation on Apoptosis and Fibrosis in T2DM Mice

The protein levels of caspase-8, caspase-3, and nuclear p53 in the DMC group were significantly
higher than those in the NC group, but the high dose of QAE supplementation decreased the protein
levels of caspase-8 and p53 than those in the DMC group. Furthermore, the QAE treatment regardless
of dose reduced caspase-3 compared to the DMC group (Figure 6A). The protein levels of Bax in the
QAE treatment groups were significantly decreased in comparison to that of the DMC group. The QAE
treatment regardless of dose remarkably lowered the protein level of Bax/Bcl-2 ratio in the diabetic
mice (Figure 6A). In addition, the QAE treatments reduced the protein level of ERK compared to that
of the DMC group. At the same time, the protein levels of phosphorylated ERK in the QAE treatment
groups were reduced compared to that in the DMC group. Moreover, the pERK/ERK ratio, an index of
ERK phosphorylation, in the QAE treatment groups was also decreased compared to that in the DMC
group (Figure 6A).

To examine the effect of the QAE supplementation on renal fibrosis, the protein levels of PKC-βII,
TGF-β, α-SMA, and COL1A were measured (Figure 6B). The renal protein levels of PKC, TGF-β,
α-SMA, and COL1A in the DMC group were significantly higher than those in the NC group. However,
the QAE treatments decreased the protein levels of PKC, TGF-β, and α-SMA in comparison to the
DMC group, and, in particular, a high dose of the QAE treatment declined the protein level of COL1A
in the diabetic mice.
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Figure 6. Effect of QAE on renal (A) apoptosis and (B) fibrosis in T2DM mice. Data were expressed as
means ± SEM. Mean values with the same superscript letter (a,b and c) are not significantly different
(p < 0.05). NC: Normal mice; DMC: Type 2 diabetic mice; LQ: Type 2 diabetic mice supplemented
with a low dose (5 mg/kg/day) of QAE; HQ: Type 2 diabetic mice supplemented with a high dose
(10 mg/kg/day) of QAE.

4. Discussion

Various studies noticed that many medicinal plants and natural products have potential biological
activities. Among these plants, QA is a species of ipomoea morning glory and cultivated as an
ornamental plant throughout the tropics. In this study, we aimed to investigate that dietary QAE
supplementation could have beneficial effects on NLRP3 inflammasome dependent hyper-inflammation
and consequential renal damage by stimulation of AMPK-SIRT1 signaling in type 2 diabetes.

The current study suggested a hypoglycemic effect of QAE presented by decreased plasma insulin,
HOMA-IR, and HbA1c. HbA1c is considered as an index of average blood glucose control level,
because the HbA1c level tends to increase with the averaged blood glucose levels over preceding
three months. A previous study also showed a strong correlation between HbA1c and 6-h fasting
glucose levels than overnight FBG levels in diabetic mice [23]. In this study, the QA supplementation
ameliorated plasma insulin level, HOMA-IR, and HbA1c compared to the DMC group, although
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did not significantly decrease the FBG level. In glucose tolerance test, AUC was declined in the LQ
group compared to the DMC group. As shown in Table 1, QA contained five compounds such as
protocatechuic acid (PCA), chlorogenic acid, syringic acid, myricetin, and quercetin. A recent study
showed similar tendency that PCA significantly reduced blood glucose and plasma insulin level in the
hyperglycemic condition [24]. In addition, it is known that activated ligation of AGEs to renal RAGE
activated production of ROS subsequently causing oxidative stress [25]. Furthermore, chlorogenic acid
(CGA) and quercetin have been shown to decrease blood glucose level by stimulating glucose uptake
through the activation of AMPK in diabetic mice [26,27]. CGA has been also reported as an inhibitor of
carbonic anhydrase V which has an impact on gluconeogenesis [28]. The current results showed that a
high dose of QAE treatment decreased RAGE expression compared to T2DM mice. These data suggest
that the QAE treatment has ameliorative effects on a hyperglycemic condition due to synergistic or
additive effects of PCA, chlorogenic acid, and quercetin these active ingredients.

Moreover, there are well-known renal malfunction indicators including albuminuria, plasma
creatinine, BUN, and urinary ACR level in DN. Our data showed that the QAE treatment significantly
decreased urinary ACR, plasma creatinine, and BUN in diabetic mice. From these changes, it could be
inferred that the QAE treatment improved renal function in a diabetic condition.

In terms of molecules, major mechanisms of hyperglycemia-induced tissue damage are as
follows—the increase of intracellular AGEs formation and its receptor expression, and activation
of PKC. As indicated above, the current study demonstrated that QAE supplementation reduced
the protein level of RAGE in the diabetic mice. In addition, elevated protein levels of 4-HNE were
decreased in the HQ group and both doses of QAE supplementation lowered protein carbonyls in
the DMC group. Previous studies showed that the increased level of Nrf2 as well as 4-HNE and
protein carbonyls activated Nrf2 related antioxidant defense systems [12,29]. Our results particularly
demonstrated that the protein level of Nrf2 and its related antioxidant defense enzymes including
NQO1, HO-1, and catalase were increased in the DMC mice but these markers were reduced in the HQ
group. Especially, PCA is known to attenuate oxidative stress by decreasing the levels of ROS and
malondialdehyde (MDA) in a diabetic condition [30]. Hence, it can be concluded that QAE containing
PCA and CGA supplementation could alleviate cellular oxidative stress as well as activations of RAGE
in diabetes.

Oxidative stress also can contribute to inflammatory response via the activation of NF-κB and
downstream factors such as TNF-α, IL-6, and iNOS in DN [31]. Furthermore, oxidative stress
would potentially activate NLRP3 inflammasome by initial recognition as cellular danger [32,33].
In this study, the renal protein levels of NLRP3 inflammasome, nuclear NF-κB, and subsequent
inflammatory factors were higher in the DMC group compared with the NC group. A previous
study demonstrated that the PCA treatment significantly reduced the secretion of pro-inflammatory
cytokines in T2DM rats [34]. Furthermore, syringic acid is known to reduce oxidative stress and
inflammation in diabetes [35]. Simultaneously, QAE supplementation selectively reduced the renal
inflammatory factors via suppression of NLRP3 inflammasome. Therefore, the current study suggested
that QAE supplementation alleviated the activation of NLRP3 inflammasome and consequential
hyper-inflammation under a diabetic condition.

In consistent hyperglycemia, chronic hyper-inflammation in the kidney results in renal apoptosis
via activation of caspases, proapoptotic protein Bax, p53, and mitogen activated protein kinase (MAPK)
signaling [36–39]. PCA is known to reduce the protein expression levels of type IV collagen, laminin,
and fibronectin in high glucose-stimulated human mesangial cells (MCs) [40]. Our results showed
that pro-fibrosis related markers including PKC-βII, TGF-βI, and α-SMA as well as apoptosis related
markers such as caspase-8, caspase-3, Bax/Bcl-2 ratio, and pERK/ERK ratio were declined in the QAE
treated group, regardless of dose, compared with the DMC group. The present study suggested that
PCA and chlorogenic acid in QAE might play major roles in the protection of renal apoptosis and
fibrosis in T2DM.
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How could the QAE treatment ameliorate the renal damage through suppression of oxidative
stress, NLRP3 inflammasome-dependent hyper-inflammation, cell apoptosis, and pro-fibrosis in
a hyperglycemic condition? There are cumulative evidences that AMPK influences intracellular
signaling pathway, especially amelioration of oxidative stress via activation of antioxidant defense
enzymes [41]. Metformin, which is a well-known diabetic drug, shows therapeutic mechanisms
related to AMPK, which suppresses the NF-κB through activation of SIRT1 and PGC-1α [21,42,43].
PCA also increased the phosphorylation of AMPK and then activated the expression of p-Nrf2 and
HO-1 in oxidative damage in HUVECs [44]. Moreover, a recent study reported that the syringic acid
improved energy metabolism by regulation of mitochondrial biogenesis in diabetic rats [33]. On the
other hand, SIRT1, an intracellular energy sensor, beneficially affected glucose homeostasis, cellular
immunity to oxidative stress, inflammation, apoptosis, and fibrosis in the kidney [45]. In DN, one of
the earliest characteristics is the loss of podocyte, which plays a crucial role in albumin processing,
but SIRT1 is known to attenuate podocyte depletion and albuminuria by downregulation of claudin-1
in podocytes [46,47]. Resveratrol, a natural plant polyphenol, respectively stimulates SIRT1 and
AMPK, and has a protective effect on oxidative stress and inflammatory response in the kidney [20].
A previous study showed that SIRT1 suppressed NLRP3 inflammasome activation as well as the NF-κB
associated inflammatory response [48,49]. PGC-1α also regulates oxidative stress via participation
in cellular signaling to mitochondrial oxidative stress and independently inhibits the NF-κB related
inflammatory response [50,51]. The current studies demonstrated that the treatment of QAE containing
PCA and syringic acid elevated the protein levels of SIRT1 and PGC-1α and downregulated NLRP3
inflammasome dependent inflammatory mediators in the diabetic mice. In particular, both doses of
QAE supplementation has an effect on the stimulation of AMPK/SIRT pathway and a high dose of
QAE supplementation decreased NLRP3 inflammation accompanied by nuclear NF-κB activation in
our study. Therefore, it can be inferred that the QAE treatment has a protective effect on renal oxidative
stress and hyper-inflammation under a hyperglycemic condition by involving this antagonism of
SIRT1/NF-κB/NLRP3 inflammasome.

The previous study reported by our group found that the Lespedeza bicolor extract (LBE) containing
polyphenolic compounds such as quercetin, genistein, daidzein, and naringenin has shown to exert
antioxidant and anti-inflammatory effects accompanied by upregulation of the AMPK-SIRT1 pathway in
the same diabetic model [52]. The current findings supported that QAE at much lower concentrations
compared to LBE and other plant extracts has shown antidiabetic effects through regulation of
the AMPK-SIRT related mechanism as shown in LBE treated diabetic mice [52]. Moreover, QAE
supplementation attenuated pro-fibrosis as well as apoptosis in the diabetic group, which was not
shown in LBE treatment groups. Therefore, it can be concluded that QAE is more effective than LBE
on renal fibrosis and apoptosis in diabetes.

5. Conclusions

Taken together, we reported that QAE supplementation at a high dose had ameliorative effects on
renal NLRP3 inflammasome associated hyper-inflammation and consequent renal cell apoptosis and
pro-fibrosis in the HFD/STZ-induced T2DM mice. In addition, QAE supplementation regardless of the
dose stimulated AMPK/SIRT1 signaling and ameliorated oxidative stress, although some molecular
markers were selectively regulated at different treatment doses of QAE in diabetic renal damage.
In conclusion, the current study suggested that QAE could be a potential therapeutic for improving
renal damage in T2DM.
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Abbreviations

ACR Albumin/Creatinine ratio
AGEs Advanced glycation end products
AMPK 5′ adenosine monophosphate-activated protein kinase
ASC Apoptosis-associated speck-like protein containing a caspase recruitment domain
AUC Area under the curve
BUN Blood urea nitrogen
DM Diabetes mellitus
DN Diabetic nephropathy
FBG Fasting blood glucose
GPx Glutathione peroxidase
4-HNE 4-hydroxynonenal
HO-1 Hemeoxygenase-1
IL-1β Interleukin-1β
IL-6 Interleukin-6
iNOS Inducible nitric oxide synthase
NC Normal control
NF-κB Nuclear factor-κB
NLRP3 NOD-like pyrin domain containing receptor 3
NQO1 NAD(P)H quinone dehydrogenase-1
PKC Protein kinase C
RAGE Receptor for advanced glycation end products
ROS Reactive oxygen species
SIRT1 Sirtuin1
SMA Smooth muscle actin
SOD Superoxide dismutase
T2DM Type 2 diabetes mellitus
TGF-β Transforming growth factor-β
TNF-α Tumor necrosis factor-α
QA Quamoclit angulata
QAE Quamoclit angulata extract
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Abstract: Benzo[a]pyrene (B[a]P), a group 1 carcinogen, induces mutagenic DNA adducts. Myricetin is
present in many natural foods with diverse biological activities, such as anti-oxidative and anti-cancer
activities. The aim of this study was to investigate the protective effects of myricetin against
B[a]P-induced toxicity. Treatment of B[a]P induced cytotoxicity on HepG2 cells, whereas co-treatment
of myricetin with B[a]P reduced the formation of the B[a]P-7,8-dihydrodiol-9,10-epoxide (BPDE)-DNA
adduct, which recovered cell viability. Furthermore, we found a protective effect of myricetin against
B[a]P-induced genotoxicity in rats, via myricetin-induced inhibition of 8-hydroxy-2′-deoxyguanosine
(8-OHdG) and BPDE-DNA adduct formation in the liver, kidney, colon, and stomach tissue.
This inhibition was more prominent in the liver than in other tissues. Correspondingly, myricetin
regulated the phase I and II enzymes that inhibit B[a]P metabolism and B[a]P metabolites conjugated
with DNA by reducing and inducing CYP1A1 and glutathione S-transferase (GST) expression,
respectively. Taken together, this showed that myricetin attenuated B[a]P-induced genotoxicity via
regulation of phase I and II enzymes. Our results suggest that myricetin is anti-genotoxic, and
prevents oxidative DNA damage and BPDE-DNA adduct formation via regulation of phase I and
II enzymes.

Keywords: Benzo[a]pyrene; myricetin; oxidative stress; BPDE-DNA adduct; phase detoxifying
enzyme

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental chemical carcinogens
that lead to genetic damage and possess highly bioaccumulation characteristic [1]. Benzo[a]pyrene
(B[a]P) is a well-known PAH (Figure 1A), which is listed as group 1 carcinogens by the International
Agency for Research on Cancer (IARC). B[a]P is toxic and its exposure is primarily due to the food
chain [2] Previous studies have shown that the average amount of people’s exposure to B[a]P is
8.09–9.20 ng/day [3]. This means that humans are exposed to a low dose of B[a]P over a lifetime.
The long-term exposure of B[a]P can cause angiogenesis and metastasis in the skin, lungs, liver,
colorectal and stomach [4]. Other studies support that long-term exposure of low-dose B[a]P induces
cell angiogenesis and metastasis [5], and a low dose of B[a]P toxicity is enhanced by interaction with
PM2.5 air pollutants [6]. B[a]P is converted to B[a]P-7,8-diol-9,10-epoxide (BPDE) which is ultimate
metabolite of B[a]P (Figure 1B), and it leads to genetic toxicity via covalent binding with DNA [7].
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In addition, B[a]P is linked to reactive oxygen species (ROS) formation, which induces genotoxicity via
the formation of 8-hydroxy-2-deoxyguanosine (8-oxo-dG) [8].

B[a]P is metabolized by phase I enzymes, such as cytochrome P450 (CYP). Furthermore, CYP1A1
is associated with the B[a]P metabolism process [9]. Previous studies have shown that B[a]P is oxidized
by CYP enzymes that induce a variety of B[a]P metabolite transitions that form DNA adducts [10,11].
After formation of DNA adducts, this leads to several diseases and cancers. The xenobiotic chemicals
are generally converted into water-soluble metabolites by phase II enzymes in the cells, and are easily
removed by phase III enzymes [12]. Uridine 5′-diphospho (UDP)-glucuronosyltransferases (UGTs),
sulfotransferases (SULTs), glutathione S-transferases (GSTs), NAD(P)H: quinine oxidoreductase type
1 (NQO1), heme oxygenase-1 (HO-1), and N-acetyltransferase (NAT) are known as major phase II
enzymes [13]. GST is a major enzyme of phase II detoxifying enzymes. It is activated when conjugated
with BPDE and reduces DNA damage by counteracting B[a]P metabolites via inhibition of BPDE-DNA
adduct formation [14,15]. In addition, GSH conjugates with B[a]P-7,8-dione, which attenuates the
B[a]P-induced genotoxicity [16]. Following GSH–conjugation with B[a]P metabolites via phase II
detoxifying enzymes, it is excreted by transporter genes, such as ABCC1 and ABCC2 [17]. Previous
studies have showed that ABCC transporters are required to detoxify B[a]P [18]. The knockdown of
ABCC2 increases the concentration of B[a]P metabolites in a variety of organs [19]. ABCC2 is required
for the elimination of BPDE-DNA adducts in organs by B[a]P metabolite excretion.

B[a]P is produced during food processes such as broiling, frying, and roasting. These processes
increase the concentration of B[a]P, which increases the risk of disease and cancer; therefore, it is
important to prevent B[a]P-induced toxicity from the natural synthesis of B[a]P [20]. Natural compounds
are widely used to reduce B[a]P-induced toxicity and in cancer therapy [21,22]. Myricetin (Figure 1C),
which is found in vegetables, herbs, and fresh fruits, is used as a treatment against different cancers [23].
Previously, studies have showed that myricetin has potentially therapeutic properties, such as
anti-oxidant, cytoprotective, and anti-cancer properties [24]. Additionally, another study has shown
that myricetin is protective after B[a]P-induced DNA damage by regulating DNA strand breaks [25].
However, cancer-causing DNA mutations occur if the BPDE-DNA adducts and ROS-induced DNA
damage are not repaired by base excision repair (BER) and nucleotide excision repair (NER). Therefore,
it is important to prevent DNA damage by inhibiting DNA conjugation with B[a]P metabolites. In this
study, we investigated the protective effect of myricetin against B[a]P-induced genotoxicity via the
inhibition of DNA adduct formation by regulating phase I and II enzymes.

Figure 1. The structure of chemicals. (A) Benzo[a]pyrene (B[a]P), (B) B[a]P-7,8-dihydrodiol-9,10-epoxide
(BPDE), and (C) myricetin.
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2. Materials and Methods

2.1. Chemicals and Reagents

Benzo[a]pyrene (B[a]P), myricetin, dimethyl sulfoxide (DMSO), ammonium persulfate, nuclease
P1, N,N,N’N’-Tetramethyl ethylenediamine (TEMED), protease inhibitor cocktail, phosphatase inhibitor
cocktail II, phosphatase inhibitor cocktail III, glycine, sodium dodecyl sulfate (SDS), tris base, sodium
chloride, tween 20, and 2-mercaptoethanol were obtained from Sigma-Aldrich Chemical (St. Louis,
MO, USA). Sodium pyruvate, penicillin-streptomycin, and trypsin-ethylenediaminetetraacetic acid
(EDTA) were obtained from Welgene (Daegu, Korea). Alkaline phosphatase (AP) was purchased
from Takara Bio Inc (Shiga, Japan). Phosphate-buffered saline (PBS) was purchased from Biosesang
(Seongnam, Korea). A total of 30% acrylamide/bis solution was purchased from Bio-Rad (Hercules, CA,
USA). Antibodies, such as CYP1A1, CYP1B1, GST, ABCC2, β-actin, and HRP-conjugated anti-rabbit
immunoglobulin G (IgG), were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

2.2. Cell Culture

Human-derived liver cancer cells (HepG2) were purchased from the American Type Culture
Collection (Manassas, VA, USA). HepG2 cells were grown with Eagle’s minimum essential medium
(MEM, Welgene, Daegu, Korea) containing 10% fetal bovine serum (FBS, Welgene), 100 μg/mL
streptomycin, 100 U/mL penicillin, and 1 mM sodium pyruvate in 100 mm2 cell culture dishes. The old
media were replaced with a new medium every two days. The HepG2 cells were incubated at 37 ◦C in
5% CO2 under a humidified atmosphere. The cells were used for further research when the confluency
reached 80%.

2.3. Animals and Housing

Sprague-Dawley male rats (5-weeks-old; weight, 140–150 g) were purchased from Orient Bio
(Seongnam-si, Korea) and were housed at a 23 ± 2 ◦C of temperature and 55 ± 1% of humidity.
The room condition was maintained at specific pathogen free (SPF) with a 12 h light/12 h darkness cycle.
Rodent chow and water were supplied ad libitum. The rats were randomly divided into three groups
in each group (n = 6): (1) Control group, administration of corn oil (oral); (2) B[a]P-treated group,
administration of B[a]P (2 mg/kg; daily, oral) dissolved in corn oil; (3) B[a]P co-treated with myricetin
group, administration of myricetin (15 mg/kg) with B[a]P (2 mg/kg; daily, oral) dissolved in corn oil for
55 days. The concentration and period of B[a]P exposure were following other studies. To determine the
B[a]P and myricetin concentration, we considered following reasons: (1) people are normally exposed
to low-dose of B[a]P. Previous studies showed that people were exposed to 14 and 59.2 μg/kg/day of
PAHs [26,27]. The average amount of people’s exposure to B[a]P is 8.09–9.20 ng/day [3]. Additionally,
previous studies showed that short-term treatment of B[a]P for in vivo used the dose of B[a]P at 25
to 200 mg/kg in rats [28]. Moreover, another study suggested that low-dose of B[a]P concentration
was defined under 12 mg/kg/day [29]. On the other hand, the animals were treated with doses of 50,
100, and 200 mg/kg of myricetin to rats for a long time [30]. (2) People are unavoidably exposed to
B[a]P through foods and polluted air for a lifetime. Therefore, we consider the results and determine
the long-term effects of a low dose of B[a]P and myricetin. Treatments were administered at the
same time daily. Behavioral tests were performed in the morning. The animal experiment protocol
was approved by Sungkyunkwan University Laboratory Animal Care Service (SKKU-2013-000105,
23 March 2013) in accordance with the Ministry of Food and Drug Safety (MFDS) Animal Protection of
Korea (Oh-Song, Korea).

2.4. Cell Viability Assay

To evaluate the cytotoxicity of B[a]P and myricetin on HepG2 cells, a cell viability assay was
performed. A density of 1 × 104 cells/well of HepG2 cells were seeded in 96-well plates. A variety of
concentrations of B[a]P (0, 1, 2.5, 5, and 10 μM) and myricetin (5, 10, 20, and 40 μM) were incubated in
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the wells for 48 h at 37 ◦C. After 48 h incubation, to evaluate the cell viability, 10 μL of EZ-CYTOX
reagent (DOGEN, Daejeon, Korea) were treated with 100 μL MEM to each well and incubated for 2 h
at 37 ◦C. Relative absorbance of each well was read at 450 nm to measure the amount of cell viability
using a microplate reader (Molecular Devices, San Jose, CA, USA).

2.5. BPDE-DNA Adduct Formation Analysis

DNA extraction was performed using a QIAamp DNA Mini Kit (Qiagen, Valencia, CA, USA),
according to the manufacturer’s instructions. DNA was isolated and the level of BPDE-DNA adduct
formation was assessed using BPDE-DNA adduct ELISA kit (Cell Biolabs, San Diego, CA, USA) and
following manufacturer’s instructions. Briefly, DNA samples of 2 μg/mL concentration are prepared.
An amount of 100 μL of each sample is treated in 96 well plates for 2 h at 37 ◦C and rinsed two
times. After washing, 100 μL of anti-BPDE antibody is treated in each well and incubated for 2 h at
room temperature. Each well is rinsed 5 times using washing buffer, and then secondary antibody
is added in each well for 1 h at room temperature. Each well is rinsed 3 times using washing buffer.
All wells are reacted with 3,3′,5,5′-Tetramethylbenzidine (TMB) buffer at room temperature for 20 min.
Finally, the reaction is stopped by adding stop solution. The BPDE-DNA adducts formation level was
evaluated by measuring the relative absorbance using a microplate reader at 450 nm.

2.6. Quantification of DNA Damage via 8-Hydroxydeoxyguanosine

We evaluated the concentration of 8-hydroxydeoxyguanosine (8-OHdG) using an 8-OHdG DNA
damage ELISA kit (Cell Biolabs, San Diego, CA, USA), according to manufacturer’s instructions. Briefly,
isolated DNA was denatured at 95 ◦C for 5 min and immediately transferred to ice. A total of 10 units
of nuclease P1 and 20 mM sodium acetate (pH 5.2) were added to total DNA, and digested DNA to
nucleosides for 2 h at 37 ◦C. Next, alkaline phosphatase (Takara, Japan) added for 15 min at 37 ◦C,
followed by incubation for 15 min at 50 ◦C in 100 mM Tris buffer (pH 7.5). The reaction mixtures were
centrifuged for 5 min at 6000× g and the supernatants were extracted for assay analysis. Briefly, 50 μL
of each sample is treated in wells and incubated for 10 min at room temperature. An amount of 50 μL
of anti-8-OHdG antibody is treated in each well and incubated for 1 h at room temperature on orbital
shaker. Each well is rinsed 3 times, 100 μL secondary antibody is added in each well and incubated for
1 h at room temperature. After incubation, 100 μl of substrate solution buffer is added in each well for
20 min at room temperature and then the reaction is stopped by adding stop solution. The absorbance
of 8-OHdG was measured using a microplate reader at 450 nm (VERSA max™, Molecular Devices,
San Jose, CA, USA).

2.7. Western Blot Analysis

The protein in the liver was extracted using PRO-PREP™ protein extraction solution (iNtRON,
Seongnam, Korea). The protein in cells was extracted in RIPA buffer (150 mM NaCl, 1% Nonidet P-40,
50 mM Tris-HCl, and 0.25% sodium deoxycholate) (Biosolution, Seoul, Korea) containing protease
inhibitor cocktail, phosphatase inhibitor cocktail II and III. Each protein concentration was quantified
using the Bio-Rad protein assay (Hercules, CA, USA). After protein quantification, it was denatured at
95 ◦C for 5 min in buffer. Next, samples (50μg) were ran on 10% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) at 50 V for 60 min in running buffer. The proteins were transferred to polyvinylidene
difluoride (PVDF) membranes (BioRad, Hercules, CA, USA) at 100 V for 90 min in a transfer buffer.
Membranes blocked with TNT buffer containing 5% skim milk for 1 h, followed by incubation with
CYP1A1, CYP1B1, and β-actin antibodies overnight at 4 ◦C. After washing for 15 min at 4 times with
TNT buffer, the membrane was incubated for 45 min with secondary antibodies, and then washed for
15 min at 4 times with TNT buffer. Immunoreactivity was visualized using chemiluminescence (ECL)
Plus Western Blotting reagents (Amersham Bioscience, Buckinghamshire, UK). The protein level was
quantified using Quantity One Image Software (Bio-Rad, Hercules, CA, USA).
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2.8. Statistical Analysis

Experimental data were evaluated in triplicates and experiments were repeated at least three
times. All data were expressed as mean ± standard error of the mean (SEM). The One-way analysis
of variance (ANOVA) and Tukey’s multiple comparison analysis were performed to determine the
significant differences between groups using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA,
USA). Differences were considered statistically significant when p < 0.05.

3. Results

3.1. Protective Effect of Myricetin against B[a]P-Induced Toxicity

HepG2 cells were treated with different concentrations of B[a]P and myricetin to evaluate their
toxicity. B[a]P treatment for 48 h induced cytotoxicity in a dose-dependent manner compared with
the control group (Figure 2A). The 40% inhibitory concentration of B[a]P was calculated at 10 μM for
48 h and used in subsequent experiments. Treatment of myricetin at 5, 10, 20, and 40 μM for 48 h
revealed no toxicity up to 10 μM; however, cytotoxicity was shown for treatments > 20 μM when
compared with the control group (Figure 2B). Then, to confirm the protective effect of myricetin on
B[a]P cytotoxicity, HepG2 cells were co-treated with or without B[a]P in the presence of myricetin and
the amount of the viable cells continuously analyzed compared with non-treated group. We found that
myricetin co-treatment with B[a]P recovered up to 85% cell viability (Figure 2C). These results suggest
that myricetin has protective effect against B[a]P-induced cytotoxicity. Based on the cell viability data,
10 μM of myricetin was used for all further in vitro experiments.

Figure 2. B[a]P and myricetin cytotoxicity in HepG2 cells. (A,B) HepG2 cells were treated with B[a]P
(0, 1, 2.5, 5, and 10 μM) or myricetin (0, 5, 10, 20, and 40 μM) at different concentrations for 48 h.
(C) The protective effect of myricetin against B[a]P-induced cytotoxicity was measured with B[a]P
(10 μM) co-treatment with various concentrations of myricetin for 48 h. All treatment group values are
significantly different when compared with controls (* p < 0.05, *** p < 0.001) and B[a]P (# p < 0.05,
### p < 0.001). Tukey’s multiple comparison test. M: myricetin.
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3.2. Protective Effects of Myricetin against B[a]P-Induced Oxidative DNA Damage

To confirm the B[a]P-induced oxidative DNA damage, we calculated the concentration of 8-OHdG
in the liver, kidney, colon, and stomach tissue of rats following treatment with 2 mg/kg of B[a]P and
15 mg/kg of myricetin for 55 days. B[a]P significantly increased the concentration of 8-OHdG in the
liver, stomach, colon, and kidney when compared with the control group but B[a]P co-treatment
with myricetin significantly reduced the 8-OHdG in the liver, stomach, and kidney respectively
(Figure 3A–D). These results confirmed that myricetin protects DNA from further oxidation that
contributes to cell death prevention.

Figure 3. Oxidative DNA damage following B[a]P (2 mg/kg) and myricetin (10 mg/kg) co-treatment.
Oxidative DNA damage was measured by the concentration of 8-OHdG in liver, stomach, colon, and
kidney tissues. (A–D) Myricetin was protective against B[a]P-induced 8-OHdG formation following
B[a]P treatment in all tissue when compared with controls (* p < 0.05, ** p < 0.01, *** p < 0.001) and
B[a]P (# p < 0.05, ### p < 0.001). Tukey’s multiple comparison test. M: myricetin.

3.3. Inhibition Effect of Myricetin against BPDE-DNA Adduct Formation

To evaluate the protective effect of myricetin against B[a]P-induced genotoxicity, the concentration
of BPDE-DNA adducts was measured in HepG2 cells and the liver, stomach, colon, and kidney tissue
of rats using BPDE-DNA Adduct ELISA Kit. Treatment with B[a]P, myricetin, and B[a]P +myricetin
showed that B[a]P induced BPDE-DNA adduct formation when compared with the non-treatment
group. However, B[a]P co-treatment with myricetin clearly decreased BPDE-DNA adduct formation
when compared with B[a]P treatment alone (Figure 4A). Furthermore, B[a]P induced BPDE-DNA
adduct formation in the liver, kidney, colon, and stomach of treated rats when compared with the
control group. B[a]P co-treatment with myricetin inhibited the BPDE-DNA adduct formation in all rat
tissue (Figure 4B–E). These results showed that the genotoxicity of B[a]P was attenuated by myricetin
via inhibition of the formation of BPDE-DNA adduct.
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Figure 4. BPDE-DNA adduct concentration in B[a]P and B[a]P +myricetin treated groups. (A) Effect
of myricetin on BPDE-DNA adduct formation in HepG2 cells following treatment with B[a]P (10 μM)
and co-treatment with myricetin (10 μM) for 48 h. (B–E) In Sprague-Dawley rats, treatment with B[a]P
(2 mg/kg) and co-treatment with myricetin (15 mg/kg) for 55 days. All treatment groups are significantly
different when compared with controls (** p < 0.01, *** p < 0.001) and B[a]P (# p < 0.05, ## p < 0.01,
### p < 0.001). Tukey’s multiple comparison test. M: myricetin.

3.4. Regulatory Effect of Myricetin on the Expression of Phase I, II, and III Enzyme

Our results showed that B[a]P induced CYP1A1 and CYP1B1 expression. In contrast,
B[a]P +myricetin co-treatment down-regulated CYP1A1, but not CYP1B1, expression in the liver of
rats (Figure 5A,B). We confirmed that myricetin co-treatment with B[a]P reduced CYP1A1 expression
when compared with B[a]P treatment group (Figure 5C,D). This indicated that myricetin regulated
CYP1A1 expression, thereby reducing B[a]P metabolism, which prevented DNA adduct formation.

Next, we measured GST expression in HepG2 cells following B[a]P and B[a]P+myricetin treatment.
B[a]P reduced GST expression; however, co-treatment with myricetin recovered this expression when
compared with B[a]P treatment alone (Figure 5C,D). In contrast, ABCC2 was not regulated by myricetin.
This indicated that myricetin attenuated B[a]P-induced toxicity via reduction of oxidative DNA damage
and inhibition of BPDE-DNA adduct formation by inducing GSH conjugated with B[a]P metabolites to
recover the GST expression.
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Figure 5. The expression of phase detoxifying enzymes. (A,B) The effect of myricetin (15 mg/kg) and
B[a]P (2 mg/kg) treatment on CYP1A1 and CYP1B1 enzyme expression in the liver of Sprague-Dawley
rats. (C) The effect of myricetin (10 μM) and B[a]P (10 μM) treatment on CYP1A1, GST, and ABCC2
enzyme expression in HepG2 cells. (D) Quantitative evaluation of relative protein expression of
CYP1A1, GST, and ABCC2. All treatment groups are significantly different when compared with
controls (** p < 0.01, *** p < 0.001) and B[a]P (### p < 0.001). Tukey’s multiple comparison test.
M: myricetin.

4. Discussion

B[a]P is carcinogenic, and is formed during food-processing, and in tobacco smoke, waste products,
and industry [31,32]. B[a]P is well-known as an ubiquitous environmental agent. Previous studies
showed that people were exposed to 8.09–9.20 ng/day of B[a]P [3]. This report indicates that people are
exposed to a low dose of B[a]P over their lifetime. Generally, B[a]P accumulated in humans through
food; 97% of B[a]P exposure amount is associated with the food chain [2]. This indicates that the
exposure of B[a]P is mainly mediated in the gastrointestinal tract such as stomach and colon. Absorbed
B[a]P through the gastrointestinal tract passes through the blood vessel to the liver and undergoes the
detoxification process. Then, detoxified metabolites are excreted via the urine or bile. Thus, in this
study, the liver, kidney, and gastrointestinal tract (stomach and colon) were considered as target organs.
After exposure to B[a]P, it is metabolized to BPDE or B[a]P radical cations, which are conjugated with
DNA. Previous studies have shown that B[a]P induces genotoxicity by forming BPDE-DNA adducts
or 8-OHdG [33]. Additionally, another study shows that the long-term treatment of low-dose B[a]P
induces the cancer progression [5]. This means that B[a]P negatively affects the people’s health causing
dysfunction of hormone, cancers, and autoimmune disease [34]. Previous study shows that inhibition
of DNA adduct formation reduces B[a]P mutagenesis and carcinogenesis [35]. Many studies have
assessed the effect of flavonoids in reducing the B[a]P-induced toxicity [36–38].

Myricetin, which is present in many foods such as tea, vegetables, and medical plants, is a
natural flavonoid that has anti-carcinogenic, -oxidant, and -inflammation effects [39,40]. Generally,
the protective effects of myricetin against oxidative stress have been well-studied for a long time.
Previous studies have shown that the anti-oxidant effect of myricetin is mediated by its ROS scavenging
activity and activation of cellular anti-oxidative mechanisms including nuclear factor erythroid
2-related factor 2 (Nrf2)-linked pathway [41–43]. Myricetin is protective against B[a]P-induced DNA
damage via oxidized pyrimidine. In contrast, oxidized purines are not reduced by myricetin [25].
This means that myricetin does not repair after receiving purine-based damage by B[a]P. Therefore,
the inhibition of 8-OHdG and BPDE-DNA adducts is important for the attenuation of B[a]P-induced
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DNA damage. In this study, we provide new insights into the protective effects of myricetin against
B[a]P-induced toxicity.

We confirmed that myricetin recovered cell viability in HepG2 cells, indicating that myricetin
could attenuate B[a]P-induced cytotoxicity (Figure 2C). Previous studies have shown that the formation
of DNA adducts induces B[a]P genotoxicity via oxidative stress and BPDE. B[a]P is transited to
B[a]P-7,8-dione, which enhances ROS production by inducing futile redox cycles [44]. The formation
of 8-OHdG is an oxidative DNA damage marker [45]. In addition, B[a]P is sequentially transited
to B[a]P-7,8-epoxide, B[a]P-7,8-dihydrodiol, and BPDE, which is a metabolite of B[a]P that causes
genotoxicity via the formation of BPDE-DNA adducts [35]. On the other hand, the amount of oxidative
DNA damage and the level of BPDE formation are different depending on the types of cell lines
and organs [46]. Thus, to evaluate the effect of myricetin on B[a]P-induced toxicity, we analyzed
8-OHdG and BPDE-DNA adducts using HepG2 cells and various organs such as the liver, kidney
and gastrointestinal tract (stomach and colon). Our results confirmed that B[a]P induced 8-OHdG
and BPDE-DNA adduct formation, respectively. In contrast, co-treatment with myricetin and B[a]P
reduced 8-OHdG and BPDE-DNA adduct formation in all organ tissues (Figures 3 and 4). The results
indicate that reduction of B[a]P-induced cytotoxicity is induced by myricetin through reducing B[a]P
metabolites-DNA adducts formation. To examine whether the side-effects affect the animals by
treatment with B[a]P or myricetin, we evaluated the effect of B[a]P and myricetin on body and organ
weights. We confirmed that the weights of organs including the liver, stomach, colon, and kidney
were not changed in all treatment groups (supplementary information, Figure S1B–E). Moreover,
the bodyweight of animals was not significantly different between the treated groups and untreated
control groups (supplementary information, Figure S1A). These results indicated that there were no
significant side-effects during long-term exposure to B[a]P and myricetin. Therefore, our results show
that myricetin attenuates B[a]P-induced genotoxicity mainly by inhibiting oxidative DNA damage and
BPDE-DNA adduct formation.

B[a]P-mediated genotoxicity is caused by the interaction of B[a]P metabolites with DNA. Our
results show that myricetin reduces B[a]P-induced genotoxicity by reducing the formation of B[a]P
metabolites-DNA adduct. We hypothesize that myricetin inhibits the opportunity of B[a]P metabolites
conjugated with DNA. Attenuation of B[a]P-DNA adduct formation was considered to be mediated
by two factors: (1) reduction in conversion of B[a]P to B[a]P metabolites, and (2) elimination of
B[a]P metabolites. Previous studies have showed that the conversion of B[a]P to BPDE requires
multi-enzymatic steps [47]. B[a]P is metabolized by CYP 450; its metabolites cause 8-OHdG and
BPDE-DNA adduct formation. A report shows that B[a]P metabolism is regulated by CYP1A1
and CYP1B1, which are associated with B[a]P-mediated carcinogenesis [48]. CYP 450 enzymes
induce B[a]P conversion to its metabolites, which conjugate with DNA to form carcinogenic DNA
adducts [49]. However, our results showed that CYP1A1, but not CYP1B1, expression was decreased
by myricetin treatment when compared with B[a]P alone (Figure 5A,B). A previous study has reported
that the regulation of BPDE-DNA adduct formation is correlated with CYP1A1 [50]. Furthermore,
the attenuation of cellular DNA damage in HepG2 cells is associated with a reduction in oxidative stress
via suppression of CYP1A1 [51]. Indeed, CYP1A1 is the most efficient enzyme forming intermediate
metabolite of B[a]P-derived DNA adducts in the liver [52]. Taken together with our data, this indicates
that myricetin-induced attenuation of B[a]P genotoxicity is caused by reducing the intermediate
metabolites of B[a]P-derived DNA adducts via regulation of CYP1A1 expression.

GST is a phase II enzyme that is conjugated with xenobiotics, including B[a]P, which is a
well-known detoxification system in the body [53]. One previous study has shown that GST contributes
to a reduction in BPDE-DNA adduct formation and 8-OHdG by inducing GSH-conjugation with B[a]P
metabolites [54]. Our results showed that B[a]P reduced GST expression, whereas myricetin recovered
this effect (Figure 5C,D). These results suggested that myricetin attenuates B[a]P-induced DNA damage
by inhibiting 8-OHdG and BPDE-DNA adduct formation via GST expression induction. In contrast,
phase III enzymes are not significantly regulated by myricetin (Figure 5C,D). We hypothesize that
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myricetin regulates other transporter genes or does not affect phase III enzymes. Previous studies have
shown that myricetin induces anticancer drug efficiency by modulating drug efflux via transporter
gene regulation [55,56]. In addition, many transporter genes have been shown to localize to the
basolateral or canalicular membrane, which is associated with the excretion of drugs through the bile
or blood [57]. Previous studies have revealed that GSH interacting with BPDE enhances the BPDE
solubility in water, which is eliminated by ABCCs [58]. Therefore, further studies are required to assess
the excretion mechanism of B[a]P metabolites that are conjugated with phase II enzymes by myricetin.
Taken together, myricetin attenuates B[a]P-induced 8-OHdG and BPDE-DNA adduct formation by
regulating CYP1A1 and GST expression.

5. Conclusions

This study shows that myricetin reduces B[a]P-induced toxicity by inhibiting BPDE-DNA adduct
and 8-OHdG formation. The inhibition of B[a]P-induced genotoxicity is associated with two factors:
(1) a reduction of the B[a]P metabolism via reduced CYP1A1 expression, and (2) the elimination of B[a]P
metabolites via enhanced GST expression. These results indicate that myricetin inhibits both B[a]P
conversion to B[a]P metabolites and B[a]P metabolites conjugated with DNA, thereby inhibiting the
formation of 8-OHdG and BPDE-DNA adducts. Our study suggests that myricetin is protective against
B[a]P-induced genotoxicity by inhibiting oxidative DNA damage and BPDE-DNA adduct formation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/5/446/s1,
Figure S1: Effect of B[a]P and myricetin on body and organ weights. B[a]P (2 mg/kg) alone or together with
myricetin (15 mg/kg) was administered to Sprague-Dawley rats orally for 55 days. (A) Body weight changes of
the rats during 55 days. (B–E) Organ weights of the rats after 55 days. M: myricetin.
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Abstract: Folic acid (FA) can be protected the neural tube defects (NTDs) causing nitric oxide (NO)
induction, but the alleviation mechanism of the detailed FA function against NO has not yet been
clarified. This study focused on elucidation of the interaction of FA and NO. FA suppressed nitrite
accumulation as the NO indicator in lipopolysaccharide (LPS)-stimulated RAW264.7 cells, then the
expression of the iNOS gene due to the LPS treatment was not inhibited by FA, suggesting that FA can
modulate against NO or nitrogen radicals. NOR3 (4-ethyl-2-hydroxyamino-5-nitro-3-hexenamide) as
the NO donor was used for evaluation of the NO scavenging activity of FA. FA suppressed the nitrite
accumulation in a dose-dependent manner. To confirm the reaction product of FA and NO (FA-NO),
liquid chromatography–mass spectrometry (LC/MS) was used to measure a similar system containing
NOR3 and FA, and then detected the mass numbers of the FA-NO as m/z 470.9 (M +H)+ and m/z 469.1
(M − H)−. In addition, the adducts of the FA-NO derived from 14NO and 15NO gave individual mass
numbers of the isotopic ratio of nitrogen for the following products: FA-14NO, m/z 471.14 (M + H)+;
m/z 469.17 (M −H)− and FA-15NO, m/z 472.16 (M +H)+; m/z 470.12 (M −H)–. To clarify the detailed
NO scavenging action of FA, an electron spin resonance (ESR) study for radical detecting of the
system containing carboxy-PTIO (2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide)
as an NO detection reagent in the presence of NOR3 and FA was performed. The carboxy-PTI
(2-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl) radical produced from the reaction with NO
reduced in the presence of FA showing that FA can directly scavenge NO. These results indicated that
NO scavenging activity of FA reduced the accumulation of nitrite in the LPS-stimulated RAW264.7
cells. The NO modulation due to FA would be responsible for the alleviation from the failure in
neural tube formation causing a high level of NO production.

Keywords: folic acid; nitric oxide; neural tube defects; RAW264.7 cells; NOR3; ESR; LC/MS

1. Introduction

The falling of neural tube defects (NTDs) in neural tube formation during early embryogenesis
includes anencephaly, exencephaly, and spina bifida. Folic acid (FA) is known as a dietary supplement
that can be prevent NTDs involving failure of the neural tube (NT) closure in the developing embryo,
especially spina bifida and anencephaly in the periconceptional period [1].

Based on this information, the mandatory FA fortification has been associated with a decline in
NTD prevalence in many countries [2–4]. A more recent study demonstrated that microglia activation,
including the disruption of the endogenous inhibitory system (CD200-CD200R), contributes to injury
in spina bifida aperta after birth [5]. Previous study indicated that a moderate level of nitric oxide
(NO) and nitric oxide synthase (NOS) play a critical role in normal embryonic development [6].
Physiological concentrations of NO modulate carbon flow through the folate pathway, that is, NO
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inhibits methionine synthase (MS) involving the interference transfer of the methyl group from the
methyl donor, 5-methyl-tetrahydrofolate (5mTHF), to homocysteine during methionine production [7].

In previous studies, the direct effect of FA against NO produced by the NO donor,
S-nitroso-N-acetyl-penicillamine (SNAP), on the process of NT closure in the chick embryo ex ovo was
examined. NOS involves high NO levels due to the SNAP treatment of the inactivated MS and its
activity can only be rescued by FA or vitamin B12, but not by the NOS inhibitor [8,9]. Although FA or
vitamin B12 can prevent the NTDs causing the NO induction, the detailed prevention mechanism due
to the FA relation to NO has not yet been clarified. Therefore, this study focused on the interaction of
FA and NO, and this article describes how FA can directly scavenge NO involved in NTDs.

2. Materials and Methods

2.1. Reagents

4-Ethyl-2-hydroxyamino-5-nitro-3-hexenamide (alternate name: NOR3) and 2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (alternate name: carboxy-PTIO) were purchased from
Dojindo Molecular Technique Inc. (Kumamoto, Japan). Folic acid (FA), l-arginine, interferon-γ (IFN-γ)
and lipopolysaccharide (LPS) were obtained from the FUJI Firm Wako Pure Chemical Corporation
(Osaka, Japan). Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were
obtained from Gibco BRL (Grand Island, NY, USA).

2.2. Cell Culture

Raw264.7 cells (mouse macrophages, American type culture collection) were cultured in DMEM
in 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin at 37 ◦C in a 5% CO2 atmosphere.

2.3. Nitrite Assay on RAW264.7 Macrophages

RAW264.7 macrophages in a 96-well microplate were treated with LPS (100 ng/mL), l-arginine
(2 mM), and IFN-γ (100 U/mL) with or without the various concentrations of FA (25–200 μM). After
culturing for 16 h, the nitrite production as an NO indicator in the medium, was determined by the
Griess method as previously reported [10,11].

2.4. iNOS Gene Expression

Reverse transcriptase-polymerase chain reaction (RT-PCR) was carried out according to previously
described procedures [12]. Briefly, the LPS-stimulated RAW264.7 macrophages on a 12-well microplate
(2.5 × 106 cells/mL) were treated with the FA (200 μM). The total RNA from cells was isolated from
the cell lysate and the amplification of the cDNA was performed by the iNOS primers: 5‘-CCT TGT
TCA GCT ACG CCT TC-3‘and 5‘-CTG AGG GCT CTG TTG AGG TC-3‘ using PCR (GeneAmp®

PCR System 9700, Applied Biosystems, Waltham, MA. USA). The PCR product of cDNA (100 ng/μL)
was loaded on a DNA chip (Agilent DNA 1000 kit, Agilent Technologies, Santa Clara, CA, USA)
and the electrophoresis was performed by a micro DNA analyzer (Agilent 2100 Bioanalyzer, Agilent
Technologies, Santa Clara, CA, USA).

2.5. Nitric Oxide (NO) Inhibitory Action

NOR3 as the NO donor was used in the presence of various concentrations of FA (10–200 μM)
as previously reported [13]. The reaction mixture containing NOR3 (200 μM), with or without FA in
phosphate-buffered saline (PBS) solution, was incubated at room temperature for 60 min. The nitrite
accumulation in the reaction mixture was determined using previously reported procedures [10,11]. In
addition, the reaction mixture was analyzed by liquid chromatography–mass spectrometry (LC/MS)
equipment. The reaction product of FA and NO was measured by LC/MS using a photodiode array
detector (Quattromicro API triple-quadruple mass analyzer, Waters Corp., Milford, MA, USA) and
monitored at 275 nm on a reversed-phase chromatographic column, YMC Pro C18 (i.d. 3 mm × 10 cm,
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YMC Co., Ltd., Kyoto, Japan) at 40 ◦C. The mobile phase consisting of 1% formic acid and acetonitrile
solvent (10%) was carried out at the flow rate of 0.34 mL/min by a linear gradient to 10%, 30% and
100% for 2 min, 3 min and 7 min. The mass spectra were measured under the following conditions:
electrospray ionization (ESI) at the cone voltages of 17 volts for the positive ion mode and at 21 volts
for the negative ion mode.

2.6. Electron Spin Resonance (ESR) Measurement

The NO scavenging ability of FA was examined in the presence of the carboxy PTIO as the NO
detection reagent [14]. The reaction mixture of FA (200 μM), NOR3 (100 μM) and carboxy-PTIO (50 μM)
was prepared in PBS and incubated at room temperature for 15 min. An electron spin resonance (ESR)
measurement was performed by an ESR spectrometer (JES-FR30, JEOL, Ltd., Tokyo, Japan) operating
at the X-band with the modulation frequency of 100 kHz. The reaction mixture was transferred to
the capillary (100 × 1.1 mm i.d. (inner diameter)., Drummond Scientific Co., Broomall, PA, USA) and
placed in a quartz cell (270 mm long, 5 mm i.d., JEOL DATUM, Ltd., Tokyo, Japan). The ESR signal
was measured at 9.4 GHz resonant frequency the following conditions: microwave power; 4 mW;
modulation width, 0.1 mT; gain, 500; scan time, 1 min; time constant, 0.3 s.

2.7. Reaction Product of Folic Acid (FA) and NO

The reaction products of FA and NO were prepared as previously reported [11,15]. Milli-Q water
(200 mL) was degassed using an ultrasonic device under reduced pressure for 30 min, subsequently
a dry nitrogen gas was bubbled for 30 min in a nitrogen gas-filled glove box (762 × 450 × 478 mm,
AS-600PC, AS ONE corp., Osaka, Japan). The status of deoxygenation in the aqueous solution was
confirmed using an oximeter (MDS-2C, Marubishi Bioengineering Co., Ltd., Tokyo, Japan). This
deoxygenated aqueous solution (1 mL) containing FA (4.4 mg), Na2S2O4 (20 mg), Na14NO2 or Na15NO2

(40 mg) was incubated in a capped vial at room temperature for 1 h under the anoxic conditions
in the glove box. While the similar reaction mixture as control was prepared under the aerobic
conditions. Then, the product of NO (FA-14NO and FA-15NO) was immediately analyzed by LC/MS
equipment. The reaction product of FA and NO was measured by LC/MS using a photodiode array
detector (Xevo-TQD triple-quadrupole mass analyzer, Waters, MA, USA) and monitored at 275 nm on a
reversed-phase chromatographic column, Acquity UPLC BEH C18 (i.d. 2.1 mm × 3 cm, 1.7 μm, Waters)
at 40 ◦C. The mobile phase consisting of 0.1% formic acid aqueous solution (100%) and acetonitrile
solvent containing 0.1% formic acid was carried out at the flow rate of 0.40 mL/min by a linear gradient
to 100%, 5%, 5% for 0.5 min, 3.5 min, 5min. These mass spectra were measured under the following
conditions: ESI at the cone voltages of 30 volt in both the positive and negative ion mode.

3. Results

3.1. NO Inhibitory Action

The NO inhibitory action due to FA was evaluated for the NO production in the LPS-stimulated
RAW264.7 cells. The nitrite accumulation as the NO indicator increased in the LPS treated cells.
When FA was placed in the cells, the nitrite accumulation was inhibited in a dose dependent manner
(Figure 1). A previous study showed a similar result that FA inhibited cytotoxicity with apoptosis due
to NO [16]. This result indicated that FA has an inhibitory action on the NO production.

3.2. NO Scavenging Activity

The NO scavenging activity due to FA was evaluated using NOR3 as the NO donor. The nitrite
accumulation as the NO indicator was examined with or without FA. As shown in Figure 2, FA
suppressed the nitrite accumulation in a dose-dependent manner. This result suggested that FA has a
potential NO or nitrogen radical scavenging activity. Therefore, the NO scavenging ability due to FA
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would be responsible for the suppression of the NO production in the LPS-stimulated RAW264.7 cells
(Figure 1).

Figure 1. Inhibition of folic acid (FA) for nitric oxide (NO) production in lipopolysaccharide
(LPS)-stimulated RAW264.7 macrophages. The various concentrations of FA (25, 50, 100 and 200 μM)
were evaluated for the NO production in the LPS-stimulated RAW264.7 macrophages. Data are
expressed as mean ± standard deviation (SD) and the significant difference was analyzed by the
Student’s t-test. *p < 0.01 indicates significant difference from the control.

Figure 2. Inhibition of nitrite accumulation due to folic acid (FA). The reaction mixture containing NOR3
(4-ethyl-2-hydroxyamino-5-nitro-3-hexenamide) (200 μM) as the NO donor with or without FA (10, 25,
50, 100 and 200 μM) in phosphate-buffered saline (PBS) solution was incubated at room temperature
for 60 min. The nitrite level was used as the NO indicator. Data are expressed as mean ± SD, and the
significant difference was analyzed by the Student’s t-test. *p < 0.01 indicates significant difference
from NOR3 without the test compounds.
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3.3. Suppression of iNOS Gene Expression

The iNOS mRNA gene expression was induced in the LPS-stimulated RAW264.7 cells. The iNOS
gene expression in the cells was examined with or without FA. As shown in Figure 3, the iNOS gene
expression by the LPS treatment was not suppressed by the FA treatment. This result suggested that
FA can directly scavenge NO or nitrogen radicals which would be responsible for the suppression of
the NO production in the LPS-stimulated cells (Figure 1).

Figure 3. Inhibitory effect of folic acid (FA) for LPS stimulated iNOS mRNA expression in LPS-stimulated
RAW264.7 macrophages. An iNOS mRNA gene expression was induced in the LPS-stimulated
RAW264.7 cells. The iNOS gene expression in the cells was examined with or without FA (200 μM).
Cells, cells without treatment; cells/LPS, cells treated with LPS; cells/LPS + FA, cells treated with LPS
and cells + FA, cells treated with FA.

3.4. Determination of FA-NO by Liquid Chromatography–Mass Spectrometry (LC/MS)

To confirm the reaction product of FA and NO (FA-NO), LC/MS was used to measure in the
reaction mixture containing NOR3 and FA. The high-performance liquid chromatography (HPLC)
chromatogram of the FA-NO produced in the presence of FA and NOR3 indicated in Figure 4. The
mass spectrum of the reaction products was detected in both the positive and negative ion mode. The
mass numbers of m/z 470.9 (M + H)+ and m/z 469.1 (M − H)− indicated that the FA-NO was produced
by the interaction of FA and NO.
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Figure 4. Liquid chromatography–mass spectrometry (LC/MS) chromatogram obtained from reaction
mixture containing NOR3 and folic acid (FA). The LC/MS was carried out under the analytical
conditions as described in the text. (A) Each peak of the high-performance liquid chromatography
(HPLC) chromatogram indicated FA and its reaction product with NO, FA-NO. (B) These mass spectra
indicated (a) FA, m/z 441.9 (M + H)+ and (b) FA-NO, m/z 470.9 (M + H)+ in the positive ion mode
and (c) FA, m/z 440.0 (M − H)− and (d) FA-NO, m/z 469.1 (M − H)− in the negative ion mode of
mass spectrometry.

3.5. Products of FA-14NO and FA-15NO

To confirm the ability of the FA scavenging of NO, the product of FA-NO derived from 14NO and
15NO was prepared, and then each mass spectrum was measured by LC/MS. As shown in Figures 5
and 6, each reaction product of 14NO and 15NO with FA under the conditions of aerobic and anoxia
was as follows; FA-14NO, m/z 469.17 (M − H)−; m/z 471.1 4 (M + H)+ for the aerobic conditions and
m/z 469.12 (M −H)−; m/z 471.13 (M +H)+ for the anoxic conditions (Figure 5) and also FA-15NO, m/z
470.12 (M −H)−; m/z 472.16 (M +H)+ for the aerobic conditions and m/z 470.21 (M −H)−; m/z 472.14
(M + H)+ for the anoxic conditions (Figure 6). The individual mass number of the FA-NO was clearly
distinguished by the difference in the isotopic ratio of nitrogen. In addition, the product of FA-NO
in the anoxic conditions was similar yield to that of the aerobic conditions. These results supported
the assertion that FA has NO scavenging ability, resulting in the suppression of NO production in the
LPS-stimulated RAW264.7 cells (Figure 1).
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3.6. FA Scavenging NO by ESR Study

It is known that nitronyl nitroxide carboxy-PTIO as an NO detection reagent reacts with NO,
generate an imino nitroxide, carboxy-PTI radical and NO2 [17,18]. To clarify the NO scavenging
action of FA, an ESR study was performed on the system containing the carboxy-PTIO in the presence
of NOR3 and FA. The NO released from NOR3 was detected by carboxy-PTIO, then produced a
carboxy-PTI radical as indicated by the arrows in Figure 7. The carboxy-PTI radical was reduced when
FA was present in the system, indicating that FA can directly scavenge NO.

 

Figure 7. NO savenging activity of folic acid (FA). Electron spin resonance (ESR) spectrum obtained
from the reaction mixture containing the carboxy-PTIO (2-phenyl-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide, 200 μM) as the NO detection reagent in the presence of NOR3 (200 μM) with or without
FA (200 μM). The NO released from NOR3 was detected by carboxy-PTIO, then produced a carboxy-PTI
(2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl) radical as indicated by the arrows.

4. Discussion

The significance of FA in the prevention of neural tube defects (NTDs) involving the failure of NT
closure in the developing embryo is well recognized. NO had been shown to be able to induce NTDs
in rat embryos, and biochemical studies showed that NO inhibits methionine synthase (MS) [6,7]. In a
previous study, the direct effect of NO produced by the NO donor SNAP on the process of NT closure
in the chick embryo ex ovo. was evaluated and the high NO levels by the SNAP treatment inhibited
the MS in the methyl transfer reaction of cofactor B12 [8,9]. The alleviation mechanism due to the FA
treatment was speculated to be the interference with one-carbon flow through the folate pathway [8].
Previous studies showed that 5-methyl-tetrahydrofolate (5-mTHF), the primary circulating metabolite
of FA, improves the endothelial NO synthase (eNOS) coupling cofactor tetrahydrobiopterin (BH4),
indicating that the NOS activity regulates the MS activity in the process of NT closure [8]. On the other
hand, when the BH4 is limited, the uncoupled NOS produces the superoxide radical (O2

−) rather than
NO, then produces peroxynitrite by the reaction between O2

- and NO which causes the endothelial
dysfunction [19]. FA has the ability of O2

− scavenging, which may protect or improve the endothelial
function [20–23]. However, the detailed relationship between FA and NO has not yet been clarified. In
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this study, the effect of FA on the NO production in the LPS-stimulated RAW264.7 cells was examined.
The nitrite accumulation in the LPS treatment cells decreased in the presence of FA (Figure 1). An
inflammatory cytokine or proinflammatory cytokine including interleukin-1 (IL-1), interleukin-12
(IL-12), and interleukin-18 (IL-18), TNF-α, interferon γ (IFNγ), and granulocyte-macrophage colony
stimulating factor (GM-CSF) stimulate the Janus kinase (Jak) and signal transducer and activator of
transcription (STAT) pathway (JAK-STAT pathway) as a key role in signal pathways activated by
growth factors and cytokines. Expression of iNOS and the production of NO in response to LPS/IFN γ

are increased through JAK/STAT signaling [24,25]. While the expression of the iNOS gene due to the
LPS/ IFNγ treatment was not inhibited by the FA treatment, thus the reduction NO due to FA will
not be through the JAK-STAT pathway. It is suggested that FA may directly regulate against NO or
producing nitrogen radicals during the NO oxidation (Figure 2). The NO-scavenging ability of FA was
examined in the reaction with NOR3 as the NO donor. FA suppressed the nitrite accumulation in a
dose-dependent manner suggesting that FA provides a direct scavenging ability against NO or nitrogen
radicals. The result first showed another possible function of FA which can modulate the nitrogen
radicals including NO. Although FA could not suppress the iNOS gene expression, the nitrogen radical
scavenging function due to FA could suppress for the NO production in the LPS-stimulated cells
(Figure 3). To better clarify the function of FA, the FA scavenging NO adduct in the reaction mixture
was detected by LC/MS. The mass numbers of m/z 470.9 (M + H)+ and m/z 469.1 (M − H)− were
determined as the adduct of the FA scavenging NO (FA-NO). To obtain more detailed evidence, the
FA-NO derived from 14NO and 15NO was measured in both the positive and negative ion mode, and
each product of the 14NO or 15NO reaction with FA gave the following mass numbers: FA-14NO, m/z
471.14 (M +H)+; m/z 469.17 (M −H)− and FA-15NO, m/z 472.16 (M +H)+; m/z 470.12 (M −H)− (Figures
5A and 6A). The individual mass number of the FA-NO was clearly distinguished by the difference in
the isotopic ratio of nitrogen, resulting in the product by the FA reaction with NO. NO reacts with
oxygen giving rise to the formation of NO2 and potentially N2O3. To avoid the reactions, the FA
reaction with NO in the anoxic conditions was examined, resulting in the product of FA-NO being
of a similar yield to that of the aerobic conditions (Figures 5B and 6B). This result suggested that the
reactions of FA with NO give rise to folic acid nitrosation.

To clarify the direct NO scavenging action due to FA, an ESR study was performed on the system
containing carboxy-PTIO as the NO detection reagent in the presence of NOR3 and FA. The carboxy-PTI
radical was then produced from the reaction with NO reduced in the presence of FA (Figure 7). This
result strongly supported the assertion that FA can directly scavenge NO and the function of FA
suppressed the NO production in the LPS-stimulated cells.

FA can prevent the NTDs causing the NO induction which inhibits MS involving the interference
transfer of the methyl group from the 5mTHF to homocysteine in methionine production. This
study proposes another alleviation mechanism whereby the NO modulation due to the FA direct
scavenging of NO contributes to alleviation from the failure in the NT formation causing the high level
of NO production.

5. Conclusions

This study first demonstrated that FA can directly scavenge NO, resulting in the reduction of the
accumulation of nitrite in the LPS-stimulated RAW264.7 cells. In addition, the NO modulation due to
FA may contribute to alleviation from the failure in neural tube formation causing the high level of
NO production.
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Abstract: Ultraviolet B (UVB) radiation-induced oxidative skin cell damage is a major cause of
photoaging. In the present study, a low molecular weight fucoidan fraction (SHC4) was obtained from
Sargassum horneri by Celluclast-assisted extraction, followed by step gradient ethanol precipitation.
The protective effect of SHC4 was investigated in human keratinocytes against UVB-induced
oxidative stress. The purified fucoidan was characterized by Fourier-transform infrared spectroscopy
(FTIR), 1H nuclear magnetic resonance (NMR), agarose gel-based molecular weight analysis and
monosaccharide composition analysis. SHC4 had a mean molecular weight of 60 kDa, with 37.43%
fucose and 28.01 ± 0.50% sulfate content. The structure was mainly composed of α-L-Fucp-(1→4)
linked fucose units. SHC4 treatment dose-dependently reduced intracellular reactive oxygen species
(ROS) levels and increased the cell viability of UVB exposed HaCaT keratinocytes. Moreover,
SHC4 dose-dependently inhibited UVB-induced apoptotic body formation, sub-G1 accumulation
of cells and DNA damage. Inhibition of apoptosis was mediated via the mitochondria-mediated
pathway, re-establishing the loss of mitochondrial membrane potential. The UVB protective effect
of SHC4 was facilitated by enhancing intracellular antioxidant defense via nuclear factor erythroid
2–related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling. Further studies may promote the use of
SHC4 as an active ingredient in cosmetics and nutricosmetics.

Keywords: oxidative stress; ultraviolet B; gradient ethanol precipitation; fucoidan; HaCaT keratinocyte;
heme oxygenase-1; nutricosmetic

1. Introduction

Ultraviolet B (UVB)-irradiation (280–320 nm) primarily induces cell damage by augmenting
intracellular reactive oxygen species (ROS) levels. The radiation easily penetrates the stratum
corneum, where it increases the risk of photoaging, with symptoms characterized by thickening of
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the epidermis, discoloration, skin wrinkling, loss of elasticity and skin cell growth retardation [1].
Recent developments in marine bioresource technology have substantiated the therapeutic potential
of marine natural products to be used as cosmeceuticals, functional foods, new drugs and drug
leads. Fucoidan is a fucose-rich sulfated polysaccharide found in brown algae that is renowned
for its versatile biologic activities. High molecular weight fucoidans closely resemble the structure
of heparin and are effective anticoagulants [2]. Nevertheless, low molecular weight fucoidans are
reported to possess antioxidant, anti-inflammatory, anticancer and anti-microbial activities [3,4].
Fucoidan mainly contains α-1,3 and α-1,4-linked fucose units with sulfate ester substituents at the
2, 3 and/or 4 positions. However, the chains could also contain monosaccharides such as glucose,
mannose, xylose, arabinose and hexuronic acid. The monomer composition, connectivity, branching,
sulfation pattern, and molecular weight are species-related [2]. The conventional method of refining
fucoidan involves hot water extraction of dry algal powder under mildly acidic pH, followed by ethanol
precipitation. The precipitate undergoes additional fractionation via ultrafiltration, size exclusion
or anion exchange chromatography. This method lacks efficiency based on the low extraction yield,
convenience, time consumption and selectivity over molecular weights.

As fucoidan is mainly localized to the cell wall of brown algae, degradation of the cell wall
using enzymes is a well-planned extraction strategy conserving polymer integrity, and thereby
its biofunctional properties. The use of enzymes, including Celluclast, Termamyl, Ultraflo,
Amyloglucosidase, and Viscozyme, is advisable to obtain fucoidan whose biofunctional properties
are preserved [5]. Gradient alcohol precipitation is a fractionation method used for fractionating
polysaccharides with gradually narrowed down molecular weight distributions [6]. It is a relatively
inexpensive and simple method compared to ultrafiltration and chromatography. The precipitation is
achieved by incorporating organic solvents such as methanol, ethanol, isopropanol, 1-butanol and
acetone or concentrated inorganic salts such as ammonium sulfate ((NH4)2SO4) and polymerizing
agents such as polyethylene glycol (PEG). The use of this method has been previously reported for
fractionating fucoidan [7]. The present study was undertaken as a part of a project to investigate possible
industrial uses of S. horneri as a sustainable approach for managing its large biomass. The extraction of
fucoidan enriched crude polysaccharides followed an optimized green approach using enzymes, while
the fractionation followed a step gradient ethanol precipitation.

2. Materials and Methods

Fucoidan standard, KBr (FTIR grade), deuterium oxide, 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH2-DA) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), o-Toluidine
blue, trifluoroacetic acid and 2-mercaptoethanolwere purchased from Sigma-Aldrich (St. Louis, MO,
USA). Celluclast was obtained from Novozyme Co. (Bagsvaerd, Denmark). Chloroform, methanol and
ethanol were of analytical grade. Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum
(FBS) and penicillin/streptomycin mixture were purchased from GIBCO INC., (Grand Island, NY, USA).
Primary and ary antibodies were purchased from Cell Signalling Technology, Inc. (Beverly, MA, USA)
and Santa Cruz Biotechnology (Santa Cruz, CA, USA).

2.1. Preparation of Fucoidan Fraction

2.1.1. Extraction of Fucoidan Enriched Polysaccharide

Washed and dried S. horneri samples collected off Jeju coast were provided to us by Seojin Biotech
Company limited. The samples were pulverized using an MF 10 basic, IKA microfine grinder (Werke,
Germany). Depigmentation was carried out using a solvent system of chloroform and methanol 1:1.
Next, the dried powder was soaked in a solution of ethanol containing 10% formaldehyde for 3 h at
40 ◦C. The dried powder was washed twice with 80% ethanol. After evaporating off any remaining
solvent, the sample powder was suspended in 5 L of deionized water at a 1:10 (kg/L) ratio. The pH
was adjusted to 4.5 by adding diluted HCl while equilibrating at 50 ◦C in a shaking incubator for 1 h.
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Celluclast was added at a 0.5% sample ratio and kept for 8 h under continuous agitation at 50 ◦C.
The mixture was filtered through a muslin cloth. Celluclast was heat-denatured at 100 ◦C for 10 min.
The extract was neutralized at room temperature by adding diluted NaOH and centrifuged at 5000× g
for 20 min to remove unfiltered particles. The supernatant (4.5 L) was frozen and lyophilized to reduce
the volume to 1 L.

2.1.2. Step Gradient Ethanol Precipitation

The ratio of ethanol was determined following optimization studies. As the first step in
gradient ethanol precipitation, 250 mL of ethanol was gently added to 1 L of the extract while
stirring. The mixture was incubated at 4 ◦C for 12 h, allowing it to equilibrate while precipitating
the polysaccharides (Figure 1). After, the mixture was centrifuged at 5000× g for 20 min at 4 ◦C to
obtain the first precipitate designated as SHC1. Sequentially the second, third and fourth precipitates
were collected by, respectively adding 500 mL, 1 L and 2 L of ethanol to the supernatant after each
precipitation step. All precipitates were dually washed with 95% ethanol (homogenization) and
centrifuged to recover the polymer. Finally, the precipitates were dissolved in deionized water and
dialyzed using 3.5-kD molecular weight cutoff dialysis membranes (Spectra/Por, Los Angeles, CA,
USA). Polysaccharide fractions were lyophilized and stored at −20 ◦C for proceeding experiments.

Figure 1. The procedure of sample pretreatment, enzyme-assisted extraction, and fractionation by
gradient ethanol precipitation.

2.2. Analysis of Molecular Weight (MW) Distribution

Approximate molecular weight distribution, homogeneity, and separation efficiency of the
polysaccharide fractions were analyzed by an agarose gel electrophoresis method [3]. Briefly, markers
and samples (1 mg mL−1) were electrophoresed in 1% agarose gels in Tris-Borate-EDTA running buffer
(pH 8.3) at 100 V for 20 min. The gel was stained with 0.02% toluidine blue and 0.5% Triton X-100 in
3% acetic acid and de-stained with 3% acetic acid.

2.3. Fourier-Transform Infrared Spectroscopy (FTIR) and Monosaccharide Composition Analysis

Polysaccharide powders were cast into KBr pellets and analyzed by a VERTEX 70v FTIR
spectrometer (Bruker, Germany) [3]. For the monosaccharide composition analysis, polysaccharides
were hydrolyzed with 4 M of trifluoroacetic acid and separated on a CarboPac PA1 column integrated to
a Dionex ED50 Detector (HPAEC-PAD) (Dionex, Sunnyvale, CA, USA). A standardized monosaccharide
mixture was used as the reference standard [3].
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2.4. H1 Nuclear Magnetic Resonance (NMR) Analysis

The selected polysaccharide fraction, SHC4, was deuterium exchanged by co-lyophilizing with
deuterium oxide, dissolved in deuterium oxide, and analyzed by a JNM-ECX400, 400 MHz spectrometer
(JEOL, Tokyo, Japan).

2.5. In Vivo Cell Culture

2.5.1. Cell Maintenance

HaCaT keratinocytes (Korean Cell Line Bank, Seoul, Korea) were maintained in DMEM containing
10% FBS and 1% penicillin-streptomycin. Cells were sub-cultured once every two days. Exponentially
growing cells were used for seeding (2 × 105 cells mL−1). After 24 h, wells were treated with different
sample concentrations and further incubated for 24 h. Cytotoxicity was measured by MTT assay.
Briefly, cells were incubated with MTT for 4 h, dissolved in dimethyl sulfoxide (DMSO), and the
absorbance readings were taken at 540 nm using a SpectraMax® M2 system (Molecular Devices,
Sunnyvale, CA, USA).

2.5.2. UVB Exposure and Oxidative Stress Analysis

HaCaT keratinocytes were incubated for 2 h with different concentrations of samples. The cell
culture media was withdrawn from the wells, once washed, and then filled with PBS. Wells except
the control were exposed to UVB (50 mJ cm−2) by a UVP CL-1000L ultraviolet cross-linker (Upland,
CA, USA). Immediately after the irradiation, PBS was withdrawn, once washed, and replaced
with serum-free culture media. Intracellular ROS levels were measured after incubating for an
hour (DCFH2-DA assay) and cell viability was measured by MTT assay after incubating for 24
h [1]. SHC4 that indicated superior antioxidant and cytoprotective effects were further verified by
DCFH2-DA staining of cells and analysis by fluorescence microscopy (EVOS FL Auto 2 Imaging,
ThermoFisher Scientific, CA, USA) and flow cytometry (CytoFLEX, Beckman Coulter, PA, USA) based
on methods described in our previous publications [8].

2.5.3. Analysis of Nuclear Morphology

Cells were stained with either Hoechst 33342 or mixture of acridine orange and ethidium bromide
according to the method described in our previous publication [9]. Nuclear morphologies were
visualized on an EVOS FL Auto 2 Imaging microscope (Thermo-Fisher, Waltham, MA, USA).

2.5.4. Western Blot Analysis

HaCaT cells after initial sample treatment and UVB-exposure were used for the experiments
following a 24 h incubation period. Western blot analysis was done following our previously reported
method [10]. A nuclear and cytoplasmic extraction kit, NE-PER® (Thermo Scientific, Rockford, IL, USA),
was used to isolate cytosolic and nucleic proteins. Proteins were standardized using a BCATM protein
assay kit (Pierce, Rockford, IL, USA). Electrophoresis was carried out using 10% SDS-polyacrylamide
gels. SuperSignal™West Femto Maximum Sensitivity Substrate (Thermo, Burlington, ON, Canada) was
used for the detection of protein bands on a Core Bio DavinchChemi imaging system (Seoul, Korea).

2.5.5. Cell Cycle Analysis

Harvested cells were permeabilized in 70% ethanol for 30 min, incubated in PBS containing EDTA,
RNase and propidium iodide at 37 ◦C for 30 min, and analyzed by a Beckman Coulter CytoFLEX
flow cytometer (Brea, CA, USA). A dual-region gating approach, initial FS vs. SS to remove derbies
and FL3-area vs. FL3-hight to eliminate doublets, was applied. Sub-G1 apoptotic cell population
percentages were used for data compression.
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2.5.6. JC-1 Assay

Mitochondria membrane potential was ratiometrically measured by flow cytometry using
MitoProbe JC-1 Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s
instructions. Cultured cells were initially subjected to sample treatment and UVB-exposure. After 4 h,
cells were harvested for the assay.

2.5.7. Comet Assay

DNA damage in individual cells was evaluated by alkaline comet assay following the procedure
outlined in our previous publication [9]. Briefly, cells were harvested and suspended in low-melting
agarose at 37 ◦C and gently applied on the surface of agarose coated slides. The slides were overnight
immersed in alkaline lysis buffer at 4 ◦C. Electrophoresis was performed at 4 ◦C in an alkaline running
buffer. Finally, the slides were submerged in a chilled neutralization buffer and stained with ethidium
bromide. Comet tails were pictured on an EVOS FL Auto 2 Imaging microscope and tail DNA contents
were quantified using OpenComet plugin in NIH Image J software (US National Institutes of Health,
Bethesda, MD, USA).

2.6. Statistical Analysis

The data from experiments are presented as mean ± standard error (SE). Statistical comparisons
were carried out by one-way analysis of variance by Duncan’s test using PASW Statistics 19.0 software
(SPSS, Chicago, IL, USA). The level of significance was set at * p < 0.05 and ** p < 0.01.

3. Results

3.1. Extraction Efficiency and Proximate Compositions

The enzyme (Celluclast)-assisted extraction yield of S. horneri powder was 20.30 ± 0.32%.
Yields corresponding to precipitated polysaccharides during step gradient ethanol precipitation are
provided in Table 1. The highest yield was observed from fraction SHC2, obtained by incorporating
500 mL of ethanol. The proximate chemical compositions of the subsequent fractions indicated a
gradual increase in the degree of sulfation in polysaccharides. The polyphenol, protein and ash content
were comparatively low in all fractions, demonstrating the efficiency of the procedure in obtaining
sulfated polysaccharides.

Table 1. Yield and proximate composition of the major components in the fractions.

Yield (%)
SHC1 SHC2 SHC3 SHC4

5.25 16.75 4.26 3.81

Sulfated polysaccharide
content (%)

Polysaccharide 72.02 ± 0.46 62.29 ± 0.09 54.34 ± 0.00 45.96 ± 0.36

Sulfate 13.85 ± 0.47 19.26 ± 0.11 23.64 ± 0.48 28.01 ± 0.50

Polyphenol content (%) 3.06 ± 0.44 2.59 ± 0.15 1.91 ± 0.30 1.24 ± 0.21

Protein content (%) 0.54 ± 0.03 0.68 ± 0.01 0.44 ± 0.02 0.50 ± 0.01

Ash content (%) 1.85 ± 0.11 0.88 ± 0.09 0.70 ± 0.12 0.54 ± 0.02

SHC1-SHC4 denote different polysaccharide fractions obtained via step gradient ethanol precipitation.
Data represent the mean ± standard deviation of triplicate determinants (n = 3).

3.2. Molecular Weights Distribution of Polysaccharide Fractions and Their Vibrational Spectra

Agarose gel electrophoresis has previously been used to estimate the weight distributions of
anionic polysaccharides [11,12]. The heterogeneous nature of polysaccharides results in a weight
distribution rather than a single band. As Figure 2A indicates, the molecular weight distributions
of the polysaccharide fractions are gradually reduced in subsequent fractions. The approximate
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weight distributions were calculated using the Image J software based on the mean values of weight
distributions of the molecular weight markers. Accordingly, the mean molecular weights of the
fractions, SHC1, SHC2, SHC3 and SHC4, were estimated to be 230, 205, 90 and 60 kDa, respectively.
The fingerprint region of the polysaccharide vibrational spectra (wavenumbers 2000–500 cm−1) is
depicted in Figure 2B. The peak at 840 cm−1 represented C-O-S bending vibrations of axial sulfate
substituents on the carbon at the 4 position (C-4) of fucose units. The prominent, broad peak between
1200–970 cm−1 occurred from the overlapping of peaks corresponding to C-C and C-O stretching
vibrations of pyranoid rings and C-O-C stretching of glycosidic bonds, which are common to all
polysaccharides. The major peak between 1220–1270 cm−1 and its minor encounter at 585 cm−1 were
attributed to the O=S=O stretching vibrations of sulfates, which is a characteristic feature of sulfated
polysaccharides such as fucoidans. The intense peak at the 1620 cm−1 region corresponds to the
bending vibration of O-H moieties [13–15].

Figure 2. Characterization of polysaccharide fractions (SHC1–SHC4) obtained by step gradient ethanol
precipitation. (A) Molecular weights (MW) distribution analysis of polysaccharide fractions compared
to 50–500-kDa, 60-kDa, 50-kDa and 8-kDa MW standards and (B) vibrational spectra of polysaccharide
fractions compared to commercial fucoidan standard.

3.3. SHC4 Increased the Protective Effects against UVB-Induced Oxidative Stress

The cytotoxicity of polysaccharide fractions within 25–200 μg mL−1 concentrations was examined
prior to the evaluation of their bioactivities. None of the fractions indicated a significant decrease in
cell proliferation within the tested concentration range (Figure 3A). Hence, the above concentrations
were considered safe for the subsequent analysis of UVB protective effects. Based on DCFH2-DA
and MTT assays, UVB irradiation significantly increased the intracellular ROS generation and
inhibited cell proliferation (Figure 3B). All fucoidan fractions dose-dependently attenuated the
effects of UVB irradiation. The best UVB protective effects were observed from the SHC4 fraction
(25–100 μg mL−1): it significantly reduced UVB-induced intracellular ROS levels and increased cell
proliferation. The 200 μg mL−1 concentration of SHC4 deviated from the dose-dependent response
observed for the 25–100 μg mL−1 concentration range. Due to the increase seen in intracellular
ROS levels and the affiliated inhibition of cell viability, the 200 μg mL−1 concentration was not used
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in subsequent analysis. Fluorescence-activated cell sorting (FACS) analysis using the DCFH2-DA
fluoroprobe was considered reliable compared to the DCFH2-DA assay as it would omit the error
caused by the decrease in fluorescence intensity due to cell death. As Figure 3C indicates, UV irradiation
causes the peak to shift to higher intensity (Y-axis—FITC A) compared to the control. The effects
were dose-dependently recovered with increasing concentrations of SHC4. Fluorescence microscopy
analysis of DCFH2-DA fluoroprobe-treated cells indicated increased green fluorescence for ROS in
UV-exposed cells compared to the control (Figure 3D), whereas the fluorescence was dose-dependently
decreased with SHC4 treatment. Results of each ROS assay showed a moderate correlation, indicating
the antioxidant effects of SHC4.

Figure 3. Protective effects of low molecular weight fucoidan fraction (SHC4) against ultraviolet
B (UVB)-induced oxidative stress in HaCaT keratinocytes. (A) Cytotoxicity dose responses of
polysaccharide fractions. (B) Analysis of intracellular reactive oxygen species (ROS) levels and
cell viability after UVB exposure. Analysis of intracellular ROS levels by (C) flow cytometry and
(D) fluorescence microscopy. HaCaT cells were treated with different doses of polysaccharide fractions
for 2 h and exposed to UVB radiation. Measurement of intracellular ROS were performed 1 h after UVB
exposure. Data represent the mean ± standard deviation of triplicate determinants (n = 3). * p < 0.05
and ** p < 0.01 are significantly different compared with group indicated by “#”.

3.4. Characterization of SHC4 by NMR and Monosaccharide Composition Analysis

Integrated with FTIR spectra, monosaccharide composition analysis and NMR spectra provide
reliable evidence to characterize fucoidans. The NMR spectrum of SHC4 (Figure 4A) was obtained
with a relatively low resolution, mainly because of the heterogeneous nature of the polymer. However,
we were able to identify some characteristic peaks in the spectrum, signifying fucoidans. The
intense signals obtained between 1.1–1.2 ppm represented protons of methyl groups in fucopyranose.
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Based on previous records, the occurrence of peaks in the 1.1–1.2 ppm area is attributable to
an α-L-Fucp-(1→4) connectivity pattern [16]. The proton signals between 2.0–2.2 ppm represent
alcoholic protons [16], while signals between 3.5–4.0 ppm were attributed to H2-H6 sugar residues.
The prominent signal at 4.6 ppm, 1[H] can be attributed to protons at the anomeric center of
3-linked d-galactopyranosyl residues [16,17]. The signal at 6.25 ppm indicates α-anomeric protons of
l-fucopyranosyl units [15]. The obtained results were similar to findings recorded from other brown
seaweeds [3,15–17]. HPAEC-PAD analysis of monosaccharide composition (Figure 4B) proposed
higher fucose (81.45%) and mannose (8.63%) content, which suggested that SHC4 was a mannofucan.

Figure 4. Characterization of fraction SHC4 by nuclear magnetic resonance (NMR) and monosaccharide
composition analysis. SHC4 (A) 1H NMR spectrum and (B) monosaccharide composition analysis.

3.5. SHC4 Reduced UVB-Induced Apoptotic Body Formation and DNA Damage

Cell death due to UVB-induced oxidative stress is reported to proceed via apoptosis [18].
Thus, we assessed apoptotic body formation and DNA damage. Hoechst 33,342 and nuclear double
staining with ethidium bromide and acridine orange are the methods of choice for studying nuclear
morphology. Hoechst 33,342 binds specifically to DNA, allowing the identification of apoptotic
nuclei with DNA fragmentation and chromatin condensation [19]. A prompt increase of chromatin
condensation and DNA fragmentation was seen in UVB-stimulated cells compared to the control
(Figure 5A). The occurrence of orange-colored nuclear fragments in UVB-exposed cells upon nuclear
double staining was indicative of late apoptotic events. SHC4 treatment dose-dependently suppressed
the formation of apoptotic bodies, demonstrating its protective effects. According to Figure 5C,
the increase in the Sub-G1 population (23.88%) further indicates UVB-induced apoptosis compared to
non-irradiated controls (0.83%). SHC4 treatment dose-dependently reduced the Sub-G1 population.
Additionally, DNA damage was examined by comet assay (Figure 5D). The increased tail DNA
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content was an indication of UVB-induced DNA damage. SHC4 treatment dose-dependently reduced
UVB-induced cell damage.

Figure 5. Effects of SHC4 on ultraviolet B (UVB)-induced apoptotic body formation and DNA damage.
Nuclear morphology analysis of apoptotic body formation by (A) Hoechst 33342 and (B) nuclear double
staining with ethidium bromide and acridine orange. (C) Cell cycle analysis of Sub-G1 apoptotic
cell accumulation. (D) Analysis of DNA damage by comet assay. Comet-tail DNA contents were
quantified using OpenComet plugin in ImageJ software. HaCaT cells were treated with different
doses of polysaccharide fractions for 2 h and exposed to UVB radiation. Cells were harvested for
experiments 1 h after UVB exposure. Repeatability of results was validated with three independent
determinations (n = 3).

3.6. SHC4 Exerted Its Protective Effects against UVB-Induced Oxidative Stress by Inhibiting
Mitochondria-Mediated Apoptosis Signaling

The loss of the mitochondrial membrane potential due to pro- and anti-apoptotic Bcl-2 family
proteins cause a subsequent discharge of caspase activators inducing apoptosis. The collapse of the
mitochondrial inner transmembrane potential (ΔΨm) causes the opening of permeability transition
pores resulting in an inward flux of water, which causes swelling and disruption of the outer
membrane [20]. Based on a flow cytometry JC-1 assay (Figure 6A), a higher proportion of JC-1
aggregates with 530 nm emission (unhealthy mitochondria) were observed in UVB-exposed cells
(78.77%), which was analogous to carbonyl cyanide m-chlorophenyl hydrazone (CCCP) treated cells.
CCCP is a potent disruptor of the mitochondrial membrane potential. The membrane potential was
dose-dependently attenuated following SCOC4 treatment, as evidenced by the increased emission at
590 nm and decreased emission at 530 nm. Key molecular mediators of the mitochondria-mediated
apoptosis pathway were studied by western blot analysis (Figure 6B). An immediate increase was
observed for BAX, caspases-3 and 9, p53, cleaved P poly (ADP-ribose) polymerase (PARP) and
cytochrome C upon UVB-stimulation, whereas the anti-apoptotic proteins, Bcl-xL and Bcl2 levels
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were decreased. SHC4 dose-dependently attenuated levels of molecular mediators, exhibiting its
protective effects. Intracellular antioxidant enzymes, such as heme oxygenase-1 (HO-1), glutathione
peroxidase (GPx), catalase (CAT) and superoxide dismutase (SOD) play a crucial role in maintaining
the redox balance in cells. Compounds that can upregulate the transcription of the above antioxidant
enzymes offer protective effects against oxidative stress, which can lead to apoptosis [21]. According to
Figure 6C, UVB exposure slightly increases Nrf2 levels in the nucleus as well as HO-1 levels in the
cytosol. SHC4 treatment further induced Nrf2 and HO-1 levels in UVB exposed keratinocytes in a
dose-dependent manner.

Figure 6. Western blot analysis of the protective effects of SHC4 against UVB-induced apoptosis
mediators. Analysis of the UVB protective effects of SHC4 on (A) changes in mitochondria
inner transmembrane potential by JC-1 assay, (B) mediation of mitochondria-mediated apoptotic
pathway proteins against UVB-induced apoptosis and (C) effects on intracellular antioxidant enzymes.
HaCaT cells were treated with different doses of SHC4 for 2 h and exposed to UVB radiation. Cells were,
respectively harvested after 4 h and 24 h for the JC-1 assay and western blot analysis. Repeatability of
results was validated with three independent determinations (n = 3).
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4. Discussion

The edible brown seaweed Sargassum horneri has long been acknowledged for its biofunctional
effects. It is abundant along the Jeju island coasts in South Korea. Currently, the native S. horneri
population is threatened by the massive invasion of S. horneri from the east coast of China [22]. This not
only threatens the coastal ecosystem but also reduces the attraction for tourists. Climate changes
have contributed to warmer temperatures and increased rainfall, which increase fertilizer runoff from
paddy fields and the aquaculture industry, adding nutrients to coastal areas. The drastic change
observed in S. horneri growth pattern is an example of how human activities alter the environmental
balance. Other than clearing up the coasts, the utilization of S. horneri in the food industry and for
obtaining functional ingredients such as polyphenols, fucoidan and alginic acid could be an effective
and beneficial strategy.

Celluclast is a food-grade cellulase that hydrolyzes cell wall cellulose, resulting in a higher
extraction yield of plant materials. The water-based extract under pH 4.5 may contain ions and
polar metabolites such as phenols, soluble polysaccharides and proteins. Alternatively, extraction at
acidic pH greatly reduces alginate contamination. Based on preliminary investigations, the addition
of CaCl2 was not required as the formation of calcium alginate was negligible. Pretreatment with
a mixture of chloroform and methanol (1:1) is reported to reduce lipophilic contaminants [23].
The chloroform and methanol (1:1) extract is currently studied for its potential bioactive natural
products. Pretreatment with 10% formaldehyde in ethanol is reported to reduce the polyphenolic
contamination of polysaccharides [23]. Otherwise, the contamination could lead to unreliable
observations when assessing the bioactivities of polysaccharides. Further, washing with 80% ethanol
not only removes any remaining formaldehyde but also removes polar compounds, such as phenolic
acids. The reduced levels of polyphenol, protein and ash content (a measure of mineral content) in
polysaccharide fractions obtained by step gradient ethanol precipitation suggested the efficacy of
the reported method. The current pretreatment and extraction strategy was developed based on
observations by several previous studies and preliminary analysis [3,11,14,24].

Crude fucoidan is generally obtained by adding a large volume of ethanol to the water-based
extract. Subsequent fractionation is done by filtering precipitated polysaccharides through a series of
molecular weight cutoff membranes (ultrafiltration) or by chromatography using size exclusion or
anion exchange columns [23]. Ultrafiltration and chromatography are not suitable for industrial-scale
preparations considering the investment, cost of equipment and operation delays. The step gradient
ethanol precipitation method offers convenience over conventional fucoidan purification techniques.
However, the technique has not widely been used for fractionating fucoidans except for that in
one reported study [7]. The gradient alcohol precipitation method is commonly used in dextran
fractionation and less frequently for purifying other polysaccharides such as starch, hemicellulose,
glucan, fructan, pectin, arabinan and pullulan [6]. Based on agarose gel electrophoresis, four different
fractions with approximate molecular weight distributions of 230, 205, 90 and 60 kDa were successfully
obtained using step gradient ethanol precipitation. The high yield of the SHC2 fraction suggested that
most fucoidans in S. horneri had a molecular weight range of approximately 205 kDa. Furthermore,
low molecular weight polysaccharide fractions indicated a higher degree of sulfation. This further
relates to the solubility of polysaccharides, where the ionic characteristics of polysaccharides increase
with an increased degree of sulfation. Hence, the step gradient ethanol precipitation method could be
said to separate fucoidans based on both the molecular weight and solubility.

The structural features of the fucoidan heteropolysaccharide vary considerably depending on
seaweed species and environmental conditions. These features include monosaccharide composition,
connectivity, chain length, degree of sulfation and connectivity of sulfate groups. Due to its
heterogeneous nature, a full-scale analysis of connectivity remains challenging. Based on the present
observations, the fractions were identified as fucoidans by FTIR and chemical composition analysis.
Though it is not a generally accepted explanation, we propose that fucoidans could be ranked based
on their quality, with the major parameters including the amount of fucose and degree of sulfation.
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According to many studies, the fucose amount is directly proportional to the degree of sulfation,
which suggests that most sulfate groups remain attached to fucose units in fucoidan [3]. The fucoidan
fraction that had the most prominent antioxidant effects, SHC4, was found to contain 45.96 ± 0.36%
polysaccharides, of which, 81.45% was fucose, which corresponded to 37.43% of the fraction weight
with a sulfate content of 28.01 ± 0.50%. 1H NMR data revealed the presence of α-l-Fucp-(1→4) residues,
which are a major feature of fucoidans. Hence, we designated SHC4 as a high-quality fucoidan.
The lack of data on monosaccharide and sulfate group connectivity patterns is a limitation of the
present study. The connectivity “methylation analysis” requires the fucoidan to be further fractionated,
obtaining a less heterogeneous polymer mix.

Fucoidan is renowned for its potential antioxidant properties among a wide range of
bioactivities [23]. The dose-dependent reduction of intracellular ROS levels in all fractions indicated
the protective effect of fucoidans. Considering the slope observed for each fraction dose, the rate
of the intracellular ROS reduction increased in succession, with the SHC4 fraction showing the
most reduction. This suggested that low molecular weight and high-quality fucoidans had superior
antioxidant properties. The increments observed for cell viability suggested that the protective effects
of SHC4 were within the 25–100 μg mL−1 concentration range. The minor reduction in cell viability at
200 μg mL−1 concentration could be associated with toxic effects of sulfated polysaccharides under
high concentrations. Further bioassays were conducted to assess the protective effects of SHC4
against UVB-induced oxidative stress and apoptosis. There was a reduction in UVB-induced apoptotic
body formation, accumulation of Sub-G1 apoptotic cells and DNA damage, clarifying the potential
antioxidant activity of SHC4. Further studies were then performed to understand the effects of SHC4
on the regulation of apoptosis.

The mitochondria-mediated apoptosis pathway is considered a major signaling route mediating
apoptosis; the underlying mechanism can vary based on the type of cell, stimulus and other factors.
Oxidative stress resulting from multiple factors, including the induction of UVB-radiation is reported
to activate the mitochondria-mediated apoptosis pathway [18]. The pathway is initiated with the
permeabilization of the mitochondrial outer membrane. The permeabilization is controlled by
Bcl-2 family proteins, which includes anti-apoptotic proteins (Bcl-2 and Bcl-xL) and pro-apoptotic
proteins (Bax, Bak, Bok, Bad, Bid, Bik, Bim, Bmf, Puma and Noxa). Their primary function is
disrupting the functions of the Bcl-2 family proteins, thereby promoting the release of apoptogenic
proteins present in the intermembrane space. Released apoptogenic proteins include cytochrome c,
apoptosis-inducing factor (AIF) and endonuclease G. Cytochrome c with pro-caspase 9 and apoptosis
protease activating factor (APAF-1) form an ‘apoptosome’. The apoptosome promotes caspase 9
activation, in turn activating effector caspases, which collectively execute apoptosis. Both AIF and
endonuclease G contribute to DNA fragmentation and chromosomal condensation, features that are
a hallmark of apoptosis [25]. Apart from the aforementioned mediators, permeabilization of the
mitochondrial outer membrane causes the release of numerous proteins that antagonize the activation
of caspases. Pro-apoptotic stimuli inducing p53 further aggravate mitochondrial pathway-mediated
apoptosis. p53 plays a crucial role in ultraviolet-induced apoptosis in HaCaT keratinocytes [26].
Under physiological conditions, p53 is maintained at a low concentration, inhibiting its transcriptional
activity. Activation and post-translational stabilization of p53 drives the expression of pro-apoptotic
factors, provoking death pathways. Caspases, consisting of initiator and effector caspases, are proteases
that mediate cell death. Initiator caspases, such as caspase-9, activate death receptors, whereas effector
caspases directly mediate the cleavage of numerous cytoplasmic and nuclear substrates. Cytochrome c
activates caspase-9 and subsequently activates downstream effector caspases such as caspase-3, −6 and
−7 [9]. The cleavage of PARP, a nuclear enzyme that maintains DNA stability, repair and transcription,
is another crucial feature of apoptosis. Effector caspases cause the cleavage of PARP, thereby inhibiting
its catalytic activity [9]. The present observations clarified the effect of UVB on the initiation of
mitochondria-mediated apoptosis proteins and the dose-dependent attenuation effects of SHC4.
There could be numerous alternative pathways, other than the prominent mitochondria-mediated
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apoptosis that regulate oxidative stress-induced cell death. Hence, further studies could broaden the
understanding of the effects of fucoidan on UVB-induced apoptosis.

Based on previous studies, fucoidans are reported to upregulate gene expression of HO-1 and
SOD-1 in HaCaT keratinocytes via upregulating the transcription factor Nrf2 [21]. Similar results were
observed during the present analysis, where SHC4 treatment caused a dose-dependent increase of
HO-1 production in the cytosol and Nrf2 levels in the nucleus. This suggested that the protective
effects of fucoidan against UVB-induced oxidative stress were mediated by Nrf2/HO-1 signaling.

5. Conclusions

Based on the present analysis, step gradient ethanol precipitation was identified as a desirable
approach to obtain fucoidan fractions with different molecular weight distributions. The fucoidan
fraction with a mean molecular weight of 60 kDa from S. horneri was mainly composed of
α-L-Fucp-(1→4) linked fucose units with 37.43% fucose content and a 28.01 ± 0.50% sulfate content.
The above fucoidan fraction, SHC4, demonstrated significant protective effects against UVB-induced
photodamage in dermic keratinocytes by enhancing intracellular antioxidant defense. In the future,
SHC4 could be studied for developing cosmetics with UV protective effects.
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Abstract: Antioxidants are an important component of our ability to combat free radicals, an
excess of which leads to oxidative stress that is related to aging and numerous human diseases.
Oxidative damage also shortens the shelf-life of foods and other commodities. Understanding
the structure–activity relationship of antioxidants and their mechanisms of action is important for
designing more potent antioxidants for potential use as therapeutic agents as well as preservatives.
We report the first computational study on the electronic effects of ortho-substituents in dendritic
tri-phenolic antioxidants, comprising a common phenol moiety and two other phenol units with
electron-donating or electron-withdrawing substituents. Among the three proposed antioxidant
mechanisms, sequential proton loss electron transfer (SPLET) was found to be the preferred mechanism
in methanol for the dendritic antioxidants based on calculations using Gaussian 16. We then computed
the total enthalpy values by cumulatively running SPLET for all three rings to estimate electronic
effects of substituents on overall antioxidant activity of each dendritic antioxidant and establish their
structure–activity relationships. Our results show that the electron-donating o-OCH3 group has a
beneficial effect while the electron-withdrawing o-NO2 group has a negative effect on the antioxidant
activity of the dendritic antioxidant. The o-Br and o-Cl groups did not show any appreciable effects.
These results indicate that electron-donating groups such as o-methoxy are useful for designing
potent dendritic antioxidants while the nitro and halogens do not add value to the radical scavenging
antioxidant activity. We also found that the half-maximal inhibitory concentration (IC50) values
of 2,2-diphenyl-1-picrylhydrazyl (DPPH) better correlate with the second step (electron transfer
enthalpy, ETE) than the first step (proton affinity, PA) of the SPLET mechanism, implying that ETE is
the better measure for estimating overall radical scavenging antioxidant activities.

Keywords: antioxidant; dendrimer; electronic effect; hydrogen atom transfer (HAT); single electron
transfer-proton transfer (SET-PT); sequential proton loss electron transfer (SPLET); DPPH

1. Introduction

The use of antioxidants to combat oxidative damage caused by excess free radicals is important
for food, medical, cosmetics and other industries. Hence, synthesis of new potent antioxidants to
tackle specific oxidative problems in these areas is very much needed. Phenolic antioxidants have
attracted much attention in recent years, since many natural antioxidants contain the phenolic moiety.

Recently, we reported a new class of phenolic antioxidants that we called dendritic antioxidants.
Syringaldehyde and vanillin, very weak natural antioxidants, were used as building blocks to assemble
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potent phenolic antioxidant dendrimers with half-maximal inhibitory concentration (IC50) values
significantly smaller than the building blocks. For example, dendrimers with 4, 6 and 8 syringol
units had 27-, 100-, and 170-fold higher scavenging activities, respectively, than the syringaldehyde
building block [1–3]. Besides enhancing radical scavenging, the dendritic architecture allowed metal
chelation, thereby preventing potentially deleterious pro-oxidant effects of the antioxidants. We have
also previously shown the ability of these dendritic antioxidants to protect biomolecules such as DNA
and low-density lipoproteins from radical damage. Dendritic antioxidants offer several advantages
similar to dendrimers. For example, their size, solubility, chelation ability, and antioxidant activity may
be precisely manipulated by using appropriate cores and building blocks. Therefore, understanding the
structure–activity relationship of dendritic antioxidants and their mechanism of action is paramount.

Substituents, such as electron-donating groups (EDGs) and electron-withdrawing groups (EWGs)
on the phenol ring significantly affect the antioxidant activity of a phenolic antioxidant [3–5]. Several
computational and experimental studies suggest that EDGs (e.g., OH, NH2, OCH3, CH3) decrease O–H
bond dissociation enthalpy (BDE) of the phenol, which implies increased antioxidant activity [6–10].
On the other hand, EWGs showed varying results. Some computational studies reveal that EWGs, such
as NO2, CN, CF3, F, Cl, and Br increase BDE of the phenol (lower antioxidant activity) [9,10]. However,
experimental studies on halogens report different activities depending on the position relative to the
phenol OH or the number of halogen substituents. For example, 6-chromanol with di-o-Cl substitution
showed lower galvinoxyl radical scavenging activity but better than mono-o-Cl and tri-Cl substitution
(two o-Cl groups and one m-Cl) compared to the unsubstituted 6-chromanol [5]. Hydroxycinnamic
acids with mono-o-Br showed no effect in 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
activity [4].

Antioxidant action for free radical scavenging can occur in several different ways, but the ultimate
outcome is the donation of a hydrogen atom (H•) to the radical. The hydrogen atom transfer can
occur in multiple different ways. It can be (1) direct H• atom transfer to radicals, (2) electron transfer,
followed by H+ loss, or (3) proton loss, followed by electron transfer. The proposed mechanism for
(1) is the hydrogen atom transfer (HAT) mechanism in which the hydrogen atom (H•) is transferred
from the phenolic OH to the radical. In the HAT mechanism, the BDE is the most important parameter
in estimating the antioxidant activity. The mechanism for (2) is the single electron transfer-proton
transfer (SET-PT), in which an electron is first transferred from PhOH to the radical. The PhOH then
becomes a phenoxy radical cation (PhOH•+), which in turn deprotonates during the second step
to form a phenoxy radical (PhO•). In the SET-PT mechanism, the radical transfer in the 1st step is
measured as the ionization potential (IP) and the deprotonation in the 2nd step corresponds to the
proton dissociation enthalpy (PDE). The proposed mechanism for (3) is the sequential proton loss
electron transfer (SPLET), which also proceeds via two steps. The 1st step involves the deprotonation
of PhOH, forming a phenoxide ion (PhO−). Subsequently, the PhO− ion transfers an electron to the
radical and becomes a phenoxy radical (PhO•). The enthalpy of the 1st step is denoted as the proton
affinity (PA) and the 2nd step corresponds to the electron transfer enthalpy (ETE). HAT has been
reported to be the most favorable antioxidant mechanism in non-polar solvents or in gas phase, while
SET-PT and SPLET are the more prevalent mechanisms in polar solvents [9–15]

Computational studies of the electronic effects on dendritic antioxidants with multiple free radical
scavenging sites have not been reported before. In order to study the effects of EDGs and EWGs on
dendritic antioxidants, we performed computational studies using the Density Functional Theory (DFT)
calculations for a series of small phenol-based dendritic antioxidants (in methanol), each containing
either an EDG or an EWG that is ortho to the phenolic OH group.

2. Materials and Methods

All calculations were performed using Gaussian 16 [16]. Geometry optimizations as well as
frequency calculations were obtained using the B3LYP functional and the 6-311++G** basis set. Several
conformations were used as initial structures to find the minimum energy conformation due to the
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flexibility of the studied compounds. All structures have been relaxed without symmetry constraints
until maximum forces and displacements were smaller than 4.5× 10−4 Hartree/Bohr and 1.8× 10−3 Bohr,
respectively. The requested convergence of the root mean square (RMS) variation of the density matrix
elements and the total energy per cell in the self-consistent field procedure is 10−8 a.u. and 10−6 Hartree,
respectively. To model the solvent effect of methanol, the Polarizable Continuum Model/Solvation
Model Density (PCM/SMD) from Truhlar et al. was used in all calculations, including geometry
optimizations [17].

For the different mechanisms studied here, the enthalpies are defined as follows:

1. Bond Dissociation Enthalpy: H(PhO•) + H(H•) − H(PhOH)
2. Ionization Potential: H(PhOH•+) + H(e−) − H(PhOH)
3. Proton Dissociation Enthalpy: H(PhO•) + H(H+) − H(PhOH•+)
4. Proton Affinity: H(PhO−) + H(H+) − H(PhOH)
5. Electron Transfer Enthalpy: H(PhO•) + H(e−) − H(PhO−)

From these definitions, it becomes clear that in order to find the total enthalpies of each mechanism
we need the enthalpies for the electron, proton, and the H atom in methanol. As reported before, the
solvation enthalpy of the H atom in most organic solvents is about 5 kJ/mol and we therefore adopted
this value for methanol [17]. Methanol solvation enthalpies of the proton (−1071 kJ/mol) and the
electron (−77 kJ/mol) have been calculated here at the same level of theory as the main compounds
(B3LYP/6-311++G**). These values are obtained by performing the calculation of a methanol molecule
in methanol (PCM/SMD model) and then the methanol molecule after addition of a proton (or addition
of an electron) in methanol (PCM/SMD model) as indicated by:

6. Proton solvation enthalpy: H(H+(CH3OH)(methanol)) − H(H+(gas)) − H((CH3OH)(methanol))
7. Electron solvation enthalpy: H(CH3OH− (methanol)) − H(e−(gas) − H(CH3OH(methanol))

where the enthalpy of a proton in the gas phase is taken as 5
2 RT.

3. Results and Discussion

3.1. Geometry Optimization

For each compound in Figure 1, we performed geometry optimizations. Structural relaxation of
all compounds was carried out to find their minimum energy conformation as detailed under Materials
and Methods. Our calculations indicate that in the optimized lowest energy conformation, the three
phenol rings of each dendritic antioxidant were almost perpendicular to each other, indicating the
absence of π-π stacking interaction between the phenol rings and no steric hindrance between the
ortho-substituents.

The o-OCH3 group of the common phenol ring (in the reference and compounds 1–5) was oriented
in the same plane as the aromatic ring. It has been reported that in such an orientation, the 2p-type lone
pair of electrons on the oxygen is parallel to the aromatic p-orbitals, thereby efficiently overlapping
the aromatic π-electron cloud of PhOH [18]. This orientation stabilizes the incipient phenoxy radical
(PhO•) and weakens the OH bond of PhOH [18]. The methyl of the OCH3 groups orients away
from the OH group and the H of the phenol-OH points towards the oxygen of o-OCH3, forming an
intramolecular hydrogen bond. If there are two OCH3 groups ortho to the phenolic OH (such as in
compound 2), both groups are in the same plane as the phenol ring with the methyl groups orienting
away from the OH. It was also observed that o-NO2, o-Br, and o-Cl groups formed an H-bond with the
H of phenolic OH in the energy-minimized conformation.
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Compound 1

Compound 3 Compound 4 Compound 5

Reference Compound 2

Figure 1. Structures of reference and target compounds 1–5.

3.2. Enthalpy Calculations

To the best of our knowledge, this is the first computational study on the mechanism of action of
dendritic antioxidants with multiple free radical scavenging sites.

We determined the enthalpy for each individual ring present on the dendritic antioxidants. To
distinguish the enthalpy of each phenol O–H in the target compounds, X, X’ and Y notations were
used (Figure 2). X and X’ represent equivalent phenol rings with either an EDG or EWG ortho to the
phenolic OH. Y denotes the common ring with one o-OCH3 group.

X

Y

X'

Figure 2. General structure of the compounds and notation (X, X’ and Y) for the phenol rings. R =H,
electron-donating or electron-withdrawing group.

In this study, only compound 2 contains PhOH with two ortho substituents (OCH3). The enthalpy
of 2 can be affected by not only electronic but also steric effects. The additional OCH3 group might help
stabilize the incipient phenoxy radical electronically but might also confer a slight negative impact
via steric effect. Since all other compounds have only one ortho substituent on each ring, a direct
comparison of compound 2 with others might not be fair, but to get further insights into the effect of
multiple electron-donating groups on antioxidant activity, we decided to design the compound and
calculate its enthalpy nonetheless.

In most computational studies involving the electronic effects of substituents on antioxidant
activities, the 1st step of each proposed mechanism, BDE (HAT), IP (1st step of SET-PT), and PA (1st
step of SPLET), was reported to be the thermodynamically significant [9–11]. In some cases, the 2nd
step of SET-PT and SPLET is not even calculated. To understand the antioxidant mechanisms (in
methanol) more thoroughly, we calculated the enthalpy of the energy minimized structure of each
dendritic molecule for all steps in the three proposed mechanisms (HAT, SET-PT, and SPLET) at the
B3LYP/6-311G** level of theory. For the HAT mechanism (Table 1), we calculated the enthalpy for each
ring independently as if only one ring in the molecule reacted with the radical: three values in the first
column, one for the common phenol ring with o-OCH3 (Y) and the other two for the two equivalent
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phenol rings (X, X’) where R is either an o-EDG or o-EWG. In the second column of each compound,
the enthalpy values for the two equivalent phenol rings (X, X’) were averaged. In the case of SET-PT,
only one value is given for each step for each compound (Table 2) since the loss of an electron is a
global property and will most likely occur at the phenol ring with the highest electron density in an
antioxidant with multiple phenol OH groups. For SPLET (Tables 3 and 4), we present three values in
the first column and two in the second column as we did for HAT (calculated raw data is shown in
Table S1 in Supplementary Information).

Table 1. Calculated O–H bond dissociation enthalpy (BDE) values (kJ/mol) of the phenol rings (X, X’,
and Y) in methanol.

Compound
Reference

(H)
Compound 1
(one OCH3)

Compound 2
(two OCH3)

Compound 3
(NO2)

Compound 4
(Cl)

Compound 5
(Br)

Phenol
ring BDE <BDE> BDE <BDE> BDE <BDE> BDE <BDE> BDE <BDE> BDE <BDE>

X 345
345

328
329

311
311

379
377

342
342

342
342

X’ 345 329 311 375 342 341

Y 328 328 330 329 329 330 330 329 329 330 330

Table 2. Calculated ionization potential (IP) and proton dissociation enthalpy (PDE) values (kJ/mol)
in methanol.

Compound
Reference

(H)
Compound 1
(one OCH3)

Compound 2
(two OCH3)

Compound 3
(NO2)

Compound 4
(Cl)

Compound 5
(Br)

IP 430 427 440 448 439 437

PDE 57 (Y) a 60 30 (X/X’) a 41 (Y) a 50 (Y) a 51 (Y) a

a In parenthesis, we indicated the ring where the proton dissociation occurs.

Table 3. Calculated proton affinity (PA) values (kJ/mol) of the phenol rings (X, X’ and Y) in methanol.

Compound
Reference

(H)
Compound 1
(one OCH3)

Compound 2
(two OCH3)

Compound 3
(NO2)

Compound 4
(Cl)

Compound 5
(Br)

Phenol
ring PA <PA> PA <PA> PA <PA> PA <PA> PA <PA> PA <PA>

X 150
150

153
154

151
151

116
117

132
132

136
136

X’ 150 155 151 119 132 137

Y 152 152 154 152 152 152 152 152 152 152 152

Table 4. Calculated electron transfer enthalpy (ETE) values (kJ/mol) of the phenol rings (X, X’ and Y)
in methanol.

Compound
Reference

(H)
Compound 1
(one OCH3)

Compound 2
(two OCH3)

Compound 3
(NO2)

Compound 4
(Cl)

Compound 5
(Br)

Phenol
ring ETE <ETE> ETE <ETE> ETE <ETE> ETE <ETE> ETE <ETE> ETE <ETE>

X 355
354

333
334

319
319

422
419

370
369

364
364

X’ 354 333 319 415 368 364

Y 335 335 334 336 336 337 337 336 336 337 337

3.2.1. HAT Mechanism

In MeOH, o-OCH3 (EDG) decreased BDEO–H whereas o-NO2 (EWG) increased BDEO–H.
Ortho-halogens (Cl and Br) showed similar BDEO–H compared to the unsubstituted reference (Table 1).

3.2.2. SET-PT Mechanism

The IP values of all compounds (except for 2) are most likely derived from their common phenol
ring (Y) with one o-OCH3 because the ring has the highest electron density. In the case of compound 2,
its IP value could be derived from either of the two phenol rings (with two o-OCH3) since they are
electron richer than the phenol ring with one o-OCH3.
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Unexpectedly, compound 2 showed higher IP and lower PDE values than the reference and
compound 1 (Table 2). Since 2 is the only one with two o-substituents, direct comparison with others
might be misleading. Without considering compound 2, o-OCH3 (EDG) decreased IP whereas EWGs
(o-NO2, o-Cl, and o-Br) increased IP. The ortho-OCH3 group increased PDE whereas the o-NO2, o-Cl,
and o-Br groups decreased PDE compared to the reference. It should be noted that the differences in IP
and PDE values between the compounds are very small, implying they might be derived from the
same ring, probably Y.

3.2.3. SPLET Mechanism

Our results show that o-OCH3 (EDG) slightly increased PA whereas o-NO2 (EWG) significantly
decreased PA (Table 3). Ortho-OCH3 decreased ETE considerably while o-NO2 increased ETE
substantially compared to the reference (Table 4). Ortho-halogens (o-Cl and o-Br) exhibited slightly
lower PA and slightly higher ETE values compared to the unsubstituted reference.

3.3. Thermodynamically Favorable Antioxidant Mechanism for Dendritic Antioxidants

Thermodynamically favorable processes should be determined by calculating the change in
the free energy of a reaction (ΔG). The entropy component (−TΔS) in the proposed mechanisms is
negligible, meaning that ΔG largely depends on the enthalpy (ΔH). Therefore, it is reasonable to
determine the most preferred mechanism from enthalpy values [9,11].

In methanol, the SET-PT is clearly the least favored mechanism due to the large enthalpy of the
first step. The SPLET mechanism has an overall low enthalpy in the first step but the enthalpy of the
second step is comparable to the BDE in the HAT mechanism. However, the second step in SPLET is
not isolated and occurs simultaneously with the reduction of the radical (in this case DPPH•) (reaction
2a + 2b in Scheme 1) as stated in the original papers that introduced the SPLET mechanism [13,19]. The
authors state that based on studies between phenolic antioxidant and the DPPH radical in hydroxylic
solvents like methanol or ethanol, the deprotonation step (1st step of SPLET) is equilibrium (reaction
1 in Scheme 1) and electron transfer from PhO− to the DPPH radical is fast (reaction 2a + 2b in
Scheme 1) [13,14,19]. Many studies consider the first step as thermodynamically significant, perhaps
based on these reports, and thus the enthalpy of only the 1st step is used to determine the major
operating mechanism or in assessing the antioxidant potential. However, we wish to include the role of
the DPPH radical in determining the major antioxidant mechanism. If we consider the electron transfer
from PhO− (reaction 2a, Scheme 1) to the DPPH radical (reaction 2b, Scheme 1) to be concurrently
occurring in the second step, the overall enthalpy of the second step can be reduced by −303 kJ/mol
(reaction 2b), thus significantly favoring the SPLET mechanism over HAT in methanol. We note that
the enthalpy for DPPH reduction was obtained at the same level of theory as all other calculations
following reaction 2b (Scheme 1).

PhOH  PhO  + H+ (PA, 1st step) ---------------------------- (1) 

PhO   PhO• + e  (ETE, 2nd step) ----------------------- (2a) 

DPPH• + e   DPPH  ( HDPPH  = 303 kJ/mol) ---------------- (2b) 

PhO  + DPPH•  PhO• + DPPH  (net ETE) ------------------- (2a + 2b) 

Scheme 1. Reaction between antioxidant (PhOH) and the DPPH radical via the SPLET mechanism.

Our computational study indicates that although both HAT and SPLET mechanisms are possible,
SPLET is the more prevalent mechanism for dendritic antioxidants in the presence of the DPPH
radical in methanol. This result is consistent with previous studies reporting that SPLET is the major
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operating mechanism in polar ionizing solvents, while HAT is more favorable in nonpolar solvents
or in gas [9–11,13,14]. However, it should be cautioned that the SPLET process between dendritic
antioxidants and DPPH• in methanol should not be extrapolated to other radicals or solvents.

Values of pKa depend on the PA of phenol O–H: the higher the PA, the more difficult it is to
deprotonate, meaning a higher pKa. Based on the pKa values calculated using the ChemAxon pKa
calculator (Table S2 in Supplementary Information), the phenol rings in the dendritic antioxidants have
pKa values of less than 11.0, indicating that they are weakly acidic. It was shown that phenols with
pKa values below 12.5 can undergo the SPLET process with radicals derived from molecules with low
pKa values, e.g., DPPH• and ROO• [19].

3.4. Prediction of Overall Antioxidant Activity of Dendritic Antioxidants

Since our dendritic antioxidants have three potential radical scavenging sites, it is important
to know whether all three phenol rings can undergo the SPLET mechanism and contribute to the
antioxidant activity or whether their enthalpy becomes too high after one or two radical scavenging
and stops. Hence, we determined the cumulative total enthalpy (ΔHcum) using SPLET as the
major operating mechanism in methanol to estimate the overall antioxidant activity of our dendritic
compounds. Starting from the phenol ring which had the lowest PA value based on the PA order
determined in the SPLET mechanism (Table 3), H+ was removed and then an electron was removed
immediately after to form a PhO• radical. The process was repeated based on the PA enthalpy order
of the PhOH rings and continued cumulatively until all three PhOH rings became PhO• radicals.
Figure 3 shows a scheme of the changes in the reference compound after each step. The ΔHcum of each
compound was determined by adding the PA values of steps 1–3 and the ETE values of steps 1–3.
These cumulative enthalpy calculations enable us to determine potential enthalpy cooperative effects
of the rings in the dendritic antioxidants.

Figure 3. Scheme of the reference compound undergoing consecutive sequential proton loss electron
transfer (SPLET) mechanisms. The order was determined based on the computed PA values shown in
Table 3. At each step, charge and spin multiplicity of the resulting molecule are indicated in parenthesis
(charge, spin multiplicity).

In the SPLET mechanism, the 1st step corresponds to the PA. EWGs decrease PA whereas
EDGs increase PA. This means PhO− formation occurs more readily with PhOH containing an
EWG and the resulting PhO− will undergo fast e-transfer to the radical. This may lead to the
misconception that a PhOH with an EWG is a better antioxidant than the one with an EDG (higher
PA). Based on our experience, antioxidants containing EDGs are better antioxidants than those
containing EWGs. In our laboratory, syringaldehyde (4-hydroxy-3,5-dimethoxybenzaldehyde) and
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vanillin (4-hydroxy-3-methoxybenzaldehyde), each containing an aldehyde group, were used to
synthesize dendritic antioxidants via reductive amination. Syringaldehyde and vanillin are very
weak antioxidants by themselves, but dendrimers derived from them showed significantly higher
antioxidant activities (as determined by the DPPH assay [20]). For example, antioxidant dendrimers
containing eight syringaldehyde or vanillin derivatized units showed over 170- and 70-fold increase
in DPPH radical scavenging activity rather than 8-fold compared to syringaldehyde and vanillin
starting material, respectively [3]. The dramatic increase was caused in part by the replacement of
the electron-withdrawing aldehyde (in the starting material) with an electron-donating benzyl group
(in the dendrimer). Based on this observation, EDGs are more beneficial than EWGs for antioxidant
activity. Although EDGs contribute to increasing PA in polar solvents, they will decrease ETE, thus
helping electron transfer from the antioxidant to the radical occur more efficiently. Hence, we argue
that the 2nd step (ETE) needs to be considered in determining the full antioxidant potential of our
dendritic antioxidants since EDGs reduce ETE considerably. In addition, to emulate each phenol ring
reacting with a radical (DPPH• was used in this study), the enthalpy change of the DPPH radical that
is undergoing reduction by an electron from PhOH ring was considered. Therefore, the net enthalpy of
the 2nd step of each PhOH ring was determined by combining ETE of PhOH (reaction 2a in Scheme 1)
with ΔH of DPPH•, which is −303 kJ/mol (reaction 2b in Scheme 1).

In the reference compound, the phenol rings with no substituent (X and X’) had a lower PA than
the common ring (Y) and thereby are expected to lose H+ before the common ring. Thus, the H+ was
removed from one of the phenol rings with no substituent (X) and formed a PhO− ion. The 1st PA
enthalpy was 150 kJ/mol. In turn, an electron was removed to form a PhO• radical. The 1st ETE was
355 kJ/mol to which the ETE of DPPH• (−303 kJ/mol) was added, giving a net ETE of 52 kJ/mol. The
process was repeated for the 2nd phenol ring (X’) to determine the 2nd PA and ETE, which were
147 kJ/mol and 56 kJ/mol, respectively. The 3rd PA and ETE, which originate in the common ring, were
128 kJ/mol and 61 kJ/mol, respectively.

Compound 1 has the same three phenol rings with one o-EDG (OCH3) on each ring. Each phenol
ring underwent the SPLET process one by one. The 1st, 2nd, and 3rd PA/ETE were 154/30, 150/37,
147/41 kJ/mol, respectively. Our results show a slight decrease in PA values as more H+ is removed. In
contrast, ETE increases as the reaction progresses.

In the case of compound 2, the first H+ was removed from one of the rings with two o-OCH3

(X or X’), because it had a lower PA than the common ring (Y). The 1st, 2nd, and 3rd PA/ETE were
151/16, 149/19, 148/40 kJ/mol, respectively. Its ETE values are substantially lower than those of the
reference compound and 1. By looking at the order of overall ETE values (compound 2 < compound
1 < reference compound), we can see the importance of EDG on the electron-donating potential of
the antioxidants.

In compound 3, the two phenol rings containing o-NO2 had the lowest PA values. Therefore,
the first proton was removed from one of the PhOH rings with NO2. The 1st PA was determined to
be 116 kJ/mol. Then, an electron was removed to form a PhO• radical (1st ETE = 119 kJ/mol). The
same process was repeated for the 2nd phenol ring with the NO2 group. The 2nd PA and ETE were
116 kJ/mol, and 116 kJ/mol, respectively. The common ring underwent SPLET last. Its PA and ETE
were 69 kJ/mol and 119 kJ/mol, respectively. Calculations were also done for compounds 4 and 5

to determine their PA and ETE in the same manner. The 1st, 2nd, and 3rd PA/ETE of compound 4

were 132/66, 130/70, 114/73 kJ/mol, respectively. The 1st, 2nd, and 3rd PA/ETE of compound 5 were
136/61, 133/66, 118/70 kJ/mol, respectively (calculated raw data is shown in Table S3 in Supplementary
Information).

Figure 4 summarizes how each step affects the enthalpy of the following step, according to DFT.
Overall, PA values gradually decrease while ETE values increase as more and more phenol rings
undergo radical scavenging. This means that the enthalpy values in the later steps are affected by
the phenol ring(s), which underwent deprotonation and ETE earlier. None of the steps showed a
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significant increase in the corresponding enthalpy values, suggesting that the multiple SPLET process
can occur and all three PhOH rings in our dendritic antioxidants are able to scavenge free radicals.

Figure 4. Enthalpy value of each step in a multiple SPLET process for the compounds studied. Each
ETE value has been decreased by 303 kJ/mol (ΔHDPPH• = −303 kJ/mol) to account for the reaction with
the DPPH radical.

The ΔHcum of each compound, determined by cumulatively adding PA and ETE of all three rings
with consideration of the ΔHDPPH• is shown in Figure 5. The overall enthalpy order is compound 2

(523 kJ/mol) < compound 1 (559 kJ/mol) < compound 5 (584 kJ/mol) ≈ compound 4 (585 kJ/mol) <
reference compound (594 kJ/mol) < compound 3 (655 kJ/mol).

 

 

Figure 5. The cumulative total enthalpy (ΔHcum) of consecutive SPLET mechanisms.
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If the ΔHDPPH• is not considered, the overall ΔHcum order is compound 2 (1432 kJ/mol) <
compound 1 (1468 kJ/mol) < compound 5 (1493 kJ/mol) ≈ compound 4 (1494 kJ/mol) < reference
compound (1503 kJ/mol) < compound 3 (1564 kJ/mol). It is worth mentioning that the cumulative total
enthalpy values (ΔHcum) are slightly higher than the summed-up enthalpy (ΔHtot = PA in Table 3 + ETE
in Table 4) of the three rings in each compound: compound 2 (1428 kJ/mol) < compound 1 (1462 kJ/mol)
< compound 5 (1490 kJ/mol) = compound 4 (1490 kJ/mol) < reference compound (1496 kJ/mol) <
compound 3 (1561 kJ/mol). Nonetheless, the order remains the same. The difference in the ΔHcum

and ΔHtot indicates that the phenol rings in the dendritic antioxidants are mutually dependent on
each other.

Based on these results, compound 2 (two o-OCH3) had the lowest total enthalpy, followed by 1

(one o-OCH3), suggesting that PhOH with EDG will have higher antioxidant activity compared to the
unsubstituted PhOH; the more EDG on PhOH, the better the antioxidant. Compound 3 (containing
o-NO2) showed a higher total enthalpy compared to the reference compound. This suggests that PhOH
with EWG will have poorer antioxidant activity than the unsubstituted PhOH. Compounds containing
o-halogens (Cl and Br) had slightly lower enthalpy than the reference. However, the enthalpy values
are very close to each other, suggesting that halogens do not have a significant effect on the overall
antioxidant activity.

In order to determine if the dendritic antioxidants composed of 3 phenol rings are more
active radical scavengers than their starting materials and fragments, we determined PA, ETE
and ΔH of vanillin and syringaldehyde (starting materials) as well as the fragments of compound
1, 4-(aminomethyl)-2-methoxyphenol (Y’) and 4-methyl-2-methoxyphenol (Y”) and fragments of
compound 2, 4-(aminomethyl)-2,6-dimethoxyphenol (X’) and 4-methyl-2,6-dimethoxyphenol (X”)
(Table 5).

Table 5. PA, ETE and ΔH of starting materials and fragments of compounds 1 and 2.

Molecule PA (kJ/mol) ETE (kJ/mol) ΔH (kJ/mol)

Compound 1 451 1017 1468

Starting material Vanillin (Y) 120 386 1518 a

Fragment 1 4-(Aminomethyl)-2-methoxyphenol (Y’) 151 335 1458 b

Fragment 2 4-Methyl-2-methoxyphenol (Y”) 155 328 1449 c

Compound 2 448 984 1432

Starting Material Syringaldehyde (X) 118 371 1484 d

Fragment 1 4-(Aminomethyl)-2,6-dimethoxyphenol (X’) 152 317 1424 e

Fragment 2 4-Methyl-2,6-dimethoxyphenol (X”) 155 310 1413 f

a ΔH = 3 equiv. PA (Y) + 3 equiv. ETE (Y), b ΔH = 3 equiv. PA (Y’) + 3 equiv. ETE (Y’), c ΔH = 3 equiv. PA (Y”) + 3
equiv. ETE (Y”), d ΔH = 2 equiv. PA (X) + 1 equiv. PA (Y) + 2 equiv. ETE (X) + 1 equiv. ETE (Y), e ΔH = 2 equiv. PA
(X’) + 1 equiv. PA (Y’) + 2 equiv. ETE (X’) + 1 equiv. ETE (Y’), f ΔH = 2 equiv. PA (X”) + 1 equiv. PA (Y”) + 2 equiv.
ETE (X”) + 1 equiv. ETE (Y”).

Compound 1 has three rings derived from vanillin. Therefore, the PA and ETE of vanillin were
tripled (3 equivalents) and then added together to determine the total enthalpy (ΔH). ΔH of vanillin
(1518 kJ/mol) was higher than that (1468 kJ/mol) of compound 1. In the case of compound 2, it can be
considered to be derived from 2 equivalents of syringaldehyde (X) and 1 equivalent of vanillin (Y).
Therefore, both PA and ETE were calculated by using the formula, 2X+Y, giving a PA of 356 kJ/mol and
an ETE of 1128 kJ/mol. The total enthalpy (ΔH) of the starting material (1484 kJ/mol) was higher than
that of compound 2 (1432 kJ/mol). The higher enthalpy values of the starting materials are likely due
to the presence of the electron-withdrawing aldehyde group on both molecules.

Both compounds 1 and 2 had lower PA but higher ETE and ΔH, compared to their respective
fragments. This trend suggests that radical scavenging of antioxidants with multiple radical scavenging
sites is a multistep cumulative process, which results in a gradual decrease in PA and increase in ETE as
more radical scavenging sites are used up. The higher ΔH of dendritic antioxidants is understandable
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because their radical scavenging is a cumulative process. By the time the 2nd and 3rd phenol rings
undergo the SPLET process, the antioxidant already has one phenoxy and two phenoxy radicals,
respectively, which are higher in energy than the ground state (neutral phenol).

3.5. Correlation of Enthalpy Values with DPPH IC50

It is important to know how well theoretically computed enthalpy values of dendritic antioxidants
correlate with their experimental DPPH radical scavenging activities [21]. We first determined the
cumulative total PA (PAcum) and ETE (ETEcum) by adding up the PA and ETE of steps 1–3 shown in
Figure 4, respectively. Then, PAcum, and ETEcum were added to determine ΔHcum (Table 6). To see
the enhancing/decreasing effect, the enthalpy differences between each compound and the reference
were determined (Δ(ΔHcum), ΔPAcum, and ΔETEcum) and ΔIC50 values were determined the same
way. These differences are depicted in Figure 6. Based on these graphs, we observe that the trend of
ΔIC50 resembles that of Δ(ΔHcum) most closely, followed by ΔETEcum.

Table 6. The cumulative enthalpy values, ΔHcum, PAcum, and ETEcum, for dendritic antioxidants and
the experimental DPPH IC50 values.

Compound ΔHcum(kJ/mol) PAcum (kJ/mol) ETEcum (kJ/mol) IC50 (μM) a

Reference compound 594 425 169 34.9

Compound 1 (one OCH3) 559 451 108 10.2

Compound 2 (two OCH3) 523 448 75 8.0

Compound 3 (NO2) 655 301 354 55.9

Compound 4 (Cl) 585 376 209 34.9

Compound 5 (Br) 584 387 197 30.4
a Data from [21].

 

 

Figure 6. Graphical representation of the enthalpy deviation of each compound from the value of the
reference compound: (a) Δ(ΔHcum), (b) ΔPAcum, (c) ΔETEcum and (d) ΔIC50.

We also determined the Pearson correlation coefficients (r) between the IC50 and ΔHcum/ PAcum/

ETEcum values to determine which parameter of the SPLET mechanism better correlates with the
IC50 values. Although the IC50 order looks slightly different from the order of ΔHcum (Table 6), their
correlation was quite impressive: r = 0.9596 with a 95% confidence interval (0.6692, 0.9957) based on
Fischer’s Z-transformation (Figure 7a). The PAcum showed a strong negative correlation with IC50: r =
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−0.9189 with a 95% confidence interval (−0.9912, −0.4222) (Figure 7b). The r of IC50 to ETEcum was
0.9623 with a 95% confidence interval (0.6882, 0.9960) (Figure 7c).

  

 

Figure 7. Correlation between IC50 and ΔHcum (a), IC50 and PAcum (b), and IC50 and ETEcum (c).

These r values, based on the collected data, indicate that the IC50 correlates better with ΔHcum

and ETEcum as opposed to PAcum. These results suggest that between ETE and PA, the ETE might
be a more significant measure in estimating the antioxidant potential than PA. From our study, it is
clear that o-EDGs like OCH3 increase antioxidant activity whereas o-EWGs such as NO2 decrease it
and the trend is more consistent with ETE. Some studies reported compounds containing EWGs to
be better antioxidants in the SPLET mechanism than their counterparts with EDGs because of the
lower PA values obtained from EWG containing compounds [11]. Their interpretation is reasonable
if we consider the findings in the original papers that proposed the SPLET mechanism: the 1st step
(PA) of SPLET is equilibrium and PhOH is converted to PhO− with the help of ionizing solvents.
Once, the PhO− is formed in the 1st step, the 2nd step (ETE) occurs rapidly in the presence of DPPH
radicals [13,14]. It was also reported that rate constants of PhOHs/DPPH•reactions in alcohols were
increased by the addition of a base, indicating that PhO− formation is important in SPLET [19]. The
formation of PhO− is directly related to the acidity of the PhOH: the more acidic PhOH is, the faster
PhO− forms. Based on these reports, phenols containing EWGs seem to be better antioxidants than
unsubstituted ones and those containing EDGs. This is because phenols with EWGs can form PhO−
more readily and enter the SPLET mechanism faster. The comparison of IC50 values between our
o-NO2 (55 μM) and o-OCH3 (8 μM) containing antioxidants (both having similar intramolecular and
intermolecular H-bonding properties in ionizing solvents like methanol) suggest that faster formation
of PhO− (lower PA of o-NO2) does not necessarily result in better antioxidant activities. The negative
effect of o-NO2 on the antioxidant activity was shown not only by our study but also other experimental
studies [22]. Thus, we propose that the 2nd step (ETE) of SPLET should be considered in assessing the
full antioxidant potential of phenolic antioxidants. In agreement with our proposal, Li et al. showed
that the introduction of o-NH2 will be more beneficial for the antioxidant activity than o-NO2 although
their o-NO2 containing compound had lower PA value than the o-NH2 counterpart [10].
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4. Conclusions

Enthalpy values for model dendritic antioxidants with either an o-EDG or o-EWG were determined
for each step of the three proposed mechanisms (HAT, SET-PT and SPLET) in methanol using DFT
calculations. Based on our results, o-OCH3 (o-EDG) decreases BDE, IP (1st step of SET-PT), and ETE
(2nd step of SPLET) and increases PDE (2nd step of SET-PT) and PA (1st step of SPLET) while o-NO2

(EWG) showed the opposite effects. SPLET was found to be the preferred mechanism in methanol
when DPPH•was used as the radical.

To compare relative antioxidant activity between the dendritic compounds, the total enthalpy of
each compound was determined by cumulatively running SPLET for all three PhOH rings and adding
all the enthalpy values. The results showed that o-OCH3 (EDG) increases the antioxidant activity
whereas o-NO2 (EWG) decreases it. In comparison, ortho-halogens (Br and Cl) showed negligibly lower
enthalpy values compared to the unsubstituted PhOH. Correlation of the DPPH radical scavenging
activities with each step in SPLET revealed that the experimental IC50 values better correlate with ETE
(the 2nd step) rather than PA (the 1st step), implying that ETE is a more important factor in estimating
the role of substituents on antioxidant activity than PA.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/3/189/s1.
Table S1. DFT calculations in methanol; Table S2. Values of pKa obtained using ChemAxon pKa calculator;
Table S3. Multistep DFT calculations in methanol.

Author Contributions: Conceptualization, C.Y.L.; calculations, V.B.; data curation, J.S., C.A., K.N.C. and V.B.;
formal analysis, C.Y.L., A.S. and V.B.; writing—original draft, C.Y.L.; writing—review and editing, C.Y.L. and A.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lee, C.Y.; Sharma, A.; Cheong, J.E.; Nelson, J.L. Synthesis and Antioxidant Properties of Dendritic Polyphenols.
Bioorg. Med. Chem. Lett. 2009, 19, 6326–6330. [CrossRef]

2. Lee, C.Y.; Sharma, A.; Uzarski, R.L.; Cheong, J.E.; Xu, H.; Held, R.A.; Upadhaya, S.K.; Nelson, J.L. Potent
Antioxidant Dendrimers Lacking Pro-Oxidant Activity. Free Radic. Biol. Med. 2011, 50, 918–925. [CrossRef]

3. Lee, C.Y.; Nanah, C.N.; Held, R.A.; Clark, A.R.; Huynh, U.G.T.; Maraskine, M.C.; Uzarski, R.L.; McCracken, J.;
Sharma, A. Effect of Electron Donating Groups on Polyphenol-Based Antioxidant Dendrimers. Biochimie
2015, 111, 125–134. [CrossRef]

4. Gaspar, A.; Garrido, E.M.; Esteves, M.; Quezada, E.; Milhazes, N.; Garrido, J.; Borges, F. New Insights into
the Antioxidant Activity of Hydroxycinnamic Acids: Synthesis and Physicochemical Characterization of
Novel Halogenated Derivatives. Eur. J. Med. Chem. 2009, 44, 2092–2099. [CrossRef]

5. Inami, K.; Iizuka, Y.; Furukawa, M.; Nakanishi, I.; Ohkubo, K.; Fukuhara, K.; Fukuzumi, S.; Mochizuki, M.
Chlorine Atom Substitution Influences Radical Scavenging Activity of 6-Chromanol. Bioorg. Med. Chem.
2012, 20, 4049–4055. [CrossRef] [PubMed]

6. Bordwell, F.G.; Cheng, J.P. Substituent Effects on the Stabilities of Phenoxyl Radicals and the Acidities of
Phenoxyl Radical Cations. J. Am. Chem. Soc. 1991, 113, 1736–1743. [CrossRef]

7. Wright, J.S.; Johnson, E.R.; DiLabio, G.A. Predicting the Activity of Phenolic Antioxidants: Theoretical
Method, Analysis of Substituent Effects, and Application to Major Families of Antioxidants. J. Am. Chem.
Soc. 2001, 123, 1173–1183. [CrossRef] [PubMed]

8. De Heer, M.I.; Korth, H.G.; Mulder, P. Poly Methoxy Phenols in Solution: O–H Bond Dissociation Enthalpies,
Structures, and Hydrogen Bonding. J. Org. Chem. 1999, 64, 6969–6975. [CrossRef]

9. Najafi, M.; Najafi, M.; Najafi, H. Theoretical Study of the Substituent and Solvent Effects on the Reaction
Enthalpies of the Antioxidant Mechanisms of Tyrosol Derivatives. Bull. Chem. Soc. Jpn. 2013, 86, 497–509.
[CrossRef]

10. Wang, L.; Yang, F.; Zhao, X.; Li, Y. Effects of Nitro- and Amino-Group on the Antioxidant Activity of Genistein:
A Theoretical Study. Food Chem. 2019, 275, 339–345. [CrossRef]

153



Antioxidants 2020, 9, 189

11. Zheng, Y.-Z.; Chen, D.-F.; Deng, G.; Guo, R. The Substituent Effect on the Radical Scavenging Activity of
Apigenin. Molecules 2018, 23, 1989. [CrossRef] [PubMed]

12. Najafi, M.; Mood, K.H.; Zahedi, M.; Klein, E. DFT/B3LYP Study of the Substituent Effect on the Reaction
Enthalpies of the Individual Steps of Single Electron Transfer-Proton Transfer and Sequential Proton Loss
Electron Transfer Mechanisms of Chroman Derivatives Antioxidant Action. Comput. Theor. Chem. 2011, 969,
1–12. [CrossRef]

13. Litwinienko, G.; Ingold, K.U. Abnormal Solvent Effects on Hydrogen Atom Abstraction. 2. Resolution of the
Curcumin Antioxidant Controversy. The Role of Sequential Proton Loss Electron Transfer. J. Org. Chem.
2004, 69, 5888–5896. [CrossRef] [PubMed]

14. Foti, M.; Daquino, C.; Geraci, C. Electron-Transfer Reaction of Cinnamic Acids and Their Methyl Esters with
the DPPH• Radical in Alcoholic Solutions. J. Org. Chem. 2004, 69, 2309–2314. [CrossRef]
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Activities of Alkyl Substituted Pyrazine Derivatives of Chalcones—In vitro and in Silico Study. Antioxidants
2019, 8, 90. [CrossRef]

16. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.;
Mennucci, B.; Petersson, G.A.; et al. Gaussian 16, Revision B.03; Gaussian, Inc.: Wallingford, CT, USA, 2016.

17. Marenich, A.V.; Cramer, C.; Truhlar, D. Universal Solvation Model Based on Solute Electron Density and on
a Continuum Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface Tensions.
J. Phys. Chem. B 2009, 113, 6378–6396. [CrossRef] [PubMed]

18. Burton, G.W.; Doba, T.; Gabe, E.J.; Hughes, L.; Lee, F.L.; Prasad, L.; Ingoldo, K.U. Autoxidation of Biological
Molecules. 4. Maximizing the Antioxidant Activity of Phenols. J. Am. Chem. Soc. 1985, 107, 7053–7065.
[CrossRef]

19. Litwinienko, G.; Ingold, K.U. Abnormal Solvent Effects on Hydrogen Atom Abstractions. 1. The Reactions
of Phenols with 2, 2-Diphenyl-1-Picrylhydrazyl (Dpph•) in Alcohols. J. Org. Chem. 2003, 68, 3433–3438.
[CrossRef] [PubMed]

20. Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of Free Radical Method to Evaluate Antioxidant Activity.
LWT Food Sci Technol. LWT Food Sci. Technol. 1995, 28, 25–30. [CrossRef]

21. Lee, C.Y.; Anamoah, C.; Semenya, J.; Chapman, K.N.; Knoll, A.N.; Brinkman, F.; Malone, J.I.; Sharma, A.
Electronic (Donating or Withdrawing) Effects of Ortho-Phenolic Substituents in Dendritic Antioxidants.
Tetrahedron Lett. 2020. [CrossRef]

22. Grenier, J.L.; Cotelle, N.; Cotelle, P.; Catteau, J.P. Antioxidant Properties of Nitrocaffeic Acids. Bioorg. Med.
Chem. Lett. 1996, 6, 431–434. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

154



antioxidants

Article

The Effect of Nano-Epigallocatechin-Gallate on
Oxidative Stress and Matrix Metalloproteinases in
Experimental Diabetes Mellitus

Adriana Elena Bulboaca 1, Paul-Mihai Boarescu 1,*, Alina Silvia Porfire 2,*, Gabriela Dogaru 3,*,

Cristina Barbalata 2, Madalina Valeanu 4, Constantin Munteanu 5,

Ruxandra Mioara Râjnoveanu 6, Cristina Ariadna Nicula 7 and Ioana Cristina Stanescu 8
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Abstract: Background: The antioxidant properties of epigallocatechin-gallate (EGCG), a green tea
compound, have been already studied in various diseases. Improving the bioavailability of EGCG by
nanoformulation may contribute to a more effective treatment of diabetes mellitus (DM) metabolic
consequences and vascular complications. The aim of this study was to test the comparative effect of
liposomal EGCG with EGCG solution in experimental DM induced by streptozotocin (STZ) in rats.
Method: 28 Wistar-Bratislava rats were randomly divided into four groups (7 animals/group): group
1—control group, with intraperitoneal (i.p.) administration of 1 mL saline solution (C); group 2—STZ
administration by i.p. route (60 mg/100 g body weight, bw) (STZ); group 3—STZ administration
as before + i.p. administration of EGCG solution (EGCG), 2.5 mg/100 g b.w. as pretreatment;
group 4—STZ administration as before + i.p. administration of liposomal EGCG, 2.5 mg/100 g
b.w. (L-EGCG). The comparative effects of EGCG and L-EGCG were studied on: (i) oxidative stress
parameters such as malondialdehyde (MDA), indirect nitric oxide (NOx) synthesis, and total oxidative
status (TOS); (ii) antioxidant status assessed by total antioxidant capacity of plasma (TAC), thiols, and
catalase; (iii) matrix-metalloproteinase-2 (MMP-2) and -9 (MMP-9). Results: L-EGCG has a better
efficiency regarding the improvement of oxidative stress parameters (highly statistically significant
with p-values < 0.001 for MDA, NOx, and TOS) and for antioxidant capacity of plasma (highly
significant p < 0.001 for thiols and significant for catalase and TAC with p < 0.05). MMP-2 and -9 were
also significantly reduced in the L-EGCG-treated group compared with the EGCG group (p < 0.001).
Conclusions: the liposomal nanoformulation of EGCG may serve as an adjuvant therapy in DM due
to its unique modulatory effect on oxidative stress/antioxidant biomarkers and MMP-2 and -9.
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1. Introduction

Consuming green tea has been linked to human health and longevity for centuries. In particular,
green tea catechins are involved in many biological processes such as antioxidant activity and
modulation of various cellular lipid and protein metabolisms [1]. Green tea contains a great amount of
polyphenols (flavonols, flavones, and flavanols) with similar structure, possessing lots of therapeutic
active components including catechin, epicatechin, epicatechin-3-gallate, and epigallocatechin-3-gallate
(EGCG) [2]. EGCG is the most active and abundant compound (65% of total catechin content) [3,4].

Green tea therapeutic effects have been studied intensively, proving beneficial in various
diseases such as cancer [5], hyperlipidemia [6,7], cardiovascular diseases [8,9], neurodegenerative
diseases [10,11], and infectious diseases [12,13]. Some reports also suggest that daily consumption of tea
catechins may help in controlling type 1 [14] and type 2 diabetes mellitus [1]. It has been demonstrated
that green tea consumption reduces fasting glucose levels, an effect mediated by EGCG [15]. Lipophilic
EGCG has been shown to reduce glycemia and serum lipids in experimental diabetes mellitus induced
by streptozotocin (STZ) in rats [16].

Type 1 diabetes mellitus (DM) is associated with an autoimmune-mediated destruction of
pancreatic beta cells, leading to absolute insulin deficiency [17]. One of the most used experimental
models for testing various therapies addressing type 1 DM is based on STZ administration. STZ
induces type 1 DM, with destruction of pancreatic beta cells and associated insulin deficiency, as a
result of its cytotoxic effect, mediated by increased synthesis of reactive oxygen species (ROS) and
subsequent inflammation [18–20]. A protective effect of EGCG on pancreatic beta cells has been already
demonstrated in experimental studies [21]; meanwhile, oral chronic administration of EGCG proved to
have hypoglycemic and hypolipidemic effects and to reduce oxidative stress in streptozotocin-diabetic
rats [22]. EGCG can exert antioxidant, anti-inflammatory, antiangiogenetic, and antifibrotic effects [2].
The catechol or galloyl groups from catechins act as scavengers for metal ions, reducing further
production of free radicals [23]. Another essential effect is represented by the scavenging activity for
free radicals, through phenoxyl compounds [24]. EGCG treatment can also reduce oxidative stress
by increasing the level of antioxidant enzymes, such as superoxide dismutase (SOD), glutathione
peroxidase (GP), and catalase (CAT), emerging in an antiapoptotic consequence [25].

Matrix metalloproteinases (MMPs) are a family of enzymes (peptidases) involved in degradation
and remodeling of extracellular matrix (ECM) [26]. Recent studies reveal that MMPs can regulate
chemokines and cytokines synthesis, thus participating in innate immunity processes, inflammation,
and angiogenesis [27]. MMPs can be generated by various cell types, such as endothelial cells
and mononuclear cells of the immune system [28]. Pathological induction of MMP synthesis is
associated with an imbalance between synthesis and degradation of ECM proteins leading to ECM
degradation [29]. High glucose ambience influences the MMPs’ increased synthesis and low tissue
inhibitors of MMPs (TIMP) activity [30]. Increased levels of MMP-2 and MMP-9 are observed in type 1
diabetic patients and animal models, such as STZ-induced diabetes mellitus in rats [31,32], and are
associated with microvascular complications of DM [28].

Analyzing the EGCG therapeutic properties and pharmacokinetic parameters, considerable
individual differences and variations between results were noted [33]. EGCG is highly lipophilic, which
explains its low bioavailability (0.2% to 2% of the total load ingested by healthy people), mainly because
a large amount of the ingested EGCG is degraded by local microbiota and does not enter into the blood
circulation [34]. Improvement of bioavailability and stability of EGCG can be obtained by encapsulation
in nanoparticles [35]. Catechin nanoemulsions proved to be stable for long periods of time (120 days at
4 ◦C) [36]. Liposomes, assembled from phospholipid bilayers similar to cell membranes, are one of the
nanoparticles frequently used for drug delivery [23]. Their biphasic character makes them suitable for
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being carriers for both hydrophilic (in the central aqueous compartment) and hydrophobic (in lipid
bilayers) compounds [37,38]. Nanoformulation by encapsulation in liposomes could also facilitate
the solubility for hydrophobic particles [4]. Through all of these properties, liposomes can offer an
enhanced bioavailability, stability, and shelf life for sensitive ingredients [39].

The aim of this study was to investigate the effect of two forms of EGCG (EGCG solution and
liposomal EGCG) on oxidative stress parameters, antioxidant capacity, serum MMP-2 and -9, and
pancreatic and liver function in STZ-induced diabetes mellitus in rats.

2. Materials and Methods

2.1. Materials

The substances used for liposomal preparation were: Epigallocatechin-gallate (EGCG) derived from
green tea (Sigma-Aldrich, Steinheim, Germany); 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC):
N-(carbonyl-methoxypolyethylenglycol-2000)-1,2-distearoylsn-glycero-3-phosphoethanolamine
Na-salt (MPEG-2000-DSPE) (Lipoid GmbH, Ludwigshafen am Rhein, Germany); and cholesterol
(CHO) obtained from sheep wool (Sigma-Aldrich, Steinheim, Germany). All other solvents and
reactive substances were obtained from Sigma-Aldrich, Steinheim, Germany, and had an analytical
degree of purity.

2.2. Experimental Model

The study was approved by the Ethic Committee of the University and by the National Sanitary
Veterinary Authority number 137/13.11.2018. Twenty-eight male Wistar-Bratislava rats were procured
from the Centre of Experimental Medicine, University of Medicine and Pharmacy, Cluj-Napoca,
Romania. The rats weighed 200–250 g, were kept in polypropylene cages, with day–night regimen, at
constant temperature (24 ± 2 ◦C) and humidity (60 ± 5%). Free access to food (standardized pellets
from Cantacuzino Institute, Bucharest, Romania) and water was provided to all animals. The animals
were randomly divided into 4 groups (7 rats/group). The groups were organized as follows:

group 1—control group (C)—with intraperitoneal (i.p.) administration of 1 mL saline solution,
group 2—STZ administration by i.p. route (STZ),
group 3—STZ administration as before + i.p. administration of EGCG solution (EGCG),
group 4—STZ administration as before + i.p. administration of liposomal EGCG (L-EGCG).
Each medication was dissolved in saline solution (0.9% sodium chloride) and the volume

administrated i.p. was 1 mL [19]. The following doses were used: STZ—60 mg/100 g body
weight (b.w.) [40]; EGCG in saline solution or in liposomal form were freshly prepared and were
administrated i.p. in a dose of 2.5 mg/100 g b.w./day as pretreatment, two consecutive days before STZ
administration [41]. Intraperitoneal administration was preferred as a method that improves EGCG
bioavailability, compared to low bioavailability with oral administration [42].

Blood samples were taken at 48 h after STZ administration, under ketamine anesthesia (5 mg/100
g bw, i.p. route) from retro-orbital sinus, followed by rat euthanasia by cervical dislocation [43]. Rats
with glucose higher or equal to 200 mg/dL were considered to have diabetes mellitus [20].

2.3. Preparation and Physicochemical Characterization of EGCG-Loaded Liposomes

For the preparation of liposomes, we used a modified film hydration method [44,45]. The
lipid double-layer components, having a 70 mM concentration (DPPC:MPEG-2000-DSPE:CHO =
4.75:0.25:1 molar ratio), were dissolved in ethanol in a round-bottomed glass flask. Ethanol was
evaporated at 45 ◦C under low pressure; the lipid film product was hydrated with a solution of
EGCG diluted in highly purified water, pH = 5.00, at the same temperature. The resulted liposomal
dispersion was then extruded through polycarbonate membranes with 200 nm final pore dimension,
with LiposoFastLF-50 equipment (Avestin Europe GmbH, Mannheim, Germany). Unencapsulated
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EGCG particles were removed by dialysis method, using Slide-A-Lyzer filters (cassettes) with 10 kDa
molecular weight cut-off.

To assess the amount of liposomal-loaded EGCG, we used a spectrophotometric method—the
reaction with Folin–Ciocâlteu reagent (Merck, Darmstadt, Germany) [46]. During this procedure, a
dilution of liposomal dispersion with methanol 1:10 (v/v) was made, and a UV-VIS spectrophotometer
(Specord 200 Plus, Analytik Jena, Überlingen, Germany) measured the absorbance value.

The size and polydispersity index of liposomes were assessed by dynamic light scattering method
(with a 90◦ scattering angle), and the zeta potential was measured by laser Doppler electrophoresis; a
Zetasizer Nano ZS analyzer was used for both assessments (Malvern Instruments Co., Malvern, UK).

The mean liposomal concentration of the L-EGCG solution was about 900μg/mL, and encapsulation
efficiency was over 80%. Liposomal vesicles’ mean size was 170 nm, and polydispersity index was
less than 0.2, meaning that the vesicles’ size and uniformity were appropriate to ensure a prolonged
circulation in the blood. Aggregative stability was ensured by values of 51.83 mV of the zeta potential.

2.4. Oxidative Stress and Antioxidant Parameters Assessment

Parameters associated with oxidative stress and antioxidant status were determined from collected
blood samples. The parameters used to assess oxidative stress were: malondialdehyde (MDA) [47],
indirect nitric oxide (NOx) synthesis assessment [48], and total oxidative status (TOS) [49]. Antioxidant
status parameters were represented by total antioxidant capacity of plasma (TAC) [50], thiols [51], and
catalase [52]. All measurements were performed using a Jasco V-350 UV-VIS spectrophotometer (Jasco
International Co, Ltd., Tokyo, Japan). Matrix metalloproteinases (MMPs) were appraised from serum
using a rat ELISA kit (Boster Biological technology, Pleasanton, CA, USA) and a Stat Fax 303 ELISA
reader (Quantikine, McKinley Place NE, MN, USA).

2.5. Assessment of Beta Pancreatic Cells and Hepatic Cells Function

Glycemia was measured at 48 h after DM induction, as it was previously observed that STZ
induces significant beta cell death at 48 after administration [53]. Glycemia was also used as a parameter
for pancreatic function changes induced by experimental diabetes mellitus. Hepatic cytolysis was
assessed by serum levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
measured by a standardized technique (Vita Lab Flexor E, Spankeren, The Netherlands) [40].

2.6. Data Analysis

The SPSS software package version 21.0 (SPSS Inc., Chicago, IL, USA) was used for statistical
analysis and graphic representations. The acceptable error threshold was p = 0.05. In order to describe
the continuous quantitative data, we used the arithmetic mean and the standard deviation (SD). The
distribution of investigated markers in groups was plotted as individual values (circles) and median
(line), as recommended by Weissgerber and coauthors [54]. The Kruskal–Wallis ANOVA was used to
test the differences in the investigated markers. The Mann–Whitney test was used in post hoc analysis
when significant differences were identified by the Kruskal–Wallis ANOVA test.

3. Results

No rat died during the experiment, so the analysis was conducted on all seven rats in each group.
All P values for comparison between groups are presented in Supplementary Table S1.

In our experimental model, diabetes mellitus was successfully induced by STZ: all rats that
received STZ were definitely diabetic, proven by glycemia >200 mg/dL and values significantly higher
in diabetic rats compared to control group: 401.81(11.31) mg/dL versus 84.27 (2.87) mg/dL, respectively
(expressed as mean and standard deviation), with a p-value < 0.001. Also, hepatic damage was detected
in the STZ group, quantified by significant elevation of transaminases AST and ALT (Table 1).
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Table 1. Values of oxidative stress parameters, antioxidants levels, glycemia, hepatic enzymes, and
matrix metalloproteinases in the four groups, expressed as mean and standard deviation.

Parameter Control (n = 7) STZ (n = 7)
STZ + EGCG

(n = 7)
STZ + L-EGCG

(n = 7)

MDA [nmol/mL] 2.52(0.24) 20.94(1.67) 19.83(1.1) 14.1(1.67)
NOx [μmol/L] 24.35(2.24) 64.34(2.26) 60.63(2.65) 40.36(2.89)
TOS [μmol/L] 17.19(1.05) 74.22(2.63) 66.68(3.45) 44.84(3.06)

Thiols [mmol /L] 213.4(6.64) 112.33(6.02) 131.1(3.17) 145.64(5.14)
Catalase [U/mL] 20.12(1.87) 10.87(0.87) 12.81(1.69) 15.8(2.42)

TAC [mEq/L] 1.41(0.09) 0.64(0.06) 0.83(0.14) 1.07(0.13)
Glycemia [mg/dL] 84.27(2.87) 401.81(11.31) 391.1(10.55) 365.3(6.56)

AST [U/L] 26.03(2.16) 150.37(9.16) 141.5(9.45) 80.67(8.88)
ALT [U/L] 24.63(2.25) 204.58(9.8) 193.17(6.57) 64.18(3.42)

MMP-2 [ng/mL] 86.14(5.96) 221(7.19) 217.71(7.23) 156(6.73)
MMP-9 [ng/mL] 19.57(1.27) 37(2.24) 36.29(2.56) 28.14(2.19)

MDA=malondialdehyde; NOx= indirect nitric oxide; TOS= total oxidative status; AST= aspartate aminotransferase;
ALT = alanine aminotransferase; MMP-2 =matrix metalloproteinase 2; MMP-9 =matrix metalloproteinase 9; STZ =
streptozotocin control; STZ + EGCG = STZ and EGCG solution i.p. as pretreatment; STZ + L-EGCG = STZ and
liposomal EGCG i.p. as pretreatment.

Oxidative stress parameters (MDA, NOx, and TOS) significantly increased after induction of DM
(p-values <0.001 in all items, Figure 1a–c, Table 1). MMP-2 and MMP-9 levels were significantly higher
in the STZ-induced DM group compared with control group (p-values <0.001, Figure 4a,b, Table 1).
Serum antioxidant capacity, measured by thiol, catalase, and TAC levels, was significantly reduced in
diabetic rats compared to control animals (p-values < 0.001 in all items, Figure 2a–c, Table 1).

In the diabetic group pretreated with EGCG, oxidative stress parameters NOx and TOS were
significantly reduced compared to the untreated STZ group (with p-values of 0.017 and <0.001,
respectively, Figure 1b,c).

  
(a) (b) 

Figure 1. Cont.

159



Antioxidants 2020, 9, 172

 
(c) 

Figure 1. Distribution of oxidative stress intensity by groups: (a) MDA (malondialdehyde), (b) NOx
(indirect nitric oxide), (c) TOS (total oxidative status) on all study groups (7 rats/group). STZ =
streptozotocin control; STZ + EGCG = STZ and EGCG solution i.p. as pretreatment; STZ + L-EGCG =
STZ and liposomal EGCG i.p. as pretreatment. The symbol–number codes correspond to the p-values
< 0.05 as follows: α—STZ compared to control; β—STZ + EGCG compared to control; ε—STZ + EGCG
compared to STZ; γ—STZ + L-EGCG compared to control; λ—STZ + L-EGCG compared to STZ;
μ—STZ + L-EGCG compared to STZ + EGCG.

  
(a) (b) 

 
(c) 

Figure 2. Distribution of plasmatic antioxidant capacity by groups: (a) Thiols, (b) Catalase, (c) TAC
(total antioxidant capacity) on all study groups (7 rats/group). STZ = streptozotocin control; STZ +
EGCG = STZ and EGCG solution i.p. as pretreatment; STZ + L-EGCG = STZ and liposomal EGCG
i.p. as pretreatment. The symbol–number codes correspond to the p-values < 0.05 as follows: α—STZ
compared to control; β—STZ + EGCG compared to control; ε—STZ + EGCG compared to STZ; γ—STZ
+ L-EGCG compared to control; λ—STZ + L-EGCG compared to STZ; μ—STZ + L-EGCG compared to
STZ + EGCG.
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All antioxidant parameters (thiols, catalase, and TAC) were significantly higher in the STZ-treated
group (p-values of < 0.001, 0.026, and 0.017 respectively, Figure 2a–c).

No significant differences were noted in MDA and MMP values between the pretreated group
with EGCG compared to the untreated STZ group (Figure 1a, Figure 4a,b). Also, glycemia and liver
parameters were not significantly different in the EGCG pretreated group, with the exception of a
decrease in ALT (p-value = 0.038, Figure 3c).

  
(a) (b) 

 
(c) 

Figure 3. Distribution of (a) Glycemia, (b) AST (aspartate aminotransferase), (c) ALT (alanine
aminotransferase) on all study groups (7 rats/group). STZ = streptozotocin control; STZ + EGCG
= STZ and EGCG solution i.p. as pretreatment; STZ + L-EGCG = STZ and liposomal EGCG i.p.
as pretreatment. The symbol–number codes correspond to the p-values < 0.05 as follows: α—STZ
compared to control; β—STZ + EGCG compared to control; ε—STZ + EGCG compared to STZ; γ—STZ
+ L-EGCG compared to control; λ—STZ + L-EGCG compared to STZ; μ—STZ + L-EGCG compared to
STZ + EGCG.

In the STZ group pretreated with L-EGCG, all oxidative stress parameters were significantly
decreased and serum antioxidant capacity parameters were all increased, with better results compared
to the STZ group pretreated with EGCG (p < 0.017, Figures 1 and 2). Also, the L-EGCG solution
improved glycemic values and decreased transaminases levels better than EGCG (p < 0.001, Figure 3).
The MMP levels were significantly lower in the L-EGCG-treated group compared to the diabetic
untreated group or compared to the STZ group pretreated with EGCG (<0.001, Figure 4).
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Figure 4. Distribution of matrix metalloproteinase (MMP): (a) MMP-2 and (b) MMP-9 on all study
groups (7 rats/group). STZ = streptozotocin control; STZ + EGCG = STZ and EGCG solution i.p. as
pretreatment; STZ + L-EGCG = STZ and liposomal EGCG i.p. as pretreatment. The symbol–number
codes correspond to the p-values < 0.05 as follows: α—STZ compared to control; β—STZ + EGCG
compared to control; γ—STZ + L-EGCG compared to control; λ—STZ + L-EGCG compared to STZ;
μ—STZ + L-EGCG compared to STZ + EGCG.

The Kruskal–Wallis ANOVA test identified significant differences between the groups with
diabetes and EGCG pretreatment for all evaluated parameters (p-values < 0.0001). The post hoc
analysis identified significant differences in most of the cases with better protection for the EGCG-treated
group, and significantly higher protection when liposomal EGCG solution was used (Figures 1–4).

4. Discussion

4.1. Protective Effects of EGCG on Pancreatic and Hepatic Cell Function in Diabetic Rats

In our study, EGCG reduced blood glucose levels in pretreated animals but the reduction was not
statically significant (Table 1, Figure 3). Some of the antidiabetic effects of EGCG are suggested to be the
suppression of appetite, adjustment of dietary fat emulsification in the gastrointestinal tract, inhibition
of gastrointestinal lipolysis, and reduction of nutrient absorption enzymes [55]. The most significant
hypoglycemia was obtained in liposomal EGCG-pretreated groups. This indicates a protective effect
of EGCG on pancreatic cell function. Meng et al. showed that EGCG can inhibit inflammation
by reducing reactive oxygen species and downregulating the production of inducible nitric oxide
synthetase (iNOS) [56]. Furthermore, EGCG increases glucose tolerance [57] and decrease HbA1c
levels in STZ-induced diabetes in rats, contributing to further prevention of diabetic complications [58].
Another suggested mechanism of EGCG’s protective effect is the increased glucose uptake due to
promoting the glucose transporter-4 (GLUT4) translocation in skeletal muscle, through activation of
both phosphoinositol 3-kinase and AMP-activated protein kinase pathways [58]. EGCG also increases
tyrosine phosphorylation of insulin receptors, having an insulin-like effect on H4IIE hepatoma cell
lines [59].

The liver is extremely adversely affected in type 1 diabetes mellitus. In our study, we found
elevated AST and ALT levels, showing liver damage, in STZ diabetic rats (Table 1, Figure 3). In
STZ-induced diabetes, transaminases elevation is the consequence of the toxic effect of STZ on
hepatocytes, which induces lipid peroxidation, oxidative stress enhancement, peroxisome proliferation,
and mitochondrial dysfunction [60–62]. Rodriguez et al. identified increased NO levels and hepatic
oxidative stress in STZ-induced diabetic rats [63]. In our study, pretreatment with EGCG decreased
ALT levels, preventing hepatic damage induced by STZ. Furthermore, liposomal EGCG administration
significantly reduced AST and ALT values, confirming the enhanced protective effect of L-EGCG on
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hepatic cells. Other studies also demonstrated the hepatic-protective effect of green tea extracts in
hepatic injury reflected by decreased serum transaminase levels, and improved structural changes in
histopathological examination [64]. Moreover, long-time consumption of EGCG (in healthy Wistar
rats) decreases age-induced hepatic damage by lowering the ALT and AST serum levels and improving
microscopic changes of the liver tissue due to the aging process [65].

4.2. Effect of EGCG on Oxidative Stress Parameters and Plasmatic Antioxidant Capacity

In this study, increased levels of MDA, NO, and TOS were observed in diabetic rats (Table 1 and
Figure 1), together with low levels of antioxidant biomarkers such as thiols, catalase, and TOS (Table 1
and Figure 2). Pretreatment with EGCG and L-EGCG induced protection against STZ toxic effects, as
demonstrated by reduction of oxidative stress parameters (Table 1, Figure 1) and by enhancement of
antioxidant defense (Table 1, Figure 2), with best results for the liposomal form. STZ-induced diabetes
in experimental models is followed by an enhanced production of reactive oxygen species (ROS) and
consumption of cell antioxidant systems, as a consequence of necrotic and apoptotic degeneration
of pancreatic β cells [66,67]. Hyperglycemia itself is another factor generating intracellular ROS [68].
Oxidative stress (by excessive ROS production, auto-oxidation of glycated proteins, and increased lipid
peroxidation) and decreased antioxidant capacity (free radical scavengers and enzymatic systems) are
also involved in the pathogenesis of diabetic complications [69–72].

Green tea component EGCG is a flavonoid with antioxidant and anti-inflammatory properties
conferred by its particular structure, a flavanol core and two gallocatechol rings, which are able to
bind metal ions and scavenge free oxygen radicals. As a consequence, EGCG exerts direct antioxidant
effects (scavenger of ROS and cheater of metal ions), but also indirect antioxidant effects (inductor
of antioxidant enzymes, such as catalase, and inhibitor of oxydases, such as NADPH—nicotinamide
adenine dinucleotide phosphate, lipoxygenase, or xantin-oxydase) [73]. Anti-inflammatory effects of
EGCG were also related to the increase of circulating levels of interleukin-10 (an anti-inflammatory
cytokine) in nonobese diabetic mice [14]. EGCG can decrease lipid peroxidation in the liver, kidney,
and brain, and reduce lymphocyte DNA damage in diabetic mice [74].

EGCG has low bioavailability which can be modified by incorporation in special drug delivery
systems. Because of its highly lipophilic nature, EGCG is suitable for incorporation in liposome
nanoparticles, composed of phospholipid bilayers. Minnelli et al. showed that pretreatment of adult
retinal pigmented epithelium (ARPE) cells with EGCG encapsulated in magnesium liposomes increases
the survival of cells exposed to hydrogen peroxide (H2O2), with better preserved mitochondria
structure on electron microscopy examination, showing the superior antioxidant activity of L-EGCG
compared with free EGCG [75]. In this regard, natural antioxidant products could be a promising
therapeutic option for prevention of diabetes mellitus and its complications, conferring protection
against oxidative damage by liposomal nanostructure encapsulation [69].

4.3. EGCG Effect on Matrix Metalloproteinases

In the present study, serum levels of MMP-2 and -9 increased after DM induction and were better
modulated by L-EGCG (Table 1 and Figure 4). In experimental models of DM, increased MMP-2
expression and activity were linked to elevated ROS levels and oxidative stress, with consecutive
pancreatic beta cell apoptosis, showing MMP-2′s important role in DM pathogenesis [76]. Thus,
inhibition of intracellular MMP-2 expression is an essential target for beta cell protection and DM
prevention. There is also a postulated connection between MMP production and inflammatory
process and proinflammatory cytokine production associated with DM. Chemokines such as MCP-1
and NF-kB can induce MMP overproduction in DM [77]. After their secretion as inactive forms,
proinflammatory molecules contribute to further transformation of MMPs in active forms by different
proteases that are implicated in their cleavage [38]. MMPs are also involved in regulation and
duration of immune response, endothelial cell function, vascular smooth muscle migration and
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proliferation, Ca2+ signaling pathways, and vessel contraction, all of these consistently influencing
vascular remodeling in DM [78,79].

Activated inflammatory cells such as leucocytes can contribute to endothelial cell dysfunction
and vascular damage by direct and indirect pathways. Indirect loops comprise augmentation of MMP
production by proinflammatory cytokines synthesized in activated leucocytes [70].

Activation of MMP-2 and MMP-9 is important in pathogenesis of diabetic microangiopathic
complications such as diabetic retinopathy, nephropathy, and neuropathy [39]. Diabetic retinopathy,
by inducing apoptosis of retinal endothelial cells and by degrading the junction proteins, is followed
by increased vascular permeability [80,81]. In experimental models of DM, increased oxidative
stress activates MMP-2, and antioxidant therapies inhibit the development of diabetic retinopathy by
modulating retinal MMP-2 levels [32,82]. Diabetic nephropathy, one of the most severe microangiopathy
in diabetes mellitus, is also characterized by MMP overexpression and accelerated ECM degradation,
both being a hallmark of associated histopathologic changes [30]. MMPs’ increased synthesis can also
lead to neuronal injury through blood–nerve barrier (BNB) disruption, contributing to the neuropathic
pain associated with diabetic neuropathy [83,84].

The multiple and complex roles exhibited by MMPs are explained by their multiple localizations.
MMP-2 and MMP-9 are colocalized in vessel walls and atherosclerotic plaque, being involved in
endothelial dysfunction and DM macrovascular complication and vascular remodeling [85,86]. Wang
et al. reported a protective effect of EGCG after i.p. administration, by reducing the plasma levels of
TNF-α, IL-6, and monocyte chemoattractant protein-1 (MCP-1) [38]. There is also evidence that EGCG
can inhibit MMP-2 activation [87]. Multiple compounds of green tea can inhibit MMP-2 and -9, but
the most efficient ones proved to be EGCG and epigallocatechin (EGC) [88]. Therefore, we chose the
EGCG compound for our experimental study. Moreover, liposomal encapsulation brings an increased
bioavailability with better results in reducing oxidative stress biomarkers and MMP plasma level.
EGCG reduces MMP-2 activity by targeting the fibronectin type II repeated regions 1 and 3 of MMP-2,
binds the amino acids that constitute the exosite of this enzyme, and hinders proper positioning of
the substrate [89]. Due to its antioxidants effects and inhibitory action on the protein tyrosine kinases,
EGCG reduces MMP-9 activity by reducing its release from the activated neutrophils [90].

From our knowledge, this is the first experimental study addressing liposomal EGCG effects in
experimental DM induced by STZ in rats. Decreasing the hepatic and pancreatic damage due to STZ
administration is a valuable effect of liposomal EGCG.

4.4. Potential Limitations of the Study

No measurements of EGCG and L-EGCG in the blood or pancreatic and hepatic tissue were done
in this study since such quantifications were outside of our aim. Future studies could be conducted to
measure the concentration of EGCG and L-EGCG in the blood and tissues. Moreover, oxidative stress
parameters and MMPs could be measured in liver and pancreas tissue. Another limitation of our study
is that the evaluation of endogenous insulin levels and measurement of HOMA-IR for endogenous
pancreatic function were not performed.

Future studies should also investigate the effects of long-term administration of EGCG and
L-EGCG on DM and its complications, as this study was focused on assessing their effects 48 h after
DM induction.

5. Conclusions

L-EGCG pretreatment reduces oxidative stress biomarkers and MMP plasma levels 48 h after DM
induction. Further studies are needed to detect other particularities regarding the EGCG protective
mechanisms in order to improve their therapeutic efficiency. Due to the beneficial effects of EGCG
nanoformulation proven by this study on oxidative stress, antioxidative defense, and MMP-2 and -9,
we propose that L-EGCG could be considered as a novel adjuvant therapy in DM management.

164



Antioxidants 2020, 9, 172

Supplementary Materials: The following is available online at http://www.mdpi.com/2076-3921/9/2/172/s1,
Table S1: p-values for comparisons between the study groups for all studied parameters.

Author Contributions: Conceptualization, G.D., C.M., and C.A.N.; Data curation, A.E.B., C.M., and I.C.S.; Formal
analysis, M.V. and R.M.R.; Funding acquisition, G.D. and I.C.S.; Investigation, A.E.B., A.S.P., C.B., and M.V.;
Methodology, P.-M.B., C.B., and C.A.N.; Project administration, A.E.B. and P.-M.B.; Resources, A.S.P., C.B., and
I.C.S.; Software, P.-M.B. and M.V.; Supervision, R.M.R.; Validation, P.-M.B., A.S.P., C.M., and R.M.R.; Visualization,
G.D. and C.M.; Writing—original draft, A.E.B. and I.C.S.; Writing—review & editing, A.S.P., G.D., and C.A.N. All
authors have read and agreed to the published version of the manuscript.

Acknowledgments: The authors would like to thank Olivia Veris, ezan-Ros, u for professional English language
editing of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Park, J.H.; Bae, J.H.; Im, S.S.; Song, D.K. Green tea and type 2 diabetes. Integr. Med. Res. 2014, 3, 4–10.
[CrossRef]

2. Chu, C.; Deng, J.; Man, Y.; Qu, Y. Green Tea Extracts Epigallocatechin-3-gallate for Different Treatments.
BioMed Res. Int. 2017, 2017. [CrossRef] [PubMed]

3. Islam, M.A. Cardiovascular effects of green tea catechins: Progress and promise. Recent Pat. Cardiovasc. Drug
Discov. 2012, 7, 88–99. [CrossRef] [PubMed]

4. Eng, Q.I.; Thanikachalam, P.V.; Ramamurthy, S. Molecular understanding of Epigallocatechin gallate (EGCG)
in cardiovascular and metabolic diseases. J. Ethnopharm. 2018, 210, 296–310. [CrossRef] [PubMed]

5. Yuan, J.M. Cancer prevention by green tea: Evidence from epidemiologic studies. Am. J. Clin. Nutr. 2013, 98,
1676S–1681S. [CrossRef]

6. Suliburska, J.; Bogdanski, P.; Szulinska, M.; Stepien, M.; Pupek-Musialik, D.; Jablecka, A. Effects of green tea
supplementation on elements, total antioxidants, lipids, and glucose values in the serum of obese patients.
Biol. Trace Elem. Res. 2012, 149, 315–322. [CrossRef]

7. Mozaffari-Khosravi, H.; Ahadi, Z.; FallahTafti, M. The Effect of Green Tea versus Sour Tea on Insulin
Resistance, Lipids Profiles and Oxidative Stress in Patients with Type 2 Diabetes Mellitus: A Randomized
Clinical Trial. Iran. J. Med. Sci. 2014, 39, 424–432.
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Abstract: After extraction from jujube pomace and purification by two columns (DEAE-Sepharose
Fast Flow and Sepharcyl S-300), the structure of SAZMP4 was investigated by HPGPC, GC, FI-IR,
GC-MS, NMR, SEM, and AFM. Analysis determined that SAZMP4 (Mw = 28.94 kDa) was a pectic
polysaccharide mainly containing 1,4-linked GalA (93.48%) with side chains of 1,2,4-linked Rha and
1,3,5-linked Ara and terminals of 1-linked Rha and 1-linked Ara, which might be the homogalacturonan
(HG) type with side chains of the RG-I type, corresponding to the results of NMR. In AFM and SEM
images, self-assembly and aggregation of SAZMP4 were respectively observed indicating its structural
features. The antioxidant activity of SAZMP4 against H2O2-induced oxidative stress in Caco-2 cells
was determined by activity of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) as
well as malondialdehyde (MDA) and reactive oxygen species (ROS) levels, indicating SAZMP4 can
be a natural antioxidant. Also, a better water retention capacity and thermal stability of SAZMP4 was
observed based on DSC analysis, which could be applied in food industry as an additive.

Keywords: polysaccharide; jujube pomace; structural analysis; antioxidant activity

1. Introduction

Pectin is a natural macromolecular compound, generally considered as a complex polysaccharide
containing α-1,4-linked galacturonic acid, which might be partly methyl esterified and have side
chains of various neutral sugars, such as rhamnose, arabinose, galactose, and so on [1]. It widely
exists in the cell wall and the middle lamella structure of all higher plants [2]. Because of pectin’s
gelatification, thickening, and stabilization, it is widely applied in food, medical, chemical, and other
industries [3]. China, the original country of jujube, has cultivated jujube since around 7000 years
ago. Since jujube fruits are rich in sugar, and the abundant intracellular and cell wall polysaccharides
are more soluble in alkaline solution, it is better to use alkaline solution for extraction to take full
advantage of the pomace [4]. According to previous research, jujube polysaccharides have different
biological activities, such as antioxidant activity [5], immunoregulatory activity [6], hepatoprotective
effects [7], anti-hyperlipidemia effects [8], and antitumor activity [9]. Obviously, biological activities of
polysaccharides are associated with their structural characteristics. Many researchers have determined
the composition, the average molecular weight, and the type of linkages of polysaccharides can affect
the biological activities of polysaccharides [10–12]. Thus, there exists an importance to determine the
structural characterizations of pectic polysaccharide.
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It is widely acknowledged that free radicals are indispensable in metabolic processes. However,
oxidative stress is an important factor in these diseases. Reactive oxygen species (ROS), chemically
active substances mainly including peroxide, superoxide, hydroxyl radicals, and singlet oxygen [13],
plays a necessary role in physiological regulation and message passing in moderate amount. Normally,
there exists an antioxidant system containing antioxidants and antioxidant enzymes that controls the
metabolic balance of free radicals. However, as a result of some unnormal factors and conditions
like ischemia, hypoxia, chemicals, ionizing radiation, chemotherapy drugs, and ultraviolet radiation,
abundant free radicals will be produced and break the metabolic balance. Under this circumstance,
oxidative stress will occur. Also, excessive free radical accumulation can injure the components of cells,
such as DNA and proteins, leading to the development and progression of diseases such as diabetes,
cancer, and cardiovascular diseases [14,15]. Thus, it is imperative to improve antioxidant activity in
order to prevent and control these diseases.

In this study, the structure of a pectic polysaccharide extracted from jujube pomace was
characterized by chemical and instrumental methods, and the antioxidant activity was investigated by
the Caco-2 cells model.

2. Materials and Methods

2.1. Materials and Reagents

The dry fruits (Ziziphus jujuba cv. Muzao) were provided by the Loess Plateau Experimental
Orchard from Yulin in Shaanxi province, China. The chromatographic columns (DEAE-Sepharose
Fast Flow and Sepharcyl S-300) were purchased from GE Healthcare Life Sciences (Piscataway, NJ,
USA). The standards arabinose, fucose, galactose, glucose, mannose, rhamnose, and xylose were from
Solarbio Life Sciences Co. (Beijing, China). The standards glucuronic acid and galacturonic acid were
purchased from Aladdin Biochemical Technology Co., (Shanghai, China). All other chemicals were
analytical grade.

2.2. Extraction and Purification of SAZMP4

Jujube pomace was obtained by removing the water-insoluble polysaccharide jujube powder.
Alkaline extraction (0.1 M NaOH, 25 ◦C, 1 h) was applied to jujube pomace for obtaining crude
polysaccharide. Then, an anion-exchange column of DEAE-Sepharose Fast Flow (2.6 × 100 cm), using
0.3 M NaCl as mobile phase at room temperature with a flow rate of 1.2 mL/min, and a gel-permeation
chromatography column of Sepharcyl S-300 (2.6 × 100 cm), using ultrapure water as mobile phase at
room temperature with a flow rate of 0.8 mL/min, were used to purify the crude polysaccharide in
order to derive the purified polysaccharide, SAZMP4 [16].

2.3. Structural analysis of SAZMP4

2.3.1. Physical and Chemical Analysis

The phenol-sulfuric acid method [17], the Bradford method [18], and the Folin–Ciocalteu reagent
method [19] were used to measure the content of total sugar, protein, and total phenolics.

The UV-Vis spectrum was recorded by a UV7 spectrophotometer (METTLER, TOLEDO, Zurich,
Switzerland) in the 200–400 nm region to detect the protein and nuclear acids [20], and the FI-IR
spectrum was recorded with a Fourier transform infrared spectrometer (FI-IR, Vetex70, Bruker Co.,
Ettlingen, Germany) in the 4000–400 cm−1 region by KBr pellets to determine the primary functional
groups [21].

High-performance gel-permeation chromatography (HPGPC) equipped with an Agilent 1200
series high-performance liquid chromatography system, a Waters 2414 refractive index detector, and a
TSK gel G5000PWXL column (300 × 7.8 mm, Tosoh, Japan) were used to determine the homogeneity
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and average molecular weight of the purified polysaccharide [22]. The retention time was used to
calculate the average molecular weight of SAZMP4.

Gas chromatography (GC, GC-2014, Shimadzu Co., Kyoto, Japan) with a capillary column
of DB-17 (30 m × 0.25 mm × 0.25 μm, Agilent, Santa Clara, CA, US) was used to indicate the
monosaccharide composition of SAZMP4 [23], and the mixed standard monosaccharides were used
for the monosaccharide identification and quantification.

A differential scanning calorimeter (DSC, Q2000, Waters, Milford, MA, USA) was used to analyze
the thermal properties of SAZMP4 [24]. The dried and powdered polysaccharide (3 mg) was put into a
standard aluminum crucible and sealed immediately. The program raised the temperature from 40 ◦C
to 300 ◦C at a rate of 10 ◦C/min in a dynamic inert nitrogen atmosphere (50 mL/min). Simultaneously,
an empty standard aluminum crucible was used as a reference.

2.3.2. Methylation Analysis

After the uronic acid reduction by Taylor and Conrad [25], SAZMP4 was methylated by a method
reported previously [26]. The disappearance of the absorption band of O-H around 3400 cm−1 in the
FI-IR spectrum indicated complete methylation of the sample. Then, the sample was hydrolyzed by
trifluoroacetic acid, restored with sodium borohydride, acetylated by acetic anhydride, and dissolved
in chloroform. A GCMS-QP2010A instrument (Shimadzu Co., Kyoto, Japan) equipped with a Rtx-50
capillary column (30 m × 0.25 mm × 0.25 μm) and an ion trap MS detector was used to determine
the derivatives.

2.3.3. NMR Analysis

The dried SAZMP4 was dissolved (D2O) and lyophilized three times. Fifty milligrams of
deuterium-exchanged SAZMP4 was dissolved in 0.5 mL D2O. NMR spectra of 1H and 13C were
recorded with a Brucker AVANCE III 500 MHz nuclear magnetic resonance spectrometer (NMR) using
standard pulse sequences at 25 ◦C [27].

2.4. Molecular Morphological Analysis

A field emission scanning electron microscope (SEM, S-4800, Hitachi, Tokyo, Japan) was used
to record the surface morphological properties of SAZMP4 [28]. Before observation, SAZMP4 was
covered with a gold layer.

An atomic force microscope (AFM, Multimode-8, Bruker Co., Billerica, MA, USA) was used to
document the properties of the molecular morphology of the polysaccharide. Ten microliters of the
polysaccharide solution (1 μg/mL) was dropped onto a mica carrier and then dried at room temperature,
using tapping mode on the AFM for record [29].

2.5. Antioxidant Activity of SAZMP4

2.5.1. Cell Culture

Human colorectal adenocarcinoma cells (Caco-2) were obtained from Shanghai Institute of Cell
Biology (Shanghai, China). The cells were cultured in high-glucose Dulbecco’s modified Eagle’s
medium (H-DEME, Hyclone, Logan, UT, USA) with 10% fetal bovine serum (FBS, Biological Industries
Beit Haemek, Kibbutz, Israel), 100 units/mL penicillin, and 100 μg/mL streptomycin and in a humidified
atmosphere of 5% CO2 at 37 °C. Between 3 and 15 passages of the cells were used in this study.

2.5.2. Cell Viability Analysis

Cell Counting Kit-8 (CCK-8, EnoGene Co., Shanghai, China) was used to evaluate the cell viability.
In brief, Caco-2 cells were cultured in 96-well plates with a density of 5 × 103 cells/mL and incubated
for 24 h in a 37 ◦C incubator with a humidified 5% CO2 atmosphere. After that, the cells were treated
with different concentrations of SAZMP4 (50, 100, 200, 400, and 800 μg/mL) for 24 h. Then, 10 μL of
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CCK-8 solution was added, and the cells were incubated in the same environment for 1 h. The cell
viability was determined by a multifunctional enzyme marker (victorX3, PerkinElmer Co., Waltham,
Massachusetts, US) at a wavelength of 450 nm and was expressed as a relative percentage to the blank
control group.

2.5.3. Treatment Procedure

For treatment, the cells (5 × 103 cells/mL) were cultured in 96-well plates and incubated at 37 ◦C for
24 h. Then, the cells were treated with different concentrates of SAZMP4 (25, 50, 100, and 200 μg/mL)
for 24 h. After removing the medium, the cells were exposed to 200 μM of H2O2 for 2 h. The cell
viability, superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), ROS, and malondialdehyde
(MDA) levels were determined by relevant commercial kits.

2.5.4. Measurement of SOD and GSH-Px

Cell lysates treated without or with different concentrations of SAZMP4 were collected for
antioxidant enzymes (SOD and GSH-Px) analysis. The activities of SOD were measured by the relevant
commercial kits (Beyotime, Biotechnology, Shanghai, China) using the xanthine oxidase method for
determination. The activity of SOD was defined as the corresponding SOD content when the SOD
inhabitation rate in each milliliter of reaction liquid reached 50%.

The activities of GSH-Px were measured by the relative commercial kits (Beyotime, Biotechnology,
Shanghai, China). The activities of GSH-Px were determined by the consumption of GSH in
enzymatic reactions.

2.5.5. Intracellular ROS and MDA Levels

The intracellular ROS was determined by a Reactive Oxygen Species Assay Kit (Beyotime,
Biotechnology, Shanghai, China), investigated by fluorophore 2,7-dichlorofluorescein diacetate
(DCFH-DA). After incubating the cells in a black 96-well plate for 24 h and removing the medium, the
cells were washed with phosphate-buffered saline (PBS, 100 μL). After that, the cells were cultured
with DCFH-DA at a concentration of 10 μM at 37 ◦C for 30 min. The results were determined by a
multimode microplate reader (PerkinElmer, Waltham, MA, USA) and expressed as fold changes in
fluorescence intensity versus control.

The MDA levels were indicated by corresponding detection kits (Jiancheng Bioengineering
Institute, Nanjing, China) following the manufacturer’s instructions.

2.6. Data Analysis

All test data were expressed as mean ± SD from no fewer than three determinations and analyzed
with variance (ANOVA) following multiple tests. SPSS version 22.0 was used for all statistical analyses,
and p < 0.05 was considered to be significant.

3. Results

3.1. Separation and Purification of SAZMP4

SAZMP4 was extracted from jujube pomace by alkaline solution and purified by the column of
DEAE-Sepharose Fast Flow with mobile phase of 0.3 M NaCl and the column of Sepharcyl S-300 with
ultrapure water. The yield of crude polysaccharide was 5.3% relative to jujube pomace, and the yield of
SAZMP4 was 5.10% relative to crude polysaccharide. Other jujube researchers [5,7,9] obtained similar
results to this study.

3.2. Preliminary Characterizations of SAZMP4

According to the phenol-sulfuric acid assay, SAZMP4 was 96.52% sugar. It had a low protein
content of 0.78%, coinciding with UV–Vis analysis that the polysaccharide contained no protein (<3%)
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based on the no absorption peaks at 280 nm. Also, no absorption peaks at 260 nm in the spectrum
indicated no nucleic acid in SAZMP4. The total phenol content was not detected in SAZMP4. These
results were similar to other acidic jujube polysaccharides from Z. Jujuba [30].

In the FI-IR spectrum (Figure 1), the peaks of the intramolecular or intermolecular stretching
vibration of O-H was around 3400 cm−1 and the stretching vibration of C–H was around 2940 cm−1,
indicating the SAZMP4 was a polysaccharide. The peaks at approximately 1620 cm−1 were attributed
to the stretching vibration of carboxyl, which implied that SAZMP4 might contain uronic acid [31].
The absorptions at 1420 and 1325 cm−1 belonged to the bending vibration of C–H. Also, the signals at
1200–800 cm−1 of the fingerprint area of carbohydrates indicated that the bands at 1093 and 1012 cm−1

were the bending vibration of C–O in the pyranose form. In addition, the weak absorption bands at 941
and 838 cm−1 were probably attributed to α-glycosidic bonds, further supported by the out-of-plane
bending vibration of C–H at around 630 cm−1, which implied the presence of α-glycosidic bonds in
SAZMP4 [32].

Figure 1. FI-IR spectrum of SAZMP4.

According to the equation, the average molecular weight of SAZMP4 was calculated to be 28.94
kDa with the retention time of 19.91 min. Also, the single and symmetric elution peak from the HPGPC
indicated SAZMP4 was a homogeneous fraction.

GC analysis, as shown in Table 1, determined that the monosaccharide composition of SAZMP4
mainly contained galacturonic acid at a molar rate of 93.48%, which coincided with the feature of
pectin. This result was similar with other pectic polysaccharides [30,33,34], but the galacturonic acid
content of SAZMP4 was higher than them.

Table 1. Monosaccharide analysis data of SAZMP4.

Peak No. Retention Time (min) Monosaccharide Molar Radio

1 11.645 Rhamnose 1
2 12.289 Arabinose 0.9
3 12.921 Xylose 0.05
4 22.800 Mannose 0.07
5 38.020 Galacturonic acid 28.9
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The thermodynamic properties of SAZMP4 were examined by DSC from 40 to 300 ◦C. In the DSC
thermogram of SAZMP4 (Figure 2), an endothermic peak and an exothermic peak were observed,
and the parameters of them were labeled, such as melting temperature (Tm), melting enthalpy (ΔHm),
degradation temperature (Td), and degradation enthalpy (ΔHd). Tm and ΔHm were determined by
the composition and structural characterizations of polysaccharides. A polysaccharide with lower
molecular weight and less uronic acid content has worse capacity to sustain water, so the Tm and ΔHm

were lower [35]. The high Tm and ΔHm indicated the better capacity of SAZMP4 to sustain water,
coinciding with results of HPGPC and GC analyses. The second peak was caused by the degradation
of the polysaccharide in the process [36]. Apparently, Td was primarily impacted by the composition
of the polysaccharides, while the ΔHd of polysaccharides was mainly affected by its galacturonic acid
content. The Td implied that SAZMP4 was stable below 240 ◦C, related to the better thermal stability,
which might be applied in the food industry.

Figure 2. DSC thermogram of SAZMP4.

3.3. Methylation Analysis

For the determination of linkage types between sugar residues with GC-MS, SAZMP4 was firstly
subjected to uronic acid reduction in order to avoid β-condensation reaction during methylation,
which might cause structural changes to sugar chains [37]. According to the retention time of sugar
residues and the standard data of CCRC Spectral Database, the results of the methylation analysis
are exhibited in Table 2. SAZMP4 mainly included five types of glycosidic linkages: 1-linked Rhap,
1-linked Araf, 1,2,4-liked Rhap, 1,3,5-linked Araf, and 1,4-linked Galp with a molar ratio of 0.4: 0.38:
0.62: 0.58: 28.7. This conformed to the GC analysis, which indicated that the structures of sugar chains
were not destroyed in the methylation process. Besides, GC analysis showed SAZMP4 contained
only galacturonic acid, and no galactose exited in it. Thus, the linkage type of galacturonic acid was
1,4-linked GalAp. Obviously, SAZMP4 was a pectic polysaccharide containing 1,4-linked galacturonic
acid with side chains of 1,2,4-liked Rhap and 1,3,5-linked Araf as well as terminals of 1-linked Rhap
and 1-linked Araf, which indicated that SAZMP4 might be homogalacturonan (HG) with side chains
of rhamnogalacturonan (RG) type I [38].
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Table 2. Methylation analysis data of SAZMP4.

Peak No. Retention Time (min) Methylated Sugars Linkage Patterns Molar Radio

1 20.355 2,3,4-Me3-Rhap 1-linked Rhap 0.5
2 26.563 2,3,5-Me3-Araf 1-linked Araf 0.47
3 31.915 2-Me-Araf 1,3,5-linked Araf 0.46
4 34.707 3-Me-Rhap 1,2,4-linked Rhap 0.52
5 35.092 2,3,6-Me3-Galp 1,4-linked Galp 28.8

3.4. NMR Analysis

The 1H (Figure 3A) and 13C NMR (Figure 3B) spectra of SAZMP4 were displayed, and the chemical
shifts in the spectra were classified based on previous research [39]. In the 1H spectrum, the weak peak
of δ 1.84 belonged to H-6 of 1,2,4-linked Rhap or 1-linked Rhap, and the other strong signs of δ 4.34,
4.06, 3.92, and 3.60 were respectively attributed to H-5, H-4, H-3, and H-2 of 1,4-linked GalAp. The
strong signs of δ 160.45, 99.07, 71.44, 69.67, 68.28, and 62.70 belonged to the C-6, C-1, C-4, C-5, C-3, and
C-2 of 1,4-linked GalAp in the 13C spectrum, respectively.

(A) 

Figure 3. Cont.
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(B) 

Figure 3. The NMR spectra of SAZMP4 in D2O: 1H spectrum (A); 13C spectrum (B).

3.5. Molecular Morphological Properties

It is widely acknowledged that SEM can be used to observe the surface morphology of
polysaccharides, and the SEM images can exhibit the molecular morphological properties of
polysaccharide. At low magnification (400-fold and 3000-fold, Figure 4A,B), SAZMP4 was observed
to have a smooth surface and debris shape, while it showed a smooth surface and a thin but large
lamellar shape in the image of high magnification (8000-fold and 20,000-fold, Figure 4C,D). These
results were different to those of previous research [40] possibly because of the different preparation
and purification methods and the structural differences of polysaccharides.
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Figure 4. The SEM images of SAZMP4 (A: × 400, B: × 3000, C: × 8000, D: × 20,000).

AFM is another tool that can not only provide two-dimensional images but also observe
three-dimensional surface images of polysaccharides directly in the natural conditions. Generally
speaking, sugar chains with different compositions always have the tendency to form into a
conformation with the lowest free energy. According to the AFM images (Figure 5B), SAZMP4
was observed to have an irregular bulk structure, indicating the molecular aggregation caused by
intermolecular and intramolecular interactions of hydroxyl groups on polysaccharide chains, and these
results coincided with the results of SEM analysis. The height analysis in the planar image (Figure 5E,F)
revealed the aggregation extent of SAZMP4. A branched, ring-like, helical or an interconnected
network structure in the AFM image (Figure 5A,B) implied molecular self-assembly of SAZMP4, which
undergoes a spontaneous process from disorder to order based on the weak, noncovalent interaction
of hydrogen bonds and van der Waals forces as well as the hydrophobic effect [41]. These results
indicated that SAZMP4 might aggregate at first and then self-assemble to form a long chain; this is
why the molecular morphology of SAZMP4 appeared the way it did in SEM and AFM images. In
addition, SAZMP4 was also observed to have a core structure with branches probably related to the
α-1,4 glycosidic bonds, which might be galacturonic acid, coinciding with the methylation analysis [42].
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Figure 5. The AFM planar image (A) and (B); three-dimensional image of AFM (C) and (D); the height
analysis of the planar image at the line (E) and (F).

3.6. Antioxidant Activity of SAZMP4

3.6.1. The Cytotoxicity of SAZMP4 to Caco-2 Cells

The cytotoxic effects of different concentrations of SAMZP4 on Caco-2 cells were evaluated by the
CCK-8 commercial kit. As shown in Figure 6A, SAZMP4 of 50 and 100 μg/mL presented no significant
effects on cell viability compared to the control group, while SAZMP4 at high concentrations (200, 400,
and 800 μg/mL) caused a significant dose-dependent decrease of cell viability. Hence, the following
experiments were carried out with 25, 50, and 100 μg/mL of SAZMP4 for treatment in order to reduce
the interference with the polysaccharide.
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Figure 6. Cell viability of Caco-2 with different concentrations of SAZMP4 (A). Cell viability of Caco-2
with 200 μM H2O2 and different concentrations of SAZMP4 (B). Intracellular level of ROS in Caco-2
cells (C). Intracellular level of MDA in Caco-2 cells (D). Activity of SOD in Caco-2 cells (E). Activity of
GSH-Px in Caco-2 cells (F). The data are expressed as the mean ± SD (n = 5 wells per group). (*) p < 0.05
and (**) p < 0.01 versus the control group.

3.6.2. Protective Effect against H2O2-induced Toxicity

After treating with different concentrations of SAZMP4 for 24 h, the cells were exposed to 200 μM
H2O2 for 2 h. The results are exhibited in Figure 6B. The cell viability of the group only exposed to
H2O2 declined to 68.6%, indicating the cells were in the state of oxidative stress. Pretreatment of
SAZMP4 for 24 h enabled the cells to resist the toxic effects of H2O2, causing the viability to be greater
than 81.6%. However, these results were not precise to indicate SAZMP4 had antioxidant activity.
Thus, the determinations of ROS and MDA levels and SOD and GSH-Px activities were inevitable.
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3.6.3. ROS and MDA Levels in Caco-2 Cells

The ROS and MDA levels in Caco-2 cells after pretreatment of SAZMP4 and treatment of 200 μM
H2O2 are exhibited in Figure 6C. There was a significant increase in the ROS level in the group without
pretreatment of SAZMP4 compared to the control group. Pretreated groups had significant decreases
of ROS levels and exhibited a dose-dependent response. Also, similar results were exhibited in the
changes of MDA levels (Figure 6D). At 100 μg/mL, SAZMP4 presented significant decreases compared
to the group only exposed to 200 μM H2O2. Apparently, these results suggested that SAZMP4 could
help the cells resist the toxicity of H2O2.

3.6.4. The Activity of SOD and GSH-Px in Caco-2 Cells

Figure 6E,F, respectively, showed the activity of SOD and GSH-Px in Caco-2 cells. Compared
to the control group, the activity of SOD and GSH-Px significantly declined in the no pretreatment
group. With pretreatment of SAZMP4, the activity of SOD and GSH-Px had a significant increase
comparing to the 200 μM H2O2-treated group and showed a dose-dependent relationship. Obviously,
these results indicated that SAZMP4 might protect the cells from oxidant injury of H2O2 by activating
the antioxidant enzymes (SOD and GSH-Px).

4. Discussion

Mitochondria, bearing the responsibilities of the generation of cell energy (adenosine triphosphate,
ATP), the main source of ROS, and the apoptosis of cells, is the core and hub of the entire cell and
its vital activities. Also, it can participate in cell signaling. All these physiological functions of
mitochondria are mainly needed to regulate energy metabolism and ROS production. In normal cells,
there exists a balance between oxidation and antioxidation. However, metabolic disorders of ROS
in mitochondria cause oxidative stress, leading to cell apoptosis and some diseases such as cancer,
cardiovascular diseases (hypertension, diabetes), and neurodegenerative diseases (Parkinson’s disease).
One of the ways to cause oxidative stress is lack of antioxidants. When cells are in the state of oxidative
stress, they cannot scavenge the free radicals generated by mitochondria. As previous research
reported [43–47], the antioxidant activity of polysaccharides is associated with their composition of
sugar chains, branched chains, molecular weight, substituents, and conformation. The higher the
molecular weight and the higher the content of uronic acid the polysaccharide has, the stronger its
antioxidant ability. In this study, the structural analysis of SAZMP4 determined that it mainly contained
galacturonic acid with higher molecular weight and branched chains. Hence, SAZMP4 could become
a natural antioxidant because it could be the electronic acceptor and scavenge free radicals.

As polysaccharides can only be digested in the intestinal tract, this study used Caco-2 as the cell
model and H2O2 as the irritant to induce cellular oxidative stress [47]. The antioxidant system in the
human body has the ability to recover and regulate itself. When the body is in a state of oxidative
stress, the relevant antioxidant system will produce corresponding antioxidants to control the injury
of oxidative stress. SOD is an important kind of enzyme in the antioxidant system that can catalyze
superoxide anions to translate into H2O2. GSH-Px is another kind of enzyme in the human body.
It can scavenge H2O2 and block the lipid peroxidation radical chain reaction to protect cell membranes
and other biological tissues from oxidant injury. Compared to the blank group, the cell viability of
the model group had an obvious reduction indicating the success of this oxidative stress model. The
stronger activity of antioxidant enzymes (SOD and GSH-Px) and the reduction of MDA and ROS
levels compared to the model group indicated SAZMP4 had antioxidant effects and could improve
the antioxidant ability of the cells. However, the antioxidant mechanism of polysaccharides has
not clearly determined yet. The signaling pathway of Nrf2-keap2-ARE is the primary antioxidant
signaling pathway in the body [48]. Nrf2 is the most important transcription factor in this signaling
pathway. Active Nrf2 dissociates with keap1 and enters the nucleus to interact with antioxidant
response elements (AREs) to start the transcription of antioxidant enzyme genes. At present, many
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antioxidants from natural plants have been determined to play an antioxidant role by promoting the
dissociation of keap1-Nrf2 and activation of Nrf2, such as curcumin and phenyl ethyl caffeic acid [49].
Since polysaccharides are macromolecules, they cannot get into the membrane. Thus, it is possible that
polysaccharides are decomposed into small molecules by intestinal flora at first and then enter the
cells to active Nrf2. Moreover, antioxidant polysaccharides also can serve as electronic acceptors by
their hydroxyl and carboxyl groups and scavenge free radicals by their special structure to play an
antioxidant role in the body. Hence, polysaccharides with more uronic acid and a higher molecular
weight can have a stronger antioxidant activity.

In recent years, because of the toxicity and carcinogenesis of synthetic antioxidants, people are
more interested in natural antioxidants. Thus, SAZMP4 could be used as a natural antioxidant for food
and medicine industries to produce some products for the prevention and control of diseases. In this
study, we only investigated the structure and intercellular antioxidant activity of SAZMP4. There is no
denying that further research in mice or humans is needed in order to determine the structure–activity
relationship based on this study.

5. Conclusions

In conclusion, SAZMP4 (Mw = 28.94 kDa) is a novel pectic polysaccharide, mainly containing
1,4-linked GalA with side chains of 1,2,4-linked Rha and 1,3,5-linked Ara and terminals of 1-linked
Rha and 1-linked Ara, and it has a tendency to aggregate and self-assemble. SAZMP4 can be a natural
antioxidant and can be applied in the medicine industry. In addition, SAZMP4 has a better water
retention capacity and thermal stability, indicating the potential capacity to be used as an additive in
the food industry. This is a systematic work investigating the structure and antioxidant activity of a
novel pectic polysaccharide, and it can provide a theoretical basis in further research.
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Abstract: This study focused on exploring the nuclear factor-erythroid-2-related factor (Nrf2) active
compound to avoid oxidative stress related to various diseases, such as obesity and diabetes mellitus.
The activity of the Nrf2-ARE (antioxidant response element) signaling was evaluated by a reporter
assay involving over five hundred various edible medicinal herbs, and the highest Nrf2 activity was
found in the ethanol extract of Peucedanum japonicum leaves. The active compound in the extract
was isolated by high performance liquid chromatography (HPLC), and the chemical structure was
identical to pteryxin based on 1H, 13C-NMR spectra and liquid chromatography/time-of-fright mass
spectrometer (LC/TOF/MS). From the pteryxin, the transcription factor Nrf2 was accumulated in
the nucleus and resulted in the expression of the antioxidant protein, heme oxygenase-1 (HO-1).
In addition, the Nrf2 activity involving HO-1 expression due to coumarin derivatives was evaluated
together with pteryxin. This suggested that the electrophilicity, due to the α,β-carbonyl and/or
substituted acyl groups in the molecule, modulates the cysteine residue in Keap1 via the Michel
reaction, at which point the Nrf2 is dissociated from the Keap1. These results suggest that pteryxin
will be a useful agent for developing functional foods.

Keywords: coumarin; pteryxin; HO-1; Nrf2; oxidative stress; Peucedanum japonicum Thunb;
RAW264.7 cells

1. Introduction

Some Peucedanum species belonging to the Apiaceae family contain therapeutic properties and
are used in traditional medicine against various conditions, including sore throats, coughs, colds,
and headaches [1]. A species of Peucedanum japonicum Thunb has been used as a folk medicine in
Japan, Taiwan, and China, and the antioxidant and antityrosinase active compounds were found in the
leaf extract of the Peucedanum species [2,3]. Recent studies have demonstrated that the ethanol (EtOH)
extract of P. japonicum has an anti-obesity effect and that it contains coumarin-related compounds that
the affect diabetes and obesity, both of which are bioaccessible to the systemic tissues [4–9].

Oxidative stress, with the excess production of reactive oxygen species (ROS), is related to an
increased risk of developing several diseases, including obesity and diabetes mellitus. The ROS and
reactive nitrogen species (RNS), due to the oxidative stress in the cells, induce antioxidant enzymes such
as SOD, glutathione peroxidase, and thioredoxin (Trx) as the first line of defense. The Nrf2 (Nuclear
factor-erythroid-2-related factor)-ARE (antioxidant response element) signaling responds to the cell
damage with the excess production of ROS and RNS or electrophiles. The Nrf2 dissociates from the
Kelch-like ECH-associated protein 1 (Keap1) by electrophiles and the oxidative stress, which regulates
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the expression of the ARE region containing phase II detoxifying/antioxidant enzymes, such as
glutathione S-transferase, NAD(P)H quinone oxidoreductase-1, Trx, and heme oxygenase-1 (HO-1) [10].
The Nrf2 plays a significant role in the regulation of adipocyte differentiation, obesity, and insulin
resistance [11]. Certain dietary chemopreventive agents target the Keap1 by oxidizing or chemically
modifying its specific cysteine thiols, which can induce ARE-mediated genes expression [12,13]. In our
previous studies, it was demonstrated that marine natural products modulate the HO-1 protein
expression through Nrf2 activation in both normal cells and cancer cells [14,15].

This study assessed the Nrf2 activity in various edible medicinal plants, and the highest Nrf2
activity was found in the EtOH extract of P. japonicum leaves. In addition, this study shows that
pteryxin was the active compound in the extract, which was enhanced by the HO-1 protein expression
through the Nrf2-ARE signaling.

2. Materials and Methods

2.1. Materials

Coumarin and 3,4-dihydrocoumarin were purchased from the FUJI Firm Wako Pure Chemical
Corporation (Osaka, Japan) and pyranocoumarin was obtained from Sigma-Aldrich Co. LLC (St. Louis,
USA). The products of the antibodies, such as anti-Nrf2 (Santa Cruz Biotechnology, Inc., TX, USA),
anti-HO-1 (StressMarq Biosciences, Inc., Victoria, Canada), and anti-β-actin (FUJI Firm Wako Pure
Chemical Corporation) were used for detecting the protein expressions. The cytotoxicity was
determined using 3-(4,5-dimethyl-2-thiazlyl)-2,5-diphenyltetrazolium bromide (MTT, FUJI Firm Wako
Pure Chemical Corporation).

2.2. Isolation of Pteryxin

Pteryxin was isolated from the dried-leaf powder of P. japonicum. The dried-leaf powder
of P. japonicum (20 g) was extracted by 50% EtOH (210 mL) using a Dionex ASE 350 accelerated
solvent extractor (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The extract was loaded on a
Diaion HP20 column (100 × 20 mm I.D., Mitsubishi Rayon Aqua Solutions Co. Ltd., Tokyo, Japan),
then the sample was sequentially eluted, each with 100 mL of 50% and absolute EtOH. The EtOH
fraction was evaporated in vacuo, and the residue (325 mg) was separated by centrifugal partition
chromatography (Easy-PREPccc, 318 mL of coil column, Kutuwa Sangyo, Hiroshima, Japan) in the
two-phase solvent system of n-hexane/chloroform/70% methanol (9:1:10 in v/v/v). Its lower layer
(mobile phase) was separated at 3.0 mL/min and 1110 rpm. The collected fractions (31.8 mg) were
purified on a reversed-phase chromatographic column (XBridge C18 column, 150 × 19 mm, I.D.,
5 μm particle size, Waters Corp., MA, USA) at the flow rate of 12.0 mL/min by the elution of formic
acid/H2O/acetonitrile (0.1/55/45 in v/v/v) using an HPLC apparatus (PU-980 HPLC Pump, JASCO Corp.,
Tokyo, Japan), then the yield (0.029%) of 5.8 mg pteryxin was purified.

2.3. Analysis of Pteryxin

The structure of pteryxin was determined by its 1H and 13C-NMR spectra (Avance III HD Ascend
400 MHz spectrometer, Bruker Billerica, MA, USA), and its molecular formula was determined by
Q-TOF LC/MS (Agilent 6530 Accurate-Mass Q-TOF LC/MS system Agilent Technologies, CA, USA) on a
reversed-phase chromatographic column (ACQUITY UPLC BEH C18, 50 × 2.1 mm I.D., 1.7 μM particle
size, Waters Corp., MA, USA) at 40 ◦C. The mobile phase consisting of a 0.1% formic acid aqueous
solution / 0.1% formic acid containing acetonitrile (1:1) was carried out at the flow rate of 0.4 mL/min
by a linear gradient to 0.1% formic acid aqueous solution/0.1% formic acid containing acetonitrile (1:19)
at 3 min. The high-resolution mass spectra (HRMS) was measured under the following conditions: a
positive ion mode; a desolvation temperature, 350 ◦C; a desolvation pressure, 40 psig; and a desolvation
gas flow, 8 L/min.
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2.4. Cell Culture

RAW264.7 cells (mouse macrophages) were obtained from American Type Culture Collection (VA,
USA). Cells were cultured in DMEM medium (including 10 % FBS, 100 U/mL penicillin and 100 μg/mL
streptomycin) at 37 ◦C in a 5% CO2 atmosphere.

2.5. Cell Survaival

The cell viability treatment, with or without a test sample in a well, was examined by an MTT
assay, as previously reported [16]. After the culture, MTT (0.05%) was added to each well and incubated
for 3 h. The formazan reduced from an MTT was extracted with DMSO (100 μL) and determined as
an index of the surviving cells at 570 nm using a microplate reader (BIO-RAD Model 550, BIO-RAD,
CA, USA).

2.6. Activity of Nrf2-ARE Signaling

The activity of Nrf2-ARE signal treatment, with or without a test sample, was examined by
a reporter assay, as previously reported (14,15). The RAW264.7 cells, with or without the test
sample, were pre-cultured on a 12-well microplate (5 × 105 cells/well) for 24 h, and then the pGL4.37
[luc/ARE/Hygro] plasmid and VIOFECTINE (as the transfection reagent) were co-transfected in cells.
After 24 h, the cells were washed twice in PBS and lysed in 100 μL lysis buffer. The luciferase activity
of the lysate cells (50 μL) was assayed using a luciferase substrate, then the chemiluminescence (CL) in
cells was measured by a microplate reader (GLOMAX MULTI Detection system, Promega, WI, USA).
The protein concentration of the cells was determined using a BCA protein assay kit (Thermo Fisher
Scientific, Inc., MA, USA).

2.7. Nuclear Extraction and Determination of Nrf2

The Nrf2 translocation in nucleus was examined as previously reported (14). Cells (1.0 × 106 cells/mL)
with or without the compound (50 and 100 μM) were incubated for 24 h. After 24 h, the cells were
treated with trypsin. The nucleus of the cells was extracted using an extraction kit (NE-PER Nuclear
and Cytoplasmic Extraction Reagent, Thermo Fisher Scientific K.K, Yokohama, Japan). Nrf2 protein
was detected using anti-Nrf2 by a Western blot analysis, and the Nrf2 protein expression was expressed
as % of the untreated sample cells (control).

2.8. Protein Expression by Western Blot Analysis

The assessed cells were treated with the lysis buffer. The cellular lysates were centrifuged at 13,800 g
for 5 min. The cellular extracts were separated on SDS-polyacrylamide gels (4–12% SDS-polyacrylamide,
Invitrogen, CA, USA) and transferred to a nitrocellulose membrane (iBlot Gel Transfer Mini, Invitrogen)
using an iBlot Gel Transfer Device (Invitrogen). The protein was detected with the antibodies, such as
Nrf2 and HO-1, and the protein expression was determined by densitometry analysis.

3. Results

3.1. Determination of Pteryxin

The chemical structure of (+)-pteryxin ([α]24
D = 10.9◦ (c 0.13, EtOH)) was determined by the

following 1H and 13C NMR spectra. The 1H NMR (400 MHz, CDCl3, δH 7.26): 7.59 (1H, d, J = 9.5 Hz,
H-4), 7.35 (1H, d, J = 8.6 Hz, H-5), 6.80 (1H, d, J = 8.6 Hz, H-6), 6.63 (1H, d, J = 5.0 Hz, H-4′), 6.22 (1H, d,
J = 9.5 Hz, H-3), 6.03 (1H, qq, J = 7.2, 1.5 Hz, H-3”), 5.35 (1H, d, J = 5.0 Hz, H-3′), 2.09 (3H, s, OCOCH3),
2.00 (3H, dq, J = 7.2, 1.5 Hz, H-4”), 1.86 (3H, dq, J = 4.5, 1.5 Hz, H-5”), 1.46 (3H, s, 2′-CH3), 1.43 (3H, s,
2′-CH3). 13C NMR (100 MHz, CDCl3, δC 77.0): δC 169.8 (OCOCH3), 166.9 (C-1”), 159.7 (C-2), 156.6
(C-7), 154.0 (C-9), 143.1 (C-4), 137.9 (C-3”), 129.2 (C-5), 127.4 (C-2”), 114.4 (C-6), 113.3 (C-3), 112.5 (C-10),
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107.3 (C-8), 77.3 (C-2′), 70.5 (C-3′), 60.1 (C-4′), 25.3 (2′-CH3), 22.2 (2′-CH3), 20.7 (OCOCH3), 20.4 (C-5”),
15.6 (C-4′).

In addition, the molecular formula was established as C21H22O7 on the basis of HRMS (m/z 387.1448
[M+H]+, calcd. 387.1438, and m/z 409.1262 [M+Na]+, calcd. 409.1258). The chemical structure of
pteryxin is shown in Figure 1. Pteryxin is an angular-type khellacton coumarin substituted acyl groups.
In this study, the Nrf2 activity of the major types of coumarins, such as angular type pyranocoumarin,
simple coumarin, and its dihydotype coumarin (3,4-dihydrocoumarin), were assessed together with
the pteryxin (Figure 1).

Figure 1. Chemical structures of pteryxin and the derivatives used in this study.

3.2. Nrf2-ARE Signaling

P. japonicum leaves were extracted with ethanol, and the cytotoxicity of the extract was evaluated
by an MTT assay. As shown in Figure 2a, the cytotoxicity of the extract was not detected in the range
of the test concentrations. The various concentrations (100, 200 and 400 μg/mL) of the extract were
evaluated for the activity of the Nrf2-ARE signaling in RAW264.7 cells (Figure 2b). The extract was
significantly activated in a dose-dependent manner, suggesting that the Nrf2 activator is contained in
the extract (Figure 2b).

Figure 2. Activation of the Nrf2 (Nuclear factor-erythroid-2-related factor)-ARE (antioxidant response
element) signaling in the presence of the ethanol extract of Peucedanum japonicum Thunb leaves in
RAW264.7 macrophage cells. (a) Cell viability with treated samples at the test concentrations was
examined by an MTT assay. The cell viability was expressed as % of the control cells without sample.
The Nrf2-ARE signaling activity of the EtOH extract of the P. japonicum leaves was evaluated by the
reporter assay as described in the text. (b) The effect of the various concentrations (100–400 μg/mL)
of the EtOH extract of P. japonicum leaves in RAW264.7 cells. The activity (%) was indicated as % of
induction for the control cells without a sample. Data were expressed as mean ± SD, and the significant
difference was analyzed by the student’s t-test. * p < 0.01 indicated as a significant difference from
the control.
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Pteryxin was isolated from the ethanol extract of P. japonicum leaves. As shown in Figure 3a,
the cytotoxicity of pteryxin was not detected in the range of the test concentrations. When pteryxin
was placed in the Nrf2-ARE signaling cell system, the Nrf2 activity was significantly induced in the
concentration range of 25–100 μM, indicating that pteryxin is one of the active compounds in the P.
japonicum leaves (Figure 3b).

Figure 3. Nrf2-ARE signaling activity due to pteryxin in RAW264.7 macrophage cells. The Nrf2-ARE
signaling activity in the presence of pteryxin (25–100 μM) was evaluated by the reporter assay,
as described in the text. (a) Cell viability with treated samples at the test concentrations was examined
by an MTT assay. The cell viability was expressed as % of control cells without a sample. (b) The
effect of the various concentrations (25–100 μM) of pteryxin in RAW264.7 cells. The activity was
indicated as induction (%) for control cells without sample. Data were expressed as mean ± SD, and the
significant difference was analyzed by the student’s t-test. * p < 0.01 indicated a significant difference
from the control.

3.3. Nrf2 Expression in Cytoplasm and Nuclei

The expression of cytoplasmic Nrf2 in the presence of a compound was determined by Western
blot analysis. The Nrf2 was accumulated in the cytoplasm in a dose-dependent manner, and the
accumulation of the transcription factor Nrf2 was also detected in the nucleus, suggesting that
the cytoplasmic Nrf2 translocated into the nucleus through the Nrf2-ARE signaling (Figure 4a,b).
Consequently, the transcription factor Nrf2 would be activated on the ARE regions, resulting in the
expression of the HO-1 protein.

3.4. HO-1 Expression

The expression of the antioxidant protein HO-1 in the presence of the target compound was
determined by Western blot analysis. The protein expression increased in the concentration range of
25–100 μM (Figure 5a,b). Consequently, the Nrf2 in the nucleus was enhanced by the HO-1 protein
expression (Figure 4). This result indicates that the pteryxin plays a significant role in delaying the
oxidative stress in a biological system.

3.5. Nrf2-ARE Signaling Activity and HO-1 Protein Expression by Coumarin Derivatives

The Nrf2-ARE signaling activity of pteryxin was compared to the other types of coumarins, such as
simple coumarin, 3,4-dihydrocoumarin, and pyranocoumarin. The Nrf2 activity of these compounds
was determined by the reporter assay (Figure 6a). As a result, the Nrf2 activity was detected by the
α,β−carbonyl coumarins, except for 3,4-dihydrocoumarin, which suggested that the electrophyllicity
in the molecule contributes to the cysteine thiol oxidation of Keap1 and leads to the activation of the
Nrf2-ARE signaling. Particularly, the activity of pteryxin, which was the highest of the evaluated
coumarin derivatives, indicated that the structure of khellacton is suitable for the electrophyllicity.
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Figure 4. Expression of the transcription factor Nrf2 protein due to pteryxin in RAW 264.7 macrophage
cells. The Nrf2 protein expression in the presence of a compound was detected by western blot analysis
and determined by densitometry. (a) Cytoplasmic Nrf2 protein expression and (b) nuclear Nrf2 protein
expression in the presence of a compound. Data were expressed as mean ± SD, and the significant
difference was analyzed by the student’s t-test. * p < 0.01 and ** p < 0.05 indicated a significant difference
from the control.

Figure 5. HO-1 (heme oxygenase-1) expression due to pteryxin in RAW 264.7 macrophage cells.
The HO-1 protein expression due to pteryxin (25–100 μM) on the Nrf2-ARE signaling in the cells was
examined. (a) Western blot analysis of the HO-1 protein in the presence of a compound. (b) Densitometry
analysis of the expression of the HO-1 protein. Data were expressed as mean ± SD, and the significant
difference was analyzed by the student’s t-test. * p < 0.01 indicated a significant difference from
the control.
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Figure 6. Activation of Nrf2-ARE signaling and the HO-1 protein expression due to coumarin
derivatives in the RAW 264.7 macrophage cells. (a) The activation of Nrf2-ARE signaling due to the
coumarin derivatives (50 μM) was assessed by the reporter assay. (b) The HO-1 protein expression
due to the various coumarins (50 μM) was detected by Western blot analysis. The expression of the
HO-1 protein was determined by a densitometry analysis. Data were expressed as mean ± SD, and the
significant difference was analyzed by the student’s t-test. * p < 0.01 indicated a significant difference
from the control.

The HO-1 protein expression, due to the structurally different coumarins, was assessed together
with pteryxin. The pteryxin and pyranocoumarin, in common with an angular-type skeleton, presented
a high expression, which had a similar result to that of the Nrf2 activity (Figure 6b). Particularly,
the pteryxin, which consisted of khellacton-substituted acyl groups, had the highest Nrf2 activity
involving the HO-1 protein expression. These results suggest that the difference in the Nrf2 activity
due to the compounds may be dependent on the individual potential electrophyllicity.
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4. Discussion

Peucedanum species are used as a traditional medicine for sore throats, coughs, colds, and headaches
[1]. Recent studies have demonstrated that the extract of P. japonicum Thunb plays a role in suppressing
obesity. Particularly, some coumarins in the Peucedanum species have been examined based on their
anti-diabetes and anti-obesity activities [4,7,8]. In addition, several anti-obesity components, including
pteryxin and the other coumarin derivatives, were found in P. japonicum Thunb, and they were mainly
exerted by inhibition of lipogenesis in the adypocytes.

A more recent study indicated that the oxidative stress in the hypothalamus induces insulin
resistance and obesity. The Nrf2 activity then suppressed the hypothalamic oxidative stress,
subsequently improving the resistance of insulin and leptin related to obesity [17]. This study
demonstrated that the leaf extract of P. japonicum Thunb has the physiological function of activating
the Nrf2-ARE signaling to avoid cell damage by the excess production of the reactive oxygen species
(ROS) under oxidative stress (Figure 2). In addition, the pteryxin, as one of the main Nrf2 activators
in the extract, dissociated the Nrf2 from Keap1, and then the Nrf2 translocated into the nucleus,
activated the ARE region containing the promoter and enhancer regions-mediated antioxidant enzyme,
HO-1 (Figures 3–5). Some α,β carbonyls in the molecule will be potential electrophiles that react
with the nucleophile protein, Keap1 [18]. When the cysteine residue in the Keap1 is oxidized by an
electrophile, the Nrf2 part from Keap1 binds to the ARE region in the DNA sequences. Our results,
together with previous knowledge, suggest that the coumarins that are effective against diabetes
mellitus and obesity may also act in conjunction with the Nrf2 activity [8].

Coumarins are a large class of plant secondary compounds with a benzopyrone skeleton; they are
distributed across four major sub-types: simple coumarins, furanocoumarins, pyran-substituted
coumarins, and pyranocoumarins. The pteryxin is an angular-type pyranocoumarin (khellacton
coumarin) substituted acyl group (Figure 1). In this study, the Nrf2 activity of the structurally
different coumarins—angular-type pyranocoumarin, simple coumarin, and 3,4-dihydrocoumari—
were examined together with the pteryxin, and the activation of the Nrf2 activity was detected by the
α,β carbonyl coumarins, except for 3,4-dihydrocoumarin (Figure 6a). The HO-1 expression was also
similar to the result of the Nrf2 signaling activity (Figure 6b). A previous study demonstrated that
the α,β carbonyl in 1,2-naphtoquintione is an electrophile that resulted in the nucleophile protein,
Keap1, which is added to the carbon β by Michael addition [18]. A similar result was obtained, except
for 3,4-dihydrocoumarin, which suggested that the α,β carbonyl in the molecule plays a significant
role as an electrophile for the Nrf2 activator. Also, pteryxin and pyranocoumarin indicated a high
Nrf2 activity, which suggested that the angular skeleton will be an effective structure for an Nrf2
activator. In addition, the pteryxin, consisting of khellacton-substituted acyl groups, indicated the
highest Nrf2 activity involving HO-1 expression, suggesting that the acyl groups may also contribute
to the electrophyllicity in the molecule.

Choi et al. reported the anti-adipogenic and anti-diabetic effects of cis-3,4-diisovalerylkhellactone
isolated from P. japonicum Thunb [8]. This khellacton coumarin substituted acyl group has a structure
similar to that of pteryxin, which may have potential Nrf2 activity. In a previous study, the effect
anti-obesity effect due to pteryxin was elucidated through animal testing [14]. The Nrf2 plays a
significant role in the regulation of obesity and insulin resistance [11]. The Nrf2 activity suppressed
the hypothalamic oxidative stress, resulting in the improvement of the resistance of insulin and leptin
related to obesity [17]. Thus, the Nrf2 active function will play a key role in prohibiting obesity and
diabetes mellitus. In addition, pteryxin will be a useful agent for functional foods, preventing the
metabolic syndrome based on insulin resistance.

5. Conclusions

In this study, the highest Nrf2 activity was found in EtOH extract of P. japonicum leaves, and its
Nrf2 active compound was identical to that of pteryxin. The accumulation of the Nrf2 in the nucleus
due to pteryxin induced the expression of the antioxidant protein, HO-1. In addition, the Nrf2 active
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function, due to pteryxin, was suggested to hold electrophillicity due to the α,β-carbonyl and/or
substituted acyl groups in the molecule modulating the dissociation of Nrf2 from the Keap 1.
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Abstract: The system redox imbalance is one of the pathways related to obesity-related cardiac
dysfunction. Lycopene is considered one of the best antioxidants. The aim of this study was to test if
the tomato-oleoresin would be able to recovery cardiac function by improving β-adrenergic response
due its antioxidant effect. A total of 40 animals were randomly divided into two experimental
groups to receive either the control diet (Control, n = 20) or a high sugar-fat diet (HSF, n = 20) for
20 weeks. Once cardiac dysfunction was detected by echocardiogram in the HSF group, animals
were re- divided to begin the treatment with Tomato-oleoresin or vehicle, performing four groups:
Control (n = 6); (Control + Ly, n = 6); HSF (n = 6) and (HSF + Ly, n = 6). Tomato oleoresin (10 mg
lycopene/kg body weight (BW) per day) was given orally every morning for a 10-week period. The
analysis included nutritional and plasma biochemical parameters, systolic blood pressure, oxidative
parameters in plasma, heart, and cardiac analyses in vivo and in vitro. A comparison among the
groups was performed by two-way analysis of variance (ANOVA). Results: The HSF diet was able
to induce obesity, insulin-resistance, cardiac dysfunction, and oxidative damage. However, the
tomato-oleoresin supplementation improved insulin-resistance, cardiac remodeling, and dysfunction
by improving the β-adrenergic response. It is possible to conclude that tomato-oleoresin is able to
reduce the oxidative damage by improving the system’s β-adrenergic response, thus recovering
cardiac function.

Keywords: high sugar-fat diet; obesity; β-adrenergic system; cardiac dysfunction; lycopene;
tomato-oleoresin

1. Introduction

Clinical studies show that the excessive body fat leads to many cardiac abnormalities, among them,
morphologic and functional changes [1,2]. Animal studies have demonstrated myocardial dysfunction
in obese rodents fed with hypercaloric diets [3–7]. Although it is evident that many cardiac changes
and/or impairments in performance occur due to adipose tissue accumulation [3,8], the responsible
mechanisms by which these changes are not clarified. The system redox unbalance, characterized
by a high production of reactive species and inefficient antioxidant activity, is one of the pathways
associated with the obesity-related cardiac dysfunction [9].

The β-adrenergic system is one of the most important mechanisms responsible for myocardial
contraction and relaxation [10–12]. However, chronic expositions to reactive species are associated
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with sustained adrenergic stimulation, resulting in arrhythmias and heart failure [13]. Considering the
redox system’s role in the pathogenesis of obesity and cardiac disorders, the use of antioxidants as
therapeutic strategies has been tested [14,15].

Lycopene is a carotenoid present in tomato and red fruits and considered a potent antioxidant [16–18].
The tomato, and tomato product consumption are one of the Mediterranean diet’s characteristics,
which is associated with health benefits [18]. However, there is a lack of studies regarding lycopene
dose ingestion in countries with a Mediterranean diet. Moreover, the few studies which bring
information about lycopene consumption have a big variability [19] among the results (for example:
in Italy the average intake is 7.4 mg per day while in Spain is 1.6mg per day [18]). The effect of
lycopene on cardiovascular disease has been evaluated in clinical [20,21] and experimental studies [22].
Although obesity and oxidative stress are able to lead to cardiac dysfunction, no studies have evaluated
the cardiac modulation by lycopene due the antioxidant effect. So, this study aimed to test if the
tomato-oleoresin would be able to recovery the cardiac function by improving β-adrenergic response
due its antioxidant effect.

2. Materials and Methods

2.1. Animals and Experimental Protocol

In the present study, male Wistar rats (±187 g) were initially divided into two experimental
groups to receive control diet (Control, n = 20) or high sugar-fat diet (HSF, n = 20) for 20 weeks. The
diets and water were provided ad libitum. The diet composition has been described in our previous
studies [15,23]. All the animals were housed in an environmental controlled room (22 ◦C ± 3 ◦C,
12 h light-dark cycle and relative humidity of 60 ± 5%). All of the experiments were performed in
accordance with the National Institute of Health’s Guide for the Care and Use of Laboratory Animals
and the procedures were approved by the Animal Ethics Committee of Botucatu Medical School
(1196/2016).

At week 20 of this study, the cardiac dysfunction was detected by echocardiogram in the HSF
group. Thus, the animals were casually divided to begin the treatment with tomato-oleoresin or vehicle,
performing four groups: Control (n = 6); Control supplemented with lycopene- tomato oleoresin
(Control + Ly, n = 6); HSF (n = 6) and HSF supplemented with lycopene- tomato oleoresin (HSF + Ly,
n = 6). Tomato oleoresin was mixed with corn oil correspondent to 10 mg lycopene/kg of body weight
(BW) per day and given orally every day, in the morning, for a 10-week period [24,25]. To avoid
differences in the energy provided, all the groups received the same corn oil amount (about 2 ml/kg
BW per day). The supplementation time and dose were chosen based in previous studies from our
research group and others from the literature [24–26].

2.2. Tomato-Oleoresin Preparation

The tomato-oleoresin (Lyc-O-Mato 6% dewaxed; LycoRed Natural Products Industries, Beersheba,
Israel) was mixed with corn oil and kept in the dark, at 4 ◦C, until the moment to be used [27]. The
tomato oleoresin-corn oil mixture stayed for 20 min in a water-bath at 54 ◦C before the animals receive.
The total amount of lycopene in each solution was 5mg/ml. Lycopene stability was confirmed by
diode-array spectra at 450 nm, as previously described [28].

2.3. Nutritional Evaluation

Nutritional evaluation included: feed consumption (FC)-daily consumed amount in grams of
chow feed; final body weight (BW); caloric intake (CI), calculating according to the following formula
for the control group: caloric intake (kcal/day) = feed consumption (g) × dietary energy (3.59 kcal/g).
For the HSF group, the caloric intake was calculated as following: water volume consumed (mL) ×
0.25 (equivalent to 25% fructose) × 4 (calories per gram of carbohydrate) + caloric intake providing by
the chow (feed consumption (g) × dietary energy (4.35 kcal/g).
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Feed efficiency (FE) is defined as the ability to convert the caloric intake to body weight. It was
calculated according to the formula: FE (%) = BW gain (g)/total caloric intake (kcal) × 100 [15,23]. The
adiposity index, considered an obesity marker, was calculated as follow: adiposity index = (total body
fat (BF)/final body weight) × 100. BF was evaluated considering the sum of the individual fat pad
weights: BF = epididymal fat + retroperitoneal fat + visceral fat.

2.4. Metabolic and Hormonal Analysis

The plasma used for the biochemical analysis was collected after 12 h of fasting. The glucose levels
were evaluated by a glucometer (Accu-Chek Performa; Roche Diagnostics, Indianapolis, IN, USA). The
insulin levels were analyzed by ELISA assay with commercial kits (Millipore) [23]. The HOMA-IR
(homeostatic model of insulin resistance), considered an insulin resistance index, was calculated by the
following formula: HOMA-IR = [fasting glucose (mmol/L) × fasting insulin (μU/mL)]/22.5 [15].

2.5. Systolic Blood Pressure (SBP)

SBP was evaluated by a non-invasive tail-cuff method with a NarcoBioSystems®

Electro-Sphygmomanometer (International Biomedical, Austin, TX, USA) with the conscious rats. For
this, the animals were heat during 4–5min in a wooden box (50 × 40 cm), with two incandescent lamps
and temperature between 38–40 ◦C, to induce arterial vasodilation in the tail. Then, the rats were
transferred to an iron cylindrical support specially made to allow the total exposure of the animal’s
tail [29]. After this procedure, a cuffwith a pneumatic pulse sensor was attached to the tail and inflated
to 200 mmHg pressure and successively deflated. Blood pressure values were documented on a Gould
RS 3200 polygraph (Gould Instrumental Valley View, Cleveland, OH, USA). The final SBP of each
animal considered the average of three pressure readings.

2.6. Lycopene Bioavailability Evaluation

The presence of lycopene was determined in plasma and cardiac tissue homogenate. To extract
the carotenoids, samples were incubated with internal standard (equinenone), chloroform/methanol
CHCl3/CH3OH (3 mL, 2:1, v/v) and 500 mL of saline 8.5 g/L. Then the samples were centrifuged
at 2000× g for 10 min and the supernatant was collected and hexane was added. The chloroform
and hexane layers were evaporated under nitrogen and the residue was resuspended in 150 mL
of ethanol and sonicated for 30 s. 50 μL of this aliquot was injected into the HPLC. The HPLC
system was a Waters Alliance 2695 (Waters, Wilmington, MA, USA) and consisted of pump and
chromatography bound to a 2996 programmable photodiode array detector, a C30 carotenoid column
(5 μm, 150 × 4.6 mm, YMC-Yamamura Chemical Research, Wilmington, NC, USA), and Empower
software (Empower 3, chromatographic data software Milford, MA, USA). The HPLC system
programmable photodiode array detector was set at 450 nm for carotenoids. The mobile phase
consisted of ethanol/methanol/methyl-tert-butyl ether/water (83:15:2, v/v/v, 15 g/L with ammonium
acetate in water, solvent A) and methanol/methyl-tert-butyl ether/water (8:90:2, v/v/v, 10 g/L with
ammonium acetate in water, solvent B). The gradient procedure, at a flow rate of 1 mL/min (16 ◦C),
was as follows: (1) 100% solvent A was used for 2 min followed by a 6 min linear gradient to 70%
solvent A; (2) a 3 min hold followed by a 10 min linear gradient to 45% solvent A; (3) a 2 min hold,
then a 10 min linear gradient to 5% solvent A; (4) a 4 min hold, then a 2 min linear gradient back to
100% solvent A. For the quantification of the chromatograms, a comparison was made between the
area ratio of the substance and area of the internal standard obtained in the analysis [30].

2.7. Cardiac Malondialdehyde (MDA) Levels

MDA is the main lipid peroxidation marker. It is considered an oxidative stress index [31] and
associated with cardiovascular diseases [32]. Thus, MDA levels were used to evaluate the cardiac lipid
oxidation as follow:
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Cardiac tissue (±150 mg) was homogenized (ULTRA-TURRAX®T25 basic IKA® Werke
Staufen/Germany) with 1.0 mL of cold phosphate buffered saline (PBS) pH 7.4, and centrifuged
at 800 g at 4 ◦C for 10 min. Then, 100 μL from the supernatant was mixed with 700 μL of 1%
orthophosphoric acid and 200 μL of thiobarbituric acid (42 mM). After this, the samples were kept at
100 ◦C for 60 min in a water bath, and immediately cooled on ice. In a 2 mL tube, 200 μL was mixed
with 200 μL sodium hydroxide/methanol (1:12 v/v). After vortex, the samples were centrifuged for
3 min at 13,000 g. 200 μL from the supernatant was transferred to a glass vial and 50μL was injected into
the column. The HPLC used was a Shimadzu LC-10AD system (Kyoto, Japan) with a C18 Luna column
(5 μm, 150 × 4.60 mm, Phenomenex Inc., Torrance, CA, USA), and a Shimadzu RF-535 fluorescence
detector (excitation 525 nm, emission 551 nm), and 0.5mL/min phosphate buffer flow (KH2PO4 1mM,
pH 6.8) [25]. The MDA levels considered the peak area determination in the chromatograms relative to
the standard curve of known concentrations.

2.8. Circulating Advanced Oxidation Protein Products

Advanced oxidation protein products (AOPPs) are oxidized plasma proteins resulting from the
exposure to oxidation products and are transported by albumin in the circulation [33]. The literature
reports that high AOPP circulating levels contribute to cardiac diseases [34].

AOPP determination was based on spectrophotometric detection according to Kalousova et al. [35].
Plasma samples (200μL) were diluted 1:5 with PBS. It was also used 200μL of chloramin T (0–100μmol/L)
for calibration curve and the blank was only PBS (200 μL). All the samples were put on a microtiter
plate and mixed with 10 μL of KI 1.16 M and 20 μL of acetic acid. The absorbance was measured
immediately at 340 nm (spectrophotometer Multiskan Ascent, Labsystems, Vantaa, Finland). The final
AOPP concentration is expressed in chloramine units (μmol/L).

2.9. Circulating Carboxymethyl Lysine

Advanced glycation end products (AGEs) are a group of several molecules generated by both
non-enzymatic glycation and protein, lipids and nucleic acids oxidation, able to modify tissue function
and mechanical properties [36]. In vivo, CML is the main AGE associated with cardiac pathologies [37].
The plasmatic carboxymethyl lysine (CML) levels were evaluated using an ELISA commercial kit
(OxiSelect™ CML, Cell Biolabs Inc., San Diego, CA, USA) following the manufacturer’s instructions.

2.10. Echocardiographic Study

The analyze was performed in the live animals by transthoracic echocardiography, with a Vivid S6
system equipped with multifrequency ultrasonic transducer 5.0 to 11.5 MHz (General Electric Medical
Systems, Tirat Carmel, Israel). The animals were lightly anesthetized by intraperitoneal injection
with a mixture of ketamine (50 mg/kg) and xylazine (1 mg/kg), put in left decubitus position and
only one examiner made all the exams. The heart image structural measurements were obtained in
one-dimensional mode (M-mode) guided by the images in two-dimensional mode with the transducer
in the parasternal position, minor axis. Left ventricular (LV) evaluation was performed with the cursor
M-mode just below the mitral valve plane at the level of the papillary muscles. The aorta and left
atrium images were obtained by positioning the M-mode course to plan the aortic valve level [23].

The following cardiac structures were evaluated: diastolic diameter (LVDD); systolic (LVSD) LV;
left ventricle diastolic thickness posterior wall (LVPWD); aorta diameter (AD); left atrium (LA). The
LV diastolic function was assessed by the transmitral flow early peak velocity (E). The LV systolic
function was evaluated by ejection fraction and posterior wall shortening velocity (PWSV). The
joint assessment of diastolic and systolic LV function was performed using the Tei index (sum of
isovolumetric contraction and IRT time, divided by the left ventricular ejection time). The study was
complemented by tissue Doppler evaluation, considering early diastolic (E’), and late (A’) of the mitral
annulus (arithmetic average travel speeds of lateral and septal walls), and the ratio by the waves E and
E’ (E/E’).
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2.11. Myocardial Function by Isolated Papillary Muscle Study

Besides echocardiographic analysis, myocardial function was also assessed by LV isolated
papillary muscles. This procedure has been used by several authors [6,7,29]]. Conventional
mechanical parameters at Lmax were calculated from isometric contraction: maximum developed
tension normalized per cross-sectional area (DT [g/mm2]), resting tension normalized per cross-sectional
area (RT [g/mm2]), positive (+dT/dt [g/mm2/s]) and negative (−dT/dt [g/mm2/s]) tension derivative
normalized per cross-sectional area of papillary muscle (CSA).

2.12. β-Adrenergic System Study

β-adrenergic receptors (βAR) are important to regulate cardiac function in both normal and
pathologic conditions [11]. The receptors activity was assessed by the dose-response relationship
between the isoproterenol and conventional mechanical parameters of papillary muscle at Lmax. After
baseline values determination, the isoproterenol was added to the vat in the presence of 1.0 mM [Ca2+]
to increase progressively the concentrations for 10−8, 10−7 and 10−6 mol/L.

The stabilization of contractile response occurs nearly 3–5min after adding each isoproterenol dose.
Data were sampled and expressed as the stimulation mean percent (%) [29]. At the end of the study,
length (mm), weight (mg), and CSA (mm2) [38] were measured for papillary muscle characterization.
The CSA was calculated from papillary muscle length and weight, assuming uniformity and a specific
gravity of 1.0. The muscle length at Lmax was measured with a cathetometer (Gartner Scientific
Corporation, Chicago, IL, USA), and the muscle between the two clips was blotted dry and weighed.

2.13. Statistical Analysis

The results are expressed in mean ± standard deviation (SD). Two-way analysis of variance
(ANOVA) for independent samples was used to determine the differences among the groups.
In order to evaluate the positive and negative inotropic effects on myocardial function, it was
used a repeated-measures two-way ANOVA. Once detected significant differences (p < 0.05), the Tukey
post hoc test for multiple comparisons were carried out. All the statistical analyses were performed
using SigmaStat for Windows (Version 3.5, San Jose, CA, USA).

3. Results

The lycopene bioavailability is presented in the Table 1. It is possible to verify the presence of
lycopene in both groups, which were supplemented (Control + Ly and HSF + Ly).

The HSF group presented increased caloric intake (kcal/d), final body weight (g), adiposity index,
glucose levels, HOMA-IR and systolic blood pressure values compared to the control group. The
HSF + Ly showed the same changes observed in HSF group when compared to control + Ly, except
for HOMA-IR. Tomato-oleoresin suppressed the insulin resistance in HSF + Ly compared to HSF
(Figure 1). No effect was observed of tomato-oleoresin on the other parameters.

Table 1. Lycopene Bioavailability.

Lycopene Concentration
Groups

Control Control + Ly HSF HSF + Ly

Plasma (μg/mL) ND 3.61 ± 0.68 ND 3.59 ± 2.31
Heart (μg/g of tissue) ND 4.83 ± 2.37 ND 2.41 ± 0.36

Data are expressed in mean ± standard deviation (n = 4 animals/group). ND: Not detectable.
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Figure 1. Nutritional and cardio- metabolic parameters. A—caloric intake (kcal/day); B—adiposity
index (%); C—final body weight (g); D—glucose (mg/dL); E—HOMA-IR; F—systolic blood pressure
(mmHg). Data are expressed in mean ± standard deviation (n = 6 animals/group). Comparison by
Two-way ANOVA with Tukey post-hoc (p < 0.05): * HSF vs Control; # HSF vs HSF + Ly; $ HSF + Ly vs
Control + Ly.

The HSF group presented cardiac remodeling (increased LVDS, LVPWD and reduced LVDD), and
deterioration of both systolic (decreased ejection fraction, Tei-a and Tei-b) and diastolic (increased E/E′
and decreased Tei-a and Tei-b) functions compared to control group. Regarding the tomato-oleoresin
supplementation effect, HSF + Ly group showed improvement in some remodeling, systolic and
diastolic parameters compared to HSF (Table 2).

Table 2. Echocardiographic study.

Variables
Groups Effect

Control Control + Ly HSF HSF + Ly Diet Ly Interaction

LVDD (mm) 7.15 ± 0.11 7.02 ± 0.11 6.70 ± 0.12 * 6.92 ± 0.11 0.019 0.665 0.123
LVDS (mm) 2.83 ± 0.10 2.74 ± 0.10 3.17 ± 0.11 * 2.91 ± 0.10 0.016 0.098 0.417

LVPWD (mm) 1.63 ± 0.04 1.53 ± 0.04 1.73 ± 0.04 * 1.62 ± 0.04 # 0.031 0.014 0.932
AD (mm) 3.91 ± 0.06 3.86 ± 0.06 3.89 ± 0.07 3.88 ± 0.06 0.999 0.682 0.740
LA (mm) 4.86 ± 0.11 4.85 ± 0.11 5.02 ± 0.11 4.88 ± 0.11 0.388 0.483 0.536
HR (bpm) 254 ± 14 265 ± 14 262 ± 15 262 ± 14 0.871 0.716 0.713
E (cm/s) 73.6 ± 2.1 73.2 ± 2.18 76.1 ± 2.1 75.1 ± 2.3 0.351 0.742 0.895

PWSV (cm/s) 58.6 ± 1.3 61.1 ± 1.3 56.1 ± 1.3 59.8 ± 1.4 0.181 0.028 0.622
Dec. time (ms) 47.2 ± 1.3 42.1 ± 1.3 50.6 ± 1.3 42.7 ± 1.4 0.128 <0.001 0.322

Tei-a (ms) 116.1 ± 2.5 116.8 ± 2.5 99.1 ± 2.5 * 111.7 ± 2.6 # <0.001 0.012 0.024
Tei-b (ms) 86.6 ± 2.9 92.6 ± 2.9 77.7 ± 2.9 * 85.5 ± 3.1 # 0.012 0.028 0.761

EF (%) 0.93 ± 0.008 0.93 ± 0.008 0.88 ± 0.008 * 0.93 ± 0.008 # <0.001 0.006 0.008
E/E’ 13.3 ± 0.4 12.7 ± 0.4 15.3 ± 0.4 * 13.9 ± 0.50 # 0.002 0.049 0.439

Data are expressed in mean ± standard deviation (n = 6 animals/group). Comparison by Two-way ANOVA with
Tukey post-hoc (p < 0.05): * HSF vs Control; # HSF vs HSF+Ly. LVDD, left ventricular diastolic diameter; LVSD, left
ventricular systolic diameter; LVPWD, diastolic thickness posterior wall of the left ventricle; AD, aorta diameter; LA,
left atrium diameter during ventricular systole; HR, heart rate; E, E-wave peak transmitral early diastolic inflow
velocity; PWSV, posterior wall shortening velocity; Dec. time, deceleration time; Transmitral flow, Tei-a and Tei-b;
EF, ejection fraction; E/E’.

The myocardial papillary muscle study at baseline condition with 2.5 mM Ca2+ is presented in the
Table 3. HSF group showed functional impairment in the maximum developed tension (DT) compared
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to control group. Tomato-oleoresin supplementation was effective to recovery the DT capacity in HSF
+ Ly group compared to HSF (Table 3).

Table 3. Isolated papillary muscle at baseline condition (2.5 mM Ca2+).

Variables
Groups Effect

Control
Control +

Ly
HSF HSF + Ly Diet Ly Interaction

DT(g/mm2) 5.96 ± 1.25 6.29 ± 1.65 4.41 ± 1.11 * 6.05 ± 1.19 # 0.066 0.046 0.173
RT(g/mm2) 0.65 ± 0.11 0.61 ± 0.11 0.63 ± 0.08 0.57 ± 0.11 0.512 0.202 0.844

+dT/dt(g/mm2/s) 61.9 ± 10.1 63.5 ± 18.4 60.8 ± 11.7 65.5 ± 19.7 0.934 0.573 0.773
−dT/dt(g/mm2/s) 16.8 ± 2.4 17.5 ± 2.9 15.5 ± 3.3 16.1 ± 2.9 0.193 0.569 0.933

CSA(mm2) 1.11 ± 0.12 1.10 ± 0.23 1.25 ± 0.27 1.17 ± 0.3 0.181 0.801 0.912

Data are expressed in mean ± standard deviation (n = 6 animals/group). Comparison by Two-way ANOVA with
Tukey post-hoc (p < 0.05): * HSF vs Control; # HSF vs HSF+Ly. DT, Maximum developed tension normalized per
cross-sectional area of the papillary muscle; RT, Resting tension normalized per cross-sectional area of the papillary
muscle; peak of the positive, +dT/dt and negative, −dT/dt tension derivatives normalized per cross-sectional area of
the papillary muscle; CSA, cross-sectional area.

Figure 2 shows the β-adrenergic stimulation on the papillary muscle function. The isoproterenol
stimulation demonstrated that the HSF group presented functional impairment in DT (10−6 M) and
−dT/dt (10−7 and 10−6 M) compared to control group. Tomato-oleoresin supplementation was effective
to recover the −dT/dt (10−7 and 10−6 M) capacity in HSF + Ly group compared to HSF.

Figure 2. β-adrenergic stimulation in papillary muscles. Data are expressed in mean ± standard
deviation (n = 6 animals/group). Baseline calcium concentration (1.0 mM) is presented as 100%. A,
Maximum developed tension normalized per cross-sectional area [DT, g/mm2]. B, positive [+dT/dt,
g/mm2/s] and C, negative [−dT/dt, g/mm2/s] tension derivative normalized per cross-sectional area of
the papillary muscle. Two-way ANOVA repeated-measures with Tukey post-hoc was used to compare
the groups (p < 0.05); * HSF vs Control; # HSF vs HSF + Ly.

Figure 3 shows the oxidative stress parameters in plasma and cardiac tissue. All the parameters
increased in HSF group compared to control group. By contrast, it is possible to note that CML, AOPP
and cardiac MDA plasma levels reduced in HSF + Ly group in respect to HSF to demonstrate a positive
effect of tomato-oleoresin.
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Figure 3. Plasma and cardiac tissue redox state parameters. A—Carboxymethyl lysine (CML-pg/mg
protein); B—Cholaramine T equivalents %; C—Malondyhaldeide (MDA-nmol/μg protein). Data are
expressed in mean ± standard deviation (n = 6 animals/group). Comparison by Two-way ANOVA
with Tukey post-hoc (p < 0.05), * HSF vs Control; # HSF vs HSF + Ly.

4. Discussion

This study aimed to test if the tomato-oleoresin would be able to recovery the cardiac function
by improving β-adrenergic response due its antioxidant effect. The results show that the HSF groups
presented with obesity, characterized by the higher values of body weight and adiposity index, and
metabolic syndrome, with insulin resistance, dyslipidemia, and hypertension, all diseases usually
associated with obesity [39]. These findings confirm that the diet model used in this study was
efficient to lead obesity and related disorders, corroborating the literature [6,7,15,23]. Regarding the
lycopene effect on obesity and related disorders, it was observed a positive action only on insulin
resistance in the HSF + Ly group, represented by the reduction in HOMA-IR. The literature attributes
the tomato-oleoresin benefic effects on diabetes to the lycopene antioxidant potential [40]. Another
explanation for this amelioration is the anti-inflammatory effect of tomato-oleoresin. Since insulin
resistance and type 2 diabetes are conditions closely related with inflammation and studies already
showed that tomato-oleoresin ameliorates the inflammation, this property may explain the beneficial
effect on glucose metabolism [41]. The antioxidant and anti-inflammatory effect of lycopene can
also be explained by considering its well-established ability, through electrophilic metabolites, to
activate Nrf2 pathway thus inducing phase II detoxifying/antioxidant enzymes and inhibiting NF-κB
activation [42–44].

Obesity is also associated with cardiac abnormalities, among them morphological, hemodynamic
and functional alterations [1,8,23]. Considering the lycopene absence effect on obesity and
hypertension in the HSF + Ly group, should both HSF groups present cardiac damage. However, the
echocardiographic analysis showed cardiac remodeling and impairment in ventricular systolic and
diastolic function only in HSF group after 30 weeks. In opposition, the HSF group supplemented with
tomato-oleoresin showed a cardiac remodeling and function recovery.
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Several mechanisms could explain the obesity-induced cardiac dysfunction, among them is the
β-adrenergic system responsiveness. The myocardial β-adrenergic mechanism is the main responsible
by regulating the cardiac performance, especially by intracellular Ca2+ handling [6,7]. Although
functional studies using isolated papillary muscle have showed that obesity is able to lead to impairment
in cardiac contractile [3,5,7], a small number of studies have evaluated the β-adrenergic response in
high sugar-fat diet obesity-induced experimental models [29,45–49]. Our results demonstrated that
the isoproterenol stimulation leaded to negative responses in both systolic (DT) and diastolic (−dT/dt)
response in the HSF group while the HSF + Ly group showed an improvement in the β-adrenergic
response. However, it is still unclear how the high sugar-fat diet obesity-induced leads to a reduction
in the β-adrenergic response.

One hypothesis for the β-adrenergic response impairment is the chronic exposition to reactive
oxygen species (ROS) promoted by obesity [9,50]. The literature reports that the direct contact with
ROS exerts the same action of isoproterenol on β-adrenergic response, increasing the calcium transient
amplitude, therefore, exerting a modulator role in the myocardial contractility [13]. However, this
continues exposition to ROS may result in deleterious effects and contribute the development of cardiac
arrhythmias and failure [9]. Considering the lycopene antioxidant effect, the amelioration in the
β-adrenergic responsiveness of the HSF + Ly group can be attributed to this carotenoid property [14].

Another hypothesis is that the redox system imbalance in obesity conditions may lead to
damage to lipids and proteins, generating such biomarkers as MDA, CML and AOPP, which were
evaluated in this study [33,51–53]. These oxidative products can damage directly the cardiac tissue
by altering its geometry and functionality, or indirectly by the carbonylation of proteins involved
in the myocardial contractility regulatory response, as the β-adrenergic pathway [13,54,55]. While
the HSF group presented higher levels of MDA, CML and AOPP and cardiac function deterioration,
the tomato-oleoresin antioxidant effect is confirmed by reduced levels of these markers and cardiac
function recovery in the HSF + Ly group.

5. Conclusions

In summary, this study found that the HSF diet induced obesity-related cardiac dysfunction and
the tomato-oleoresin was able to attenuate this condition. Therefore, it is possible to conclude that
tomato-oleoresin is able to reduce oxidative damage, thereby improving the system’s β-adrenergic
response and recovering cardiac function.
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Abstract: Parkinson’s disease (PD) is a neurodegenerative disorder caused by the depletion of
dopaminergic neurons in the basal ganglia, the movement center of the brain. Approximately
60,000 people are diagnosed with PD in the United States each year. Although the direct cause of PD
can vary, accumulation of oxidative stress-induced neuronal damage due to increased production
of reactive oxygen species (ROS) or impaired intracellular antioxidant defenses invariably occurs
at the cellular levels. Pharmaceuticals such as dopaminergic prodrugs and agonists can alleviate
some of the symptoms of PD. Currently, however, there is no treatment to halt the progression of PD
pathology. Due to the nature of PD, a long and progressive neurodegenerative process, strategies
to prevent or delay PD pathology may be well suited to lifestyle changes like dietary modification
with antioxidant-rich foods to improve intracellular redox homeostasis. In this review, we discuss
cellular and genetic factors that increase oxidative stress in PD. We also discuss neuroprotective roles
of dietary antioxidants including vitamin C, vitamin E, carotenoids, selenium, and polyphenols along
with their potential mechanisms to alleviate PD pathology.

Keywords: antioxidant; mitochondria; neurodegeneration; nutrient; apoptosis

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by inadequate levels of
dopamine that is caused by loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) of
the basal ganglia. Dopamine also acts in other regions of the brain like the striatum, a substructure of the
forebrain that regulates the motor system. Patients with PD exhibit motor symptoms including tremor,
bradykinesia, rigidity, and speech difficulties, and also frequently suffer from nonmotor symptoms
including depression and insomnia [1,2]. The incidence of sporadic PD is influenced by many factors
including lifestyle, environment, age, and pre-existing conditions. Oxidative stress generated by many
of these factors has been addressed as a major contributor to the development and progression of
neurodegeneration at the cellular levels (Figure 1) [3–5]. In particular, mitochondrial dysfunction is a
key finding in reactive oxygen species (ROS)-induced PD pathology [4–7]. Complex I, also known
as NADH oxidoreductase of the electron transport chain (ETC) transfers electrons from NADH to
ubiquinone and so plays a key role in oxidative phosphorylation. Complex I is vulnerable to oxidative
damage, and its inhibition is also strongly associated with the generation of ROS such as superoxide
and hydrogen peroxide presenting a positive feedback loop [8–10]. Currently, neurotoxins that target
complex I like 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and rotenone are used to induce
parkinsonism in both in vitro and in vivo models for research, and treatment with these drugs is known
to induce oxidative stress [11,12]. In addition, imbalances in dopamine metabolism contribute to ROS
generation, thus damaging dopaminergic neurons. Under normal physiological conditions, dopamine
is synthesized from the amino acids tyrosine and tyramine. Hydroxylation and decarboxylation of
tyrosine produce dopamine, and dopamine is further converted to norepinephrine and epinephrine or
undergoes degradation. However, dopamine can also undergo metabolism by monoamine oxidase
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(MAO) producing the highly reactive metabolite 3,4-dihydroxyphenylacetaldehyde (DOPAL) [13],
and dopamine itself can undergo oxidation. Accumulation of DOPAL and oxidized dopamine increases
the production of ROS damaging mitochondria [14–18].

Figure 1. Summary of the protective roles of dietary antioxidants in Parkinson’s disease (PD). Both
genetic and nongenetic factors contribute to the accumulation of oxidative stress by enhancing
ROS production and impairing cellular antioxidant defense systems. Oxidative stress damages
intracellular organelles, most notably the mitochondria, impairing neuronal energy metabolism
and thus hindering the energy-demanding process in the brain including neurotransmission and
neuritogenesis. Mitochondrial dysfunction primes apoptosis, calcium release, and opening of mtPTP
which leads to the death of neurons, including the specific dopaminergic population of the SNpc which
produces the signs and symptoms of PD. Illustration by BioRender.

2. Oxidative Stress and PARK Genes

Approximately 5-10% of PD cases are associated with abnormalities of PARK genes [19–21].
The mutation of PARK genes increases oxidative stress in neurons by enhancing the production
of ROS or impairing intracellular antioxidant defense systems. ROS predisposes PARK genes to
abnormal protein production and vice versa (Figure 1). α-synuclein is a protein encoded by the
SNCA (PARK1) gene. Although α-synuclein supports synaptogenesis and synaptic plasticity during
normal physiology [22,23], α-synuclein aggregation-associated neuronal damage is a common
finding in PD affected tissue. Application of oligomeric α-synuclein increases ROS production
and lipid peroxidation [24,25]. α-synuclein is translocated to mitochondria and directly interacts with
mitochondrial proteins including ATP synthase to lower mitochondrial inner membrane potential,
thus altering neuronal energy metabolism and opening mitochondrial death channels [24,26]. Increased
oxidative stress induced by treatment with hydrogen peroxide or depletion of antioxidant enzymes
enhances post-translational modification and aggregation of α-synuclein and worsens the progression
of PD [27–29].

Parkin, the ubiquitin E3 ligase encoded by the PARK2 gene, regulates mitochondrial quality
control. Mutations of PARK2 are the most common cause of early-onset PD. Approximately 77% of
early-onset familial PD in patients younger than 30 years old have Parkin mutations [30]. Parkin works
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in conjunction with the myocytes lacking PTEN-induced kinase 1 (PINK1), a key enzyme responsible
for carrying out autophagy, encoded by the PARK6 gene. PINK1-mediated phosphorylation of
ubiquitin activates Parkin, and this enhances the removal of unwanted mitochondria [31]. Additionally,
Parkin-mediated ubiquitination also targets mitofusin and miro, key components of mitochondrial
fusion and mitochondrial transport, respectively [32,33]. The deletion of Parkin or PINK1 impairs
mitophagy, and failure to remove dysfunctional mitochondria increases ROS production [34]. PARK2
knockout transgenic mice treated with chronic ethanol, a stimulator of ROS, show abnormally high
superoxide accumulation and glutathione depletion [35]. Application of the mitophagy inducer,
autophagy and beclin 1 regulator 1 (AMBRA1), restores mitophagy in PINK1 knockout mice and
suppresses ROS production [36]. Overall, the Parkin/PINK1 system plays a critical role in regulating
intracellular ROS by mitochondrial quality control, removing inefficient and damaged mitochondria.

Protein deglycase DJ-1 is encoded by the PARK 7 gene. Although the function of DJ-1 is less studied
than other PARK gene products, it is reported to play an important role in supporting mitochondrial
function. DJ-1 binds directly to F1Fo ATP synthase and the antiapoptotic protein Bcl-xL, and this
interaction promotes mitochondrial energy metabolism and survival of dopaminergic neurons [37].
The depletion of DJ-1 increases the vulnerability of mitochondria to neurotoxic insults which mimic
PD pathology [38,39], whereas overexpression of DJ-1 improves intracellular antioxidants and protects
neurons [38,40,41]. DJ-1 plays an important role in sensing intracellular redox status during oxidative
stress [42–44]. Under oxidative stress, DJ-1 undergoes post-translational oxidation at its Cys106 residue
to form cysteine-sulfonic acid and cysteine-sulfinic acid [42,45,46], and oxidative stress also enhances
translocation of DJ-1 to mitochondria. Thus, it is possible that oxidation of Cys106 may act as the signal
for DJ-1 to prevent mitochondrial dysfunction during ROS production in PD. In addition, DJ-1 regulates
the expression of antioxidant genes by promoting nuclear translocation of Nrf2, a transcription factor
that binds to genes containing an antioxidant response element (ARE) [41,47].

LRRK2, also known as dardarin, is a kinase with guanosine triphosphatase (GTPase) and
scaffolding domains [48]. LRRK2 is found in the mitochondrial membrane and interacts with other
PARK gene products including Parkin, PINK1, and DJ-1 [49,50]. LRRK2 is encoded by the LRRK2
(PARK8) gene. Mutation of LRRK2 is associated with the gain of kinase activity, and this is common
among patients with late-onset autosomal-dominant PD [51]. Mutation of the kinase domain of
LRRK2, G2019S, exacerbates ROS-induced dopaminergic neuronal death, and application of truncated
LRRK2 reverses ROS accumulation and prevents morphological alteration of these neurons [52].
In the same way, the depletion of LRRK2 or application of LRRK2 inhibitors decreases ROS, restores
mitochondrial function, prevents mitochondrial fragmentation, and blocks increases in proapoptotic
proteins including caspase 3, Bax, and apoptotic-inducing factor [53–55].

3. Oxidative Stress and Mitochondrial Dysfunction

Oxidative stress and mitochondrial dysfunction eventually lead to neuronal apoptosis during
PD. Neurotoxic stimulation and ROS exposure increase the abundance of proapoptotic Bcl-2 protein
Bax and Bak in the mitochondrial membrane (Figure 1). Oligomerization of proapoptotic proteins
increases the permeability of the mitochondrial membrane causing the release of cytochrome c.
Cytochrome c forms apoptosomes and activates executor caspases like caspase 3. Antiapoptotic
proteins Bcl-2 and Bcl-xL are reported to block apoptosis by directly binding proapoptotic Bcl-2
proteins. Upregulation of proapoptotic proteins such as Bax and Bim as well as of other mechanisms
including caspase activation and cytoplasmic release of cytochrome c have been reported in various PD
models [54,56–60]. Transgenic mice lacking Bax are resistant to MPTP-induced neuronal death in the
SNpc [56], and application of microRNA (miR) including miR216a and miR7 targeting Bax are protective
against MPTP treatment in an in vitro and in vivo PD models [61,62]. Bcl-xL is an antiapoptotic protein
that binds to DJ-1 and regulates energy metabolism in dopaminergic neurons [37,63]. A recent study
shows that Bcl-xL undergoes post-translational cleavage during oxidative stress, and the accumulation
of truncated Bcl-xL leads to mitochondrial dysfunction [64]. Approaches that inhibit proteolytic
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cleavage of Bcl-xL are reported to be protective against neurotoxicity. Treatment with antioxidants
prevents the accumulation of truncated Bcl-xL and rescues neurons from oxidative stress [64]. SH-SY5Y
cells derived from human bone marrow that overexpress PINK1 show decreased proteolytic cleavage
of Bcl-xL by enhancing phosphorylation of Bcl-xL [65]. Bcl-xL Cre-lox knockout mice show decreased
tyrosine hydroxylase-positive cells indicating loss of dopaminergic neurons in the SNpc [66]; thus,
maintaining functional Bcl-xL may be critical in preventing PD-associated neuronal death.

The association between neuronal death and opening of mitochondrial permeability transition pore
(mtPTP), a large less-selective mitochondrial inner membrane death channel, has been documented in
PD models [24,67,68]. The opening of mtPTP allows the passage of ions and small molecules less than
1.5KDa and depolarizes the mitochondrial inner membrane. mtPTP also enhances calcium release [24]
which can trigger apoptosis (Figure 1) [69]. Loss of the mitochondrial electrochemical gradient
impairs ATP production by the F1Fo ATP synthase and impairs neuronal energy metabolism [70–72].
The F1Fo ATP synthase plays a key role in ATP production and mPTP formation [72–74]. The F1Fo
ATP synthase interacts with PARK gene products DJ-1 and α-synuclein [24,37]. Interaction between
DJ-1 and F1Fo ATP synthase enhances neuronal energy metabolism and promotes elongation and
arborization of dopaminergic neurons [37]. On the other hand, oligomeric α-synuclein co-localizes
with the F1Fo ATP synthase and causes oxidative modification of its β subunit, the key subunit
that interacts with ADP and ATP [24]. This oxidative modification increases the opening of mtPTP.
Similarly, treatment with α-synuclein, known to form insoluble fibrils during PD pathology, favors
mtPTP opening in both in vitro and in vivo models, and application of the mPTP inhibitor cyclosporin
A reverses α-synuclein-induced mitochondrial dysfunction [60,75]. The depletion of PINK1 decreases
mitochondrial inner membrane potential and increases the opening of mtPTP, and this leads to
mitophagy and neuronal death [76,77].

4. Neuroprotective Dietary Antioxidants

Neurodegeneration at the cellular level develops years before patients exhibit clinical
manifestations of PD. Therefore, finding strategies that can be applied over a lifetime seems of logical
importance in fighting against PD. An increasing number of studies have addressed neuroprotective
roles of nutrients and functional foods against neurodegeneration [78–80]. In particular, certain vitamins,
minerals, and phytochemicals exhibit their antioxidant properties by directly scavenging ROS, binding
to antioxidant enzymes as cofactors, and by regulating genes that control intracellular antioxidant
systems (Figure 1). Advancing technologies in liquid chromatography and mass spectrometry such as
LC/MS/MS and MALDI-TOF allow quantitative analysis of these nutrients and application of molecular
approaches including sequencing, polymerase chain reaction, and electrophoresis to elucidate the
association between PARK genes and dietary antioxidants. Here, we discuss dietary antioxidants that
may potentially prevent or delay the progression of PD (Table 1).
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4.1. Vitamin C

Vitamin C, also called ascorbic acid or ascorbate, is abundant in fruits and vegetables. Although
most mammals are able to synthesize vitamin C endogenously, humans lack the necessary enzyme
L-gulonolactone oxidase, so humans must ingest this essential nutrient in food or supplements [149].
Vitamin C acts as an antioxidant by donating electrons to neutralize the toxic effect of free radicals.
Depending on available in vivo concentration, at high doses (≥500 mg/d), vitamin C has been shown
to exhibit prooxidant properties [150]. In addition to its role in regulating cellular redox status,
vitamin C supports the actions of hydroxylases involved in neurotransmitter synthesis including
dopamine β-hydroxylase. Neural tissue including the brain contains high levels of vitamin C
relative to other tissues, and neuroprotective roles of vitamin C have been discussed in various
neurodegenerative disease models [151]. Treatment with divalent metal cations like copper and iron
augment oligomerization of α-synuclein during challenge with DOPAL, a neurotoxic byproduct of
dopamine metabolism [81], and treatment with vitamin C prevents α-synuclein oligomerization by
inhibiting the oxidation of DOPAL [81] or interaction with copper [82]. A Drosophila model of PD
shows increased oxidative stress with subsequent loss of dopaminergic neurons and locomotor deficits;
treatment with vitamin C increased antioxidant enzyme activity and alleviated the PD-associated
phenotype [99,127,152,153]. This model of PD is based on depletion of ubiquitin c-terminal
hydrolase (UCH), an antioxidant enzyme, that thus enhances aging-associated degeneration of
dopaminergic neurons and decreases dopamine content in the brain. The application of vitamin C
(0.5 mM) compensates for these effects of UCH knockdown in Drosophila [152]. Vitamin C activates
ten-eleven-translocation 1-3 (Tet1-3) enzymes and Jumonji C-domain-containing histone demethylases
(Jmjds) [154]. These enzymes catalyze the formation of 5-hydroxymethylcytosine in DNA [155] and
demethylation of lysine residues in histone, respectively. Tets and JmJds are required during the
early stages of dopaminergic neuron differentiation, and treatment with vitamin C advances the
development of neural stem cells derived from the embryonic midbrain [154]. Despite the protective
roles of vitamin C found in in vitro and animal models, the efficacy of vitamin C against PD in humans
is still controversial. Blood samples collected from PD patients show increased lipid peroxidation
coupled with significantly lower levels of vitamin C compared to healthy controls [156], but some
studies have also reported negligible effects of vitamin C on PD in human subjects [157]. Despite
controversial results in human subjects, vitamin C may improve the therapeutic capacity of levodopa
by enhancing its bioavailability and alleviating its toxic side effects [158,159].

4.2. Vitamin E

Vitamin E encompasses the tocopherols and tocotrienols found in plant sources including
grains, legumes, vegetables, and seeds. Both tocopherols and tocotrienols have a chromanol ring
and a hydrocarbon chain. Tocopherols have a saturated chain whereas tocotrienols contain double
bonds. Vitamin E exhibits strong antioxidant properties by acting as a ROS scavenger, attenuating
mitochondrial dysfunction, and preventing neuronal apoptosis during neurotoxic insults that mimic
neurodegenerative disease [64,160]. Both tocopherol and tocotrienol bind to α-tocopherol transfer
protein (TTP), a critical regulator of vitamin E movement and metabolism. α-tocopherol has an
8.5-fold higher affinity for TTP than α-tocotrienol [161], thus α-tocopherol is generally considered to
have better bioavailability. However, studies are increasingly demonstrating that tocopherols and
tocotrienols have varying roles in different tissues and microenvironments. For example, tocotrienols
exhibit a stronger antioxidant capacity in lipid-rich biological membranes [162], thus tocotrienols
may be effective in protecting lipid-rich organs like the brain [64,163]. Long-term intraperitoneal
injection of α-tocopherol and the water-soluble analog Trolox improved long-term potentiation (LTP)
and long-term depression (LTD) in PINK1 knockout mice [164]. Martella et al. report that chronic
treatment with low concentration rotenone does not alter ATP production or viability of dopaminergic
neurons in heterozygous PINK1 knockout (PINK1 +/−) mice [165]. Despite this seemingly insignificant
outcome, this treatment also completely impairs both LTP and LTD, and intraperitoneal injection
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of α-tocopherol (100 mg/kg) and Trolox (5 mg/kg) reverse this synaptic plasticity impairment [165].
DJ-1 mutant flies show altered redox homeostasis as evidenced by high levels of global ROS and
hydrogen peroxide production and decreased activity of catalase and superoxide dismutase [99].
However, supplementation with α-tocopherol decreases global ROS levels in DJ-1 mutant flies [99].
In addition to tocopherols, tocotrienols protect neurons against oxidative stress-associated damage.
Primary hippocampal neurons treated with α-tocotrienol show a decrease in total and mitochondrial
ROS accumulation, and α-tocotrienol attenuates glutamate-induced post-translational cleavage of
Bcl-xL to enhance the functions of antiapoptotic Bcl-xL [166,167]. In this study, α-tocotrienol was
suggested to exert its effect by blocking the oligomerization of proapoptotic Bcl-2 proteins [167].
Oral administration of 100 μg/kg δ-tocotrienol prevents the loss of dopaminergic neurons in the
SNpc and improves motor behavior in a mouse model of PD [128]. δ-tocotrienol binds to the
estrogen receptor β and activates PI3K/Akt signaling pathways including phosphorylation of protein
kinase B (PKB, Akt) and extracellular signal-regulated kinase (ERK) 1/2 [128,168]. Akt activates
Nrf2 [169,170], and Nrf2-mediated upregulation of antioxidant and prosurvival genes is an important
mechanism for the neuroprotective properties of many antioxidant nutrients [171–173]. Clinical
studies with PD patients show that higher consumption of dietary vitamin E is inversely related to PD
occurrence [157,164,174,175]. However, contrary reports have also been published on PD in human
subjects [176,177]. Data from randomized controlled trials with vitamin E are limited. However, in a
randomized double-blind placebo-controlled trial, Taghizadeh et al. reported significant improvement
in clinical symptoms as assessed by the Unified Parkinson’s Disease Rating Scale (UPDRS) among PD
patients who received 400 IU of vitamin E in combination with 1000 mg of omega-3 fatty acids [178].
These researchers also reported increases in circulating glutathione and total antioxidant capacity along
with decreased high-sensitivity C-reactive protein with treatment compared to placebo. Although
promising, further investigation into the specific roles of vitamin E subgroups will be important to
clarify the efficacy of vitamin E in clinical disease.

4.3. Vitamin A and Carotenoids

Vitamin A is a fat-soluble vitamin found in both animal (e.g., liver) and plant sources and can also
be produced from provitamin A carotenoids. Vitamin A exists as multiple forms: retinol (alcohol),
retinal (aldehyde), retinoic acid (carboxylic acid), and retinyl ester (ester form). Retinal binds to opsin
and activates rhodopsin, a G-protein coupled receptor that senses light in the eye. Retinoic acid
binds to nuclear receptors including retinoic acid receptor (RAR) and retinoid X receptor (RXR) and
regulates transcription of genes that control growth and differentiation [179]. In addition to these roles,
vitamin A exhibits neuroprotective properties against neurodegeneration. Retinoic acid promotes
differentiation of GABAergic neurons expressing dopamine receptors [132,133,179], and changes in
PD include inhibition of retinoic acid-mediated neuronal differentiation [180]. Oral supplementation
with retinoic acid upregulates the μ-type opioid receptor (MOR1), a G-protein-coupled receptor that
mediates inhibitory signaling, in the dorsal striatum and attenuates repetitive dyskinetic movements
in PD mice [181].

Carotenoids include the yellow, orange, and red pigments found in fruits and vegetables like carrots,
tomatoes, watermelons, and pumpkins, and are also found in algae, salmon, and shrimp. Examples
of carotenoids include carotene, lycopene, lutein, and astaxanthin. Serum α-carotene, β-carotene,
and lycopene levels are significantly decreased in PD patients, and decreased serum carotenoid levels
are also associated with poorer motor function [174,182]. However, a meta-analysis that examined
the association between PD and vitamin A and carotenoids (lutein, α-carotene, β-carotene, lycopene,
β-cryptoxanthin, zeaxanthin and canthaxanthin) concluded that the evidence was insufficient to make
an epidemiological association between vitamin A/carotenoids and risk of developing PD [183]. In an
in vivo animal model, oral administration of lycopene (5–20 mg/kg) attenuates oxidative stress induced
by intraperitoneal injection of MPTP in mice, and lycopene also inhibits apoptosis by decreasing Bax
and caspases while increasing Bcl-2 [129]. Treatment with lutein prevents MPTP-induced Bax and
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caspase increases, and lutein also improves motor function in MPTP challenged mice [130]. Astaxanthin
lowers intracellular ROS and improves superoxide dismutase and catalase activity, and treatment with
astaxanthin prevents apoptotic death in MPTP challenged SH-SY5Y cells [100]. Astaxanthin attenuates
MPTP-induced neuronal injury via the downregulation of α-synuclein [83]. miR-7 directly binds to
the 3′ UTR of α-synuclein mRNA and decreases the translation of α-synuclein [184]. Treatment with
astaxanthin prevents the loss of miR-7 to lower the toxic effects of α-synuclein in SH-SY5Y cells [83].
Although clinical trials are lacking, oral supplementation with astaxanthin prevents loss of neurons in
the SNpc and tyrosine hydroxylase-positive cells in the striatum from intraperitoneally injected MPTP
in mice [131].

4.4. Selenium

Selenium is an essential trace mineral-rich in Brazil nuts, seafood, and organ meats and is also
found in water and soil. The selenium content of plants is directly related to the selenium content
of the soil [185]. Enzymes that regulate intracellular redox status likes glutathione peroxidase and
thioredoxin reductase are selenoproteins that require selenium at their active sites, and mutations of the
selenocysteine residues impair enzyme activity [186]. Microarray investigation reveals that rotenone
treatment downregulates the SELENBP1 gene which encodes selenium binding protein 1, along with
other genes that control apoptosis and mitochondrial function [187]. Neuroprotective functions of the
selenium-containing quinoline derivative, 7-chloro-4-(phenylselanyl) quinoline, against the rotenone
challenge highly correlates with selenium content in the brain of fruit flies [188]. Intraperitoneal
delivery of selenium selenite (0.1, 0.2, and 0.3 mg/kg) increases glutathione peroxidase activity, alleviates
lipid peroxidation, and improves motor function of the 6-hydroxydopamine challenged striatum in
rats [101]. Interestingly, selenium treatment also shows dose-dependent protection of other antioxidant
enzymes including glutathione reductase, glutathione transferase, and catalase [101]. Intraperitoneal
injection of selenium partially improves dopamine metabolism during the MPTP challenge [189].
Analysis of soil samples from 4856 sites in the US demonstrates that higher selenium content inversely
correlates with mortality from PD [190]. Human studies investigating selenium supplementation
for PD are lacking. However, low plasma selenium concentrations are associated with decreased
performance in neurological tests among older adults [191]. Conversely, increased levels of selenium
in cerebrospinal fluid and plasma have been reported in PD patients [192,193]. Chronic exposure
to selenium enhances oxidative stress in the brain and leads to cognitive impairment in animal
models [194,195]. The underlying mechanism for these findings is unclear; however, evidence suggests
that either a deficiency or excess of selenium may contribute to neurodegeneration or conversely PD
pathology may impair mobilization of selenium in neurons. The Recommended Dietary Allowance for
selenium is 55 mg/day, and the Institute of Medicine has established a Tolerable Upper Intake Level for
selenium at 400 mg/day. Therefore, meeting the RDA without excess may be prudent [196].

4.5. Glutathione

Glutathione is a tripeptide of glycine, cysteine, and glutamate that is widely present in both
plant and animal foods. In particular, avocados, asparagus, spinach, and amino acid-rich meat,
fish and poultry are good sources of glutathione. Glutathione is a major intracellular antioxidant that
reduces reactive oxygen species by being oxidized to glutathione disulfide. Glutathione is required
by glutathione peroxidase during the conversion of hydrogen peroxide to water. The depletion
of glutathione leads to oxidative stress-induced mitochondrial dysfunction and degeneration of
dopaminergic neurons [125,134,197]. Interestingly, excess of glutathione also causes neuronal
damage [134], and this may be due to the overproduction of glutathione disulfide, an oxidized
form of glutathione responsible for mitochondrial dysfunction and neuronal death [198]. Strategies to
support glutathione homeostasis by preventing loss of glutathione or facilitating clearance of glutathione
disulfide protect the brain [163,198]. Treatment with glutathione’s precursor N-acetylcysteine (NAC)
prevents oxidative stress and calcium overload and rescues neurons and other brain cells during PD-like
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stress [102,112,135]. Consistently, a protective effect of intravenous and oral delivery of NAC has been
reported in PD patients [199–201]; NAC is naturally found in onions and garlic, and it is available in
various dosages as an over-the-counter dietary supplement [202]. However, the best duration and
concentration of supplementation to consistently show a therapeutic effect in humans has not been
established [200,203]. Therefore, further investigation is required. Additionally, since oral glutathione
is less bioavailable, finding nutrients that enhance the body’s ability to synthesize glutathione may
also be of benefit.

5. Polyphenols

Polyphenols are characterized by the presence of multiple phenol groups and a six-membered
hydrocarbon ring structure. Based on the arrangement of phenol groups, hydrocarbon chain and
additional functional groups, polyphenols are further classified into subgroups including flavonoids,
isoflavonoids, curcuminoids, tannins, and stilbenoids. There are estimated to be over 8000 different
polyphenols present in nature [204]. We will describe four well-investigated polyphenols—curcumin,
resveratrol, catechin, and oleuropein—and their role in PD models.

5.1. Curcumin

Curcumin, 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione is a polyphenol found
in turmeric. Curcumin scavenges biological radicals including superoxide anion, hydrogen peroxide,
1,1-diphenyl-2-picryl-hydrazyl free radical, 2,2′-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)
radical, and N,N-dimethyl-p-phenylenediamine dihydrochloride radical [205]. In addition, treatment
with curcumin (10μM) decreases oxidation-associated protein modification including carbonylation and
nitrotyrosine formation to rescue dopaminergic cells [106]. Curcumin effectively protects mitochondria
from oxidative stress-associated damage [206]. Curcumin (2 μM) prevents loss of mitochondrial
membrane potential and electron transfer system capacity in SH-SY5Y cells depleted with PINK1 [126].
Similarly, treatment with curcumin monoglucoside (0.25–5 μM) restores mitochondrial complex
I and IV activity by decreasing the accumulation of hydroperoxides and increasing glutathione
levels [103]. Curcumin exhibits antiapoptotic properties. Treatment with curcumin (5 μM) decreases
ROS-induced calcium influx, lowering activation of caspase 3 and caspase 9 [104]. In addition, curcumin
interferes with prodeath JNK signaling to prevent downstream apoptotic pathways including the
release of cytochrome c and cleavage of procaspase 3 [103,138]. In vivo studies demonstrated
antioxidant [105,144] and antiapoptotic [87,136] effects of curcumin to improve PD-associated
neurobehavior [103,105,107,143–146]. Intraperitoneal injection of curcumin (200 mg/kg) attenuates
rotenone-induced motor impairment in rats [143]. Male Wistar rat orally administered 5–20 mg/kg
demethoxycurcumin, a derivative of curcumin, show concentration-dependent protection against
rotenone challenge [105]. Demethoxycurcumin attenuates rotenone-induced oxidative stress and
prevents loss of dopamine in the brain [105], and animals treated with demethoxycurcumin show
improved motor function [105]. Dietary supplementation with 0.5% and 2% curcumin also show
similar effects on MPTP-induced mouse PD models [137]. In addition to neuroprotection, curcumin
may regulate cell differentiation and proliferation. C57BL mice transplanted with curcumin-activated
mesenchymal stem cells have increased antiapoptotic Bcl-2, decreased proapoptotic Bax and caspases,
and avoided the loss of dopaminergic neurons during MPTP challenge [136]. Curcumin prevents
α-synuclein aggregation [87] and attenuatesα-synuclein-induced cytotoxicity [85]. Curcumin derivative
increases the nuclear translocation of transcription factor EB, a regulator of autophagy, potentially
promoting degradation of α-synuclein [86].

5.2. Resveratrol

Resveratrol, 3,5,4′-trihydroxy-trans-stilbene is a nonflavonoid polyphenol with two aromatic ring
structures. Resveratrol is found in grapes and berries, and it is also commonly consumed in red
wine. Resveratrol promotes brain cell differentiation and proliferation during normal physiology [207],
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and it is well-described to attenuate oxidative stress-associated damage during the progression
of PD pathology [108–112,114]. Intraperitoneally administered resveratrol (20 mg/kg) decreases
lipid peroxidation, increases glutathione levels, and prevents deterioration of rat SNpc against
6-hydroxydopamine, an oxidant that causes degeneration of dopaminergic neurons [108]. Various
research groups have shown that resveratrol effectively protects mitochondria by decreasing the
accumulation of mitochondrial ROS, preventing mitochondrial inner membrane potential loss, restoring
mitochondrial respiratory enzyme activity, regulating mitochondrial fission and fusion, and protecting
mitochondrial DNA in PARK2 mutation [109–111,113]. Wang et al. showed that resveratrol
treatment (25 μM) increases phosphorylation of Akt and prevents rotenone-induced death of PC12
cells [111]. Akt upregulates genes containing cAMP response element (CRE) including Bcl-2 [208,209],
and it inactivates proapoptotic Bad and proteolytic caspases [210]. Thus resveratrol-mediated Akt
phosphorylation may hinder apoptotic death during PD-like challenges. In addition, resveratrol may
alleviate PARK gene-associated PD pathology. Male C57BL/6 mice subjected to intragastric gavage of
100 mg/kg resveratrol attenuate the loss of dopaminergic neurons and have improved motor behavior
during the MPTP challenge [88]. This same study also shows that resveratrol significantly increases
protein levels of LC3-II, a key protein found in the membrane of autophagosomes, and thereby
facilitates degradation of α-synuclein [88]. Resveratrol also increases microRNA-214 which potentially
inhibits translation of α-synuclein [89]. Fibroblasts isolated from patients with PARK2 mutations
have increased production of whole-cell ROS and mitochondrial ROS, and treatment with resveratrol
protects mitochondria and improves respiration and ATP production in these cells [109].

5.3. Catechin

Catechins are flavonoids containing two benzene rings and one dihydropyran heterocycle.
Catechins are found in various herbs and fruits. Tea in particular is a good source of catechins.
Four major catechins include (−)-epicatechin (EC), (−)-epicatechin-3-gallate (ECG), (−)-epigallocatechin
(EGC), and (−)-epigallocatechin-3-gallate (EGCG) [211]. Catechins donate an electron from a phenolic
hydroxyl group and to scavenge free radicals and thus exhibit direct antioxidant properties [212–214].
Catechins also improve intracellular redox status by preventing the loss of other antioxidants [116].
Treatment with 10 μM EGCG lowers the accumulation of ROS and prevents activation of caspases
during hydrogen peroxide challenge and protects N27 dopaminergic cells from apoptotic death [119].
Koch et al. show that a longer brewing time tends to enhance antiradical activity in teas [215]
indicating that catechins retain antioxidant properties after exposure to high temperature. Although
further investigation is needed, orally supplemented catechins are shown to be delivered to the
brain (0.5 nmol/g) in rats [216] and an in vitro blood–brain barrier system (BBB) shows that <10%
of catechins are BBB permeable [217,218]. Various research groups have demonstrated that EGCG
prevents neurotoxicity associated with α-synuclein [91,92,94,95]. EGCG chelates metal ions including
Cu(II) and Fe(III) to inhibit fibrillation of α-synuclein [90,93]. EGCG (350μM) enhances the formation
of stable oligomers (a less-toxic form) thus prevents the accumulation of pathological fibril [95]
EGCG immobilizes α-synuclein and interferes with its oligomerization in biological membranes [96],
thus EGCG helps to maintain membrane integrity [95,96]. EGCG suppresses fibrillation of γ-synuclein,
a type of synuclein also found in Lewy bodies [91]. EGCG improves motor behavior in Drosophila
by preventing mitochondrial dysfunction caused by abnormalities of LRRK2 and Parkin genes [148].
Chemically induced rodent PD models produced by injection with MPTP and 6-hydroxydopamine
demonstrate PD-like symptoms like bradykinesia, and administration of 10-50 mg catechin (both
oral and intraperitoneal injection) improves locomotor behavior in these animals [115,116,139].
Intraperitoneal injection of 10 or 30 mg/kg catechin restores glutathione levels and increases dopamine
in the rat brain [116]. Oral supplementation with 25 mg EGCG reduces oxidative stress and preserves
striatal dopamine in C57BL/6J mice challenged with MPTP [115]. C57BL/6J mice intraperitoneally
injected with MPTP demonstrate PD-like symptoms including bradykinesia due to loss of SNpc
dopaminergic neurons, and oral administration of EGCG (25 and 50 mg/kg) in these animals
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lowers proinflammatory cytokines, rescues dopaminergic neurons from death, and improves motor
behavior [139]. In addition to catechins’ role inhibiting PD pathology, catechins may also support
existing PD treatments. Orally administered EGCG (100 and 400 mg/kg) inhibits methylation of
levodopa to improve bioavailability [219].

5.4. Oleuropein

Oleuropein contains hydroxytyrosol, elenolic acid, and glucose. It is a major phenolic compound
found in olive oil. Although oleuropein is predominant, other oleuropein derivatives such as oleuropein
aglycon and oleuroside are also found in olive oil [220]. Oleuropein acts as a scavenger of superoxide,
nitric oxide, 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid, and 2,2-diphenyl-1-picrylhydrazyl
radicals [221,222]. Various research groups have demonstrated that treatment with oleuropein and its
derivatives inhibit the accumulation of ROS and prevent the progression of PD pathology [97,98,120].
Palazzi et al. demonstrated that in vitro incubation with oleuropein aglycone stabilizes α-synuclein
monomers to prevent pathological aggregation [97]. Similarly, Mohammad-Beigi et al. show that
olive fruit extracts containing oleuropein and oleuropein aglycone inhibit α-synuclein fibril elongation,
decreasing cytotoxicity caused by α-synuclein oligomers [98]. In addition, oleuropein activates
redox-sensitive transcription factors like Nrf2 to potentially improve intracellular antioxidant capacity
via the upregulation of antioxidant genes [120,223]. Oleuropein protects mitochondria by mitigating
mitochondrial superoxide production [121]. PC12 cells treated with 1-50 μM oleuropein retain
mitochondrial membrane potential during the 6-hydroxydopamine challenge, and oleuropein also
alleviates endoplasmic reticulum stress to protect PC12 cells from apoptotic death [141]. Oleuropein
increases mitochondrial antiapoptotic Bcl-2 and decreases proapoptotic Bax and apoptotic-inducing
factor [121,142]. Furthermore, oleuropein regulates phosphorylation of dynamin-related protein
1 (Drp1) [142] and LC3-II [121], key proteins that control mitochondrial fission and mitophagy,
respectively. Thus, oleuropein potentially supports an optimal mitochondrial population in cells.
Oral supplementation with olive leaf extract (75–300 mg/kg) significantly increases antioxidant enzymes
including superoxide dismutase and glutathione peroxidase in the rat brain [123]. Rats fed with olive
leaf extract are protected from loss of dopaminergic neuron during rotenone-induced mitochondrial
damage, and showed improved neurobehavior [123]. Similarly, rats supplemented with extra virgin
olive oil extract show decreased lipid peroxidation and increased antioxidant enzyme activities [124].
Oral administration of oleuropein is distributed to the brain 2h after ingestion [224], so oleuropein may
be a key component in olive leaf and olive oil-mediated neuroprotection.

6. Conclusions

Although increasing numbers of studies performed in vitro and using animal models demonstrate
a potential role in dietary prevention of PD, the efficacy of nutritional intervention to do so in humans
remains controversial. Epidemiological studies examining dietary intake of antioxidant micronutrients
and the risk of developing PD have yielded equivocal results, and there is a paucity of data from
randomized controlled trials among people with pre-existing PD. Dietary antioxidants exhibit multiple
effects rather than targeting a single specific process. Vitamin C, vitamin E, and polyphenols directly
interact with ROS and terminate oxidative chain reactions. Other minerals like selenium act as
cofactors to support the activity of antioxidant enzymes. Many antioxidant nutrients are involved
in signaling transduction and protect downstream targets of oxidative stress to alleviate the damage
that promotes the development of PD. Nutrients also regulate genes that control the development,
growth, and survival of dopaminergic neurons. Polyphenols like curcumin, resveratrol, catechin,
and oleuropein inhibit the formation of Lewy bodies. In this review, we have described the complex
cellular and molecular mechanisms of these dietary antioxidants as an important step in developing a
therapeutic strategy against PD. Future clinical studies with data safety and monitoring are warranted
to determine whether these antioxidant micronutrients may act individually or in synergy as a
nonpharmacological means of prevention and treatment.
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