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Oxidative stress (resulting from redox homeostasis imbal-
ance between prooxidative and antioxidant systems) is a
major player in the pathogenesis of many inflammatory,
metabolic, cardiovascular, degenerative, and neoplastic dis-
eases [1]. To counteract this pathological mechanism, exoge-
nous antioxidants act interactively, even synergistically, with
the endogenous antioxidant defense system to restore or
maintain redox homeostasis [2]. For example, some phyto-
chemicals (e.g., epigallocatechin gallate, resveratrol, phytos-
terol, myricetin, and gingerol) directly influence the
numerous pathways of molecular signal transduction (cell
proliferation/migration, inflammation cascade, metabolic
disorders, and oxidative stress) [3, 4]. Further, many foods
in the human diet—vegetables, fruits, juices, and bevera-
ges—contain antioxidants [5, 6]. Epidemiological studies
have shown that long-lasting consumption of antioxidants
through food intake has the potential to protect against
multiple diseases, including cancer, diabetes, and neurode-
generative and cardiovascular diseases. In this special issue,
several studies described different molecular mechanisms
for the alleviation of oxidative stress and the prevention
of disorders related to ageing and metabolic and degener-
ative disorders.

In a cardiovascular research-focused work, I. Peluso
and colleagues explored the effects of frequent vegetable
consumption on the clinical, antioxidant, and immunological
markers in individuals at risk of cardiovascular diseases. J. Li
and his team examined the role of the milk fat globule
(epidermal growth factor 8) as an antioxidant against neu-
roinflammation. K. Feng et al. explored the therapeutic
effect of curcumin in the anterior cruciate ligament crossing
on the osteoarthritis rat model and studied the specific mech-
anisms by which curcumin inhibits chondrocyte apoptosis,
triggered by tertiary butyl hydroperoxide. N. A. Stefanova
et al. depicted the suppression of Alzheimer’s disease-like
pathology progression using mitochondria-targeted antioxi-
dant (SkQ1) in a transcriptome profiling study. Bridging
oncology and angiology, M. Alasvand et al. highlighted the
effects of some alkaloids on the angiogenesis process that
influences cellular invasion and tumor growth.

In the field of ophthalmology, S. Bungău et al. presented
an overview of the role, mechanisms, and potential synergis-
tic effects of polyphenols (e.g., anthocyanins, ginkgo biloba,
resveratrol, and quercetin) and carotenoids (e.g., lutein,
zeaxanthin, and mezoxanthin) in the prevention and therapy
of age-related ocular pathologies. C.-C. Chang et al. reported
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that melatonin significantly inhibited H2O2-induced retinal
pigment epithelium (RPE) cell damage and apoptosis,
increased the mitochondrial membrane potential, and aug-
mented the autophagy effect. S. Satish et al. concluded that
the molecule ZLN005 (a selective PGC-1α transcriptional
regulator) increases PGC-1α expression in the human RPE
and protects cells against death by three major biological
prooxidants. In the same study, they demonstrated that
PGC-1α is the critical mediator of ZLN005 antioxidant effects.

In a diabetes research-focused work, A. E. Zayed et al.
explored the protective effects of Ginkgo biloba and magne-
tised water against nephrotoxicity associated with type 2
diabetes mellitus in rats. In the same vein, R. Jimenez et al.
investigated the value of Nrf2 signalling in peroxisome
proliferator-activated receptor (PPAR)β/δ-mediated vascu-
lar protection against hyperglycemia-induced oxidative
stress. They concluded that PPARβ/δ agonists can downreg-
ulate the Nrf2 pathway, suggesting a possible therapeutic role
for PPARβ/δ in diabetic vascular complications. A. M.
Papinska and K. E. Rodgers demonstrated that the adminis-
tration of angiotensin (1–7) [A(1–7)] to a mouse model of
severe type 2 diabetes (db/db) prevented the formation of
nitrotyrosine residues and reduced the expression of the
two enzymes (eNOS and NOX-4) involved in nitrotyrosine
formation. M. B. Alam et al. characterized the multiple
actions of gossypol from cottonseeds showing that it mimics
insulin, inhibits the activity of α-glucosidase, accelerates glu-
cose uptake in C2C12 myotubes, amplifies the expression of
glucose transporter-4 in the muscle tissue, and suppresses
gluconeogenesis in the liver of streptozotocin-induced dia-
betic mouse model. R. Wang et al. presented their research
about the endogenous cystathionine γ-lyase/hydrogen sulfide
system which regulates the effects of insulin and glucocorti-
coids on muscle protein synthesis.

Regarding hepatoprotection, O. M. Ahmed et al. demon-
strated that the hydroethanolic extracts of orange, naringin,
and naringenin have hepatopreventive effects in rats by stim-
ulating the antioxidant defense system and suppressing
inflammation and apoptosis. Aiming at a possible treatment
strategy for fatty nonalcoholic liver disease, Q. Chu et al.
highlighted the effects of cervical anthocyanins on the hepatic
accumulation of oleic acid by activating autophagy. Mean-
while, L. M. França and colleagues focused on understand-
ing the molecular mechanisms by which the hydroethanolic
extract of Syzygium cumini leaves alleviates monosodium
L-glutamate-induced hypertriglyceridemia in obese rats.
The results of another study by H. Farghali et al. showed
that SIRT1 plays a role in the hepatoprotective effects of
polyphenols; SIRT1 allosteric activators mimic the hepato-
protective effects of polyphenols, and the pharmacological
modulation of SIRT1 by STACs may be a future major
step in the treatment of xenobiotic-induced hepatotoxicity.

In the same field, T. Albrahim and M. A. Binobead
showed how Moringa leaf extract could ameliorate the bio-
chemical changes, oxidative stress, hepatic injury, and
PCNA and P53 alterations, induced by vetsin (monosodium
glutamate) administration. Moreover, W. Tang et al. demon-
strated the potential of Hugan Qingzhi tablet (a lipid-
lowering and anti-inflammatory formula) in preventing

and treating fatty nonalcoholic liver diseases in rats, along
with its modulatory effect on the intestinal microbiota.
Similarly, M. A. Dkhil et al. studied the effects of Indigo-
fera oblongifolia leaf extract (IE) on the hepatic oxidative
status, as well as the expression of apoptotic and inflam-
matory genes in blood-stage murine malaria. They con-
cluded that IE protects the liver tissue from damages
caused by P. chabaudi, via anti-inflammatory and antioxi-
dant mechanisms.

In the field of neuromuscular disease, P. Xu et al. demon-
strated that after transplantation, the overexpression of
BRCA1 in the neural stem cells enhances functional recovery
and cell survival into the experimental ischemic stroke,
reducing oxidative stress and cell apoptosis. Further, O. V.
Yakovleva et al. tested the beneficial action of the H2S
donor (NaHS) on the redox state, physical development,
locomotion and exploratory activity, muscle strength, reflex
ontogeny, and motor coordination of pups with maternal
hyperhomocysteinemia.

Regarding hormonal therapies, A. B. Abdel-Naim et al.
reported the beneficial effects of 2-methoxyestradiol in
attenuating testosterone-induced benign prostatic hyper-
plasia in experimental rats, partly via inhibition of the
HIF-1α/TGF-β/Smad2 axis. H.M. A. Abdelrazek et al. proved
that hormone replacement therapy by food/therapeutic
intake of soy isoflavones improves metabolic and immu-
nological changes (lipid profile, loss and bone mineraliza-
tion, and appetite) that occur after ovariectomy in Wistar
rats. In addition, J. J. Lim et al. suggested tocotrienol-rich
fraction treatment for the modulation of satellite cell
renewal by regulating gene expressions, i.e., p53 signalling
(RRM2B and SESN1), cell cycle, Wnt signalling pathways
(a group of signal transduction), and myogenic regulatory
factor expression. J. Wattanathorn and his team studied the
effects of the encapsulated mulberry fruit extract on the
changes that occur in metabolic syndrome in a menopausal
animal model.

Finally, A. W. K. Yeung et al. conducted an extensive
study on the antioxidant literature, identifying and analyzing
the relevant publications (299,602 manuscripts using
VOSviewer). Most of the identified articles were published
after 1991. The analysis performed by the authors revealed
a shift in scientific interest from vitamins/minerals with
antioxidant action to antioxidant phytochemicals.

Based on the works mentioned above, the main objective
of many studies remains to understand how oxidants act
on molecular targets and the pathogenesis of related dis-
eases. The results of these researches are aimed at character-
izing novel preventive interventions and suggesting optimal
therapeutic schemes.
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Alzheimer’s disease (AD) is the most common type of dementia, with increasing prevalence and no disease-modifying treatment
available yet. There is increasing evidence—from interventions targeting mitochondria—that may shed some light on new
strategies for the treatment of AD. Previously, using senescence-accelerated OXYS rats that simulate key characteristics of sporadic
AD, we have shown that treatment with mitochondria-targeted antioxidant SkQ1 (plastoquinonyl-decyltriphenylphosphonium)
from age 12 to 18 months (that is, during active progression of AD-like pathology)—via improvement of mitochondrial
function—prevented the neuronal loss and synaptic damage, enhanced neurotrophic supply, and decreased amyloid-β1–42
protein levels and tau hyperphosphorylation in the hippocampus. In the present study, we continued to explore the mechanisms
of the anti-AD effects of SkQ1 in an OXYS rat model through deep RNA sequencing (RNA-seq) and focused upon the cell-
specific gene expression alterations in the hippocampus. According to RNA-seq results, OXYS rats had 1,159 differentially
expressed genes (DEGs) relative to Wistar rats (control), and 6-month treatment with SkQ1 decreased their number twofold.
We found that 10.5% of all DEGs in untreated (control) OXYS rats were associated with mitochondrial function, whereas SkQ1
eliminated differences in the expression of 76% of DEGs (93 from 122 genes). Using transcriptome approaches, we found that
the anti-AD effects of SkQ1 are associated with an improvement of the activity of many signaling pathways and intracellular
processes. SkQ1 changed the expression of genes in neuronal, glial, and endothelial cells, and these genes are related to
mitochondrial function, neurotrophic and synaptic activity, calcium processes, immune and cerebrovascular systems,
catabolism, degradation, and apoptosis. Thus, RNA-seq analysis yields a detailed picture of transcriptional changes during the
development of AD-like pathology and can point to the molecular and genetic mechanisms of action of the agents (including
SkQ1) holding promise for the prevention and treatment of AD.

1. Introduction

Alzheimer’s disease (AD) is the most common form of
dementia in the elderly, with increasing prevalence and no
disease-modifying treatment available yet. There is a large
amount of data suggesting that oxidative stress plays an
important role in the pathogenesis of AD in conjunction with
augmentation of protein oxidation, protein nitration, glycol
oxidation, and lipid peroxidation as well as accumulation
of the amyloid β (Aβ) peptide, which can also induce oxida-
tive stress [1]. Nevertheless, no clinical studies conducted to

date have proved a beneficial effect of antioxidant treatment
in AD patients [2, 3]. For example, vitamin E or selenium
used alone or in combination cannot prevent dementia in
asymptomatic older men [4]. It has been theorized that inac-
cessibility of a specific cell compartment to antioxidant
agents—where there are increased levels of reactive oxygen
species (ROS)—leads to the failure of treatment strategies
based on antioxidant supplements. Neuronal homeostasis
requires healthy mitochondria. Many lines of evidence sug-
gest that mitochondrial abnormalities as well as the related
oxidative stress together with synaptic degeneration are the

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2019, Article ID 3984906, 17 pages
https://doi.org/10.1155/2019/3984906

https://orcid.org/0000-0001-5127-5993
https://orcid.org/0000-0003-2398-8544
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/3984906


earliest and most prominent features of vulnerable neurons
in the brain of AD patients [5, 6]. AD-related studies have
provided substantial evidence on interventions targeting
mitochondria, and these data may shed some light on new
strategies against AD and suggest that mitochondria-targeted
antioxidants hold promise for the treatment of AD [7, 8].

Previously, we have shown thatmitochondria-targeted anti-
oxidant plastoquinonyl-decyltriphenylphosphonium (SkQ1)
[9] at nanomolar concentrations can prevent, slow down, or
partially retard AD-like pathology in accelerated-senescence
OXYS rats [10–14], which spontaneously develop all the
major signs of AD and largely reproduce the stages of the dis-
ease [15–19]. We have shown that dietary supplementation
with SkQ1 starting at the preclinical stage of AD-like pathol-
ogy (at age 1.5 months) reduces the age-related alterations in
behavior and the spatial memory deficit and slows down
pathological accumulation of Aβ and hyperphosphorylation
of tau protein in 23-month-old OXYS rats [11]. Later, we
demonstrated that SkQ1 can delay progression of AD signs
in OXYS rats [12] starting from the disease stage that we
can define as an analog of the predementia phase of AD in
humans. Through improvement of the structural and func-
tional state of mitochondria, treatment with SkQ1 from age
12 to 18months prevented the neuronal loss and synaptic dam-
age, enhanced neurotrophic supply, and decreased Aβ1–42 pep-
tide levels and tau hyperphosphorylation in the hippocampus
of OXYS rats, thus improving the learning ability and memory.
Moreover, recently, we showed that SkQ1 can alleviate some
signs of AD-like pathology in OXYS rats even at the stage of
severe neurodegenerative damage [14]. It is noteworthy that
its prophylactic and therapeutic effects in all cases were associ-
ated with improvement of the mitochondrial apparatus. SkQ1
is an antioxidant and has been developed as such to counteract
oxidative damage in mitochondria [9]. One would expect that
the effects of SkQ1 are mediated by the suppression of reactive
oxygen species (ROS) production. Nevertheless, we did not
detect enhanced production of ROS by brain mitochondria
from 5- and 24-month-old rats: when the AD-like pathology
developed and progressed, and well-pronounced structural dis-
turbances in hippocampal mitochondria were observed in
OXYS rats [20]. Thus, the specific mechanisms of action of
SkQ1 are still unclear. Transcriptomic analyses hold much
promise for elucidating the pathogenesis of complex diseases
including AD [21] and for genetic assessment of potential
therapeutic agents inhibiting the initiation and progression
of diseases. In this study, we explored the mechanisms of the
anti-AD effects of SkQ1 in a senescence-accelerated OXYS rat
model by deep RNA sequencing (RNA-seq) and focused on
cell-specific gene expression alterations in the hippocampus.

2. Materials and Methods

2.1. Compound. SkQ1 was synthesized and provided by the
Institute of Mitoengineering of Moscow State University
(Moscow, Russia).

2.2. Animal Treatments. All the experimental procedures
complied with the European Communities Council Directive
of 24 November 1986 (86/609/EEC). The protocol of the

animal study was approved by the Commission on Bioeth-
ics of the Institute of Cytology and Genetics, Novosibirsk,
Russia. Male senescence-accelerated OXYS rats and Wistar
rats (control) were obtained from the Center for Genetic
Resources of Laboratory Animals at the Institute of Cytology
and Genetics, the Siberian Branch of the Russian Academy of
Sciences (RFMEFI61914X0005 and RFMEFI61914X0010).
The OXYS strain has been derived from the rat Wistar
strain at the Institute of Cytology and Genetics as described
elsewhere [10] and has been registered in the Rat Genome
Database (http://rgd.mcw.edu/). Currently, we have the
112th generation of OXYS rats, which spontaneously develop
cataract and accelerated-senescence syndrome showing
linked inheritance.

At age 4 weeks, the pups were weaned, housed in groups
of five per cage (57 × 36 × 20 cm), and kept under standard
laboratory conditions (22°C ± 2°C, 60% relative humidity,
and 12-hour light/12-hour dark cycle; lights on at 9 a.m.).
The animals had ad libitum access to standard rodent feed
(PK-120-1; Laboratorsnab Ltd., Moscow, Russia) and water.

To assess the influence of oral SkQ1 administration
(from age 12 to 18 months) on the progression of AD-like
pathology, 12-month-old male OXYS rats were assigned ran-
domly to one of the two groups (n = 15). One group con-
sumed a control diet with the addition of dried bread slices,
while the other consumed the same diet supplemented with
SkQ1 (250 nmol/(kg of body weight)) on the dried bread
slices. Each rat in the treatment group received SkQ1 daily.
As controls, we employed a group of Wistar rats (n = 15).
For RNA-seq, three male OXYS rats and three age-matched
male Wistar rats at age 18 months were euthanized by CO2
asphyxiation. Other animals in each rat group were used
for another study [12].

2.3. RNA Isolation. After decapitation, the hippocampus
was excised rapidly, placed in RNAlater (Ambion, catalog #
AM7020), frozen, and stored at −20°C until analysis. Frozen
rat tissues were lysed with the TRIzol Reagent (Invitrogen,
сat. # 15596–018), and total RNA was isolated. RNA quality
and quantity were evaluated on an Agilent Bioanalyzer
(Agilent).

2.4. Illumina Sequencing. More than 40 million single-end
reads 50 bp long were obtained for each sample of hippocam-
pal RNA, by Illumina nonstranded sequencing on an Illu-
mina GAIIx instrument at the Genoanalitika Lab, Moscow
(https://www.genoanalytica.ru/), in accordance with stan-
dard Illumina protocols (mRNA-Seq Sample Prep Kit, cat.
# 1004816). Briefly, polyadenylated mRNA was purified
from total RNA via Sera-Mag Magnetic Oligo (dT) beads
and then broken into small fragments by means of divalent
cations and heating. Using a reverse transcriptase and ran-
dom primers, we synthesized first- and second-strand
cDNAs. The cDNA was processed in an end-repair reaction
with T4 DNA polymerase and Klenow DNA polymerase to
blunt the termini. An A base was then added to the 3′ end of
the blunt phosphorylated DNA fragments, and an Illumina
adaptor with a single T overhang at its 3′ end was next
ligated to the end of the DNA fragment, for hybridization
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in a single-read flow cell. After that, a size range of cDNA
templates was selected, and these fragments were amplified
on a cluster station with Single-Read Cluster Generation
Kit v2. Sequencing-by-synthesis at 50-nucleotide length
was performed by means of sequencing-by-synthesis v4
reagents on a Genome Analyzer IIx running the SCS2.8 soft-
ware (Illumina, cat. # FC-940-4001).

2.5. Gene Expression Analysis. The sequencing data were
preprocessed using the Cutadapt tool (https://cutadapt.
readthedocs.io/) to remove adapters and low-quality
sequences. The resulting reads were mapped onto the
Rnor_5.0 reference genome assembly in the TopHat2 soft-
ware (https://ccb.jhu.edu/software/tophat/; [22]). The data
were then converted into gene count tables by means of
ENSEMBL and RefSeq gene annotation data. The resulting
tables were subjected to the analysis of differential gene ex-
pression in the DESeq2 software (https://bioconductor.org/
packages/release/bioc/html/DESeq2.html; [23]). The genes with
padj < 0 05 were selected as differentially expressed.

2.6. Analysis of the Expression of Genes Related to
Mitochondrial Function and Cell-Specific Expression of
Genes. The list of genes related to mitochondrial function
was compiled by comparing the gene lists in MitoCarta 2.0
(1158 mouse genes, https://www.broadinstitute.org/pubs/
MitoCarta [24]), Integrated Mitochondrial Protein Index,
IMPI Q3 2017 database (1483 rat genes, http://impi.mrc-
mbu.cam.ac.uk/), and rat genome database, RGD (1232
rat genes, https://rgd.mcw.edu/). The list of genes that are
selectively expressed in different cell types (neurons, astro-
cytes, oligodendrocytes, microglia, and endothelial cells)
was created on the basis of data on single-cell RNA-seq
[25]. The genes with >5 fragments per kilobase of exon
model per million reads mapped (FPKM) and fold enrich-
ment >5 in each cell type (and undetectable or underex-
pressed in other cell types in the hippocampus) were
marked as cell specific.

2.7. Functional Analysis and Construction of Gene
Interaction Networks. To identify the Gene Ontology (GO)
terms overrepresented in a differentially expressed gene
(DEG) list, the detected DEGs were subjected to functional
enrichment analyses by means of the DAVID (http://david.
abcc.ncifcrf.gov/summary.jsp) tool. Pathway analysis of the
DEGs was conducted with WebGestalt GSAT (http://www.
webgestalt.org/option.php) using KEGG pathways (https://
www.genome.jp/kegg/). The gene interaction networks were
identified on the GeneMANIA web server (http://www.
genemania.org/).

3. Results and Discussion

3.1. SkQ1 Decreased the Number of DEGs Twofold in the
Hippocampus of OXYS Rats. To determine gene expression
changes in response to progression of AD-like pathology
and for assessment of the anti-AD effects of the mitochon-
drial antioxidant, we performed RNA-seq on the hippo-
campal tissue from 18-month-old OXYS and Wistar rats

(as a control strain) and OXYS rats treated with SkQ1 from
12 to 18 months of age. A total of 15,911 protein-coding
genes with at least 10 counts on average in the hippocampus
of OXYS rats and Wistar rats were detected by the DESeq2
software [26]. According to RNA-seq results, 1,159 genes
(587 upregulated and 572 downregulated) in the hippocam-
pus of control (untreated) OXYS rats and 598 genes (318
upregulated and 280 downregulated) in the hippocampus of
SkQ1-treated OXYS rats were differentially expressed as
compared to Wistar rats (padj < 0 05; Figure 1(a)).

3.2. Major Altered Biological Processes at the Stage of Well-
Pronounced AD-Like Pathology in OXYS Rats. To identify
the pathways and processes associated with the DEGs in
the hippocampus of control OXYS rats, we carried out
gene annotation enrichment analysis using KEGG pathways
(p < 0 05). We found that at the stage of well-pronounced
AD-like pathology in OXYS rats, genes of the calcium sig-
naling pathway, phagosome, endocytosis, axon guidance,
gap junction, and apoptosis were up- or downregulated;
genes of the GnRH signaling pathway, glycerophospholipid
metabolism, and neurodegenerative diseases such as AD,
Huntington’s disease, and amyotrophic lateral sclerosis were
upregulated; genes of the MAPK signaling cascade, insulin
signaling, VEGF signal transduction, neurotrophin signaling
pathway, long-term potentiation, antigen processing and
presentation, T- and B-cell receptor signaling pathways, focal
adhesion, ubiquitin-mediated proteolysis, lysosome, and cell
cycle were downregulated (Figure 1(b)).

Next, GO analysis of hippocampal DEGs in untreated
OXYS rats by DAVID uncovered significant (p < 0 05)
enrichment of terms related to the cytoskeleton, cell junction,
microtubule cytoskeleton, lysosome, Ca2+ binding, enzyme
binding, kinase binding, cell adhesion, neuron differentia-
tion, and apoptosis, thus indicating significant changes in
the transcriptional activity of specific genes participating in
neuronal plasticity during AD progression (Figure 1(c)).
The enrichment of terms related to the synapse, axono-
genesis, and synaptic transmission (Figure 1(c)) pointed
to changes in the expression of genes associated with syn-
aptic processes, whose disturbances we revealed recently in
the hippocampus of OXYS rats [27]. Aside from terms
related to blood vessel development, GO analysis also uncov-
ered significant (p < 0 05) enrichment of terms related to
major histocompatibility complex (MHC) and gliogenesis
(Figure 1(c)), suggesting that in OXYS rats, just as in AD
patients [28, 29], the progression of AD-like pathology is
associated with changes of the transcriptional activity of
genes related to an immune process. Finally, the major
altered biological process in OXYS rats was closely related
to mitochondrial function; 91 DEGs (53 upregulated and 38
downregulated; Figure 1(c)) were associated with the term
mitochondrion. Recently, in the hippocampus [20], we found
that already at the preclinical stage, OXYS rats manifest some
characteristic ultrastructural changes and low activity of
respiratory complexes I, IV, and V; these alterations were
found to progress with the development of AD-like pathol-
ogy. In addition, in the prefrontal cortex of OXYS rats, we
have previously found that gene expression changes during
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Figure 1: Differential gene expression analysis in the hippocampus of 18-month-old untreated OXYS rats and the influence of long-term
treatment with SkQ1. (a) The number of DEGs (padj < 0 05) in control and SkQ1-treated OXYS rats, as compared to Wistar rats,
respectively. The number of genes—(b) involved in pathways (according to KEGG) and (c) associated with GO terms (according to
DAVID)—that change expression in untreated OXYS rats compared to Wistar rats. GO terms are marked red if upregulated and green if
downregulated.
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the development of AD-like pathology (as well as at the pre-
clinical stage) are related to neuronal plasticity, catalytic
activity, lipid and immune processes, and mitochondria
[18]. Thus, we have previously demonstrated a decrease in
mitochondrial function with aging in OXYS rats and an
increase in the expression of many mitochondrial genes.
Therefore, the results obtained here and previously [13, 15,
18, 20] suggest that mitochondrial dysfunction appears at
least to mediate or possibly even initiate pathological molec-
ular cascades of AD-like pathology in OXYS rats.

3.3. SkQ1 Restores the Transcriptomic Changes Related to
Mitochondrial Function in OXYS Rats. Given that 91 DEGs
were associated with the term mitochondrion according to
DAVID, we next performed a more complete analysis of
transcriptomic changes associated with the functional cate-
gory of mitochondria at the stage of well-pronounced AD-

like pathology in OXYS rats, using MitoCarta 2.0 (1,158
genes), IMPI (1,483 genes), and RGD (1,232 genes) data-
bases. We compared the genes from these three databases
and obtained a combined list of 2,080 genes (Figure 2(a)).
We found that 10.5% of DEGs (122 genes) in untreated
OXYS rats were associated with mitochondrial function
(Figure 2(b) and Supplementary Data 1), confirming the
findings that AD-like pathology in OXYS rats is strongly
associated with mitochondrial dysfunction. Treatment with
SkQ1 eliminated the differences in the expression of 76% of
DEGs (93 from 122 genes) and changed the expression of
13 genes in OXYS rats compared to Wistar rats (Figure 2(c)
and Supplementary Data 1).

According to DAVID, 122 DEGs related to mitochon-
drial function in untreated OXYS rats were associated with
mitochondrion organization; oxidation-reduction; oxidative
phosphorylation; nucleotide, coenzyme, or ATP binding; lipid
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Figure 2: Differential expression of genes related to mitochondrial function in the hippocampus of 18-month-old OXYS rats and the effect of
long-term treatment with SkQ1. (a) The Venn diagram shows overlapping sets of genes related to mitochondrial function fromMitoCarta 2.0,
IMPI Q3 2017, and RGD databases. (b) According to the mitochondrial gene list, the 122 DEGs in OXYS rats are related to mitochondrial
function. (c) The Venn diagram suggests that treatment with SkQ1 did not affect the expression of 29 genes in OXYS rats, eliminated
differences in the expression of 93 genes, and changed the expression of 13 genes. (d) The number of genes related to mitochondrial
function, i.e., associated with GO terms (according to DAVID) that changed expression in control OXYS rats compared to Wistar rats.
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process; mitochondrial matrix; inner and outer membranes;
transport; apoptotic mitochondrial changes; a response to
hypoxia and oxidative stress; and others (Figure 2(d)). Oxida-
tive stress and decreased cellular responsiveness to oxidative
stress are thought to influence brain aging and AD [30]. Given
that changes in the expression of six genes (Fos, Mutyh, Jun,
Bcl2l1, Cat, and Mmp14) in the hippocampus of untreated
OXYS rats were associated with the GO term “response to
oxidative stress,” we performed analyses of genes involved
in oxidative stress and antioxidant defense [31]. We identi-
fied only three DEGs (Gsr, Cat, and Ptgs2) that participate
in these processes at the stage of well-pronounced AD-like
pathology in OXYS rats. Metabolic control of oxidation and
reduction reactions within the cell is maintained in part by
the action of key enzymes including superoxide dismutase,
catalase, and glutathione peroxidase and reductase [30].
Among these enzymes, glutathione reductase (Gsr) turned
out to be upregulated (log2fold change = 0 37; p < 0 03), and
the expression of catalase (Cat), which is also crucial for
the modulation of synaptic plasticity in the brain [32],
was lower (log2fold change = −0 52; p < 0 015) in OXYS rats.
The expression of prostaglandin-endoperoxide synthase 2
(Ptgs2), also known as cyclooxygenase 2 (COX-2), which is
considered a candidate gene of AD [33, 34], was lower in
OXYS rats (log2fold change = −0 68; p < 0 0005).

These results are consistent with the reports that the
development of AD signs in OXYS rats happens before the
increased accumulation of oxidative stress markers in the
brain [35, 36]. It should be noted that most of the in vivo
data—suggesting significant contribution of oxidative stress
in the brain to the AD pathophysiology—have been obtained
in animal models, first of all in transgenic mouse models of
the familial form of AD. Our results are consistent with the
findings of a recent meta-analysis which was conducted to
define the pattern of changes in oxidative stress-related
markers in human AD and mild cognitive impairment, by
the brain region [30]. Its authors concluded that the antiox-
idant enzyme system in the brain is largely intact in AD and
the global accumulation of oxidative damage is less substan-
tial than generally thought. The limitation of our study is
that gene expression changes were not confirmed at the
protein level.

To determine the effects of SkQ1 as a mitochondria-
targeted antioxidant on the gene expression profile related
to mitochondrial function, we compared the GO terms and
genes associated with them between control and SkQ1-
treated OXYS rats. We found that prolonged treatment with
SkQ1 prevented the changes in the processes related to mito-
chondrion organization, generation of precursor metabolites
and energy, oxidation-reduction, oxidative phosphorylation,
mitochondrial transport, apoptosis, and others (Table 1).
Recently, we demonstrated that SkQ1 is localized to cerebral
neuronal mitochondria and retards mitochondrial alter-
ations in the hippocampus of 18-month-old OXYS rats
[12], which we also subjected to the present RNA-seq analy-
sis (see Materials and Methods). SkQ1 treatment substan-
tially improved the ultrastructure of the mitochondrial
apparatus, increased the specific area of mitochondria in
neurons, and increased the expression of DRP1 (dynamin-

1-like protein; mitochondria in fission) and MFN2 (mitofu-
sin 2; mitochondria in fusion) and enzymatic activity of com-
plexes I and IV in the hippocampus of OXYS rats to the level
of Wistar rats (control) [12]. In addition, here, 13 genes—
whose expression SkQ1 changed in OXYS rats as compared
to Wistar rats—turned out to be related to mitochondria,
including the mitochondrial inner membrane.

We next used GeneMANIA to build interaction net-
works for the analysis of transcriptomic changes associated
with functional categories of mitochondrial dysfunction at
the stage of well-pronounced AD-like pathology in OXYS
rats and effects of treatment with SkQ1. In control OXYS
rats, some of the most enriched GO terms were the mito-
chondrial inner membrane (p < 1 82E‐13), mitochondrial
membrane part (p < 2 39E‐8), mitochondrion organization
(p < 8 34E‐8), apoptotic mitochondrial changes (p < 7 87E‐4),
mitochondrial matrix (p < 9 96E‐4), mitochondrial outer
membrane (p < 5 25E‐3), and the proton-transporting ATP
synthase complex (p < 9 57E‐3; Figure 3(a)). SkQ1 affected
all these processes (Figure 3(b)) and changed the expression
of genes related to fatty acid β oxidation (p < 4 43E‐15) and
mitochondrial inner membrane (p < 1 15E‐5; Figure 3(c)).

3.4. SkQ1 Retarded the Alteration of Major Biological
Processes and Signaling Pathways during the Progression of
AD-Like Pathology in OXYS Rats. Recently, using RNA-seq
analysis, we demonstrated that mitochondrial impairments
in the prefrontal cortex of OXYS rats are the earliest change
and progress with age along with the age-related lipid
and immune aberrations, cerebrovascular alterations, and
increased neuronal degeneration [18]. Thus, we decided to
determine the potential mechanisms of action of SkQ1 that
may be linked to its effects (activation or suppression of sig-
naling pathways and processes, aside from improvements in
mitochondrial processes). To this end, we next performed
functional annotation clustering via DAVID and pathway
analysis by means of KEGG on DEGs exclusively expressed
in the hippocampus of control and SkQ1-treated OXYS rats.

The two sets of DEGs (untreated OXYS rats versus Wis-
tar rats; SkQ1-treated OXYS rats versus Wistar rats) over-
lapped, and the overlap contained 413 genes (Figure 4(a)),
suggesting that SkQ1 did not affect their expression. Treat-
ment with SkQ1 effected all major altered biological pro-
cesses during the progression of AD-like pathology; only
in untreated OXYS rats, 746 genes exclusively showing
upregulation (380 genes) and downregulation (366 genes;
Figure 4(a)) were mainly related to mitochondrial function,
cation binding, enzyme binding, neuron projection and dif-
ferentiation, cell adhesion, blood vessel development, regula-
tion of apoptosis, and other processes, according to DAVID
(Figure 4(b)). Moreover, SkQ1 changed the expression of
185 genes (111 upregulated and 74 downregulated) in the
hippocampus of OXYS rats as compared to untreated OXYS
and Wistar rats (Figure 4(a)). These exclusively expressed
genes were mainly related to the upregulation of the pro-
cesses associated with transcription, synaptic processes, tube
development, and a membrane part (Figure 4(c)).

Moreover, treatment with SkQ1 affected all key signal-
ing pathways altered during the progression of AD-like

6 Oxidative Medicine and Cellular Longevity



pathology. According to KEGG, DEGs exclusively expressed
in the hippocampus of untreated OXYS rats were associated
with MAPK, calcium, insulin, GnRH, VEGF, and neurotro-
phin signaling pathways; focal adhesion; synaptic processes
(long-term potentiation, axon guidance); immune system
(T- and B-cell receptor signaling pathways, antigen process-
ing, and presentation); catabolism (phagosome, lysosome);
degradation (ubiquitin-mediated proteolysis); apoptosis;
and neurodegenerative diseases (Huntington’s disease and
AD; Figure 4(d)). In addition, in SkQ1-treated OXYS rats,
exclusively expressed genes were mainly related to MAPK,
calcium, TGF-β, and Wnt signaling pathways; endocytosis;
focal adhesion; phagosome; vascular smooth muscle contrac-
tion; and antigen processing and presentation (Figure 4(d)).

3.5. Effects of SkQ1 on the Cell-Specific Gene Expression in
the Hippocampus of OXYS Rats. For a more complete
understanding of which cell type(s) and cellular processes
represent the most significant effects of SkQ1 during the pro-
gression of AD-like pathology, we next performed analyses of
the cell-specific gene expression [25] on DEGs exclusively
expressed in the hippocampus of untreated and SkQ1-
treated OXYS rats. We found that in OXYS rats, treatment
with SkQ1 eliminated the differences in the expression of
64 genes (49 upregulated and 15 downregulated) specific to
neurons, 39 genes (11 upregulated and 28 downregulated)
specific to astrocytes, 49 genes (18 upregulated and 31 down-
regulated) specific to oligodendrocytes, 26 genes (19 upregu-
lated and seven downregulated) specific to microglia, and 38

Table 1: The mitochondrial function-related genes (i.e., associated with relevant GO terms according to DAVID) that change the expression
in untreated (control) OXYS rats; the effect of prolonged treatment with SkQ1. Differential expression means a comparison with the control
Wistar strain.

Process
Number of DEGs in
control OXYS rats

Percentage of DEGs
removed by SkQ1

Gene symbols

BP

Mitochondrion
organization

11 91
Sept4, Mfn1∗, Spg7∗, Samm50∗, Jun∗, Mtx1∗, Tomm40∗,

Bnip3∗, Bcl2l1∗, Synj2bp∗, Dap3∗

Generation of precursor
metabolites and energy

11 91
Atp6v0c∗, Atp5d∗, Uqcrc1∗, Pfkl∗, Hk2∗, Atp5c1∗,

Hk1∗, Cyb5b∗, Cat∗, Atp5h, Etfb∗

Oxidation reduction 15 80
Cyb5r3∗, Me3∗, Uqcrc1∗, Cyb5b∗, Por∗, Gsr, Ivd∗, Ndufv1∗,

Akr7a2∗, Cat∗, Alkbh3∗, Acad11∗, Mecr, Etfb∗, Prodh

Oxidative
phosphorylation

5 80 Atp6v0c∗, Atp5d∗, Uqcrc1∗, Atp5c1∗, Atp5h

Mitochondrial transport 4 100 Mtx1∗, Tomm40∗, Bnip3∗, Bcl2l1∗

Apoptotic
mitochondrial changes

3 100 Jun∗, Bcl2l1∗, Dap3∗

MF

Coenzyme binding 10 90
Cyb5r3∗, Gsr, Acbd3∗, Me3∗, Ivd∗, Ndufv1∗, Cat∗, Parp1∗,

Acad11∗, Por∗

Nucleotide binding 28 71

Hsp90ab1∗, Cyb5r3∗, Sept4, Me3∗, Fastkd1, Spg7∗, Abca9,
Hk2∗, Hk1∗, Acsf2, Gsr, Ivd∗, Slc22a4∗, Abcb10, Cat∗, Actb,
Pdk2∗, Alpk1∗, Pfkl∗, Por∗, Atad1∗, Acsm3, Trap1∗, Hyou1∗,

Mfn1∗, Ndufv1∗, Acad11∗, Parp1∗

Electron carrier activity 7 86 Cyb5r3∗, Gsr, Ivd∗, Cyb5b∗, Acad11∗, Etfb∗, Por∗

CC

Mitochondrion 66 76

Hsp90ab1∗, Cyb5r3∗, Atp5d∗, Spg7∗, Uqcrc1∗, Aurkaip1∗,
Nit1,Nit2, Bnip3∗, Clybl, Acsf2, Gsr, Acbd3∗,Dnajc15∗,Mutyh∗

, Dnajc11∗, Slc25a22∗, Akr7a2∗, Exog∗, Abcb10, Cat∗, Atp5h,
Abce1∗, Fech∗, Pisd∗, Synj2bp∗, Cyb5b∗, Mrm1∗, Por∗,
Trap1∗, Mfn1∗, Slc25a34, Atp5c1∗, Mecr, Prodh, Me3∗,
Atp5sl∗, Abca9, Samm50∗, Mtx1∗, Hk2∗, Sfxn4, Hk1∗,

Letm2∗, Wars2∗, Bcl2l1∗, Mrpl11∗, Ivd∗, Slc25a46∗, Etfb∗,
Pdk2∗, Mobp, Tomm40∗, Atad1∗, Acsm3, Mrpl22∗, Adap2,
Hmgcs2∗, Tfrc, Ndufv1∗, Gls∗, Bola1∗, Alkbh3∗, Acad11∗,

Dap3∗, Comtd1∗

Mitochondrial outer
membrane

11 100
Cyb5r3∗, Mfn1∗, Samm50∗, Mtx1∗, Hk2∗, Hk1∗, Tomm40∗,

Bnip3∗, Bcl2l1∗, Cyb5b∗, Synj2bp∗

Mitochondrial inner
membrane

15 80
Cyb5r3∗, Atp5d∗, Uqcrc1∗, Samm50∗, Letm2∗, Cyb5b∗,
Hmgcs2∗, Slc25a34, Ndufv1∗, Dnajc11∗, Slc25a22∗,

Atp5c1∗, Slc25a46∗, Abcb10, Atp5h

Mitochondrial matrix 12 92
Mrpl11∗, Atp5d∗, Acsm3, Pdk2∗, Fech∗, Hmgcs2∗, Ivd∗,

Gls∗, Atp5c1∗, Wars2∗, Etfb∗, Dap3∗

∗DEGs that SkQ1 eliminated in OXYS rats. BP: biological process, MF: molecular function, CC: cellular component.
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Figure 3: Continued.
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genes (eight upregulated and 30 downregulated) specific to
endothelial cells (Figures 5(a)–5(e) and Supplementary Data
1). In addition, treatment with SkQ1 changed the expression
of 10 genes (upregulated seven and downregulated three)
specific to neurons, 17 genes (15 upregulated and two down-
regulated) specific to astrocytes, five genes (two upregulated
and three downregulated) specific to oligodendrocytes, six
genes (five upregulated and one downregulated) specific to
microglia, and eight genes (five upregulated and three down-
regulated) specific to endothelial cells relative to Wistar rats
(Figures 5(a)–5(e) and Supplementary Data).

For the functional analyses, we combined the lists of
eliminated and exclusively changed up- and downregulated
DEGs in OXYS rats. DAVID revealed that in neurons (74
genes), the major effects of SkQ1 were associated with ion
binding (e.g., Scn2b, Zic1, Atp2b2, Nptxr, Eno2, Gucy1a2,
and Kcnq2), including calcium ion binding (e.g., Calb1 and
Calb2), neuron development (e.g., Gprin1, Atp2b2, Epha7,
and Unc5a), and synaptic GO terms such as axonogenesis
(Epha7, Ndn, Unc5a, Stxbp1, Rtn4r, and Snap25), dendrite
(Atp2b2, Epha7, Inpp5j, Crmp1, and Cpne6), regulation of
synaptic transmission (Syp, Atp2b2, Stxbp1, and Calb1), syn-
aptic vesicle (Syp, Rab3b, and Svop), and SNARE (soluble
NSF attachment receptor) binding (Syp, Stxbp1, and Snap25;
Figure 5(a)). Indeed, the progression of AD-like pathology in
OXYS rats is linked with substantial structural and functional
alterations of neurons and synapses and with their decreased
density [27, 37]. Many studies have confirmed that mito-
chondrial dysfunction is likely to be the leading cause of syn-
aptic loss and neuronal death by apoptosis, especially in brain
regions involved in learning and memory, such as the hippo-
campus [5]. On the basis of the results obtained here and as
we reported recently [12], we can draw the conclusion that
treatment with SkQ1 possibly facilitated activation of the
remaining undamaged neurons and synapses and improved
intraneuronal processes, including mitochondrial function.
It has been proposed that synaptic mitochondria are more

sensitive to damage than nonsynaptic mitochondria, indicat-
ing an earlier decrease in mitochondrial trafficking and respi-
ratory function [6]. This notion is supported by SkQ1-
induced changes in the expression of hippocampal genes in
OXYS rats in relation to mitochondrial and synaptic pro-
cesses as well as an increased number of excitatory synapses
and active zones of synaptic contact and upregulation of
pre- and postsynaptic proteins synapsin I and PSD-95 [12],
whose downregulation is considered an indicator event in
AD [36]. In addition, the normalization of the balance of
the neurotrophic supply in the hippocampus of SkQ1-
treated OXYS rats [12] may reflect activation of cellular pro-
cesses promoting the growth of neurites, formation of new
synapses, and neuronal survival. In favor of this notion is also
a SkQ1-driven decrease in the Bcl11A-L expression (B-cell
lymphoma 11A-long), a zinc finger transcription factor that
is an important downstream effector of glutamate receptors
for the regulation of axonal and dendritic arborization. Over-
expression of Bcl11A-L counteracts the influence of glutamate
receptors on axonal branching and dendritic outgrowth [38].
Another beneficial action of SkQ1 on neuronal activity may
be related to the influence on calcium processes, dysregulation
of which is important for destabilization of synaptic processes
in aging and in the AD brain [39]. Treatment with SkQ1
downregulated genes Calb1 (calbindin 1, 28kDa) and Calb2
(calbindin 2, 29 kDa, calretinin), whose products act as cal-
cium buffers and sensors. In addition, SkQ1 downregulated
the Hpca (hippocalcin) gene, which is also regarded as a
calcium sensor, may participate in general neuronal endo-
cytosis, and performs a critical calcium-sensing function in
NMDA receptor- (NMDAR-) mediated hippocampal long-
term depression [40].

Accumulated evidence suggests that glial cells, including
astrocytes and microglia, mediating immune responses in
the brain, are critically important for the maintenance of nor-
mal synaptic functioning [41, 42] and play a crucial part in
the AD pathogenesis [28, 29]. For astrocytes (56 genes), the
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Figure 3: Interaction networks for DEGs related to mitochondrial function in the hippocampus of 18-month-old OXYS rats and the effect of
long-term treatment with SkQ1. (a) An interaction network for DEGs in untreated OXYS rats. Interaction networks for DEGs (b) eliminated
and (c) changed by SkQ1.

9Oxidative Medicine and Cellular Longevity



380

746

366

413

111

185

74

Control SkQ1

(a)

Generation of precursor metabolites and energy
Regulation of apoptosis

Axon guidance
Mitochondrial membrane part

Regulation of transmission of nerve impulse
Neuron differentiation

Mitochondrion
Blood vessel development

Amino acid transport
Cell adhesion

Cation binding
Enzyme binding

Cell fraction
Response to inorganic substance

Neuron projection
Protein phosphatase binding

0 10 20 30 40 50 60 120 130

ES: 1.3
ES: 1.3

ES: 1.4
ES: 1.5

ES: 1.5
ES: 1.5

ES: 1.6
ES: 1.8

ES: 1.8
ES: 1.9

ES: 1.9
ES: 2.0

ES: 2.1
ES: 2.2

ES: 3.2

Number of genes
Down
Up

ES: 3.3

(b)

Transcription
Integral to plasma membrane

Tube development
Regulation of transmission of nerve impulse

Regulation of cytoskeleton organization
Membrane fraction

Regulation of synaptic transmission
Protein dimerization activity

ES: 1.3
ES: 1.3

ES: 1.4
ES: 1.5

ES: 1.5
ES: 1.6

ES: 1.9
ES: 2.3

0 5 10 15
Number of genes

Down
Up

--

(c)

M
A

PK
 si

gn
al

in
g 

pa
th

w
ay

Fo
ca

l a
dh

es
io

n

Ca
lc

iu
m

 si
gn

al
in

g 
pa

th
w

ay

In
su

lin
 si

gn
al

in
g 

pa
th

w
ay

A
xo

n 
gu

id
an

ce

H
un

tin
gt

on
's 

di
se

as
e

A
lzh

ei
m

er
's 

di
se

as
e

N
eu

ro
tr

op
hi

n 
sig

na
lin

g 
pa

th
w

ay

Lo
ng

-te
rm

 p
ot

en
tia

tio
n

Ph
ag

os
om

e

Ly
so

so
m

e

T 
ce

ll 
re

ce
pt

or
 si

gn
al

in
g 

pa
th

w
ay

B 
ce

ll 
re

ce
pt

or
 si

gn
al

in
g 

pa
th

w
ay

U
bi

qu
iti

n-
m

ed
ia

te
d 

pr
ot

eo
ly

sis

A
po

pt
os

is

G
ap

 ju
nc

tio
n

G
nR

H
 si

gn
al

in
g 

pa
th

w
ay

G
ly

ce
ro

ph
os

ph
ol

ip
id

 m
et

ab
ol

ism

V
EG

F 
sig

na
lin

g 
pa

th
w

ay

A
nt

ig
en

 p
ro

ce
ss

in
g 

an
d 

pr
es

en
ta

tio
n

0

5

10

N
um

be
r o

f g
en

es

(d)

Figure 4: Continued.
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major effects of SkQ1 were associated with the regulation of
various processes such as a biosynthetic process (e.g., Plagl1,
Hes1, Jun, Nr4a1, Nr4a3, Abca1, and Sox9), cell proliferation
(e.g., Egfr, Hes1, Arhgap5, and Sox9), transcription (Plagl1,
Hes1, Myo6, Jun, Nr4a1, Nr4a3, and Sox9), apoptosis (Egfr,
Steap3, Jun, Nr4a1, Bdkrb2, and Sox9), tube development
(e.g., Hes1, Rgma, and Nr4a3), and blood vessel development
(Hey2, Ppap2b, and Cyr61; Figure 5(b)). For the oligodendro-
cytes (54 genes), the major actions of SkQ1 were associated
with neuron projection (S100a4, Kcnd3, Ermn, Chrna4,
Strn, and Gria3), ion channel activity (Kcnd3, Kcna1,
Chrna4, Gria3, and Kcnk1), glycoprotein metabolic process
(Trak2, Chst8, Acan, Dcn, and Adamts4), including a pro-
teoglycan metabolic process (Chst8, Acan, and Dcn), and
calcium-dependent protein binding (S100a4, Masp1, and
Strn; Figure 5(c)).

For the microglia (32 genes), the effects of SkQ1 were
found to be related to a response to an organic substance
(Egr1, Cebpa, Slc11a1, Egr2, Dusp1, and Bcl2l1), regulation
of cell death (Pik3cg, Cebpb, Dusp1, Ubc, and Bcl2l1),
GTPase regulator activity (Arhgap4, Tbc1d10a, Rgs14, and
Arhgdib), and ion homeostasis (Slc11a1, Egr2, Nab2, and
Bcl2l1; Figure 5(d)). Furthermore, among the most highly
enriched genes (FPKM >20) for microglia, SkQ1 affected
the expression of Egr1 and Egr2 (early growth response 1
and 2; Supplementary Data 1), which are transcription

factors that belong to the Egr family, participate in an
immune response [43], and positively correlate with disease
progression in AD [44]. Recently, it was reported that a pro-
inflammatory phenotype of Aβ plaque-associated microglia
isolated from 5XFAD mice is related to the upregulation
of Egr2 [45]. Treatment with SkQ1 downregulated the Egr2
gene and upregulated the Egr1 gene, whose expression
decreases with aging in the rat hippocampus [46]. In addi-
tion, SkQ1 decreased the expression of Nab2 (Ngfi-A-bind-
ing protein 2), which in part modulates the activity of
EGR1 and EGR2 and is considered a mediator of Aβ-induced
neurotoxicity and tau hyperphosphorylation [47]. Thus, it can
be assumed that the SkQ1-driven decrease in the Aβ1–42
level and tau hyperphosphorylation in the hippocampus of
OXYS rats [12] can be related to changes in the expression
of microglial genes Egr1, Egr2, and Nab2 and activation of
phagocytosis by microglia, whose significant ultrastructural
abnormalities we uncovered recently [27]. The improve-
ment in phagocytic activity is also supported by an SkQ1-
induced increase Pik3cg expression (phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic subunit gamma, also
known as PI3Kγ, a specific PI3K isoform; Supplementary
Data 1). PI3Kγ-deficient microglia are strongly associated
with decreased phagocytic activity [48] and have a crucial
and specific function in NMDAR-mediated synaptic plastic-
ity and some forms of cognitive function [49].
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Figure 4: Gene distribution and enrichment analysis of 18-month-old untreated OXYS rats and OXYS rats treated with SkQ1. (a) An area-
proportional Venn diagram, summarizing gene identifiers in the overlap (413 genes) between untreated and SkQ1-treated OXYS rats. The
analysis of gene distribution points to specific changes in the expression of 746 genes in untreated OXYS rats, 380 of which are
upregulated (red arrow) and 366 downregulated (green arrow). OXYS rats treated with SkQ1 showed specific changes in the expression of
185 genes, 111 of which were upregulated (red arrow) and 74 downregulated (green arrow). DAVID cluster analysis performed on DEGs
exclusively expressed in the hippocampus of (b) untreated and (c) SkQ1-treated OXYS rats identified the most statistically significant
upregulated and downregulated biological processes. The significance of each gene cluster is evaluated through the enrichment score (ES).
An ES >1.3 is equivalent to a nonlog scale value of 0.05. The pathway analysis by KEGG for DEGs was exclusively expressed in the
hippocampus of (d) untreated and (e) SkQ1-treated OXYS rats.
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Figure 5: Cell-specific gene distribution and enrichment analysis in the hippocampus of 18-month-old untreated and SkQ1-treated OXYS
rats. Venn diagrams and enrichment analyses by DAVID for (a) neurons, (b) astrocytes, (c) oligodendrocytes, (d) microglia, and (e)
endothelial cells in untreated and SkQ1-treated OXYS rats.
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Figure 6: Continued.
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Cerebrovascular dysfunction is strongly involved in the
pathogenesis of AD; patients with this disease frequently
show focal changes in brain microcirculation. These
changes include alterations in the density and morphology
of cerebral microvasculature, increased endothelial pinocyto-

sis, decreased mitochondrial content, accumulation of colla-
gen and perlecans in the basement membrane, loss of tight
junctions and/or adherens junctions, and a blood–brain
barrier breakdown with leakage of blood-borne molecules
[50, 51]. According to a magnetic resonance imaging study,
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Figure 6: Interaction networks for cell-specific DEGs affected by SkQ1 in the hippocampus of 18-month-old OXYS rats. Interaction networks
according to GeneMANIA for DEGs eliminated and changed by SkQ1 in (a) neurons, (b) astrocytes, (c) oligodendrocytes, (d) microglia, and
(e) endothelial cells.
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12-month-old OXYS rats, when AD is progressing, undergo
structural and functional alterations in cerebral blood flow
typical of chronic ischemia [52, 53]. We found that OXYS
rats possess altered hemorheological properties of blood
resulting from abnormal red blood cell deformability and
aggregation [54], which are regarded as some of the mecha-
nisms underlying the complex etiology of AD [55], thereby
impairing the oxygen transport efficiency of blood in AD.
Recently, we demonstrated that changes in the expression
of the hippocampal genes functionally associated with cere-
brovascular processes already in the early period of life may
contribute to the development of AD-like pathology in OXYS
rats [17]. At the advanced stage of the disease in OXYS rats,
we observed a significant loss of hippocampal blood vessel
density as well as ultrastructural changes and downregulation
of VEGF with an increased amount of Aβ1–42 in blood ves-
sels. In addition, DEGs in the hippocampus of OXYS rats
were associated with downregulation of cerebrovascular
function as compared to Wistar rats [17]. Here, for the endo-
thelial cells (46 genes), the effects of SkQ1 turned out to be
related to the regulation of cell proliferation (Cav2, Edn3,
Cav1, Ptgs2, Crip2, Ptges, Tek, and Cdh5), cell adhesion
(Ptprk, Igfbp7, Tek, Itga1, Cd2ap, and Cdh5), a response to
an extracellular stimulus (Cav1, Hmgcs2, Ptgs2, Ptges, Igfbp7,
and Tek), a lipid biosynthetic process (Hmgcs2, Ptgs2, Sgms2,
Ptges, and Sgms1), caveola (Cav2, Cav1, Ptgs2, and Ptrf), reg-
ulation of endocytosis (Gata2, Cav1, and Cd2ap), sphingo-
myelin biosynthetic process (Sgms2 and Sgms1c), blood
vessel development (Cav1, Lama4, Dll4, Tek, and Cdh5), and
circulation (Edn3, Cav1, Fli1, Ptgs2, and Itga1; Figure 5(e)).
Thus, it can be assumed that SkQ1 had a positive effect on
the microvascular environment and consequently on the
brain’s supply of oxygen, energy, substrates, and nutrients.

Finally, by means of GeneMANIA, we constructed
interaction networks for the eliminated and exclusively
changed DEGs for the five types of cells in the hippocam-
pus of OXYS rats (Figure 6). We found that GO terms
enriched in neurons were related to the regulation of syn-
aptic transmission (p < 2 49E‐3) and axon development
(p < 3 85E‐2; Figure 6(a)). In astrocytes, the most enriched
GO terms were associated with transcription activity
(p < 2 45E‐5), axon development (p < 7 42E‐3), regulation of
cell migration (p < 1 15E‐3), blood vessel development
(p < 9 82E‐4), and morphogenesis (p < 5 42E‐3; Figure 6(b)).
Among the GO terms enriched in oligodendrocytes, there
were dendritic spine (p < 2 63E‐2) and ion channel activity
(p < 3 57E‐2; Figure 6(c)); in microglia, there was a response
to a purine-containing compound (p < 8 89E‐5; Figure 6(d));
in endothelial cells, there was regulation of blood vessel size
(p < 2 09E‐3), cell-cell junction (p < 1 41E‐3), and membrane
raft (p < 1 19E‐4; Figure 6(e)).

4. Conclusion

In this study, we showed that long-term treatment with
SkQ1, an antioxidant specifically targeting mitochondria,
starting from the predementia phase of AD signs (consistent
with the definition of progressive, amnestic mild cognitive
impairment in humans [56]) suppressed the progression

of AD-like pathology in OXYS rats via improvement (in
neuronal, glial, and endothelial cells) of the gene expression
related to mitochondrial function, neurotrophic and synap-
tic activities, calcium processes, immune and cerebrovascu-
lar systems, catabolism, degradation, and apoptosis. Here,
we confirmed the previously reported finding that the pro-
gression of AD-like pathology in OXYS rats is associated
with mitochondrial dysfunction but not associated with oxi-
dative stress. Using transcriptome approaches, we revealed
that the anti-AD effects of SkQ1 are not directly related to
its antioxidant activity but are associated with an improve-
ment in the functioning of many signaling pathways and
intracellular processes. In summary, our results indicate that
RNA-seq analysis yields a detailed picture of transcriptional
changes during the development of pathological events and
may allow researchers to elucidate the molecular and genetic
mechanisms of action of promising agents (including SkQ1)
for the prevention and treatment of AD.
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This article is directed at highlighting the involvement of the endogenous stress sensor SIRT1 (silent information regulator T1)
as a possible factor involved in hepatoprotection. The selective SIRT1 modulators whether activators (STACs) or inhibitors are
being tried experimentally and clinically. We discuss the modulation of SIRT1 on cytoprotection or even cytotoxicity in the liver
chemically injured by hepatotoxic agents in rats, to shed light on the crosstalk between SIRT1 and its modulators. A
combination of D-galactosamine and lipopolysaccharide (D-GalN/LPS) downregulated SIRT1 expression, while SIRT1
activators, SRT1720, resveratrol, and quercetin, upregulated SIRT1 and alleviated D-GalN/LPS-induced acute hepatotoxicity.
Liver injury markers exhibited an inverse relationship with SIRT1 expression. However, under subchronic hepatotoxicity,
quercetin decreased the significant increase in SIRT1 expression to lower levels which are still higher than normal ones and
mitigated the liver-damaging effects of carbon tetrachloride. Each of these STACs was hepatoprotective and returned the
conventional antioxidant enzymes to the baseline. Polyphenols tend to fine-tune SIRT1 expression towards normal in the liver
of intoxicated rats in both acute and subchronic studies. Together, all these events give an impression that the cytoprotective
effects of SIRT1 are exhibited within a definite range of expression. The catalytic activity of SIRT1 is important in the
hepatoprotective effects of polyphenols where SIRT1 inhibitors block and the allosteric SIRT1 activators mimic the
hepatoprotective effects of polyphenols. Our findings indicate that the pharmacologic modulation of SIRT1 could represent both
an important move in alleviating hepatic insults and a future major step in the treatment of xenobiotic-induced hepatotoxicity.

1. Introduction

There are various liver diseases that spread all over the world.
Several factors are contributing to these diseases. Among the
most known factors are excessive alcohol consumption, liver
viral infection, HIV, obesity that leads to nonalcoholic fatty
liver disease, consumption of many drugs, parasite and
fungal infections, cholestatic disorders, inherited metabolic
disorders, and several other reasons. Liver disease is a sub-
stantial health problem all over the world [1, 2]. For instance,
hepatic diseases are the fifth well-established cause of death
in the United Kingdom [3]. A major liver disease is fibrosis
with high incidence in developing countries [4]. Factors as
obesity epidemics contribute to the spread of nonalcoholic
fatty liver disease (NAFLD), nonalcoholic steatohepatitis
(NASH), fibrosis, cirrhosis, and hepatocellular carcinoma
resulting in increasing the world concern at any age and
ethnicity [5–7].

Historically, phytotherapy using mainly isolated purified
or semipurified active constituents was applied for treating
various diseases including the liver ones. Among the several
examples of natural compounds are silymarin and resvera-
trol. The two compounds exhibited a significant hepatopro-
tective potential. This effect was based on their antioxidant,
anti-inflammatory, and regenerative effects [8–13]. Other
compounds as quercetin and curcumin possess antioxidant
and cytoprotection characteristics, but their use as hepato-
protective drugs was limited [14–16]. Nevertheless, quercetin
and curcumin demonstrated according to our findings hepa-
toameliorative effects against liver insult in experimental
models [17, 18].

Therefore, during more than 2 decades ago, we were
involved in finding out some of the hepatoprotective drugs
that may have a common mode of action. The hepatoame-
liorative profiles of the extensive investigated active constitu-
ents of the flavonoid type were reviewed [19]. We suggested
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that there are possible common hepatoprotective mecha-
nisms of various compounds of natural origin. One of the
mechanisms seems to reduce the effects of cell oxidative
stress. Indeed, oxidative stress is the main mechanism that
can be induced by toxins and various environmental factors
that lead to the accumulation of toxic intermediates. More-
over, cell injury due to oxidative stress is of prime importance
due to its association with senescence and various diseases
such as atherosclerosis, Alzheimer’s dementia, and diabetes
among several others. During our work, we were interested
in the involvement of the endogenous stress sensor silent
information regulator T1 (SIRT1) as a possible factor
involved in hepatoprotection. We have used several agents
to modulate SIRT1 functions and to demonstrate its potential
role as a factor that plays an important role in ameliorating
liver injury.

2. What Is SIRT1?

It is the NAD+-dependent protein lysine deacetylase of the
sirtuin family with many physiological functions such as reg-
ulation of energy, inflammation, neuronal signaling, cell sur-
vival, DNA repair, tissue regeneration, and stress responses.
As reported, the human sirtuin isoforms, SIRT1–7, are
considered the attractive therapeutic site of action for several
diseases like type 2 diabetes, NAFLD, neurodegenerative, and
inflammatory diseases [20–22]. Potent and selective phar-
macological activators and inhibitors of sirtuins, especially
of the most studied isoform SIRT1, are available, and some
clinical trials have been performed. The advance in com-
prehension of the molecular mechanisms of sirtuin modu-
lation by these substances provides a basis for further
drug development [23, 24].

Indeed, the role of sirtuins in antioxidant and redox
signaling has been considerably reviewed. As reported,
the significance of antioxidant and redox signaling events
is regulated by critical molecules that modulate antioxi-
dants, reactive oxygen species (ROS), or reactive nitrogen
species (RNS). The imbalances in these molecules can
disturb cellular functions to become pathogenic [25]. A
description of the inducibility of SIRT1 and its role as
the longevity factor in cytoprotection and cancer was also
documented [26]. SIRT1, which is mainly nuclear protein,
deacetylates histones [27] and more than fifty nonhistone
targets, inclusive of DNA repair proteins and transcrip-
tion factors (e.g., p53, NF-κB, p65, and PGC-1α) [28].
In so far as the liver is concerned, SIRT1 activation alle-
viates cholestatic liver damage in a cholic acid-fed mouse
model of cholestasis. Therefore, it was suggested that the
use of small molecule activators of SIRT1 constitutes a
potential new therapeutic target for cholestatic hepatic
injury [29]. SIRT1 also plays beneficial roles in regulating
hepatic lipid metabolism, controlling hepatic oxidative
stress and mediating hepatic inflammation through deace-
tylating some transcriptional regulators against the pro-
gression of fatty liver diseases [21, 30]. In the field of
liver transplantation surgery, Nakamura et al. [31] identi-
fied a new class of macrophages that are activated by the
heme oxygenase-1- (HO-1-) SIRT1-p53 pathway. As

described, the last property is involved in mechanisms of
hepatic sterile inflammation and has the potential applica-
tion of being a target for new therapeutic strategies in the
liver transplant recipient.

It is well established that stressful injuries to cells upreg-
ulate cytoprotective pathways. Among them, SIRT1 plays a
critical role. As a cellular stress sensor regulated by metabolic,
genotoxic, oxidative, and proteotoxic triggers, SIRT1 impacts
cell survival by deacetylating substrate proteins leading the
cell towards a cytoprotective pathway. On the other hand,
extreme stress situations can direct SIRT1 to lead the cell
down an apoptotic pathway. In cancer cells, SIRT1 is poorly
adjusted and has been featured to have a dual role as an onco-
gene and tumor suppressor. Recently, the ability of SIRT1 to
regulate heat shock factor 1- (HSF1-) dependent induction of
the heat shock response has highlighted another pathway
through which SIRT1 can modulate cytoprotection [26]. At
the present time, it is clear that sirtuins are emerging to be
important in normal mammalian physiology and in a variety
of oxidative stress-mediated pathological situations. Next
investigations are required to shed more light on further
mechanisms of sirtuins in maintaining redox homeostasis.
Moreover, research efforts are also needed to evaluate the
druggability of sirtuins in the management of redox-
regulated diseases [32].

With respect to SIRT1 modulators, we focus on this
review on some polyphenols that activate SIRT1 in spite
of the well-known low bioavailability in experimental
setups. However, some progress has been made during
the last years in the area of polyphenol bioavailability.
Thus, it is necessary that researchers in this field consider
and integrate this information in the design of their exper-
iments and in result interpretation. Several experiments
have been carried out to study the effects in cultured cells
derived from inner tissues (in vitro) with some polyphe-
nols such as proanthocyanidins, which are not absorbed
from intestinal barriers. At present, it is still not clear
which particular polyphenols are the most protective
against the various ailments. Even with the well-
established properties of polyphenols in general as benefi-
cial agents, the net clinical results are influenced by the
highly variable bioavailability. Also, their biotransforma-
tion will modify the expected biological responses at the
cellular levels. Another important factor which was not
well studied is the evaluation of effectiveness of the conju-
gated derivatives and microbial metabolites of polyphenols
which necessitate more research effort. In this regard, we
may recognize what exactly are the active moieties. This
will lead, perhaps, to the development of better polyphe-
nolic drugs with good pharmacokinetic properties and
consequently better pharmacodynamic efficiency [33]. In
this review, we hypothesized that SIRT1 could potentially
alleviate chemically induced liver damage. We discuss the
modulation of SIRT1 on cytoprotection or even potential
cytotoxicity in the liver that is chemically injured by hep-
atotoxic agents in rats. We shed light on the crosstalk
between SIRT1 and its modulators, i.e., activators and
inhibitors, to find out possible potential mechanism(s) of
hepatoprotection.
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3. SIRT1 as a Regulator of Antioxidant and
Redox Signaling in Cells

Besides conventional endogenous antioxidants such as
superoxide dismutase, catalase, glutathione, and glutathione
peroxidase, SIRT1 has been shown to play an eminent cyto-
protective role in oxidative stress via several mechanisms.
For instance, it can deacetylate the forkhead box transcrip-
tion factors (FOXO1, FOXO3a, and FOXO4) [34] as well as
peroxisome proliferator-activated receptor gamma coactiva-
tor 1-alpha (PGC-1α) [22, 35] and induce the expression of
numerous antioxidant enzymes [36]. FOXOs can further
activate the growth arrest and DNA damage-inducible pro-
tein, GADD45, to promote genomic stability and DNA repair
[37]. Furthermore, SIRT1 also deacetylates the RelA/p65
subunit of the nuclear factor-kappa B (NF-κB) complex
[38] and blocks consequent NAD(P)H-mediated ROS pro-
duction [39]. SIRT1 can also directly inhibit p53’s oxidative
stress-induced apoptotic activity [40] and the proapoptotic
effects of FOXO3a [41]. Together, all these events pro-
mote oxidative stress tolerance and cell survival. These
attractive features have prompted an intensive search for
SIRT1 activators.

4. Compounds Modulating SIRT1 Activity

Roughly, SIRT1-activating compounds (STACs) can be clas-
sified into natural and synthetic activators. Otherwise, they
are historically divided into generations. STACs include (a)
first-generation molecules such as resveratrol and similar
polyphenols, (b) second-generation molecules such as the
imidazothiazoles, and (c) third-generation STACs such as
benzimidazoles and urea-based scaffolds [42].

4.1. STACs of Natural Origin. Polyphenols are large groups of
phytochemicals characterized by the presence of many phe-
nolic groups. They occur primarily in the conjugated form,
with the sugar residues (monosaccharide, disaccharide, or
oligosaccharide), linked to hydroxyl groups. Polyphenols
are mostly found in fruits, vegetables, cereals, and beverages.
They constitute one of the most numerous substances in the
plant kingdom, with over 8000 phenolic compounds cur-
rently known [43]. They can be classified according to their
chemical structures into 4 main groups: phenolic acids
(hydroxybenzoic and hydroxycinnamic acids), flavonoids,
stilbenes, and lignans.

Flavonoids are the most abundant polyphenols in the
human diet, accounting for as much as two-thirds of the total
polyphenolic intake. Based on the variability of the heterocy-
cle, flavonoids can further be divided into 6 groups: flavanols,
flavones, isoflavones, flavanones, and flavanols [44]. Querce-
tin is the most abundant dietary flavonol, with an estimated
daily intake of up to 30mg [45]. Tea is the major source of
quercetin in the Netherlands and Japan, wine in Italy, and
onion and apples in the United States, Finland, and Greece
[46]. Although onion is not usually consumed in high quan-
tities, it has one of the highest quercetin contents in food
[47]. Stilbenes are not as widespread as phenolic acids or fla-
vonoids in plants. Resveratrol, the best-studied stilbene thus

far, is found largely in grapes [48]. Red wine, obtained from
grapes, also contains a fair amount of resveratrol.

Over the last few decades, interest in polyphenols has
dramatically increased for several reasons. Firstly, they have
antibiotic or biostatic effects on a variety of organisms that
consume plants [49]. Secondly, dating back to prehistory,
polyphenol-rich plants such as Silybum marianum [50],
Lagerstroemia speciosa [51], and Prosthechea michuacana
[52] have been widely used in ethnomedicine for treatment
of many ailments. Nowadays, silibinin, a water-soluble sily-
marin derivate, is used experimentally and clinically as a
detoxifying and hepatoprotective substance [53, 54]. Thirdly,
polyphenols have antioxidant properties. The ancient custom
of preserving lard or chicken fat by mixing it with onion may
be based on the prevention of lipid peroxidation and rancid-
ity by quercetin [55]. Recently, numerous epidemiologic
studies strongly suggest an inverse relationship between
polyphenol-rich diet and many diseases. For example, resver-
atrol has been associated with the “French paradox,” where
the low incidence of coronary heart diseases is linked to mod-
erate consumption of red wine [56, 57]. It is believed that res-
veratrol minimizes the absorption of malondialdehyde,
which is involved in increasing levels of low-density lipopro-
tein in the onset of atherosclerosis [58]. In addition, polyphe-
nols tend to have cytoprotective roles in many other diseases
associated with oxidative stress [59] such as lung cancer [60],
neurodegenerative diseases [61], and age-related cataract
[62]. However, the molecular mechanisms underlying the
antioxidant effects of polyphenols are poorly understood.
What is already known is that polyphenols can directly scav-
enge ROS [63]. Their hydroxyl groups are hydrogen atom
donors and can reduce the synthesis of free radicals at differ-
ent stages [64]. Another explanation, which is not yet fully
substantiated, is the interaction of polyphenols with sirtuins.

In 2003, the ground-breaking research of Howitz et al.
revealed that SIRT1 activity could be enhanced by polyphe-
nols [65]. Several categories of plant polyphenols, like butein,
piceatannol, and isoliquiritigenin, were demonstrated to
activate recombinant SIRT1 and to extend the lifespan of
Saccharomyces cerevisiae. The most effective of these STACs,
activating SIRT1 more than thirteen times, was resveratrol,
while quercetin stimulated SIRT1 activity by fivefold. Res-
veratrol prolonged cell survival under a variety of DNA
damaging conditions and extended lifespan by up to 70% in
S. cerevisiae. Resveratrol lowered SIRT1’s Km but exhibited
no significant effect on Vmax, suggesting positive allosteric
modulation. However, the notion that resveratrol is a bona
fide SIRT1 activator was quickly disputed by some authors
for several reasons. Firstly, an in vitro deacetylation assay
containing FLUOR DE LYS, which is a nonphysiological
fluorescent moiety, was used in Howitz’s study [66]. In the
absence of this fluorophore, resveratrol had no effect on acet-
ylated peptides and could not activate SIRT1 [67]. Secondly,
resveratrol is nonspecific and has few other known direct tar-
gets; the most commonly investigated being AMP-activated
protein kinase (AMPK) [68]. Many of the metabolic effects
of resveratrol such as enhanced mitochondrial biogenesis
and fatty acid oxidation could be directly attributed to AMPK
[69]. SIRT1 and AMPK mutually coexist, share many
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common downstream targets, and have many overlapping
cytoprotective effects [70]. Whether resveratrol can directly
activate SIRT1 [65], indirectly activate SIRT1 through
AMPK [71], or act independently of SIRT1 [72] is still open
for debate. These controversies highlight the need for more
effective and selective SIRT1 activators or inhibitors to verify
the potential effects of SIRT1. Thirdly, resveratrol and most
other polyphenols have relatively poor oral bioavailability.
Their efficacy in vivo could be grossly insufficient to simulate
some of the effects observed in vitro [56, 73]. In this regard,
the drug delivery system (DDS) is intended to increase the
efficacy of drugs through targeted distribution and to reduce
unwanted effects. Therefore, the basic principles of nano-
technology that were developed for DDS were described.
Attention is paid on resveratrol as a model polyphenol with
the attractive pharmacologic profile which was established
in great numbers of studies and for its wide use as a supple-
mental therapy. Due to the complicated pharmacokinetic
profile of resveratrol with its very low bioavailability in spite
of high oral absorption, the effects of resveratrol are being
investigated in original nanotechnology preparations of
pharmaceutical formulation. We have reported data on
the current in vitro and in vivo studies with resveratrol in
new types of drug formulations using different nanoparti-
cles as liposomes, solid lipid particles, cyclodextrins, and
micelles [74].

4.2. Synthetic STACs. To address the ambiguity surrounding
“resveratrol and similar polyphenols” and sirtuins, Sirtris
Pharmaceuticals Inc. developed a number of synthetic SIRT1
activators: SRT1460, SRT1720, SRT2183, and SRT2104. They
are derivatives of an imidazothiazole scaffold and are struc-
turally distinct from resveratrol. They are up to 1000-fold
more potent for SIRT1 than resveratrol [75]. They activate
SIRT1 via the same Km-lowering mechanism as resveratrol,
but with lower EC50 [42]. Recently, another class of chemi-
cally distinct STACs (STAC-5, STAC-9, and STAC-10),
based on benzimidazole and urea scaffolds, has been discov-
ered [76]. These third-generation drugs exhibit the same
kinetics as earlier generations. Together, all these develop-
ments show that SIRT1 can be allosterically activated by a
diverse group of compounds. Having been verified as specific
SIRT1 activators, the field can now refocus on the key ques-
tion: is SIRT1 a safe and valid druggable target? Experiments
are currently underway to investigate the health benefits of
these novel SIRT1 activators in a wide range of diseases.

4.3. SIRT1 Inhibitors. Compared to sirtuin activators, more
studies have been carried out towards sirtuin inhibitors,
especially in the anticancer area. Sirtuin inhibitors with
various structures have been reported for SIRT1, SIRT2,
SIRT3, and SIRT5 (splitomicin, sirtinol, AGK2, cambinol,
suramin, tenovin, salermide, among others). Two classes
of sirtuin inhibitors, nicotinamide and thioacetyl-lysine-
containing compounds, can be regarded as mechanism-
based inhibitors. Other sirtuin inhibitors noncovalently bind
to the sirtuin active site and thus inhibit substrate linkage
(e.g., β-naphthol-containing inhibitors and indole derivates).
A number of indole constituents were discovered from

high-throughput screening of 280000 molecules as selec-
tive SIRT1 inhibitors. One of these potent inhibitors,
EX-527, has an in vitro IC50 value in the range of
60 nM to 100 nM and is cell permeable. SIRT1 blockage
has been proposed in the therapy of cancer, immunodefi-
ciency virus infections, and Fragile X mental retardation
syndrome and for preventing or treating parasitic disorders
[77, 78]. The only specific SIRT1 inhibitor undergoing
the clinical trials is selisistat, also known as Ex-527 or
SEN0014196 [23].

5. Experimental Models of Hepatotoxicity

Xenobiotic-induced hepatotoxicity is a particularly impor-
tant research field for liver pharmacotherapy. Therapeutics
continue to be pulled off the market because of the late dis-
covery of hepatotoxicity [79]. Clinically, drug-induced
hepatotoxicity is the commonest cause of acute liver failure
(ALF) [80]. Although paracetamol, by far, accounts for most
of the cases of ALF [81], up to 15% of the cases remain inde-
terminate [82]. Besides drugs, the liver is the most susceptible
target organ by numerous nonmedicinal toxins, ranging
from mushrooms [83] to haloalkanes [84]. Despite all these
challenges and great advances in modern medicine, there
are barely any hepatoprotective drugs. Perhaps, this explains
why patients resort to self-medication with herbal products
and “complementary and alternative medicine” is once
again on the rise [85]. Among phytochemicals, polyphe-
nols have received much attention due to their purported
antioxidant, anti-inflammatory, antimicrobial, and antitu-
morigenic effects and their substantiated health benefits
in a wide range of diseases [19]. In our institute, we have
previously shown that polyphenols such as silymarin [8],
resveratrol [9, 86], curcumin [17], and quercetin [18] have
hepatoameliorative potential against various experimental
models of hepatotoxicity [87]. However, the mechanisms
underlying their cytoprotective effects in the liver are not
clear, as multiple molecular targets seem to be involved.
The consensus, although controversial, is that the many
health benefits of polyphenols are SIRT1 dependent [88].
Hence, we used in vivo experimental models of chemically
induced hepatotoxicity and assessed the therapeutic poten-
tial of natural polyphenols (resveratrol, quercetin) in both
single-dose and repeated-dose studies. Furthermore, poly-
phenols were compared and contrasted to their synthetic
counterparts (SRT1720). How SIRT1 responds to these
drugs was investigated. We closely looked for any patterns
that might exist between SIRT1 and other conventional
antioxidants (catalase, bilirubin, and HO-1).

6. Experimental Findings

This section summarizes our findings with a discussion. In
single-dose experiments, the tested drugs were administered
only once, before sampling, within either 6 or 24 hours. With
the repeated dose study, the drugs were administered several
times, over a period of 14 days.
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6.1. Single-Dose Studies with D-Galactosamine/-
Lipopolysaccharide (D-GalN/LPS): Oxidative Stress and
Hepatotoxicity. D-GalN/LPS is a well-known experimental
model of hepatotoxicity. Lipopolysaccharide, an endotoxin,
accumulates primarily in tissues rich in cells of the reticulo-
endothelial system such as the liver [89]. There, it interacts
with hepatic macrophages and triggers local damage through
a variety of cytotoxic mediators such as interleukin-1, tumor
necrosis factor alpha (TNF-α), and ROS [90]. D-GalN, on the
other hand, depletes the uridine nucleotide pool, inhibits
protein synthesis in hepatocytes, and sensitizes the liver to
the cytotoxic effects of LPS [91]. A cocktail of these drugs
produces extensive liver damage that is consistent with acute
liver failure seen clinically [92]. In our experimental studies,
400mg/kg of D-GalN and 10μg/kg of LPS markedly elevated
transaminases (ALT and AST) in plasma (Figure 1(a),
Table 1). Interestingly, D-GalN/LPS had the greatest effect
on ALT than AST [93], hence the plummet in the De Ritis
(AST :ALT) ratio [94]. Although this ratio is not precise,
it is used as a clinical aid in differential diagnosis of some liver
pathologies. For instance, in humans, it is usually <1.0 in
acute viral hepatitis, >2.0 in alcoholic hepatitis, and >1.0 in
fibrosis/cirrhosis [95]. D-GalN/LPS also consistently
increased conjugated dienes and/or thiobarbituric acid
reactive substance (TBARS) levels in liver homogenate
(Figure 1(b), Table 1), indicating excess production of
ROS that can destroy hepatic macromolecules.

Studies have shown that both LPS and ROS can increase
the production of heme, which is cytotoxic. It is highly lipo-
philic and can intercalate into and further peroxidate lipid
membranes. As an adaptive mechanism against such toxicity,
HO-1 is induced to catabolize heme into iron and less reac-
tive and potentially cytoprotective metabolites, biliverdin
and carbon monoxide. Biliverdin is rapidly converted to bil-
irubin, by bilirubin reductase. Both biliverdin and bilirubin
have reducing properties through elusive mechanisms. There
is some evidence that these bile pigments directly scavenge
free radicals, with bilirubin being a much more potent anti-
oxidant [96]. Furthermore, some authors have proposed an
indirect mechanism (biliverdin/bilirubin redox cycle), in
which ROS oxidize bilirubin to biliverdin, with ROS them-
selves being reduced in the process [97]. This explains why
the induction of HO-1 by D-GalN/LPS (Figure 2(b)) is
accompanied by a proportionate increase in total bilirubin
levels [98]. Although not investigated in our studies, HO-1
induction is usually accompanied by concomitant produc-
tion of carbon monoxide (CO) and iron. Like bilirubin, CO
has a cytoprotective role. Among other things, it regulates
intracellular calcium ion mobilization, can actively relax
hepatic sinusoids [99], and regulates bile canalicular contrac-
tility [100]. All these can restore sinusoidal perfusion and bile
clearance to promote tolerance against heme toxicity [101].
Unlike bilirubin and CO, free iron is toxic, even at low levels.
It catalyzes the formation of ROS via the Fenton and Haber-
Weiss reactions [102]. Also, because iron produced from
heme degradation can convert hydrogen peroxide into
hydroxyl radical, catalase is rapidly induced to quickly termi-
nate the reaction [103]. In all our acute experimental studies,
levels of conventional antioxidants catalase (Table 1), HO-1,

and bilirubin were markedly increased in response to the
hepatotoxin. But their inductions, under the present experi-
mental conditions, were not sufficient to be hepatoprotective.
Recently however, it was reported that the endogenous
antioxidant catalase delays high-fat diet-induced liver
injury in mice [104]. Hence, it is logical to assume that
their antioxidant capacities were overwhelmed by the extent
of D-GalN/LPS-induced ROS.

6.2. D-GalN/LPS Effect on SIRT1. Contrary to other endoge-
nous antioxidants, D-GalN/LPS downregulated SIRT1
expression (Figures 1(c) and 2(a)). Studies have shown that
oxidative stress can affect SIRT1 activity at different levels.
For instance, ROS can promote interaction of SIRT1 with
SENP1 (Sentrin-specific protease 1) desumoylase, leading
to p53-induced apoptosis [105]. There is also substantial
evidence that ROS can covalently modify SIRT1 and mark
it for proteasomal degradation [106]. Furthermore, oxida-
tive stress can induce expression of microRNAs such as
miR-34a, which could bind to the 3′UTR of SIRT1 mRNA
and directly inhibit SIRT1 translation [107]. Besides gene
expression, some studies have shown that oxidative stress
can overactivate Poly (ADP-ribose) polymerase (PARP),
deplete cellular NAD+ stores, and decrease SIRT1 deacetylase
activity [108]. From our findings and those of others, ROS
deprive organisms of many of the putative SIRT1-mediated
health benefits. With this finding, it made sense to explore
the therapeutic potential of STACs in oxidative stress pathol-
ogies such as hepatotoxicity.

6.3. Quercetin and SRT1720 Upregulate SIRT1 and Alleviate
D-GalN/LPS-Induced Hepatotoxicity. In this study, we pre-
treated the D-GalN/LPS-intoxicated animals with a single
dose of either 50mg/kg quercetin or 5mg/kg SRT1720. Each
of these STACs was hepatoprotective and returned the con-
ventional antioxidant enzymes to the baseline (Table 1) but
increased SIRT1 expression. There was a remarkably inverse
proportion between SIRT1 expression (Figure 2(a)) and liver
injury markers (Table 1). As if, the higher the SIRT1 expres-
sion, the healthier the liver. How SIRT1 activators increase its
expression is still elusive. There are some scanty reports
that STACs can positively feedback SIRT1 expression
through a FOXO1-mediated mechanism. By activating
SIRT1, quercetin and SRT1720 can deacetylate and increase
FOXO1’s DNA-binding ability. In other words, they can
potentiate the transcriptional activity of FOXO1 [109]. In
rats, FOXO1 directly activates SIRT1 transcription through
binding to the IRS-1 and FKHD-like responsive elements
within the SIRT1 promoter region [110]. This autofeedback
loop mechanism may partly explain why STACs increase
SIRT1 expression in D-GalN/LPS-treated rats.

6.4. Inhibiting SIRT1 Blocks the Hepatoprotective Effects of
Resveratrol. We also explored the therapeutic potential of
resveratrol (2.3mg/kg) in D-GalN/LPS-induced hepatotoxic-
ity (Figures 1(a)–1(c)). As expected, resveratrol was hepato-
protective. However, contrary to quercetin, resveratrol did
not have any significant effect on the SIRT1 protein expres-
sion level, alone or in combination with D-GalN/LPS. This
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Figure 1: Effects of resveratrol and EX-527 pretreatment in lipopolysaccharide-induced acute hepatitis in D-galactosamine-sensitized
rats (D-GalN/LPS) on the levels of (a) plasma ALT, (b) TBARS in homogenate and (c) SIRT1 expression. CO: control group;
RES: 2.3mg/kg resveratrol; D-GalN + LPS: 400mg/kg D-galactosamine with 10 μg/kg lipopolysaccharide; RES + D-GalN + LPS:
2.3mg/kg resveratrol + D-GalN + LPS; EX − 527 + RES + D-GalN + LPS: 1mg/kg EX-527 plus a combination of previous substances.
Data are expressed as means ± SEM (n = 6). aP < 0 05 versus CO. bP < 0 05 versus RES. cP < 0 05 versus D-GalN + LPS. dP < 0 05 versus
RES + D-GalN + LPS (courtesy of Physiological Research, reference [140]).
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could possibly be due to a relatively shorter duration of the
experiment (6 hours) or a lower dose of resveratrol. Studies
have shown that SIRT1 expression is both time dependent
and dose dependent [111]. For example, resveratrol adminis-
tration (25mg/kg/day) for 8 weeks significantly improved the
expression of SIRT1 mRNA in the hepatic tissue of rats with
NAFLD [12]. Similarly, the increased SIRT1 mRNA expres-
sion and serum levels were detected in the clinical trial eval-
uating the 30-day effects of daily resveratrol (500mg/day)

supplementation in healthy slightly overweight individuals
[112]. Moreover, SIRT1 protein expression does not always
correlate to SIRT1 activity [86]. As originally shown by
Howitz, STACs can activate and increase the activity of an
individual enzyme, even without having any effect on SIRT1
expression per se. To extend the role of SIRT1 catalysis in the
hepatoprotective effects of resveratrol, some RES + D −
GalN + LPS animals were pretreated with EX-527, which is
a highly potent and selective SIRT1 inhibitor. Normally,

200

150

100

Re
la

tiv
e p

ro
te

in
 ex

pr
es

sio
n

50

0

SIRT1

CO Q

Q:
SRT1720:

D-GaIN/LPS:

SR
T1

17
20

D
-G

aI
N

/L
PS

Q
 +

 D
-G

aI
N

/L
PS

SR
T1

17
20

 +
 D

-G
aI

N
/L

PS

�훽-Actin

⁎ ⁎

⁎

−

−

−

− −−+

−

+
+

−

+
−

+ +
+−

−

(a) SIRT1 expression

1000

800

600

400

200

0

# #

Re
la

tiv
e p

ro
te

in
 ex

pr
es

sio
n

CO Q

SR
T1

17
20

D
-G

aI
N

/L
PS

Q
 +

 D
-G

aI
N

/L
PS

SR
T1

17
20

 +
 D

-G
aI

N
/L

PS

⁎

⁎

⁎

HO-1

�훽-Actin
Q:

SRT1720:
D-GaIN/LPS:

−

−

−

−

− −

−−

−

+
+

+

+ + +
+−

−

(b) HO-1 expression

Figure 2: Effects of quercetin and SRT1720 pretreatments on (a) SIRT1 and (b) HO-1 protein expressions in lipopolysaccharide-induced
hepatitis in D-galactosamine-sensitized (D-GalN/LPS) rats after 24 hours. Beta-actin was used as an endogenous control. CO: negative
control, vehicle only; Q: quercetin 50mg/kg; SRT1720: SRT1720 5mg/kg; D-GalN/LPS: D-galactosamine 400mg/kg + lipopolysaccharide
10μg/kg; Q +D-GalN/LPS: combination of Q and D-GalN/LPS; SRT1720 + D-GalN/LPS: combination of SRT1720 and D-GalN/LPS.
∗ indicates significant values (P ≤ 0 05) compared to the negative control group (vehicle only); # indicates significant values (P ≤ 0 05)
compared to the D-GalN/LPS group. The results are expressed as means ± SEM, n = 5 (courtesy of Physiological Research, reference [98]).

Table 1: Effects of quercetin and SRT1720 pretreatments in lipopolysaccharide-induced hepatitis in D-galactosamine-sensitized
(D-GalN/LPS) rats on the levels of AST, ALT, and catalase¥ in plasma and conjugated dienes in liver homogenate, after 24 hours.

ALT (IU/l) AST (IU/l) AST : ALT ratio Catalase¥ (nmol/l) Conjugated dienes (nmol/mg protein)

CO 32 ± 4 03 86 0 ± 18 5 2 17 ± 0 45 41 2 ± 11 6 1 52 ± 0 37

Q 55 4 ± 35 78 118 8 ± 35 9 2 46 ± 1 03 37 8 ± 4 9 1 18 ± 0 32

SRT1720 55 ± 45 83 99 3 ± 79 2 2 21 ± 0 27 29 25 ± 7 2 2 07 ± 1 01

D-GalN/LPS 1307 2 ± 513 38∗ 329 6 ± 95 5∗ 0 29 ± 0 11∗ 130 2 ± 3 5∗ 3 56 ± 0 89∗

Q +D-GalN/LPS 209 6 ± 79 58∗# 208 0 ± 45 1∗# 1 92 ± 0 45# 79 2 ± 16 8# 1 53 ± 0 45#

SRT1720 + D-GalN/LPS 402 ± 191 92∗# 258 0 ± 83 4∗ 1 03 ± 0 49# 99 8 ± 14 2∗# 1 88 ± 0 35#

CO: negative control, vehicle only; Q: quercetin 50mg/kg; SRT1720: SRT1720 5mg/kg; D-GalN/LPS: D-galactosamine 400mg/kg + lipopolysaccharide
10 μg/kg; Q+D-GalN/LPS: combination of Q and D-GalN/LPS; SRT1720 + D-GalN/LPS: combination of SRT1720 and D-GalN/LPS. ∗ indicates significant
values (P ≤ 0 05) compared to the negative control group (vehicle only); # indicates significant values (P ≤ 0 05) compared to the D-GalN/LPS group. The
results are expressed as means ± SEM, n = 5-8. ¥Included as an endogenous antioxidant (courtesy of Physiological Research, reference [98]).
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SIRT1-mediated deacetylation reaction couples lysine deace-
tylation and NAD hydrolysis to yield nicotinamide and O-
acetyl-ADP-ribose. Density analysis suggests that EX-527
blocks catalysis by occupying SIRT1’s C-pocket and prevent-
ing the release of O-acetyl-ADP-ribose [113]. In our study,
EX-527 did not have any significant effect on SIRT1 expres-
sion. However, EX-527 obstructed the protective effects of
resveratrol and strengthened D-GalN/LPS-induced hepatic
injury. This latter finding exclusively confirms that unim-
paired SIRT1 catalytic activity is crucial for the liver-
protective effects of resveratrol. If SIRT1 is inhibited, then
the health benefits of resveratrol are concomitantly blocked.

6.5. SIRT1 and Carbon Tetrachloride-Induced Hepatotoxicity
after Repeated Doses. Among the well-known hepatotoxins,
there is carbon tetrachloride (CTC) that produces liver injury
due to a radical production in experimental animals. CTC
accrues in hepatocytes, where it is metabolized by the mito-
chondrial monooxygenase isoform CYP2E1 into a trichloro-
methyl (CCl3∗) reactive substituent [114]. CCl3∗ binds to
oxygen under creation of the reactionary trichloromethyl
peroxyl radical (CCl3OO∗) [115]. These ROS can oxidize a

wide array of biological molecules, ranging from lipid mem-
branes to DNA. CTC also inhibits calcium ATPases [116]
and consequently impairs calcium storage in the subcellular
organelles [117]. It is leading to pathologically elevated levels
of free cytosolic calcium ions thereby provoking apoptosis
and necrosis. Under physiologic conditions, apoptosis is usu-
ally evened out by mitosis to preserve standard cell turnover
and tissue homeostasis [118]. On the other hand, if it is mas-
sive and sustained [119], it may cause liver failure [120]. In
our research, the extent of the liver damage, induced by
application of 0.5ml/kg CTC each third day, for two weeks,
was confirmed biochemically through the significant increase
in various markers of liver injury and oxidative stress and
histologically as well [121].

6.6. Carbon Tetrachloride Elevates HO-1 and SIRT1
Expressions. Like D-GalN/LPS, CTC increased HO-1
(Figures 3(a) and 3(c)), bilirubin, and catalase levels
(Table 2). Furthermore, CTC increased nitrite levels in
plasma (Table 2), indicating enhanced nitric oxide (NO) pro-
duction [122]. Studies have shown that CTC can stimulate
Kupffer cell to release TNF-α, which can extend NO
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Figure 3: Effects of quercetin and carbon tetrachloride treatments on SIRT1 and heme oxygenase-1 (HO-1) expressions. (a) Representative
Western blot image. (b) Quantification of SIRT1 expression by densitometry. (c) Quantification of HO-1 protein expression by densitometry.
Beta-actin was used as an endogenous control. CO: negative control, vehicle only; Q: quercetin; CTC: carbon tetrachloride; Q + CTC:
quercetin plus carbon tetrachloride. Data are presented as mean ± SEM, n = 6. ∗P < 0 05, ∗∗P < 0 01, or ∗∗∗P < 0 001 relative to the CO
group (vehicle only). ##P < 0 01 relative to the CTC group (courtesy of Elsevier, reference [121]).
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production [123]. NO can exacerbate additional CTC-
induced liver injury by reacting with superoxide ion to form
peroxynitrite anion, which is both oxidizing and nitrating
[124]. The NO synthase inhibitor, aminoguanidine, has been
demonstrated to decrease the necrogenic effects of CTC in
the liver [125]. However, unlike D-GalN/LPS, CTC drasti-
cally increased SIRT1 expression (Figures 3(a) and 3(b)).
Some studies have shown that persistent oxidative stress
could induce FOXO1 expression [126], whose activity is
tightly regulated by posttranslational modifications [127].
Phosphorylation, in particular, tends to have opposing effects
on the FOXO activity [128]. Historically, it is known that
phosphorylation of FOXOs by protein kinase B (AKT/PKB)
causes nuclear exclusion and transcriptional inactivation of
the FOXO factor [129]. It starts the FOXO to lose grip on
the DNA and translocate to the cytoplasm [130]. In the cyto-
plasm, phosphorylated FOXOs are sequestered by binding to
14-3-3 proteins (these scaffold proteins preclude reentry of
FOXO into the nucleus [130]) [131]. Recent evidence sug-
gests that oxidative stress activates a different type of kinase,
the c-Jun N-terminal kinases (JNK) (also known as stress-
activated protein kinases), which phosphorylate FOXOs on
a different site than the AKT, and can, therefore, overrule
the negative phosphorylation by AKT [132]. Furthermore,
JNK phosphorylates 14-3-3 proteins [133] and disrupts their
interactions with the FOXOs [134]. JNK also directly phos-
phorylates the insulin receptor substrate (IRS) and inhibits
the PKB pathway [135]. Although research is still underway
to further clarify the relationship between PKB, JNK, and
FOXO factors, the current evidence strongly suggests a more
general function of JNK towards FOXO activation. Hence,
it is possible that persistent oxidative stress induces SIRT1
expression via JNK-dependent FOXO1 activation. SIRT1
can encourage cytoprotection or cell death depending on
the magnitude of the insult [26]. Elevated levels of ROS, as
reported here on CTC-induced liver injury, can initiate
SIRT1-mediated apoptosis. For example, the treatment of
some cell lines with resveratrol amplifies the chromatin-
associated SIRT1 protein binding on the cIAP-2 promoter
region, an effect that correlates with a loss of NF-κB-reg-
ulated gene expression and sensitization of cells to TNF-

α-induced apoptosis [38]. In addition, SIRT1 can direct p53
to the mitochondria where it inactivates antiapoptotic pro-
teins, Bcl-xL and Bcl-2 [40, 136]. This may indicate that the
cell-killing effects of CTC are partially SIRT1 mediated.

6.7. Quercetin Decreases SIRT1 Expression and Alleviates
CTC-Induced Hepatotoxicity. Daily oral treatment with
100mg/kg quercetin alleviated oxidative stress and mitigated
the liver-damaging effects of CTC (Table 2). In spite of not
ruling out the direct ROS scavenging properties of quercetin
in this study, the involvement of enzyme systems in the
cytoprotective effects of quercetin has been reported in
numerous studies. For instance, quercetin may interfere
with the prooxidant enzymes including iNOS and reduce
the release of RNS [137]. Quercetin has also been shown
to upregulate numerous antioxidant enzymes [138]. How-
ever, in this study, quercetin returned catalase levels back
to normal (Table 2) and had no significant effect on HO-1
expression in CTC-treated rats (Figure 3(c)), suggesting that
the abovementioned hepatoprotection occurs through alter-
native mechanisms. Contrary to the previous findings in
acute experiments, quercetin reduced SIRT1 expression
though to still greater than normal levels (Figure 3(b)).
According to the available literature, this is the first report
showing that quercetin fine-tunes SIRT1 expression to a
lower but still effective level to deal with xenobiotic-induced
hepatotoxicity. The mechanism of the downregulatory effect
of quercetin on SIRT1 expression remains to be postulated.
Considering that SIRT1 overexpression also promotes
hepatic tumorigenesis [139], it is plausible to assume that
the beneficial health effects of SIRT1 activation occur within
a definite range of expression. Hence, a kind of dose expres-
sion (response) is needed to fortify this concept.

7. Concluding Remarks

The present report supports the fact that oxidative stress is a
key factor in hepatotoxicity. As such, the hepatoprotective
potency of most drugs is likely to be dictated by their antiox-
idant capabilities. Conventional endogenous antioxidants
such as catalase, HO-1, and bilirubin seem to be consistently

Table 2: Effects of quercetin and carbon tetrachloride treatments on levels of TBARS and conjugated dienes in liver homogenate; ALT, AST,
indirect bilirubin, nitrites, and catalase¥ in plasma after 14 days of repeated treatment.

CO Q CTC Q + CTC
ALT (IU/l) 42 22 ± 5 35 60 00 ± 12 29 1455 60 ± 398 57∗∗∗ 533 33 ± 86 05#

AST (IU/l) 3 92 ± 0 17 4 57 ± 0 27 76 53 ± 19 46∗∗∗ 31 92 ± 2 73#

Indirect bilirubin (μmol/l) 5 35 ± 0 40 7 10 ± 0 79 10 95 ± 1 45∗ 10 51 ± 1 66∗

TBARS (nmol/mg protein) 315 25 ± 20 83 347 96 ± 41 99 723 22 ± 56 93∗∗∗ 482 88 ± 18 45∗##

Conjugated dienes (nmol/mg protein) 1 77 ± 0 36 1 85 ± 0 40 4 47 ± 1 04∗ 3 93 ± 0 68

Nitrites (μmol/l) 25 78 ± 1 39 25 18 ± 0 87 40 46 ± 6 20∗ 26 40 ± 1 48#

Catalase¥ (nM) 35 22 ± 4 25 32 63 ± 2 16 93 78 ± 9 89∗∗∗ 39 14 ± 4 70###

CO: negative control, vehicle only; Q: quercetin; CTC: carbon tetrachloride; Q+CTC: quercetin plus carbon tetrachloride. Data are presented asmean ± SEM,
n = 6. ∗P < 0 05, ∗∗P < 0 01, or ∗∗∗P < 0 001 relative to the CO group (vehicle only). #P < 0 05, ##P < 0 01, or ###P < 0 001 relative to the CTC group. ¥Included
as endogenous antioxidant (courtesy of Elsevier, reference [121]).
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induced in hepatotoxicity, but with the extensive liver dam-
age as with the hepatotoxic models in our research, endoge-
nous antioxidants provide little or even no protection.
Hence, it may be assumed that their antioxidant capacities
were overwhelmed by the extent of the liver damage.

Despite being upregulated by the hepatotoxin, the
administered polyphenol either had no significant effect on
HO-1 or returned its expression to baseline in the liver of
intoxicated rats. Interestingly, the putative stress-responsive
enzyme, SIRT1, had differential effects in the liver, depending
on the dosing schedule. Like endogenous antioxidants, SIRT1
is profoundly upregulated by the hepatotoxin in repeated
dose studies. However, with a single dose of hepatotoxin,
the enzyme is downregulated. The optimal SIRT1 expression
levels, where there is minimal or no liver damage, are found in
rats treated with polyphenols, either alone or in combination
with a hepatotoxin. Most importantly, polyphenols tend to
fine-tune SIRT1 expression towards normal in the liver of
intoxicated rats in both acute and subchronic studies.
Together, all these events give an impression that the cytopro-
tective effects of SIRT1 occur within a limited range of its

expression. The catalytic activity of SIRT1 is equally impor-
tant in the hepatoprotective effects of polyphenols. Synthetic
SIRT1 inhibitors block and the allosteric SIRT1 activators
mimic the hepatoprotective effects of polyphenols. In conclu-
sion, it is plausible to assume that the beneficial health effects
of SIRT1 activation occur within a definite range of expres-
sion. Our results and those of others strongly indicate that
pharmacologic modulation of SIRT1 by STACs could be a
future major step in the treatment of xenobiotic-induced
hepatotoxicity (Figure 4).
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Figure 4: Effects of sirtuin 1-activating compounds (STACs) and inhibitors on chemically induced hepatotoxicity. Hepatotoxins, like
D-GalN/LPS and CTC, induce the formation of ROS/RNS in hepatocytes leading to oxidative stress, inflammation, and cell death. SIRT1 is
activated and inhibited by stress-responsive factors and plays a dynamic role in regulating cytoprotection and apoptosis depending on the
dosing schedule. SIRT1 activation by STACs results to a decrease of cell death and an increase in stress adaptation of hepatocytes due to the
activation (↑) or the inhibition (↓) of various signaling and antioxidant molecules (not all included). These hepatoprotective effects can be
blocked by administration of SIRT1 inhibitors. Blue →: activation; red ─●: inhibition; AMPK: AMP-activated protein kinase; CTC: carbon
tetrachloride; D-GalN: D-galactosamine; FOXOs: forkhead homeobox type O family including FoxO1, FoxO3, and FoxO4; GADD45:
growth arrest and DNA damage-inducible protein; GCL: glutamate cysteine ligase; GST: glutathione transferase; HO-1: heme oxygenase-
1; IL-1/6: interleukin-1/6; iNOS: inducible nitric oxide synthase; JNK: c-Jun N-terminal kinase; LPS: lipopolysaccharide; miR-34a:
microRNA-34a; NAD+: nicotinamide adenine dinucleotide; p53: tumor suppressor protein p53; PGC-1α: peroxisome proliferator-
activated receptor gamma coactivator 1 alpha; Prx: peroxiredoxins; RelA/p65/NF-κB: RelA/p65 subunit of nuclear factor kappa-B; ROS:
reactive oxygen species; RNS: reactive nitrogen species; SIRT1: silent information regulator (two) 1 (sirtuin 1); SOD2: superoxide
dismutase 2; TNF-α: tumor necrosis factor-alpha.
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Oxidative stress plays a crucial role in the occurrence and development of osteoarthritis (OA) through the activation of
endoplasmic reticulum (ER) stress. Curcumin is a polyphenolic compound with significant antioxidant and anti-inflammatory
activity among various diseases. To elucidate the role of curcumin in oxidative stress-induced chondrocyte apoptosis, this study
investigated the effect of curcumin on ER stress-related apoptosis and its potential mechanism in oxidative stress-induced rat
chondrocytes. The results of flow cytometry and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) staining showed that curcumin can significantly attenuate ER stress-associated apoptosis. Curcumin inhibited the
expression of cleaved caspase3, cleaved poly (ADP-ribose) polymerase (PARP), C/EBP homologous protein (CHOP), and
glucose-regulated protein78 (GRP78) and upregulated the chondroprotective protein Bcl2 in TBHP-treated chondrocytes. In
addition, curcumin promoted the expression of silent information regulator factor 2-related enzyme 1 (SIRT1) and suppressed
the expression of activating transcription factor 4 (ATF4), the ratio of p-PERK/PERK, p-eIF2α/eIF2α. Our anterior cruciate
ligament transection (ACLT) rat OA model research demonstrated that curcumin (50mg/kg and 150mg/kg) ameliorated the
degeneration of articular cartilage and inhibited chondrocyte apoptosis in ACLT rats in a dose-dependent manner. By applying
immunohistochemical analysis, we found that curcumin enhanced the expression of SIRT1 and inhibited the expression of
CHOP and cleaved caspase3 in ACLT rats. Taken together, our present findings firstly indicate that curcumin could inhibit the
PERK-eIF2α-CHOP axis of the ER stress response through the activation of SIRT1 in tert-Butyl hydroperoxide- (TBHP-)
treated rat chondrocytes and ameliorated osteoarthritis development in vivo.

1. Introduction

Osteoarthritis (OA) is a chronic degenerative joint disease
mainly featured by degradation of articular cartilage and
remodeling of the underlying bone and synovitis resulting
in pain and disability [1, 2]. Osteoarthritis is one of the
most common and disabling diseases in the world. It
affects about 40% of people over the age of 70 and is asso-
ciated with an increased risk of comorbidity and death [2].

Chondrocyte is the only cell type in an articular carti-
lage; common healthy chondrocyte can maintain cellular
homeostasis under oxidative stress. Oxidative stress is
one of the important factors that led to osteoarthritis,
and superabundant oxidative stress may cause the death
of chondrocyte ultimately [3]. Reactive oxygen species
(ROS) and unfolded protein response (UPR) play vital
roles in osteoarthritis by inducing oxidative stress, which
activates endoplasmic reticulum (ER) stress and leads to
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mitochondrial injury to cause a cascade of rat chondrocyte
apoptosis [3–6]. ER is a crucial tubular structure in
chondrocytes on account of a mass of extracellular matrix
(ECM) secreted by chondrocytes during the course of
endochondral ossification [5]. Accumulation of ROS and
UPR in the ER activates oxidative stress and ER stress,
subsequently inducing the apoptosis of chondrocytes [7–9].
Accumulation of UPR is detected by three primary molecular
sensors, including protein kinase RNA-like endoplasmic
reticulum kinase (PERK), activating transcription factor 6
(ATF6), and inositol-requiring protein-1α (IRE1α) [10]. All
three pathways can trigger ER stress-related apoptosis in oxi-
dative stress-induced chondrocyte. In this study, we used
tert-Butyl hydroperoxide (TBHP) which is more stable and
long-lasting than H2O2 as an oxidative stress inducer. It has
been extensively used for the research on the mechanism of
osteoarthritis [11–13].

Silent information regulator factor 2-related enzyme 1
(SIRT1) is a NAD+-dependent class 3 histone deacetylase
and is activated in response to cellular stress [14] and
aging-related diseases [15, 16]. SIRT1 exerts antiapoptotic
function through the deacetylation of apoptosis-inducible
nonhistone proteins including P53 [17], forkhead family
proteins [18], and RelA/p65 subunit of nuclear factor-κB
(NF-κB) [19]. Previous studies verified the protective role
of SIRT1 in different cells under oxidative stress and ER
stress [20–23]. In osteoarthritis cartilage, research showed
that the activation of SIRT1 is essential to the maintenance
of articular cartilage homeostasis owing to its antiapoptotic
effect [24, 25]. A potential mechanism of SIRT1-induced
antiapoptosis effect in articular cartilage includes scavenging
the free radicals and inhibiting oxidative stress [24, 26]. A
recent study indicated that the activation of SIRT1 sup-
presses chondrocyte apoptosis through the inhibition of the
PERK-eIF2α-CHOP axis of the UPR pathway [5, 27].

Curcumin is a polyphenolic compound which has a
wide range of physiological properties including potent
antioxidant [28], anti-inflammatory [29], and anticancer
[30] effects. It is often used as a spice in our diets, and
it has negligible side effects [28]. As a part of traditional
Chinese medicine, curcumin is usually used for the treat-
ment of different disorders such as cancers, asthma, diabe-
tes, and many other diseases [31, 32]. Curcumin played an
important role in the survival of various types of cells
under oxidative stress [33–35]. Much of the useful effects
were due to the significant antioxidant and radical scav-
enging properties of curcumin. Numerous previous
in vitro and in vivo studies have showed that curcumin
can alleviate chondrocyte apoptosis in human [36] and
animals [37, 38]. Both oxidative stress and ER stress have
been associated with the apoptosis of chondrocyte in OA.
However, it remains obscure whether curcumin can pro-
tect chondrocytes through activating the protein level of
SIRT1 and suppressing ER stress-induced apoptosis. In
this study, we identified whether curcumin inhibited oxi-
dative stress-induced rat chondrocyte apoptosis and
explored the specific mechanisms. Moreover, we studied
the therapeutic efficacy of curcumin in the anterior cruci-
ate ligament transection (ACLT) rat OA model.

2. Materials and Methods

2.1. Reagents and Antibodies. Curcumin, tert-Butyl hydro-
peroxide solution (TBHP), thapsigargin (TG), DAPI, type
II collagenase, and EX527 were purchased from Sigma-
Aldrich (St. Louis, MO, USA). 0.25% trypsin was purchased
from Gibco (NY, USA). Fetal bovine serum (FBS), Dulbec-
co’s modified Eagle’s medium- (DMEM-) F12 medium and
PBS were obtained from HyClone (Logan, UT, USA).
TUNEL staining kit was purchased from Beyotime (Jiangsu,
China). The primary antibodies against SIRT1, cleaved cas-
pase3, cleaved PARP, ATF4, GRP78, CHOP, PERK, p-PERK,
eIF2α, p-eIF2α, and β-actin were purchased from Cell Signal-
ing (Danvers, MA, USA); Bcl2 antibody was purchased from
Abcam (Cambridge, UK). Cell counting kit-8 (CCK-8) was
obtained from DOJINDO (Kumamoto, Japan).

2.2. Cell Isolation and Culture. The experimental procedures
involving animal care and use were approved by the Animal
Care and Use Committee of Shanghai Jiaotong University.
All Sprague-Dawley (S-D) rats were maintained under spe-
cific pathogen-free (SPF) conditions. Primary chondrocytes
were isolated from the bilateral hip joints of male 4-week-
old rats which were purchased from Sino-British Sippr/BK
Lab Animal Ltd. (Shanghai, China). Cartilage of rat hip
joint was cut into 1mm3 pieces in a sterile manner. Then,
the cartilage pieces were digested with 0.25% trypsin for
1 h and incubated with 0.2% collagenase II in DMEM-F12
at 37°C and 5% CO2 for 6 h. After that, chondrocyte sus-
pensions were centrifuged at 1200 rpm for 5min and cul-
tured at 37°C and 5% CO2 in DMEM-F12 complete
culture medium which supplemented with 10% FBS and
1% penicillin and streptomycin. To avoid the loss of pheno-
type, rat chondrocytes no later than passage 2 were used for
in vitro experiments.

2.3. Cell Proliferation Assay. The cytotoxicity of curcumin
and TBHP on rat chondrocytes was examined by CCK-8
according to the manufacturer’s protocol. Based on previous
studies [12, 38], rat chondrocyte suspension was seeded into
a 96-well plate with 5 × 103 cells in each well and cultured for
24 h. Then, the chondrocytes were incubated with TBHP [12]
(0, 5, 10, 20, 30, and 50μM/L) or curcumin [38] (0, 5, 10, 20,
25, and 50μM/L). Different concentrations of curcumin (0, 5,
10, 20, 25, and 50μM/L) were added into each well to treat rat
chondrocytes for 2 h, followed by 20μM/L of TBHP treat-
ment. Chondrocyte viability was assessed after 24 h, 48 h,
and 72 h. Each well of the 96-well plate was added with
100μL of 10% CCK-8 solution and incubated for 2-4 h at
37°C. The optical density (OD) value at 450nm of each well
was detected and analyzed with a microplate reader.

2.4. Flow Cytometry Assay. Apoptotic degree of chondrocytes
in each group was measured by using Annexin V Apoptosis
Detection Kit (Sangon, Shanghai, China). After the treatment
of TBHP and curcumin for 24 h, chondrocytes in each group
was washed with PBS and trypsinized for 5min in the
absence of EDTA. The cells were obtained by centrifugation
at 1200 rpm for 5min and suspended in 200μL binding
buffer. Then, 4μL Annexin V-FITC and PI were added into
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the flow tube and incubated for 10min free of light [38]. The
apoptotic rate (%) in each group was examined and analyzed
using a flow cytometry (BD FACS ARIA II, SORP, USA).

2.5. Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick-End Labeling (TUNEL) Staining. TUNEL staining was
used to detect the apoptotic levels in rat chondrocytes after
different treatments for 24 h. After fixed with 4% PFA for
15min, rat chondrocytes in different groups were rinsed with
PBS for three times and permeabilized with 0.1% Triton-X
100 in PBS for 3min. After that, apoptotic rat chondrocytes
were stained by the usage of TUNEL staining kit and subse-
quently counterstained with DAPI for 10min [38]. Images
in different groups were observed by a confocal microscope.
Then, we calculated the percentage of apoptotic chondro-
cytes and evaluated the apoptotic degree in each group.

2.6. Immunofluorescence Staining. The treated chondrocytes
in each confocal dish were fixed with 1mL 4% PFA for
25min, permeated with 0.2% Triton X-100 in PBS for 5-
10min, and blocked with 5% BSA for 90min at room tem-
perature. Then, the primary antibodies against CHOP and
SIRT1 were added to the plate and incubated for 24 h at
4°C. Subsequently, Alexa Fluor594- or Alexa Fluor488-
conjugated second antibody was added at a 1 : 500 dilution
in PBS and incubated free of light for 90min. Ultimately,
DAPI solution was added to each group and incubated for
10min in the dark at ambient temperature. A confocal laser
scanning microscope (Leica, IL, USA) was applied to detect
and analyze the positive staining cells in each confocal dish,
and the fluorescence intensity in each group was assessed
by the ImageJ software 2.1.

2.7. Western Blot. To explore the function of curcumin on
TBHP-induced chondrocyte apoptosis, the whole-cell pro-
tein was extracted by a lysis buffer which contains protease
inhibitor cocktail (Roche, Stockholm, Sweden). After cen-
trifugation at 12000 rpm for 15min at 4°C, the superna-
tant in each group was collected. A BCA protein assay
kit (Beyotime, Jiangsu, China) was used to measure the pro-
tein concentration of chondrocytes in each group. 20μg of
total cellular protein in different groups was resolved by
SDS-polyacrylamide gel electrophoresis and electrotrans-
ferred to poly-vinylidene difluoride (PVDF) membranes
(Bio-Rad, Hercules, CA, USA). Following blocked with 5%
BSA in Tris-buffered saline tween (TBST) at room tempera-
ture for 90min, the bands were incubated overnight at 4°C

with primary antibodies against the following proteins
for western blot analysis: Bcl2 (1 : 200), cleaved caspase3
(1 : 100), cleaved PARP (1 : 100), SIRT1 (1 : 100), CHOP
(1 : 100), GRP78 (1 : 100), ATF4 (1 : 100), PERK (1 : 100),
p-PERK (1 : 100), eIF2α (1 : 100), p-eIF2α (1 : 100), and β-
actin (1 : 250). Then, the bands were washed with TBST for
three times and incubated with secondary antibodies for
90min at ambient temperature. After that, the membranes
were washed with TBST for three times; the Odyssey infrared
imaging system (Li-Cor; Lincoln, NE, USA) was applied to
detect and analyze the density of each band.

2.8. Real-Time PCR Analysis. Based on the manufacturer’s
instructions, total RNA of chondrocytes in each group were
isolated using a RNA extraction kit (QIAGEN, Germany).
1000 ng of total RNA in each group was reverse transcribed
to synthesize cDNA with the PrimeScript™ RT Master Mix
(Takara, Japan). Then, the SYBR Premix Ex Taq™ (Takara,
Japan), forward primer, and reverse primer of target gene
were used in the process of cDNA amplification. A three-
step PCR procedure of 5 s at 95°C, 20 s at 63.5° C, and 10 s
at 72°C was used for 45 cycles; β-actin was used as a house-
keeping gene [39]. The relative mRNA expression level of
each target gene was calculated by using the 2-ΔΔCT method
[40]. The sequences of forward and reverse primer and the
GenBank accession number of target genes were presented
in Table 1.

2.9. OA Model. We purchased 40 male Sprague-Dawley (S-
D) rats (8-week-old, weighing 300-350 g) from Sino-British
Sippr/BK Lab Animal Ltd. (Shanghai, China). We performed
arthrotomy without the transection of anterior cruciate lig-
ament in the right knee joint of 10 S-D rats which were
used as the Sham control group. Osteoarthritis was induced
by surgical transection of the right anterior cruciate liga-
ment (ACL) as previously described [41]. Then, the rats
were randomly divided into four groups: Sham group,
ACLT group, ACLT plus low-dose curcumin treatment
group, and ACLT plus high-dose curcumin treatment group.
Immediately after the ACLT surgery, curcumin was given
once daily for 8 weeks by intraperitoneal injection [42, 43].
The low-dose curcumin (50mg/kg) and the high-dose curcu-
min (150mg/kg) were used in our study. After the treatment
of curcumin for 8 weeks, we evaluated the changes of joint
space and calcification on articular cartilage in each group
by using the X-ray imaging.

Table 1: The primer sequences of target genes.

Gene GenBank accession no. Forward primer (5′-3′) Reverse primer (5′-3′)
Collagen II NM_012929.1 ACGCTCAAGTCGCTGAACAACC ATCCAGTAGTCTCCGCTCTTCCAC

Bcl2 NM_016993.1 ACGGTGGTGGAGGAACTCTTCAG GGTGTGCAGATGCCGGTTCAG

CHOP NM_001109986.1 CTGAAGAGAACGAGCGGCTCAAG GACAGGAGGTGATGCCAACAGTTC

GRP78 NM_013083.2 ACACCTGACCGACCGCTGAG GCCAACCACCGTGCCTACATC

ATF4 NM_024403.2 GACCGAGATGAGCTTCCTGAACAG CCGCCTTGTCGCTGGAGAAC

SIRT1 XM_006223877.1 GACGACGAGGGCGAGGAG ACAGGAGGTTGTCTCGGTAGC

β-Actin NM_031144 TCCCTGGAGAAGAGCTATGA ATAGAGCCACCAATCCACAC
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2.10. Histological Analysis. Following 8 weeks of curcumin
treatment, the right knee joint of rats in different groups
was obtained after intraperitoneal injection of 10% chloral
hydrate. The cartilage tissues in each group were fixed in
4% PFA for 24 h, and 10% EDTA was used to decalcify the
specimens for 1 month. After that, the cartilage in each group
was dehydrated, subsequently embedded in paraffin wax and
cut into 5μm tissue sections [12]. Safranin O (S-O) staining
and hematoxylin and eosin (H&E) staining were applied to
evaluate the degeneration of articular cartilage in each knee
joint, and the degradation change was assessed and analyzed
by a Osteoarthritis Research Society International (OARSI)
scoring system [44].

2.11. Immunohistochemical Analysis. Immunohistochemical
staining was used to examine the levels of cleaved caspase3,
SIRT1, and CHOP in different groups. The sections (5μm)
were deparaffinised and rehydrated, followed by incubation
with 3% H2O2 for 15min and blocked with 5% BSA in
TBST for 30min. Then, primary antibody against CHOP,
cleaved caspase3, SIRT1, and HRP-conjugated secondary
antibody was used to incubate with the tissue sections in all
groups [12]. Images in each group were captured by a light
microscope. Then, we used the Image-Pro Plus software
version 6.0 (Media Cybernetics, Rockville, MD, USA) to
analyze the data in all groups. The level of cleaved cas-
pase3, SIRT1, and CHOP in each group was examined
and analyzed by the integral absorbance values.

2.12. Statistical Analysis. The experiments were performed
at least three times. Our results were presented as mean
± standard deviation (SD). SPSS 13.0 software (SPSS Inc.,
Chicago, IL, USA) was used to analyze the data. Statistical
analysis was performed by unpaired Student’s t test for
two groups and one-way ANOVA for more than two
groups. The Kruskal–Wallis H test was applied to analyze
the nonparametric data (OARSI scores). P value less than
0.05 was considered to indicate statistical significance.

3. Results

3.1. Effect of Various Concentrations of Curcumin on
Chondrocyte Viability in the Presence or Absence of TBHP.
The effect of curcumin on rat chondrocyte viability with
or without TBHP was analyzed at different concentrations
for 24, 48, and 72 h using the CCK-8 assay. We found that
curcumin showed no cytotoxic effect on chondrocytes at
concentrations of ≤20μM (Figure 1(b)). The results also
revealed that 20μM TBHP reduced the viability of chondro-
cytes significantly (Figure 1(c)), while curcumin (≤20μM)
markedly ameliorated the cytotoxic effect of TBHP in a
dose-dependent manner (Figure 1(d)). OA is a chronic
degenerative disease which is under persistent oxidative
stress, so we used 20μM TBHP which is relatively mild
to stimulate rat chondrocytes for 24 h to mimic oxidative
stress of osteoarthritis in vitro. Thus, 20μM of curcumin
and 20μM of TBHP were chosen in the following experi-
ments ultimately.

3.2. Curcumin Protected Chondrocytes from Oxidative
Stress-Induced Apoptosis. To test whether curcumin exerted
an antiapoptotic effect on chondrocytes, we treated chondro-
cytes with 20μM TBHP, with or without curcumin. Rat
chondrocytes were treated with 20μM TBHP for 2 h first,
then treated with or without 20μM curcumin for another
24 h. As shown in Figure 2, curcumin treatment signifi-
cantly decreased TBHP-induced apoptosis of chondro-
cytes. TUNEL staining and flow cytometry were used to
detect the apoptotic degree of chondrocytes (Figures 2(a)–
2(d)). Results of TUNEL staining showed that the apoptosis
rate of chondrocytes stimulated with TBHP was markedly
increased, and this effect was reversed by curcumin
(Figures 2(a) and 2(c)). Meanwhile, the results of flow cytom-
etry assay showed the same function of curcumin as TUNEL
staining (Figures 2(b) and 2(d)). The real-time PCR analysis
showed that curcumin significantly increased the expression
of COLII and Bcl2, compared with TBHP-treated chondro-
cytes (Figures 2(e) and 2(f)). Moreover, the result of western
blot demonstrated that curcumin downregulated the levels of
proapoptotic proteins (cleaved caspase3 and cleaved PARP)
and upregulated the Bcl2 expression level compared with
the TBHP group (Figures 2(g) and 2(h)). These results indi-
cated that curcumin may play a protective role in TBHP-
induced chondrocyte apoptosis.

3.3. Curcumin Inhibited the ER Stress in TBHP-Treated Rat
Chondrocytes. To evaluate whether ER stress inhibition was
related to the antiapoptotic effects of curcumin, ER stress-
related biomarker CHOP, GRP78, and ATF4 were examined
by real-time PCR (Figures 3(a)–3(c)) and western blot analysis
(Figures 3(d) and 3(e)). CHOP, GRP78, and ATF4 weremark-
edly increased in TBHP-stimulated chondrocytes but was par-
tially reversed by curcumin treatment. The protein expression
levels of CHOP, GRP78, and ATF4 remained unchanged
compared to the control group when we treated chondro-
cytes with curcumin alone (Supplementary Figures S1(a)
and S1(b)).The data of immunofluorescence staining of
CHOP was consistent with the results of western blotting
and real-time PCR (Figures 3(f) and 3(g)).

3.4. Curcumin Attenuated TBHP-Induced Chondrocyte
Apoptosis by Inhibiting ER Stress. To further explore whether
ER stress was related to the protective effect of curcumin in
TBHP-treated chondrocytes, thapsigargin (TG) was applied
to activate ER stress in rat chondrocytes. Results of real-
time PCR (Figures 3(a)–3(c)) and western blot results
(Figures 3(d) and 3(e)) indicated that the treatment of TG
markedly increased the levels of CHOP, GRP78, and ATF4,
compared to the group of CUR+TBHP. In addition, immu-
nofluorescence staining of CHOP showed that TG promoted
the activity of ER stress (Figures 3(f) and 3(g)). As above,
curcumin protected chondrocytes from oxidative stress-
induced apoptosis. To confirm whether TBHP-induced
apoptosis is attenuated by curcumin-induced inhibition of
ER stress, we activated ER stress by using TG and mea-
sured the levels of biomarkers of apoptosis, including
Bcl2, cleaved caspase3, and cleaved PARP (Figures 2(e)–
2(h)). Flow cytometry assay (Figures 2(b) and 2(d)) and
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TUNEL staining (Figures 2(a) and 2(c)) were also used
to detect the apoptotic level after the TG treatment.
These results showed that the antiapoptotic effect of curcu-
min was inhibited by TG. Therefore, curcumin attenuated
oxidative stress-stimulated chondrocyte apoptosis by sup-
pressing ER stress.

3.5. Curcumin Increased the SIRT1 Expression and Blocked the
PERK-eIF2α-CHOP Pathway in TBHP-Treated Chondrocytes.
Previous research indicated that the activation of SIRT1 sup-
pressed chondrocyte apoptosis by the inhibition of the
PERK-eIF2α-CHOP pathway [5]. Therefore, we detected
the expression degrees of SIRT1 and the PERK-eIF2α-CHOP
pathway-related proteins. As shown in Figure 4(d), TBHP
decreased the expression of SIRT1 in rat chondrocytes
while the treatment of curcumin abrogated the effect of
TBHP. We also found that the protein expression level of
SIRT1 was unchanged compared to the control group when

we treated chondrocytes with curcumin alone (Supplemen-
tary Figures S1(a) and S1(b)). Moreover, our data showed
that curcumin inhibited the upregulation of the protein
expression of p-PERK and p-eIF2α in oxidative stress-
induced chondrocytes (Figures 4(d) and 4(e)). The data of
real-time PCR (Figure 4(c)) and immunofluorescence
staining of SIRT1 (Figures 4(a) and 4(b)) were consistent
with the results of western blotting.

3.6. Curcumin Suppressed ER Stress-Associated Apoptosis via
Activation of SIRT1 and Inhibition of the PERK-eIF2α-
CHOP Signaling Pathway in Chondrocytes. To evaluate the
roles of SIRT1 and PERK activation in ER stress-induced
apoptosis of chondrocytes, we activated ER stress by using
TG. Our results showed the protein expression level of SIRT1
decreased and the protein expression levels of p-PERK and
p-eIF2α upregulated in TG-stimulated rat chondrocytes
(Figures 4(d) and 4(e)). Furthermore, we used a known
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Figure 1: Effects of curcumin on the chondrocyte viability with or without TBHP. (a) Chemical structure of curcumin. (b, c) The cytotoxic
effects of curcumin and TBHP on rat chondrocytes were examined at various concentrations for 24, 48, and 72 hours with a CCK8 kit.
∗∗P < 0 01, ∗P < 0 05 versus the control group. (d) The viability of TBHP-treated (20 μM) chondrocytes after curcumin treatment. ##P < 0 01
versus the control group; ∗∗P < 0 01, ∗P < 0 05 versus the TBHP treatment group. All values represent mean ± standard deviation (n = 5).
TBHP: tert-Butyl hydroperoxide; CUR: curcumin.
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Figure 2: Continued.
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SIRT1 inhibitor, EX527. Our results showed that the
expression of CHOP, GRP78, and ATF4 was increased in
the EX527+CUR+TBHP group (Figures 5(a) and 5(c)).
These results indicated that the inhibition of SIRT1 and
the activation of PERK were associated with ER stress-
induced chondrocyte apoptosis.

3.7. Curcumin Inhibited the PERK-eIF2α-CHOP Axis of the
ER Stress through the Activation of SIRT1 in TBHP-treated
Chondrocytes. As described above, curcumin attenuated the
oxidative stress-induced apoptosis of chondrocytes by acti-
vating the expression of SIRT1 and inhibiting the PERK-
eIF2α-CHOP pathway. However, the relationship between
the SIRT1 and the PERK-eIF2α-CHOP pathway is still
unclear. Therefore, we used EX527 to inhibit the expression
of SIRT1 in rat chondrocytes. After using EX527, the pro-
tein level of SIRT1 was decreased and the protein levels of
p-PERK and p-eIF2α which decreased by curcumin were
raised again in TBHP-treated chondrocytes (Figures 6(a)
and 6(b)). Our data indicated that SIRT1 can decrease
ER stress in chondrocytes through inhibiting the PERK-
eIF2α-CHOP pathway.

3.8. Curcumin Ameliorated Chondrocyte Apoptosis and
Inhibited ER Stress in Rat ACLT Model. To explore the pro-
tective function of curcumin on OA in vivo, ACLT rat OA
models were established surgically, followed by intraperito-
neal injection of 50mg/kg curcumin and 150mg/kg curcu-
min once daily for 8 weeks. Our results of X-ray imaging
demonstrated that the ACLT group showed sclerosis of

cartilage surface and narrowing of the space of knee joint
compared to the Sham group (Figure7(a)). However, this
condition was reversed by the treatment of curcumin in a
dose-dependent manner. The results of Safranin O (S-O)
and H&E staining (Figure 7(b)) showed that the surface of
cartilage in rat knee joint was smooth and stained red in
the Sham operation group. In the group of ACLT, we found
severe destruction, erosion and lesions of articular cartilage,
remarkable reduction of chondrocytes, and enormous loss
of proteoglycan. However, curcumin ameliorated the loss of
chondrocytes and proteoglycan and inhibited the progres-
sion of OA in ACLT rats in a dose-dependent manner.
Meanwhile, Osteoarthritis Research Society International
(OARSI) scores presented a great consistent with histological
analysis (Figure 7(c)). OARSI score of the group of ACLT
was markedly increased compared with the Sham opera-
tion group, while the curcumin-treated group had mark-
edly lower OARSI score than the ACLT group in a dose-
dependent manner. TUNEL staining demonstrated that apo-
ptotic chondrocytes in the group of ACLT were markedly
increased compared to the Sham operation group. The treat-
ment of curcumin decreased the apoptosis level in a dose-
dependent manner (Figures 7(d) and 7(e)). Immunohisto-
chemical staining demonstrated that curcumin significantly
reduced the levels of cleaved caspase3 and CHOP in rat car-
tilage compared to the Sham group, consistent with the
in vitro studies (Figures 7(f) and 7(g)). These results indi-
cated that curcumin inhibited ER stress and had a significant
antiapoptotic function in vivo, which were consistent with
in vitro results.
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Figure 2: Curcumin inhibited chondrocyte apoptosis in TBHP-stimulated chondrocytes. (a, c) Apoptotic chondrocytes were examined using
TUNEL fluorescence immunocytochemistry (green). Nuclei were counterstained with DAPI (blue) (bar: 50μm). (b, d) Flow cytometry was
used to detect the apoptosis of chondrocytes which were labeled with Annexin V and PI fluorescence. (e, f) Real-time PCR analysis was used
to examine the mRNA levels of collagen II and Bcl2 in each group. (g, h) The protein levels of Bcl2, cleaved PARP, and cleaved caspase3 in
each group were detected. The values representmean ± standard deviation (n = 5). ∗∗P < 0 01. TUNEL: terminal deoxynucleotidyl transferase
dUTP nick-end labeling; DAPI: 4′,6-diamidino-2-phenylindole; PI: propidium iodide; TBHP: tert-Butyl hydroperoxide; CUR: curcumin;
TG: thapsigargin.
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Figure 3: Curcumin inhibited ER stress in oxidative stress-induced rat chondrocytes. (a-c) The mRNA expression levels of CHOP,
GRP78, and ATF4 in each group were examined by real-time PCR analysis. (d, e) Protein expression levels of CHOP, GRP78, and
ATF4 were evaluated by western blot analysis. (f) CHOP immunofluorescence staining. Markedly increased red bright puncta indicated
the upregulated expression of CHOP (bar: 10 μm). (g) Quantitation of the number of CHOP positive chondrocytes in each group based
on immunofluorescence staining. The results represent mean ± standard deviation (n = 5). ∗P < 0 05, ∗∗P < 0 01. TBHP: tert-Butyl
hydroperoxide; CUR: curcumin; TG: thapsigargin.
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Figure 4: Curcumin promoted the expression of SIRT1 and inhibited the activation of the PERK-eIF2α-CHOP pathway. (a, b)
Immunofluorescence staining of SIRT1 and quantitation of the number of chondrocytes positive for SIRT1 in different groups. Markedly
increased green bright puncta indicated the upregulation of SIRT1 protein expression (bar: 10 μm). (c) The mRNA expression levels of
SIRT1 was assessed by real-time PCR analysis. (d, e) The protein expression levels of SIRT1 and PERK-eIF2α-CHOP pathway-related
biomarkers were assayed by western blot analysis. All values represent mean ± standard deviation (n = 5). ∗∗P < 0 01. TBHP: tert-Butyl
hydroperoxide; CUR: curcumin; TG: thapsigargin.
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4. Discussion

The development and progression of osteoarthritis have been
attributed to the apoptosis of massive chondrocytes, which
leads to the degeneration of cartilage and thickening of
the subchondral bone. Moderate oxidative stress and ER

stress are adaptive protective mechanism in chondrocytes.
However, excessive oxidative stress and related ER stress
play crucial roles in the apoptosis of chondrocytes in OA
[6, 45]. Plenty of unfolded proteins which are induced by oxi-
dative stress could promote the phosphorylation of ATF6
and PERK, leading to the activation of CHOP and several
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Figure 5: EX527 abrogated the inhibiting effect of curcumin on oxidative stress-induced ER stress in chondrocytes. (a, b) The protein
expression levels of CHOP, GRP78, and ATF4 were evaluated by western blot analysis. (c, d) The representative CHOP was detected by
the immunofluorescence counterstained with DAPI staining (bar: 10μm). The fluorescence intensity of CHOP was analyzed by ImageJ.
All values represent mean ± standard deviation (n = 5). ∗∗P < 0 01. TBHP: tert-Butyl hydroperoxide; CUR: curcumin; EX527: a classic
SIRT1 inhibitor.
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downstream apoptotic proteins [46]. Our results firstly
demonstrated curcumin (20μM) markedly reduced apo-
ptotic chondrocytes and the levels of apoptotic biomarkers
including cleaved caspase3 and cleaved PARP, which were
upregulated in TBHP-stimulated chondrocytes. Interest-
ingly, we also found that curcumin still exerted a protective
effect at 50μM in TBHP-treated (20μM) chondrocytes
although it is cytotoxic at this concentration and need
further investigations.

CHOP and GRP78 are canonical biomarkers for ER
stress [47, 48]. Our results demonstrated that curcumin
(20μM) markedly decreased the expression level of CHOP
and GRP78, suggesting that curcumin suppressed oxidative
stress-induced ER stress. In eukaryotic cells, ER stress is
mediated by three branches of the unfolded protein response,
including PERK, IRE1α, and ATF6 [7]. Previous studies indi-
cated that the increased expression of phosphorylated PERK
[49] and decreased expression of PERK [50, 51] promoted
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Figure 6: EX527 abrogated the protective of curcumin in TBHP-stimulated rat chondrocytes by inhibiting the PERK-eIF2α-CHOP pathway.
(a, c) Immunofluorescence staining of SIRT1 (bar: 10 μm). The fluorescence intensity of SIRT1 was analyzed by ImageJ. (b, d) The expression
of SIRT1 and PERK-eIF2α-CHOP pathway-related proteins was assessed after the treatment of EX527 by western blotting analysis. All values
representmean ± standard deviation (n = 5). ∗∗P < 0 01. TBHP: tert-Butyl hydroperoxide; CUR: curcumin; EX527: a classic SIRT1 inhibitor.
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Figure 7: Continued.
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the degeneration of cartilage in OA and the inhibition of ER
stress could attenuate the development of OA [12]. In the
present study, we firstly found that curcumin could attenuate
ER stress by suppressing the PERK-eIF2α-ATF4-CHOP
pathway. To reveal the relationship between ER stress and
chondrocyte apoptosis, we used TG, a classic ER stress
inducer. We found the antiapoptotic effect of curcumin was
reversed by TG treatment. This study demonstrated for the
first time that the protective function of curcumin was

associated with the inhibition of the PERK-eIF2α-ATF4-
CHOP signaling pathway, which directly suppressed the
expression of CHOP and subsequent apoptotic activation in
chondrocytes. However, it remains unclear whether another
two pathways of ER stress are related to the protective effect
of curcumin in OA and need further studies.

Previous studies demonstrated that SIRT1 inhibited ER
stress by scavenging the free radicals and inhibiting oxidative
stress and could be an effective target for the treatment of OA
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Figure 7: Curcumin inhibited apoptosis of chondrocytes and ER stress in the rat ACLT model. (a) The degenerative changes of articular
cartilage in each group were assessed by X-ray imaging. The joint degenerative changes include the calcification of cartilage surface and
the narrowing of knee joint space. (b) Histological analysis and microscopic observation of cartilage destruction in each group were
evaluated at 8 weeks postsurgery by Safranin O staining and H&E staining (bar: 50 μm). The defects and destruction of cartilage surface
indicated the osteoarthritis pathological changes of rat knee joint. Lesions of articular cartilage were indicated by black arrows. (c)
Osteoarthritis Research Society International (OARIS) scores of articular cartilage in four groups as indicated. (d, e) TUNEL staining of
apoptotic chondrocytes and quantitation of TUNEL staining in each group (bar: 50μm). (f, g) IHC staining of cleaved caspase3, CHOP,
and SIRT1 expression and the quantitation of the IHC staining in each group (bar: 50 μm). All results represent mean ± standard
deviation (n = 5). ∗∗P < 0 01, ∗P < 0 05. ACLT: anterior cruciate ligament transection; Low CUR: 50mg/kg/day curcumin; High CUR:
150mg/kg/day curcumin, IHC staining, immunohistochemical staining.
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[24–26]. Our recent study also showed that pharmacological
activation of SIRT1 could inhibit chondrocyte apoptosis and
cartilage degeneration by suppressing oxidative stress and ER
stress [27]. Therefore, the fundamental purpose of our stud-
ies was to explore the potential role of curcumin as a regula-
tor of SIRT1 in oxidative stress-induced chondrocytes and
the specific mechanism by which it modulates oxidative
stress-induced ER stress. Our results showed for the first time
that the expression of SIRT1 was decreased by the treatment
of TBHP while this function was reversed by curcumin.
Moreover, we found that pretreatment with EX527 markedly
increased the protein expression level of CHOP and GRP78
in TBHP-stimulated chondrocytes, suggesting that SIRT1
could inhibit the apoptosis of chondrocytes by attenuating
ER stress.

In support of our results, previous related studies have
shown that SIRT1 plays a crucial part in the regulation of
ER stress-related apoptosis in different cells [20–23]. More-
over, SIRT1-deficient cells are sensitive to oxidative stress
[52, 53], further proving the idea that SIRT1 plays an essen-
tial role in protecting against oxidative stress and related apo-
ptosis. A recent research has shown that SIRT1 facilitated
growth plate chondrogenesis and prevented chondrocyte
apoptosis through the regulation of the PERK-eIF2a-CHOP
axis of ER stress [5]. Our present study presented a great con-
sistent with this research and firstly indicated that SIRT1
inhibition by EX527 increased the expression of ATF4 and
the ratio of p-PERK/PERK and p-eIF2α/eIF2α. These results
demonstrated that the important role of SIRT1 against ER
stress-induced chondrocytes apoptosis is related to the inhi-
bition of the PERK-eIF2α-ATF4-CHOP pathway. Taken
together, our study is the first to suggest that curcumin could
suppress the PERK-eIF2α-ATF4-CHOP pathway through

promoting the expression of SIRT1 in oxidative stress-
stimulated chondrocytes in vitro. Identically, it has the same
problem that is whether another two pathways of ER stress
are associated with the expression of SIRT1 and the protec-
tive effect of curcumin in OA and need further studies.

OA progression involves severe destruction and lesions
of cartilage on the joint surface and chondrocyte apoptosis.
The ACLT rat model is a classic OA model and was used in
many studies [1, 41]. In the present study, we used the ACLT
rat model to mimic OA progression. Liu et al. studied the
protective effects of curcumin on lung injury after cardiopul-
monary bypass (CPB) in a rat CPBmodel [54]. In their study,
animals were pretreated with low-dose curcumin (50mg/kg)
and high-dose curcumin (200mg/kg) with intraperitoneal
injection in rats with CBP-induced lung oxidative damage
[54]. Gaedeke et al. studied the effect of curcumin on glomer-
ular fibrosis with a maximum does of 200mg/kg body weight
by intraperitoneal injection [55]. But the periods of curcumin
injection in these above studies were relatively short (1 day or
6 days, respectively). In our study, we chose the maximum
dose of 150mg/kg to avoid the toxicity of curcumin which
was caused by long-term injection (8 weeks). It has been
reported that curcumin has a dose-dependent effect to ame-
liorate collagen-induced arthritis [56]. In our study, we used
low dose (50mg/kg) and high dose (150mg/kg) to test
whether curcumin slow osteoarthritis progression in the
ACLT model in a dose-dependent manner. In the present
study, we found that curcumin significantly attenuated knee
joint degradation and decreased chondrocyte apoptosis in
ACLT rats in a dose-dependent manner, which were consis-
tent with previous studies [57, 58]. Previous studies showed
that curcumin could inhibit the degradation of articular car-
tilage in vivo by suppressing inflammatory response [57] and
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Figure 8: Schematic illustration of the mechanism of curcumin protective effects against TBHP-treated rat chondrocytes.
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activating autophagy [58]. However, our study demonstrated
for the first time that curcumin could reduce the protein
levels of cleaved caspase3 and CHOP and promoted the
expression of SIRT1 in a dose-dependent manner, which
indicated that activation of SIRT1 and inhibition of ER stress
are potential mechanisms underlying the antiapoptotic func-
tion of curcumin in the ACLT rat OA model.

In conclusion, our present study firstly demonstrated
that curcumin could ameliorate osteoarthritis progression
by inhibiting ER stress-induced chondrocyte apoptosis
in vitro and in vivo. The inhibition of ER stress and related
PERK-eIF2α-ATF4-CHOP signaling pathway stimulated by
curcumin protected rat chondrocytes against apoptosis by
promoting the expression of SIRT1 (Figure 8). The therapeu-
tic efficacy of curcumin was also confirmed in vivo. These
results indicated the potential of curcumin as a treatment
of osteoarthritis.
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Currently, the therapeutic strategy against metabolic syndrome and its complications is required due to the increasing prevalence
and its impact. Due to the benefits of both mulberry fruit extract and encapsulation technology, we hypothesized that encapsulated
mulberry fruit extract (MME) could improve metabolic parameters and its complication risk in postmenopausal metabolic
syndrome. To test this hypothesis, female Wistar rats were induced experimental menopause with metabolic syndrome by
bilateral ovariectomy (OVX) and high-carbohydrate high-fat (HCHF) diet. Then, they were orally given MME at doses of 10,
50, and 250mg/kg BW for 8 weeks and the parameters, such as percentage of body weight gain, total cholesterol, triglycerides,
HDL-C, LDL-C, atherogenic index, fasting blood glucose, plasma glucose area under the curve, serum angiotensin-converting
enzyme (ACE), oxidative stress status, histology, and protein expression of PPAR-γ, TNF-α, and NF-κB in adipose tissues were
determined. MME improved body weight gain, adiposity index, glucose intolerance, lipid profiles, atherogenic index, ACE,
oxidative stress status, and protein expression of TNF-α and NF-κB. Moreover, MME attenuated adipocyte hypertrophy and
enhanced PPAR-γ expression. Taken altogether, MME decreased metabolic syndrome and its complication via the increased
PPAR-γ expression. Therefore, MME is the potential candidate for improving metabolic syndrome and its related
complications. However, further research in clinical trial is still necessary.

1. Introduction

Metabolic syndrome (MetS), one of the important non-
communicating diseases (NCDs), is continually increasing.
It has been reported that the global prevalence of MetS in
female is higher than that in male. It has been reported
that the prevalence of MetS in male and female are
around 23% and 29%, respectively [1]. This prevalence
is also elevated in postmenopausal women [2, 3]. In addi-
tion, postmenopausal condition increases vulnerability to
many metabolic disorders, including obesity, hypertension,
insulin resistance, glucose intolerance, and dyslipidemia
[4]. Moreover, it has been reported that postmenopausal
metabolic syndrome is also associated with the develop-
ment of adipose tissue oxidative stress and inflammation

[5]. Even though the increasing rate of metabolic syn-
drome is alarming its importance to the world, the current
therapeutic efficacy is still limited [6–8]. Therefore, a novel
protective strategy against MetS that is cheap and easy to
approach is required.

Recently, it has been demonstrated that substances
that are rich in polyphenolic compounds, especially antho-
cyanins, can improve metabolic disorders in menopause
[9–11]. Therefore, the application of anthocyanin-rich sub-
stances against menopause-related disorders, such as MetS
and fatty liver, has gained much attention. Ripened mulberry
fruits (Morus alba L.) are rich in anthocyanins and possess
antioxidant [12–14], antidyslipidemia [15–17], antidiabetes
[12, 16–18], antiobesity [19], anti-inflammation [19], and
antiartherosclerosis [20] effects. In addition, several studies
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have demonstrated that mulberry extract can also attenuate
oxidative stress-related disorders [21, 22].

Despite numerous health benefits, active ingredients in
mulberry fruit, such as polyphenolic compounds including
anthocyanins and flavonol glycosides, are unstable and
highly labile [23, 24]. In addition, most of these substances
are poorly absorbed and are instable during food processing,
distribution, or storage or in the gastrointestinal tract
[25–27]. All of these limitations could be solved by the for-
mulation process. Interestingly, encapsulation technology
which protects the core material by using a carrier wall can
increase the stability by decreasing the decay induced by
the environment, increase the solubility, and mask the unde-
sirable taste [27, 28]. Due to the advantages of polyphenol-
rich substances and mulberry fruits together with the benefit
of encapsulation technology on the bioavailability mentioned
earlier, we hypothesized that microencapsulated mulberry
fruit extract could improve metabolic syndrome in meno-
pause. To elucidate this issue, this study is aimed at determin-
ing the effect of the microencapsulated mulberry fruit extract
on metabolic disorders in ovariectomized (OVX) rats fed
with high-carbohydrate high-fat diet (HCHF), an animal
model of menopausal women with metabolic syndrome.

2. Materials and Methods

2.1. Preparation of Encapsulated Mulberry Fruit Extract.
Ripened mulberry fruits (Morus alba L. var. Chiangmai) were
collected from the Queen Sirikit Department of Sericulture
Center, Udon Thani Province. The fresh mulberry fruits were
cleaned and dried in the oven (Memmert GmbH, USA) at
60°C for 72 hours. The dried mulberry was grounded to
fine powder and prepared as 50% alcohol extract by the
maceration technique. The extract was filtered with What-
man No.1 filter paper and dried in the oven (Memmert
GmbH, USA) at 60°C for 24 hours. In this study, maltodex-
trin dextrose equivalent 10 (DE10) was selected as the encap-
sulation matrix. It was mixed with mulberry fruit extract at
the ratio of 9 : 1 (w/w). Then, the mixture was dissolved in
warm distilled water at 50°C and stirred for 30 minutes.
Following this process, the solution was frozen at -20°C for
18 hours in a freezer and subjected to a drying process in a
freeze dryer (Labconco freeze dryer, Labconco Corporation,
Kansas City, MO, USA) for 48 hours (−86°C, 0.008mbar).
The dry sample was packed and stored in a desiccator
containing silica gel at 4°C.

2.2. Measurement of Total Phenolic Compound Contents and
Flavonoid Contents. The amount of total phenolic com-
pounds in the sample was determined by using the
Folin-Ciocalteu colorimetric method via a microplate reader
(iMark™ Microplate Absorbance Reader) [29]. The freshly
prepared reagent consisting of 158μl of distilled water and
20μl of 50% v/v Folin-Ciocalteu reagent (Sigma-Aldrich,
USA) was mixed with 20μl of the extract and incubated for
8 minutes. Following this process, 30μl of 20% sodium
carbonate (Na2CO3) (Sigma-Aldrich, USA) was added and
incubated at room temperature in a dark room for 2 hours.
Then, absorbance was measured at 765 nm. Results were

expressed as mg gallic acid equivalent (GAE)/mg extract.
Various concentrations of gallic acid (Sigma-Aldrich, USA)
were used as a standard calibration curve.

Flavonoid content was assessed by using the aluminum
chloride method [30]. In brief, 100μl of the extract at various
concentrations was mixed with 100μl of 2% methanolic
aluminum chloride (Sigma-Aldrich, USA) and incubated at
room temperature in a dark room for 30 minutes. At the
end of the incubation period, absorbance at 415nm was
taken against the suitable blank. Various concentrations of
quercetin (Sigma-Aldrich, USA) were used for the standard
calibration curve preparation. Results were expressed as μg
quercetin equivalent/mg extract.

2.3. Fingerprint ChromatogramAssessment.High-performance
liquid chromatography (HPLC) analysis was used to deter-
mine the fingerprint chromatogram. Chromatography was
performed by using a Waters® system equipped with a
Waters® 2998 photodiode array detector. Chromatographic
separation was performed using a Purospher® STAR, C-18
encapped column (5μm) and LiChroCART® 250-4.6 HPLC
cartridge, Sorbet Lot No. HX255346 (Merck, Germany).
The mobile phase (HPLC-grade) consisted of 100% metha-
nol (solvent A) (Fisher Scientific, USA), and 2.5% acetic acid
(solvent B) (Fisher Scientific, USA) in deionized (DI) water
was used to induce gradient elution. The gradient elution
was carried out at a flow rate of 1.0ml/min with the
following gradient: 0-17min, 70% A, 18-20min, 100% A;
20.5-25min, 10% A. The sample was filtered (0.45μm,
Millipore), and a direct injection of the tested sample
at the volume of 20μl on the column was performed.
Chromatogram detection was performed at 280 nm using
a UV detector, and data analysis was performed using
EmpowerTM3.

2.4. Determination of Biological Activities

2.4.1. Antioxidant Activity Assessment. Antioxidant activity
of the extracts was determined by using 1,1-diphenyl-2-
picryl-hydrazyl (DPPH), ferric reducing antioxidant power
(FRAP), and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) assays. For the DPPH assay, an aliquot
of 0.15mM DPPH in methanol (180μl) (Sigma-Aldrich,
USA) was mixed with 20μl of various concentrations of
extracts and incubated for 30 minutes. The absorbance was
measured against the blank at 517nm via a microplate reader
(iMark™ Microplate Absorbance Reader) [31].

FRAP assays were carried out based on the ability of the
tested substance to convert ferric tripyridyltriazine (Fe3+-
TPTZ) to ferrous tripyridyltriazine (Fe2+-TPTZ). The FRAP
working solution was prepared by mixing 300mM acetate
buffer (Sigma-Aldrich, USA), 10mM TPTZ (Sigma-Aldrich,
USA), and 20mM ferric chloride (FeCl3) (Sigma-Aldrich,
USA) solutions at a ratio of 10 : 1 : 1, respectively. In brief,
190μl of the FRAP reagent was mixed with 10μl of extract
and incubated at 37°C for 10 minutes. After the incubation,
an absorbance at 593 nm was measured against the blank
[32]. Ascorbic acid was used as positive control, and results
were expressed as EC50 value.
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2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
was also used to determine the free radical scavenging activ-
ity of the microencapsulated mulberry fruit extract [33].
The ABTS solution was prepared by mixing 7mM ABTS
(Sigma-Aldrich, USA) and 2.45mM potassium persulfate
(K2S2O8) (Sigma-Aldrich, USA) at a ratio of 2 : 3 (v/v) and
diluted with deionized water at a ratio of 1 : 20 (v/v) before
use. In brief, 30μl of various concentrations of extracts
was mixed with 120μl of distilled water and 30μl of ethanol
and reacted with 3ml of ABTS solution. The absorbance
was measured at 734 nm with a spectrophotometer (Phar-
macia LKB-Biochrom 4060). Trolox was used as a standard.
Results were expressed in terms of EC50 (concentration in
micrograms per milliliter required to inhibit ABTS radical
formation by 50%).

2.4.2. Measurement of Carbohydrate-Metabolizing Enzymes.
The effects of extract on carbohydrate-metabolizing enzymes
were assessed by focusing on the alterations of α-amylase,
α-glucosidase, and aldose reductase enzymes. The assess-
ment of α-amylase inhibition activity was measured using
the spectrophotometric method with slight modification
[34]. In brief, the substrate solution was prepared by dissolv-
ing 1 g of starch (Univar) and 0.01M calcium chloride
(CaCl2) (Sigma-Aldrich) in 100ml of 0.5M Tris-HCl buffer,
pH6.9 (Sigma-Aldrich), boiled for 5 minutes, and incubated
at 37°C for 5 minutes before use. Then, the reaction mixture
consisting of 25μl of porcine pancreatic amylase (2 units/ml,
Sigma-Aldrich) and 50μl of substrate solution was mixed
with 50μl of various concentrations of extracts and incu-
bated at 37°C for 10 minutes. The reaction was stopped
by adding 125μl of 50% acetic acid and centrifuged at
3000 rpm, 4°C, for 5 minutes. The supernatant was harvested
and absorbance measured at 595nm.

The inhibitory effect of extract on α-glucosidase was
determined by the chromogenic method [35]. A stock
solution of α-glucosidase was prepared by dissolving 2
units of α-glucosidase (Sigma-Aldrich) in 1ml of 50mM
phosphate buffer, pH6.8. The reaction mixture containing
20μl of various concentrations of the sample, 60μl of α-
glucosidase enzyme, and 20μl of 1mM para-nitrophenyl-
glucopyranoside (Sigma-Aldrich) was incubated at 37°C
for 20 minutes. Following this process, the reaction was
stopped by adding 50μl of 1M sodium carbonate (Sigma-
Aldrich) and absorbance was measured at 405 nm.

Aldose reductase activity was measured via a spectro-
photometric method by measuring the reduction in the
absorption of NADPH at 390nm over a 4-minute period
with 10mM DL-glyceraldehyde as the substrate [36]. The
tissue sample was isolated and prepared as homogenate
in 100mM potassium phosphate buffer, pH6.2, and sub-
jected to a 10,000 rpm centrifugation at 4°C for 30 minutes.
The supernatant was harvested and served as the source of
aldose reductase. The assay mixture containing 100μl of
the aldose reductase enzyme, 300μl of 0.1M sodium phos-
phate buffer (pH6.2), 100μl of 0.15mM NADPH (Sigma-
Aldrich), 300μl of 10mM DL-glyceraldehyde, and 100μl of
different concentrations of the extract was recorded at the
absorbance of 390nm with a spectrophotometer (Pharmacia

LKB-Biochrom 4060) as T0. After 4 minutes of incubation
period, the absorbance was recorded as T4. Aldose reductase
activity was calculated and expressed in terms of EC50 (con-
centration in micrograms per milliliter required to inhibit
enzyme activity by 50%). Based on the suppression effect of
quercetin on aldose reductase in the previous study, it was
used as positive control [36].

2.4.3. The Suppression Effect on Angiotensin-Converting
Enzyme. The assessment was performed based on the
cleavage of the substrate hippuryl-glycyl-glycine by ACE
and subsequent reaction with 2,4,6-trinitrobenzenesulfonic
acid (TNBS) to form 2,4,6-trinitrophenyl-glycyl-glycine
[37]. In this study, the angiotensin-converting enzyme from
rabbit lungs (Sigma, USA) was used as enzyme source and
samples were prepared at various concentrations. An aliquot
of the angiotensin-converting enzyme (0.05 units/ml, 10μl)
was mixed with various concentrations of the extract at the
volume of 20μl and served as an experimental sample or
mixed with phosphate buffer (5mM, pH8.3) and served as
control. Captopril was used as a positive control. Following
this process, 50μl of 100mM Hip-Gly-Gly (Sigma, USA)
was mixed with the reaction mixture and incubated at
37°C for 35 minutes. The reaction was stopped by adding
120μl of 3M sodium tungstate (Sigma, USA) and 0 .5M
sulfuric acid (Sigma, USA) and centrifuged at 2500 rpm for
10 minutes. After the centrifugation, an aliquot of the super-
natant was placed into a 96-well microtiter plate, mixed with
20μl of 60mM TNBS (Sigma, USA), and incubated in dark
conditions for 20 minutes. At the end of the incubation
period, an absorbance at 415 nm was recorded with a
microplate reader (iMark™ Microplate Absorbance Reader).
Results were expressed as EC50.

2.4.4. Assessment of Pancreatic Lipase Activity. The working
solution of lipase at a concentration of 10mg/ml was pre-
pared by dissolving lipase from porcine pancreas type II
(Sigma, USA) in deionized (DI) water and subjected to a
16,000 rpm centrifugation for 5 minutes. The supernatant
was harvested for further use. In this study, 100mM Tris
buffer pH8.2 and p-nitrophenyl laurate (pNP laurate) were
used as the substrate. The pNP laurate was dissolved in
5mM sodium acetate (pH5.0) containing 1% Triton X-100
to produce 0.08% w/v substrate solution and served as
stock solution. This solution was heated in boiling water
for 1 minute, mixed well, and cooled down at room tem-
perature. The reaction mixture containing 70μl of assay
buffer, 90μl of substrate solution, 30μl of lipase, and 10μl
of the extracts was mixed and incubated at 37°C for 2 hours.
At the end of the incubation period, the solution was centri-
fuged at 16,000 rpm for 1 minute and absorbance was
measured with a microplate reader (iMark™ Microplate
Absorbance Reader) at 400nm [38]. In this study, orlistat
was used as positive control.

2.4.5. Assessment of Cyclooxygenase-2 (COX-2) Activity.
COX-2 inhibition was measured by using a colorimetric
COX-2 inhibitor screening assay kit (Cayman Chemical,
USA). COX-2 inhibition activity was performed according

3Oxidative Medicine and Cellular Longevity



to the manufacturer’s protocol. In brief, COX-2 working
solution was prepared by dissolving COX-2 substance in
100mM Tris-HCl buffer, pH8.0, at a ratio of 1 : 100. The
reaction mixture containing 150μl of assay buffer, 10μl
of extracts, 10μl of heme (Cayman Chemical, USA),
10μl of COX-II working solution, 20μl of 10μM TMPD
(N,N,N′,N′-tetramethyl-p-phenylenediamine dihydrochlor-
ide) (Sigma, USA), and 20μl of 100μM arachidonic acid
(Cayman Chemical, USA) was added to 96-well microtiter
plates and incubated at room temperature for 30 minutes.
At the end of the incubation period, an absorbance at
590nm was recorded and results were expressed as EC50
[39]. Indomethacin was used as a reference compound.

2.5. Experimental Protocol. A total of 48 female Wistar rats
(weighing 200-250 g, 10 weeks old) were obtained from the
National Laboratory Animal Center, Salaya, Nakhon Pathom,
Thailand.The ratswerekept under standard laboratory condi-
tions with food and water ad libitum and housed in standard
metal cages (6 per cage). Temperature was controlled at 23
± 2°C on a 12 : 12 h light-dark cycle. All procedures and
experimental protocols were approved by the Institutional
Animal Ethics Committee of Khon Kaen University (record
no. AEKKU 27/2017). After 1 week of acclimatization, the
animals were divided into 8 groups as the following.

Group I: Normal diet (ND) + vehicle: all rats in
this group received normal diet and
were treated with vehicle.

Group II: HCHF + vehicle: all rats in this group
receivedhigh-carbohydrate high-fat diet
(HCHF) diet and treated with vehicle.

Group III: OVX-HCHF diet + vehicle: all animals
in this group were subjected to bilateral
ovariectomy (OVX), received HCHF
diet, and treated with vehicle.

Group IV: OVX-HCHF diet + isoflavone: rats in
this group were subjected to bilateral
ovariectomy, fed with HCHF diet, and
treated with soy isoflavone extract
(Fisiogen®) at dose of 15mg/kg BW.

Group V: OVX-HCHF diet + L-carnitine: rats in
this group were subjected to bilateral
ovariectomy, fed with HCHF diet, and
treated with L-carnitine at a dose of
250mg/kg BW.

Group VI-VIII: OVX-HCHF diet + encapsulated mul-
berry fruit extract (MME): all rats in these
groups were subjected to OVX, received
HCHFdiet, and treatedwithMMEatvar-
ious doses ranging from 10 to 50 to
250mg/kg BW.

In this study, all OVX rats were anesthetized with thio-
pental sodium at a dose of 40mg/kg BW prior to the induc-
tion of experimental menopause by bilateral ovariectomy.

In brief, rats were placed in prone position and fixed to the
operating table. Ovariectomy was performed by two dorso-
lateral incisions, approximately 1 cm long above the ovaries.
The bulged area on the back was shaved bilaterally, and the
skin and muscle were dissected. After the muscle dissection,
the peritoneal space and adipose tissue surrounding the
ovary were exposed. After identifying the ovary and uterine
horn, ligation was performed at the distal uterine horn to
remove the ovarian tissue completely in one action. The horn
was returned to the abdominal cavity, and the muscle and
skin were sutured [40, 41]. Then, the OVX rats were returned
to their cage, after postoperation care. After 1 week of
operation, animals were fed with a normal diet (a standard
laboratory diet No. 082, C.P. Company, Bangkok, Thailand)
which contained total energy around 4.02 kcal/g (fat
19.77%, protein 28.24%, and carbohydrate 51.99%) or high-
carbohydrate high-fat (HCHF) diet which contained total
energy around 4.62 kcal/g (fat 31.54%, protein 20.25%, and
carbohydrate 48.21%). All animals were fed with either
normal diet or HCHF diet for 20 weeks, and rats received
HCHF diet which showed a percent change of body weight
more than 40 percent; the homeostasis model assessment-
estimated insulin resistance (HOMA-IR) index higher than
that in the control group was selected for further study. Then,
the recruited animals were randomly assigned to various
treatment groups, including vehicle or distilled water, isofla-
vone, L-carnitine, and MME at various doses ranging from
10 to 50 to 250mg/kg BW (the total volume of adminis-
tration is 0.5ml). All animals’ food intake and body weight
changes were monitored every week. In addition, the
parameters of metabolic syndrome, including total plasma
cholesterol, triglycerides, low-density lipoprotein (LDL),
high-density lipoprotein (HDL), atherogenic index (AI
index), and fasting plasma glucose were determined, and
an oral glucose tolerance test (OGTT) was performed both
at 4 weeks and at 8 weeks. At the end of the study period,
all animals were sacrificed and fat pads were isolated
from various areas, including subcutaneous fat and intra-
abdominal fat (gonadal, mesenteric, and retroperitoneal
fat). The adipose tissue was kept cool in ice buckets and
stored at -80°C until used. The adiposity index and histology
of adipocytes were determined. Serum biochemicals, includ-
ing angiotensin-converting enzyme, were also assessed. In
addition, the oxidative stress status of adipose tissue was also
determined using the malondialdehyde (MDA) level and the
activities of main scavenging enzymes, including superoxide
dismutase (SOD), glutathione peroxidase (GSH-Px), and cat-
alase (CAT). Moreover, the expression of PPAR-γ, TNF-α,
and NF-κB in adipose tissues was also determined.

2.6. Biochemical Assays

2.6.1. Plasma Lipid Profile Assessment. Total plasma choles-
terol was determined by using the “CHOD-PAP” enzymatic
photometric test [42]. An aliquot of the sample or calibra-
tor at the volume of 10μl was mixed with 1,000μl of cho-
lesterol FS Reagent (DiaSys Diagnostic Systems GmbH,
Germany) and incubated at 25°C in a dark room for 20
minutes. Following an incubation period, an absorbance at
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500nm was measured within 60 minutes by using a UV spec-
trophotometer (Pharmacia LKB-Biochrom 4060). Total cho-
lesterol was expressed as mg/dl and calculated as follows:

Cholesterol mg/dL = A sample/A calibrator
× Conc Cal mg/dL

1

Plasma triglyceride level was determined with the enzy-
matic colorimetric test by using glycerol-3-phosphate oxi-
dase (GPO) reagent (DiaSys Diagnostic Systems GmbH,
Germany). In brief, 10μl of the plasma or calibrator and
1,000μl of reagent were mixed and incubated at 25°C in the
dark room for 10 minutes. The absorbance was measured
at 500nm within 60 minutes by using a UV spectrophotom-
eter (Pharmacia LKB-Biochrom 4060). Triglyceride level was
expressed as mg/dl and calculated as follows:

Triglycerides mg/dL = A sample/A calibrator
× Conc Cal mg/dL

2

Plasma LDL-C was determined with the Friedewald
equation [43] by using LDL-C select FS Reagent 1 and 2
(DiaSys Diagnostic Systems GmbH, Germany). In brief, 5μl
of plasma or TruLab L calibrator and 280μl of reagent 1 were
mixed and incubated at 37°C for 5 minutes. After incubation,
an absorbance at 595nm (A1) was measured by using the
microplate reader (iMark™ Microplate Absorbance Reader).
Then, 70μl of reagent 2 was added to the mixture and incu-
bated at 37°C for 5 minutes. After incubation, the absorbance
at 595nm (A2) was measured. LDL-C was expressed as
mg/dl and calculated as follows:

LDL − C mg/dl = A sample/A calibrator
× Conc Cal mg/dl ,

A = A2 –A1 sample or calibrator
− A2 –A1 blank

3

Plasma HDL was determined by using HDL-C select
FS Reagent 1 and 2 (DiaSys Diagnostic Systems GmbH,
Germany) based on the same basic principle as that of choles-
terol determination [44]. In brief, 5μl of plasma or TruLab L
calibrator and 240μl of reagent 1 were mixed and incubated
at 37°C for 5 minutes. After incubation, an absorbance at
595nm (A1) was measured by using the microplate reader
(iMark™ Microplate Absorbance Reader). Then, 60μl of
reagent 2 was added to the mixture and incubated at 37°C
for 5 minutes. After incubation, the absorbance at 595 nm
(A2) was measured. HDL-C was expressed as mg/dl and
calculated as follows:

HDL − C mg/dl = A sample/A calibrator × Conc Cal mg/dl ,

A = A2 –A1 sample or calibrator
4

2.6.2. Determination of Atherogenic Index (AI). The athero-
genic index (AI index) is the most reliable indicator for the
prediction of cardiovascular disease risk. The AI index was
calculated by the total cholesterol (TC)/high-density lipopro-
tein cholesterol (HDL-C) ratio [45].

2.6.3. Assessment of Fasting Plasma Glucose and Oral Glucose
Tolerance Test (OGTT). To determine the fasting plasma
glucose level, all animals were fasted for 12 hours. After the
food deprivation period, basal blood glucose concentrations
were measured by collected blood samples from the tail vein
using the Accu-Chek® Performa blood glucose meter.

According to the determination of the oral glucose
tolerance test, the animals were administered 40% glucose
solution at a dose of 2 g/kg of BW by oral gavage. The tail vein
blood samples were taken at 30, 60, 90, and 120 minutes after
the glucose administration [46]. The plasma glucose area
under the curve (AUC) was calculated by trapezoidal approx-
imation of plasma glucose levels and expressed as mg h/dl.

2.6.4. Determination of Plasma Angiotensin-Converting
Enzyme Activity. Plasma angiotensin-converting enzyme
assay was performed by using the modified method of Serra
et al. [37]. The enzymatic reaction was started by adding
20μl of plasma into 50μl of substrate solution Hip-Gly-Gly
(100mmol/l) (Sigma, USA) and incubated at 37°C for
35 minutes. The reaction was stopped by adding 120μl of
3M sodium tungstate (Sigma, USA) and 0 .5M sulfuric acid
(Sigma, USA) and centrifuged at 2500 rpm for 10 minutes.
After the centrifugation, an aliquot of the supernatant was
placed into a 96-well microtiter plate and mixed with 20μl
of 60mM TNBS (Sigma, USA), incubated in dark conditions
for 20 minutes. At the end of the incubation period, an absor-
bance at 415nm was recorded with the microplate reader
(iMark™ Microplate Absorbance Reader). The standard
calibration curve was prepared by using the angiotensin-
converting enzyme (Sigma-Aldrich, USA) at the concentra-
tion range of 0.001-1 units/ml. Results were expressed as
units/mg protein.

2.7. Measurement of Serum Estradiol. The blood sample of
each animal was collected. Then, it was centrifuged immedi-
ately at 2000 × g at 4°C for 15min. The obtained serum was
kept at −80°C until the time of measurement use. The estra-
diol level in the samples was measured using an Estradiol
DSL-4400 Radioimmunoassay kit (Diagnostic Systems Labo-
ratories Inc., Webster, TX, USA) according to the manufac-
turer’s instructions.

2.8. Histological Procedure and Adiposity Assessment. After
the scarification, fat pads from various areas, including sub-
cutaneous, gonadal, mesenteric, and retroperitoneal areas,
were removed and immersed into a fixative solution contain-
ing 10% formalin (Sigma-Aldrich, USA) for 72 hours. Serial
sections of tissues were cut frozen on a cryostat (Thermo
Scientific™ HM 525 Cryostat) at 10μm thickness. All sec-
tions were picked up on slides coated with 0.3% aqueous
solution of gelatin containing 0.05% aluminum potassium
sulfate (Sigma-Aldrich, USA). All assessments were observed
after being hematoxylin-eosin- (H&E-) (Sigma-Aldrich,
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USA) stained and photographed [47]. Adipocyte cell diame-
ter and density were estimated from 3 randomly selected
different fields of each area by using Olympus light micro-
scope model BH-2 (Japan) under 40x magnification with
the PixeLINK PL-A6xx Capture and IT tool program. In
addition, the adiposity index was calculated by the sum of
intra-abdominal fat weight/body weight ratio × 100 and
expressed as adiposity percentage.

2.9. Assessment of Oxidative Stress Status in Adipose Tissues.
Adipose tissues were isolated and homogenized with 0 .1M
potassium phosphate buffer solution, pH7.4 (sample dilution
10mg: PBS 50μl). The derived homogenate was used for
the determination of oxidative status, including malon-
dialdehyde (MDA) level and the activities of superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxi-
dase (GSH-Px). The protein concentrations in adipose tissue
homogenate were determined by using a Thermo Scientific
NanoDrop 2000c spectrophotometer (Thermo Fisher Scien-
tific, Wilmington, Delaware, USA), and the optical density
at the wavelength of 280nm was measured.

MDA level homogenate was assessed by thiobarbituric
acid reaction [48]. The reaction mixture containing 50μl of
tissue homogenate, 50μl of 8.1% sodium dodecyl sulfate
(SDS) (Sigma-Aldrich, USA), 375μl of 0.8% of thiobarbituric
acid (TBA) (Sigma-Aldrich, USA), 375μl of 20% acetic acid
(Sigma-Aldrich, USA), and 150μl of distilled water (DW)
was boiled at 95°C in the water bath for 60 minutes. After
boiling, it was cooled with tap water. Then, 250μl of DW
and 1,250μl of the solution containing n-butanol and
pyridine (Merck, Germany) at the ratio of 15 : 1 were added,
mixed together, and centrifuged at 4000 rpm for 10 minutes.
The upper layer was separated, and the absorbance was
measured at 532 nm. TMP (1,1,3,3-tetramethoxypropane)
(0-15μM) (Sigma-Aldrich, USA) was served as standard,
and the level of MDA was expressed as ng/mg protein.

The determination of SOD activity was performed
according to the method of Sun et al. [49]. In brief, 20μl of
tissue sample was mixed with 200μl of the reaction mixture
containing 57mM phosphate buffer solution (KH2PO4)
(Sigma-Aldrich, USA), 0.1mM EDTA (Sigma-Aldrich,
USA), 10mM cytochrome C (Sigma-Aldrich, USA) solution,
50μM of xanthine (Sigma-Aldrich, USA), and 20μl of
xanthine oxidase (0.90mU/ml) (Sigma-Aldrich, USA). The
optical density at 415nm was recorded. SOD enzyme
(Sigma-Aldrich, USA) activities at the concentrations of
0-25 units/ml were used as standard, and the results were
expressed as units/mg protein.

Catalase activity was assessed based on the ability of the
enzyme to break down H2O2. In brief, the reaction mixture
containing 50μl of 30mM hydrogen peroxide (in 50mM
phosphate buffer, pH7.0) (BDH Chemicals Ltd., UK), 25μl
of 5M H2SO4 (Sigma-Aldrich, USA), and 150μl of 5mM
KMnO4 (Sigma-Aldrich, USA) was mixed with 10μl of
sample. After mixing thoroughly, an absorbance at 490 nm
was measured [50]. CAT enzyme (Sigma-Aldrich, USA) at
the concentration range between 10 and 100 units/ml was
used as standard, and the result was expressed as units/mg
protein.

Glutathione peroxidase activity was also assessed. In
brief, 20μl of the sample solution was mixed with the
reaction mixture consisting of 10μl of 1mM dithiothreitol
(DTT) (Sigma-Aldrich, USA) and 10mM monosodium
phosphate (NaH2PO4) in DW, 100μl of 1mM sodium azide
(Sigma-Aldrich, USA) in 40mM potassium phosphate
buffer (pH7.0), 10μl of 50mM glutathione (Sigma-Aldrich,
USA) solution, and 100μl of 30% hydrogen peroxide (BDH
Chemicals Ltd., UK) and incubated at room temperature
for 10 minutes. Then, 10μl of 10mM DTNB (5,5-dithiobis-
2-nitrobenzoic acid) (Sigma-Aldrich, USA) was added and
an absorbance at 412nm was recorded [51]. The standard
calibration curve was prepared by using the GSH-Px
enzyme (Sigma-Aldrich, USA) at the concentration range
of 1-5 units/ml. GSH-Px activity was expressed as units/mg
protein.

2.10. Western Blotting Analysis. Adipose tissue was homoge-
nized and lysed in RIPA (radioimmunoprecipitation assay)
buffer (1 : 5, w/v) (Cell Signaling Technology, USA) con-
taining 20mM Tris-HCl (pH7.5), 150mM NaCl, 1mM
Na2EDTA, 1mM EGTA, 1% NP-40, 1% sodium deoxycho-
late, 2.5mM sodium pyrophosphate, 1mM beta-glycero-
phosphate, 1mM Na3VO4, 1μg/ml leupeptin, and 1mM
phenylmethanesulfonyl fluoride (PMSF) (Cell Signaling
Technology, USA). The tissue homogenate supernatant of
the middle layer of fat samples was isolated after the
12,000 × g centrifugation at 4°C for 10 minutes. Protein
concentration was determined by using a Thermo Scientific
NanoDrop 2000c spectrophotometer (Thermo Fisher Sci-
entific, Wilmington, Delaware, USA). In addition, eighty
micrograms of tissue lysates was adjusted to an appro-
priate concentration by using Tris-Glycine SDS-PAGE
loading buffer and heated at 95°C for 10 minutes. The
protein in the tissue sample was isolated via sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) by
loading 20μl of the tissue sample on SDS-polyacrylamide
gel. Then, the separated bands were transferred to a nitro-
cellulose membrane, washed with 0.05% TBS-T, and incu-
bated in blocking buffer (5% skim milk in 0.1% TBS-T) at
room temperature for 1 hour. After the blocking process,
the nitrocellulose membrane was incubated with anti-
PPAR gamma (Abcam, UK; dilution 1 : 1000), anti-NF-κB
p65 (Cell Signaling Technology, USA; dilution 1 : 500),
anti-TNF-α (Cell Signaling Technology, USA; dilution
1 : 500), and anti-β-actin (Cell Signaling Technology,
USA; dilution 1 : 1000) antibodies at 4°C, overnight. Fol-
lowing the incubation period, the nitrocellulose membrane
was rinsed with TBS-T (0.05%) again and incubated with
anti-rabbit IgG, HRP-linked antibody (Cell Signaling
Technology, USA; dilution 1 : 2000) at room temperature
for 1 hour. The bands were visualized and quantitated
by using the ECL detection systems (GE Healthcare) and
LAS-4000 luminescent image analyzer (GE Healthcare).
Band intensities were measured for statistical analysis
using ImageQuant TL v.7.0 image analysis software (GE
Healthcare). The expression was normalized using anti-β-
actin. Data were presented as a relative density to the
control normal diet group.
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2.11. Statistical Analysis. All data are expressed as mean ±
standard error of mean (SEM). Statistical significance was
evaluated by using one-way analysis of variance (ANOVA),
followed by Duncan’s post hoc test. Student’s t test was used
for comparison of the means for two groups. Statistical
significance was evaluated at p values <0.05. All statistical
data analyses were performed using SPSS version 21.0 (IBM
Corp. Released 2012. IBM SPSS Statistics for Windows).

3. Results

3.1. Assessment of Phenolic Compounds and Biological
Activities. Table 1 shows that the contents of total phenolic
compounds and flavonoid contents of the encapsulated mul-
berry fruit extract (MME) were 103 89 ± 13 08mg GAE/mg
sample extract and 26 56 ± 1 26 μg quercetin/mg sample
extract, respectively, whereas the contents of the sub-
stances just mentioned in mulberry fruit extract were
80 00 ± 0 98mg GAE/mg sample extract and 8 89 ± 0 13μg
quercetin/mg sample extract. The flavonoid content in
MME was significantly higher than that in mulberry fruit
extract (p value= 0.001). Phenolic compositions were identi-
fied using HPLC with UV-visible detection, and data are
shown in Table 1 and Figure 1. It was found that the
microencapsulated mulberry fruit extract (MME) at 200
milligrams contained 293 62 ± 4 90 μg cyanidin 3-glucoside,
9 08 ± 0 09μg gallic acid, and 243 51 ± 5 88μg quercetin-3-
O-rutinoside, whereas the mulberry fruit extract at 200
milligram contained 253 04 ± 3 92 μg cyanidin-3-glucoside,
10 81 ± 0 29 μg gallic acid, and 265 84 ± 17 66 μg quercetin-
3-O-rutinoside. No significant differences in gallic acid and
quercetin-3-O-rutinoside contents between MME and mul-
berry fruit extract fruit extract were observed. Interest-
ingly, the content of cyanidin-3-glucoside in MME was
significantly higher than that in mulberry fruit extract
(p value = 0.045). Since metabolic syndrome is comprised of
the disorders of obesity, diabetes, hypertension, and dyslipid-
emia, the effects of the mulberry fruit extract and MME on
the enzymes playing important roles on the mentioned
conditions were also investigated and results are shown in
Table 1. Regarding the suppression effects of the important
enzymes in carbohydrate metabolism, including α-amylase,
α-glucosidase, and aldose reductase, it was found that EC50
values of MME were 0 28 ± 0 002, 0 57 ± 0 04, and 0 14 ±
0 02mg/ml, respectively, whereas those in mulberry fruit
extract were 0 30 ± 0 13, 0 62 ± 0 06, and 0 35 ± 0 05mg/ml
. When compared to mulberry fruit extract, MME exerted a
better effect on the suppression of aldose reductase activity
(p value = 0.016). The suppression effects of the mulberry
fruit extract and MME on ACE, lipase, and COX-2 activities
were also assessed. EC50 values of the suppression effects
of ACE, lipase, and COX-2 of MME were 0 08 ± 0 02,
0 34 ± 0 002, and 0 59 ± 0 04 whereas those of the mul-
berry fruit extract were 0 18 ± 0 01, 0 31 ± 0 01, and 1 36 ±
0 08mg/ml, respectively. MME showed the significant potent
suppression effects of ACE and COX-2 activities than those
in mulberry fruit extract (p value = 0.019 and 0.006, respec-
tively). In addition to the enzymes mentioned earlier, the
pathophysiology of MetS also involved oxidative stress and

inflammation. Therefore, the effects of MME on antioxidant
were also explored. EC50 values of antioxidant activity
assessed via DPPH, FRAP, and ABTS of MME were 0 04 ±
0 01, 601 91 ± 23 13, and 0 44 ± 0 02mg/ml, respectively.
EC50 values of antioxidant via the methods just mentioned
on mulberry fruit extract were 0 43 ± 0 05, 560 ± 36 14,
and 0 67 ± 0 03mg/ml. The antioxidant activities assessed
via DPPH and ABTS of MME were significantly better
than those in the mulberry fruit extract (p value= 0.016
and 0.048, respectively).

3.2. Metabolic Parameter Changes

3.2.1. Effect on Food Intake, Energy Intake, and Body Fat.
Table 2 shows that HCHF diet failed to produce significant
changes in food intake, but it significantly enhanced energy
intake in both normal and OVX rats (p value < 0.05 all; com-
pared to normal rats which received normal diet and vehicle).
In addition, HCHF diet also increased the weights of abdom-
inal fat (p value<0.001 all; compared to normal rats which
received normal diet and vehicle). Isoflavone, L-carnitine,
and MME at a dose of 250mg/kg BW could attenuate the
increase in abdominal fat (p value < 0.05, 0.001, and 0.05,
respectively; compared to OVX rats which received HCHF
and vehicle) in OVX rats which received HCHF diet.

3.2.2. Effect on Body Weight Gain. The effects of MME on the
metabolic parameters are shown in Table 3. It was found that
HCHF significantly increased the percent of body weight
gain both in normal and in OVX rats (p = 0 016 and 0.033,
respectively; compared to normal rats, which received
normal diet and vehicle). Both isoflavone and L-carnitine,
which served as positive control in this study, could counter-
act the increase in the percent of body weight gain induced by
HCHF in ovariectomized rats (p value= 0.009 and 0.006,
respectively; compared to OVX rats, which received HCHF
and vehicle). OVX rats which received MME at doses of 10
and 250mg/kg BW also showed the significant reduction in
percent of body weight gain (p value= 0.048 and 0.016,
respectively; compared to OVX rats, which received HCHF
and vehicle).

3.3. Effect on Lipid Profiles and Atherogenic Index. Serum
lipid profiles, including total cholesterol, triglycerides,
HDL-C, and LDL-C, are shown in Table 3. The current data
demonstrated that HCHF diet treatment for 4 weeks signifi-
cantly decreased HDL-C but increased LDL-C and failed to
produce the significant changes of total cholesterol and
triglycerides (p value < 0.001 and 0.033, respectively, com-
pared to normal rats, which received normal diet and vehicle)
in normal rats. However, HCHF diet could increase total
cholesterol, triglycerides, and LDL-C but decreased HDL-C
in OVX rats at this duration of treatment (p value < 0.001,
p value < 0.001, p value = 0.005, and p value < 0.001, respec-
tively, compared to normal rats which received normal diet
and vehicle). OVX rats, which were treated with HCHF diet
and received isoflavone, showed the significant decrease in
total cholesterol, triglycerides, and LDL-C (p value < 0.001,
p value= 0.003, and p value < 0.001, respectively, compared
to OVX rats which received HCHF and vehicle) but failed
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to show the significant change in HDL-C. OVX rats, which
received HCHF diet and received L-carnitine, significantly
decreased total cholesterol, triglycerides, and LDL-C but
increased decreased HDL-C in OVX rats at this duration of
treatment (p value <0.001, p value < 0.001, p value = 0.023,
and p value < 0.001, respectively, compared to OVX rats
which received HCHF and vehicle). At the 4-week interven-
tion period, all doses of MME used in this study also signifi-
cantly decreased total cholesterol (p value = 0.001, p value <
0.001, and p value < 0.001, respectively, compared to OVX
rats, which received HCHF and vehicle), triglycerides
(p value = 0.046, p value = 0.006, and p value= 0.001, respec-
tively, compared to OVX rats which received HCHF and
vehicle), and LDL-C (p value <0.001, p value= 0.001,
and p value= 0.036, respectively, compared to OVX rats
which received HCHF and vehicle) but increased HDL-C
(p value = 0.003, p value = 0.001, and p value < 0.001,
respectively, compared to OVX rats, which received HCHF
and vehicle). When the treatment was prolonged to 8
weeks, HCHF diet still failed to change total cholesterol
and triglyceride levels. The decreased HDL-C was still
observed (p value < 0.001; compared to normal rats, which

received normal diet) whereas the increased LDL-C did
not present in normal rats anymore. In OVX rats, HCHF
diet could increase total cholesterol, triglycerides, and
LDL-C but increased HDL-C (p value = 0.001, p value <
0.001, p-value = 0.037, and p value < 0.001, respectively,
compared to normal rats which received normal diet and
vehicle). At the 8-week intervention period, OVX rats
which received HCHF diet and isoflavone, L-carnitine,
and all doses of MME significantly mitigated the eleva-
tion of total cholesterol (p value < 0.001, p value = 0.012,
p value = 0.007, p value = 0.014, and p value= 0.013, respec-
tively, compared to OVX rats which received HCHF and
vehicle), triglycerides (p value= 0.008, p value < 0.001,
p value= 0.048, p value = 0.022, and p value = 0.005, respec-
tively, compared to OVX rats which received HCHF and
vehicle) and LDL-C (p value < 0.001 all; compared to OVX
rats which received HCHF and vehicle). The reduction of
HDL-C in OVX rats which received HCHF diet was also
attenuated by L-carnitine and all doses of MME (p value <
0.001, p value < 0.001, p value = 0.004, and p value = 0.009,
respectively, compared to OVX rats which received HCHF
and vehicle).

Table 2: The effect of various doses of MME on food intake and abdominal fat weight.

Treatment group Food intake (g/day) Energy intake (kcal/g) Abdominal fat weight (g)

ND + vehicle 10 84 ± 0 16 43 58 ± 0 63 10 77 ± 0 73

HCHF + vehicle 10 93 ± 0 14 50 51 ± 0 63a 44 39 ± 7 68aaa

OVX + HCHF + vehicle 10 56 ± 0 12 49 76 ± 0 77a 58 17 ± 4 09aaa

OVX + HCHF + isoflavone 15mg/kg BW 11 32 ± 0 57 53 51 ± 2 78 40 05 ± 3 94∗

OVX + HCHF + L-carnitine 250mg/kg BW 9 73 ± 0 31 44 96 ± 1 41 26 77±3 94∗∗∗

OVX + HCHF + MME 10mg/kg BW 11 21 ± 0 45 52 83 ± 2 17 43 57 ± 3 92

OVX + HCHF + MME 50mg/kg BW 11 00 ± 0 24 51 82 ± 1 29 46 43 ± 5 38

OVX + HCHF + MME 250mg/kg BW 10 46 ± 0 48 49 18 ± 2 00 38 68 ± 4 36∗

Data are presented as mean ± SEM (n = 6/group). a, aaap value < 0.05 and 0.001, respectively, compared to control rats which received normal diet and vehicle
and ∗, ∗∗∗p value < 0.05 and 0.001, respectively, compared to OVX rats which received HCHF and vehicle. ND: normal diet; HCHF: high-carbohydrate high-fat
diet; OVX + HCHF: ovariectomized rats which received high-carbohydrate high-fat diet; MME10, 50, and 250: an encapsulated mulberry fruits extract at doses
of 10, 50, and 250mg/kg BW, respectively.
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Atherogenic index (AI), one of the parameters used for
indicating cardiovascular risk, was also investigated. The
current data showed that at 4 and 8 weeks of the study
period, HCHF diet could increase AI in both normal
and OVX rats (p value= 0.003 and p value = 0.005, respec-
tively, and p-value < 0.001 all, compared to normal rats
which received normal diet and vehicle). At 4 weeks of inter-
vention, the elevation of AI in OVX rats which received
HCHF was attenuated by L-carnitine and MME at doses of
10, 50, and 250mg/kg BW (p value = 0.041, p value= 0.049,
p value = 0.020, and p value= 0.038, respectively, compared
to OVX rats which received HCHF and vehicle). When the
treatments were prolonged to 8 weeks, the improved AI in
OVX rats with HCHF diet treatment was still observed in
those which received isoflavone, L-carnitine, and all doses
of MME (p value= 0.020, p value < 0.001, p value < 0.001,
p value < 0.001, and p value < 0.001, respectively, compared
to OVX rats, which received HCHF and vehicle) as shown
in Table 3.

3.4. Changes of Fasting Blood Sugar and Glucose Area under
the Curve during Oral Glucose Tolerance Test (OGTT). It
was found that HCHF diet increased fasting blood sugar
in normal rats at 8 weeks and in OVX rats at both 4 and
8 weeks of intervention (p value < 0.001, p value= 0.026,
and p value = 0.018, respectively, compared to normal rats
which received normal diet and vehicle). After 4 weeks of
treatment, OVX rats which received MME at doses of 10,
50, and 250mg/kg BW significantly mitigated the elevation
of fasting blood sugar induced by HCHF diet in OVX rats
(p value = 0.045, p value = 0.001, and p value= 0.017, respec-
tively, compared to OVX rats which received HCHF and
vehicle). However, at 8 weeks of intervention, the significant
reduction in blood sugar was observed only in OVX rats
which received medium and high doses of MME treatment
(p value = 0.043 and p value = 0.045, respectively, compared
to OVX rats which received HCHF and vehicle) as shown
in Table 3.

Glucose areas under the curve during the oral glu-
cose tolerance test at 4 and 8 weeks of the treatment
period are also shown in Table 3. The results showed
that normal rats and OVX rats which received HCHF
diet and vehicle significantly increased the plasma glu-
cose area under the curve at 4 weeks and 8 weeks of
experiments (p value = 0.008 and p value = 0.002, respec-
tively, and p value= 0.032 and p-value <0.001, respectively,
compared to normal rats which received normal diet and
vehicle group). At 4 weeks of the study period, only
OVX rats, which were fed with HCHF diet and received
MME at a dose of 50mg/kg BW, significantly decreased
the plasma glucose area under the curve (p value= 0.031,
compared to OVX rats which received HCHF and
vehicle). When the treatment was prolonged, isoflavone,
L-carnitine, and all doses of MME could increase the
plasma glucose area under the curve in OVX rats with
HCHF diet (p value = 0.009, p value = 0.022, p value= 0.007,
p value = 0.006, and p value= 0.042, respectively, compared
to OVX rats which received HCHF and vehicle).

3.5. The Suppression of Angiotensin-Converting Enzyme
(ACE) Activity. Table 3 shows that HCHF diet signifi-
cantly increased the activity of ACE (p value < 0.001
all, compared to normal rats which received normal diet
and vehicle). This elevation was mitigated by isoflavone,
L-carnitine, and MME at doses of 10, 50, and 250mg/kg
BW (p value = 0.005, p value = 0.001, p value = 0.016, p
value <0.001, and p value <0.001, respectively, compared
to OVX rats which received HCHF and vehicle).

3.6. Changes of Serum Estradiol. Table 4 shows that HCHF
diet failed to produce the significant change of serum
estradiol in female rats. However, bilateral ovariectomy
significantly decreased serum estradiol in female rats fed with
HCHF diet (p value<0.05, compared to control rats
which received normal diet and vehicle or ND + vehicle;
p value<0.01; compared to normal rats which received
HCHF diet and vehicle). Isoflavone, L-carnitine, and all
doses of MME failed to produce the significant changes of
estradiol level in OVX rats which received HCHF diet.

3.7. Changes in Adiposity. Figures 2–7 show the effect of
MME on density and size of adipocyte in gonadal, mesen-
teric, retroperitoneal, and subcutaneous areas. The decreased
density of adipocyte cells was observed in gonadal, mesen-
teric, retroperitoneal, and subcutaneous areas of both normal
and OVX rats, which received HCHF diet (p value < 0.001 all,
p value < 0.001 all, p value <0.001 all, and p-value = 0.006 and
0.001, respectively, compared to normal rats which received
normal diet and vehicle). Isoflavone could increase adipocyte
density only in the gonadal area of OVX rats fed with HCHF
diet (p value = 0.042; compared to OVX rats which received
HCHF and vehicle) whereas L-carnitine could increase
adipocyte density in all areas mentioned above (p value <
0.001, p value < 0.001, p value <0.001, and p value = 0.032,
respectively, compared to OVX rats which received HCHF
and vehicle). Both low and medium doses of MME could
increase adipocyte density in gonadal and mesenteric areas

Table 4: The effect of various doses of MME on serum estradiol
level.

Treatment group Estradiol (pg/ml)

ND + vehicle 25 39 ± 14 61

HCHF + vehicle 26 43 ± 9 46
OVX + HCHF + vehicle 5 00 ± 0 00a,bb

OVX + HCHF + isoflavone 15mg/kg BW 8 15 ± 1 95

OVX + HCHF + L-carnitine 250mg/kg BW 7 69 ± 1 81

OVX + HCHF + MME 10mg/kg BW 5 00 ± 0 00

OVX + HCHF + MME 50mg/kg BW 10 28 ± 5 28

OVX + HCHF + MME 250mg/kg BW 11 24 ± 5 97

Data are presented as mean ± SEM (n = 6/group). ap value<0.05, compared
to control rats which received normal diet and vehicle; bbp value < 0.01,
compared to normal rats which received HCHF diet and vehicle.
ND: normal diet; HCHF: high-carbohydrate high-fat diet; OVX+HCHF:
ovariectomized rats which received high-carbohydrate high-fat diet;
MME10, 50, and 250: the microencapsulated mulberry fruits extract at
doses of 10, 50, and 250mg/kg BW, respectively.
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(p value= 0.001 and p value = 0.003; p value = 0.038 and
p value = 0.017; compared to OVX rats which received
HCHF and vehicle) whereas the high dose of MME pro-
duced the significant elevation of adipocyte density in
gonadal, mesenteric, and subcutaneous areas (p value <
0.001, p value= 0.005, and p value = 0.010, respectively,

compared to OVX rats which received HCHF and vehicle)
as shown in Figure 6.

In addition to the effect on adipocyte density, the effect of
MME on adipocyte size was also determined. Figure 7 shows
that HCHF significantly increased adipocyte size in all areas
investigated in this study (p value < 0.001 all, compared to
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Figure 2: Representative of white adipose tissue at the gonadal area stained with hematoxylin and eosin (H&E) (40X) of rats with various
treatments. (a) normal diet (ND) + vehicle, (b) HCHF + vehicle, (c) OVX-HCHF diet + vehicle, (d) OVX-HCHF diet + isoflavone
15mg/kg BW, (e) OVX-HCHF diet + L-carnitine 250mg/kg BW, (f) OVX-HCHF diet + MME 10mg/kg BW, (g) OVX-HCHF diet +
MME 50mg/kg BW, and (h) OVX-HCHF diet + MME 250mg/kg BW.
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normal rats, which received normal diet and vehicle). Isofla-
vone significantly mitigated the increase in adipocyte size in
gonadal and subcutaneous areas induced by HCHF diet
(p value = 0.029 and 0.021, respectively; compared to OVX
rats which received HCHF and vehicle) whereas L-carnitine
and MME at doses of 10, 50, and 250mg/kg BW produced
a significant reduction in adipocyte size in gonadal, mesen-
teric, retroperitoneal, and subcutaneous areas of OVX rats,
which were fed with HCHF diet (p value < 0.001, p value <
0.001, p value = 0.005, and p value <0.001, respectively;

p-value < 0.001, p value < 0.001, p value = 0.042, and
p-value <0.001, respectively; p value < 0.001, p value <
0.001, p value= 0.012, and p value <0.001, respectively;
and p value < 0.001, p value < 0.001, p value= 0.003, and
p value < 0.001, respectively, compared to OVX rats which
received HCHF and vehicle). Table 5 shows that both normal
and OVX rats which received HCHF diet also increased the
adiposity index (p value < 0.001 all; compared to normal rats
which received normal diet and vehicle). However, this eleva-
tion was mitigated by isoflavone, L-carnitine, and MME at a
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Figure 3: Representative of white adipose tissue at the mesenteric area stained with hematoxylin and eosin (H&E) (40X) of rats with various
treatments. (a) Normal diet (ND) + vehicle, (b) HCHF + vehicle, (c) OVX-HCHF diet + vehicle, (d) OVX-HCHF diet + isoflavone 15mg/kg
BW, (e) OVX-HCHF diet + L-carnitine 250mg/kg BW, (f) OVX-HCHF diet + MME 10mg/kg BW, (g) OVX-HCHF diet + MME 50mg/kg
BW, and (h) OVX-HCHF diet + MME 250mg/kg BW.
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dose of 250mg/kg BW when compared to OVX rats which
received HCHF and vehicle (p value = 0.020, p value < 0.001
and p value= 0.016, respectively, compared to OVX rats
which received HCHF and vehicle).

3.8. Effect of MME on the Alteration of Oxidative Stress
Status. Table 6 shows that HCHF diet significantly increased
theMDA level in adipose tissue of both normal and OVX rats

(p value < 0.001 all; compared to control rats which received
normal diet and vehicle). Isoflavone, L-carnitine, and MME
at doses of 10, 50, and 250mg/kg significantly mitigated the
elevation of the MDA level in adipose tissue of OVX rats
which were fed with HCHF diet (p value = 0.015, p value <
0.001, p value < 0.001, p value= 0.005, and p value < 0.001,
respectively, compared to OVX rats which received HCHF
and vehicle). HCHF diet also produced the significant
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Figure 4: Representative of white adipose tissue at the retroperitoneal area stained with hematoxylin and eosin (H&E) (40x) of rats with
various treatments. (a) Normal diet (ND) + vehicle, (b) HCHF + vehicle, (c) OVX-HCHF diet + vehicle, (d) OVX-HCHF diet +
isoflavone 15mg/kg BW, (e) OVX-HCHF diet + L-carnitine 250mg/kg BW, (f) OVX-HCHF diet + MME 10mg/kg BW, (g) OVX-HCHF
diet + MME 50mg/kg BW, and (h) OVX-HCHF diet + MME 250mg/kg BW.
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reduction in SOD, CAT, and GSH-Px activities in adi-
pose tissues of normal and OVX rats (p value <0.001 all;
p value= 0.022 and 0.001, respectively; and p-value = 0.047
and 0.005, respectively, compared to control rats which
received normal diet and vehicle). Isoflavone could mitigate
the decrease in SOD and GSH-Px activity (p value < 0.001
and p value= 0.036, respectively, compared to OVX rats
which received HCHF and vehicle) while L-carnitine

significantly increased in SOD activity (p value = 0.012,
compared to OVX rats which received HCHF and vehicle).
Interestingly, MME at doses of 10, 50, and 250mg/kg could
increase SOD (p value <0.001, p value = 0.041, and p
value= 0.007, respectively, compared to OVX rats which
received HCHF and vehicle), CAT (p value= 0.006, p
value= 0.027, and p value = 0.016, respectively, compared
to OVX rats which received HCHF and vehicle), and
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Figure 5: Representative of white adipose tissue at the subcutaneous area stained with hematoxylin and eosin (H&E) (40x) of rats with
various treatments. (a) Normal diet (ND) + vehicle, (b) HCHF + vehicle, (c) OVX-HCHF diet + vehicle, (d) OVX-HCHF diet +
isoflavone 15mg/kg BW, (e) OVX-HCHF diet + L-carnitine 250mg/kg BW, (f) OVX-HCHF diet + MME 10mg/kg BW, (g) OVX-HCHF
diet + MME 50mg/kg BW, and (h) OVX-HCHF diet + MME 250mg/kg BW.
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GSH-Px (p value = 0.020, p value= 0.033, and p value = 0.049,
respectively, compared to OVX rats which received HCHF
and vehicle) activities in adipose tissue of OVX rats which
were fed with HCHF diet.

3.9. Changes in Inflammatory Mediators. Figure 8 showed
that both normal and OVX rats which were fed with HCHF
diet increased NF-κB (p value = 0.008 and p value < 0.001,
respectively, compared to normal rats which received
normal diet and vehicle) and TNF-α (p value= 0.035 and
p value= 0.001, respectively, compared to normal rats
which received normal diet and vehicle) in adipose tissue.
However, these changes were mitigated by isoflavone, L-car-
nitine, and all doses of MME (p value < 0.001 all; p value =
0.004, p value = 0.008, p value = 0.002, p value= 0.005, and
p-value= 0.003, respectively, compared to OVX rats which
received HCHF and vehicle).

3.10. Effect of MME on Peroxisome Proliferator-Activated
Receptor Gamma (PPAR-γ). The effect of MME on PPAR-
γ, a factor playing an important role on adipogenesis and

lipotoxicity was also investigated, and results are shown in
Figure 9. It was found that normal rats and OVX rats which
received HCHF diet significantly decreased the relative
density of PPAR-γ in adipose tissues (p value = 0.036 and
p value = 0.041, respectively, compared to control rats which
received normal diet and vehicle). The results showed that
isoflavone, L-carnitine, and MME at all doses used in this
study significantly increased the relative density of PPAR-γ
in adipose tissues (p value = 0.008, p value <0.001, p = 0 007,
p value= 0.001, and p value = 0.012, respectively, compared
to OVX rats which received HCHF and vehicle).

4. Discussion

This study demonstrated that the encapsulated mulberry
fruit extract contained abundant polyphenol compounds.
HPLC analysis showed that phenolic compounds, such as
cyanidin 3-glucoside, quercetin 3-O-rutinoside, and gallic
acid were presented in the MME extract. In addition, it also
possessed numerous biological activities related with the
pathophysiology of metabolic syndrome. Therefore, it was

0

10

20

30

40

50

60

70

80

90

Gonadal Mesenteric Retroperitoneal Subcutaneous

D
en

sit
y 

of
 ad

ip
oc

yt
es

 (a
di

po
cy

te
s/

25
5 
�휇

m
2 )

aaa
aaa

aaa
aaa

aaa
aaa

aa
aa

bbb

bb

⁎
⁎⁎⁎

⁎⁎
⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎

⁎
⁎⁎

⁎⁎⁎

⁎

⁎

ND_Veh
HCHF_Veh
OVX_HCHF_Veh
OVX_HCHF_Iso

OVX_HCHF_L-car
OVX_HCHF_MME10
OVX_HCHF_MME50
OVX_HCHF_MME250
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worth moving forwards to in vivo experiment in the preclin-
ical phase. Data obtained from the animal model clearly
demonstrated that MME could decrease total cholesterol,
triglycerides, LDL-C, and AI-index but increased HDL-C. It
also decreased fasting blood sugar, glucose area under the

curve during OGTT, and ACE activity in serum. The reduc-
tion of various parameters, including the density and size of
adipocyte cells in both visceral and subcutaneous areas,
adiposity index, MDA level, TNF-α, and NF-KB together
with the increase in SOD, CAT, and GSH-Px activities and
PPAR-γ in adipose tissue were also observed in OVX rats
which were induced metabolic syndrome by HCHF diet and
received MME. However, no significant changes of serum
estradiol, food intake, and energy intake were observed.

Since rats fed with HCHF diet produced numerous
disorders that mimicked metabolic syndrome condition
[52], it has been used as experimental animal in this study.
The current results were in agreement with previous findings,
which demonstrated that HCHF induced disorders of meta-
bolic parameters, such as body weight, visceral fat mass
[53], plasma total cholesterol and triglyceride levels [54],
MDA level, and inflammation in adipose tissue [5, 54] in
OVX rats more than that in normal rats. This was also cor-
responding with the previous study, which demonstrated
that postmenopausal condition increased the vulnerability
to various insults [4].

Accumulative lines of evidence during the last decade
have demonstrated that PPAR-γ plays an important role
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Table 5: Adiposity index of OVX rats with HCHF diet which
received various treatments.

Treatment group Adiposity index (%)

ND + vehicle 4 54 ± 0 66
HCHF + vehicle 11 25 ± 1 15aaa

OVX + HCHF + vehicle 12 80 ± 0 34aaa

OVX + HCHF + isoflavone 15mg/kg BW 9 60 ± 0 63∗

OVX + HCHF + L-carnitine 250mg/kg BW 7 29±0 89∗∗∗

OVX + HCHF + MME 10mg/kg BW 10 43 ± 0 39

OVX + HCHF + MME 50mg/kg BW 10 13 ± 0 68

OVX + HCHF + MME 250mg/kg BW 9 25 ± 1 06∗

Data are presented as mean ± SEM (n = 6/group). aaap value < 0.001;
compared to control rats which received normal diet and vehicle and
∗, ∗∗∗p value < 0.05 and 0.001, respectively, compared to OVX rats which
received HCHF and vehicle.

17Oxidative Medicine and Cellular Longevity



Table 6: Oxidative stress markers in adipose tissue of OVX rats with HCHF diet which received various treatments.

Treatment group
MDA

(ng/mg.protein)
SOD

(units/mg.protein)
CAT

(units/mg.protein)
GSH-Px

(units/mg.protein)

ND + vehicle 0 52 ± 0 13 13 91 ± 2 21 375 89 ± 87 06 1 39 ± 0 36
HCHF + vehicle 1 10 ± 0 09aaa 7 95 ± 0 84aaa 269 48 ± 27 31a 1 01 ± 0 10a

OVX + HCHF + vehicle 1 64 ± 0 09aaa,bb 7 31 ± 1 28aaa 211 21 ± 3 89aa 0 79 ± 0 06aa

OVX + HCHF + isoflavone 15mg/kg BW 1 26 ± 0 06∗ 13 05±0 87∗∗∗ 268 93 ± 24 81 1 22±0 13∗∗

OVX + HCHF + L-carnitine 250mg/kg BW 0 76±0 17∗∗∗ 10 96 ± 0 36∗ 251 36 ± 9 15 1 01 ± 0 03

OVX + HCHF + MME 10mg/kg BW 0 78±0 06∗∗∗ 12 61±0 88∗∗∗ 335 54±18 96∗∗ 1 22 ± 0 06∗

OVX + HCHF + MME 50mg/kg BW 1 00±0 14∗∗∗ 9 96 ± 0 51∗ 308 55 ± 16 36∗ 1 20 ± 0 07∗

OVX + HCHF + MME 250mg/kg BW 0 96±0 13∗∗∗ 10 89±0 63∗∗ 315 25 ± 19 00∗ 1 19 ± 0 03∗

Data are presented asmean ± SEM (n = 6/group). a, aa, aaap value < 0.05, 0.01, and 0.001, respectively, compared to control rats which received normal diet and
vehicle. bbp value < 0.01, compared to normal rats which received HCHF diet and vehicle. ∗, ∗∗, ∗∗∗p value <0.05, 0.01, and 0.001, respectively, compared to
OVX rats which received HCHF and vehicle.
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Figure 8: The relative density of NF-κB and TNF-α in adipose tissue of OVX rats with HCHF diet which received various treatments. The
levels of β-actin were normalized against the level of NF-κB and TNF-α. The relative density of NF-κB and TNF-α levels were calculated
against those of control normal diet plus vehicle rats. Data are presented as mean ± SEM (n = 6/group). a, aa, aaap value < 0.05, 0.01, and
0.001, respectively, compared to control rats, which received normal diet and vehicle, bp value < 0.05, compared to normal rats, which
received HCHF diet and vehicle and ∗∗, ∗∗∗p value <0.01 and 0.001, respectively, compared to OVX rats which received HCHF and
vehicle. ND: normal diet; HCHF: high-carbohydrate high-fat diet; OVX-HCHF: ovariectomized plus high-carbohydrate high-fat diet; Iso:
the isoflavone at dose of 15mg/kg BW; L-car: L-carnitine at a dose of 250mg/kg BW; MME10, 50, and 250: the microencapsulated
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on the regulation of various genes playing important roles
on the regulation of the intermediary metabolism of glu-
cose, lipid, homeostasis, and adipogenesis, especially in an
insulin-sensitive adipocyte [55, 56]. It has been reported that
PPAR-γ stimulation could induce apoptosis of old or hyper-
trophy adipocyte [57–59], decreased triglyceride [58], LDL
[59], and increased HDL [58]. In addition, the stimulation
of PPAR-γ also plays a crucial role on glucose metabolism.
It can increase the expression and translocation of the glu-
cose transporter resulting in the increase in glucose uptake
into adipocyte and muscle cells resulting in the reduction of
blood sugar [60]. The increased PPAR-γ expression also
improves the oral glucose tolerance test [61]. The stimulation
of PPAR-γ not only exerts its influence on glucose and lipid
metabolism but also suppresses gene expression of the
angiotensin-converting enzyme (ACE) [62]. PPAR-γ also
exerts anti-inflammatory effects via the inhibitory effect on
the production of inflammatory cytokines, such as tumor

necrosis factor-α in the monocytes and nuclear factor kappa
B (NF-κB) [63]. In addition, it has been reported that during
acute response of metabolic syndrome, the expression of
PPAR-γ decreases resulting in the increased production of
free radicals and oxidative stress [64].

The data obtained from this study had revealed that
HCHF diet decreased PPAR-γ expression giving rise to the
reduction in adipocyte density. The increase in the lipid pro-
file induced by HCHF also increased in the lipid uptake and
storage in adipocyte giving rise to adipocyte hypertrophy.
Both adipocyte hypertrophy and the increased fat pad in both
subcutaneous and visceral regions induced the increase in
body weight gain and the elevations of TNF-α, NF-κB, hyper-
glycemia, and poor response of the glucose tolerance test. It
has been reported that excess abdominal fat contributes to
dyslipidemia, hypertension, and insulin resistance [65].
However, subcutaneous fat also plays a role on glycemic con-
trol [66]. The elevation of lipid profiles observed in this study
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also induced the increased AI whereas the increase in adipo-
cyte gave rise to the increase in adiposity index. The reduc-
tion in PPAR-γ expression also induced the elevation of
ACE andMDA levels. In addition, the increase in NF-κB also
enhanced the MDA level [67]. The elevation of the MDA
level also occurred partly via the reduction of antioxidant
enzymes, such as SOD, CAT, and GSH-Px, induced by
HCHF diet [68]. Interestingly, all changes mentioned earlier
except the increase in retroperitoneal pad density could be
mitigated by MME. MME could also decrease atheroscle-
rosis risk as shown by the improved AI.

Based on the previous study that cyanidin is an agonist of
PPAR-γ [69], we suggest that the positive modulation effect
of MME observed in this study may be associated with the
cyanidin substance presented inMME. Our data also demon-
strate that when compared to soy isoflavone or genistein
which is currently available in the market, MME improves
the serum HDL level, atherogenic index, and oxidative stress
status better than soy isoflavone does. In addition, MME
treatment especially at low and medium doses for 8 weeks
also increases glycemic control capability reflected by the
reduction in plasma glucose AUC [70]. The possible expla-
nation may be associated partly with the protection of active
ingredients such as polyphenolic compound including cya-
nidins by a core material which is used for encapsulation
[71, 72]. However, the improvement of most metabolic
parameters induced by MME and L-carnitine shows no sig-
nificant differences. Only the improvement of plasma glu-
cose AUC of metabolic syndrome rats which received
MME is better than L-carnitine. Therefore, this study is the
first study to reveal that MME is the potential candidate
for mitigating metabolic syndrome in menopausal women.
Interestingly, the effectiveness of MME is better than soy iso-
flavone and it has better glycemic control than L-carnitine
which is available in the market.

This study failed to show the dose-dependent study,
because the observed parameters were under the influences
of multiple factors so there is no simple linear relationship
between concentrations of MME and the observed param-
eters. In addition, MME was the crude extract so it was
possible that inactive ingredients might mask the effect
of active ingredients.

5. Conclusions

This study demonstrates that MME is the potential candidate
for improving metabolic syndrome and its related complica-
tion, such as cardiovascular disorder by improving all meta-
bolic parameters, inflammation, and oxidative stress status.
The possible underlying mechanism may occur partly via
the increased PPAR-γ expression and the elevations of main
scavenger enzymes, such as SOD, CAT, and GSH-Px as
shown in Figure 10. MME not only improves the metabolic
syndrome condition but also decreases its complications,
such as cardiovascular disorders. However, the clinical study
to confirm this benefit is essential.
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Alkaloids are among the natural phytochemicals contained in functional foods and nutraceuticals and have been suggested for the
prevention and/or management of oxidative stress and inflammation-mediated diseases. In this review, we aimed to describe the
effects of alkaloids in angiogenesis, the process playing a crucial role in tumor growth and invasion, whereby new vessels form.
Antiangiogenic compounds including herbal ingredients, nonherbal alkaloids, and microRNAs can be used for the control and
treatment of cancers. Several lines of evidence indicate that alkaloid-rich plants have several interesting features that effectively
inhibit angiogenesis. In this review, we present valuable data on commonly used alkaloid substances as potential angiogenic
inhibitors. Different herbal and nonherbal ingredients, introduced as antiangiogenesis agents, and their role in angiogenesis-
dependent diseases are reviewed. Studies indicate that angiogenesis suppression is exerted through several mechanisms;
however, further investigations are required to elucidate their precise molecular and cellular mechanisms, as well as potential
side effects.

1. Introduction

Alkaloids are among the natural phytochemicals contained
in functional foods and nutraceuticals [1] and have been sug-
gested for the prevention and/or management of oxidative
stress and inflammation-mediated diseases [1, 2]. In this
review, we aimed to describe the effect of alkaloids on angio-
genic vessel formation from a previous existing capillary, a
process that is implicated in many physiological conditions
such as wound healing and menstrual cycle and pathological
conditions such as tumor growth or retinopathy [3–5].

The angiogenic process is a cascade of events resulting in
new lumen-containing vessels, through the dissolution of the
vascular basal membrane, migration of endothelial cells from
the parent vessel toward developing blood vessels, and wide-
spread cellular proliferation, which are activated by several
proangiogenic factors. When blood flow is initiated, physio-
logical processes such as embryonic development, wound
healing, and immune reactions are then allowed to start
and develop [6, 7]. On the other hand, the creation of new
blood vessels increases the supply of nutrients, oxygen, and
growth factors to normal and tumor cells. If tumor cells can
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induce angiogenesis, subsequent tumor expansion and tran-
sition from a benign state to a malignant one is started [8].
Endothelial cells can migrate in order to initiate or progress
to angiogenesis, thanks to a wide range of regulators and sig-
naling molecules such as basic fibroblast growth factor
(bFGF), epidermal growth factor (EGF), vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGF), and
transforming growth factor (TGF). Thus, these angiogenic
peptides play a critical role in the creation of new blood ves-
sels [9–11]. In both physiological and pathological condi-
tions, HIF-1 is a critical mediator of hypoxic response and
O2 homeostasis as well as an essential angiogenic regulator.
Hypoxia leads to HIF-1α stabilization, a subunit of the het-
erodimeric transcription factor HIF-1, and increased VEGF
production [12, 13]. Oxygen demand can be increased by
excessive cell proliferation during embryonic development
and/or tumor growth [14].

Moreover, VEGF is the main factor that initiates angio-
genesis. Similar to some proangiogenic genes, VEGF also
has hypoxia response element (HRES) as the binding site of
HIF-1 within the promoters. In hypoxic conditions, HIF-1
directly stimulates VEGF and its receptors, inducing angio-
genesis [15, 16]. The abovementioned mechanisms in the
formation of new blood vessels demonstrate that VEGF
directly links hypoxia with angiogenesis initiation. The
VEGF family of growth factors exerts its effects by interact-
ing with receptor tyrosine kinases (RTKs) named vascular
endothelial growth factor receptors (VEGFRs). Activation
of this signaling pathway leads to endothelial cell (EC) pro-
liferation, extracellular matrix degradation, EC migration,
and then new blood vessel formation [17, 18]. Understand-
ing the tumor angiogenesis signaling pathways is an impor-
tant treatment goal of malignancy and cancer therapy.
However, because of the similarities between tumor and
physiologic angiogenesis signaling pathways, insufficient
efficacy and resistance may be challenges we face during
such cancer therapy [19].

The results of different studies show that several
molecular pathways such as VEGFRs, Ephrin-Eph recep-
tors, and the Delta-like ligand and neurogenic locus notch
homolog protein (Delta-Notch) system are involved in
angiogenesis [7, 20].

2. Angiogenesis Signaling Pathways

VEGF belongs to the platelet-derived growth factor (PDGF)
family; moreover, the VEGF family has five members in
mammals, including VEGF-A, VEGF-B, VEGF-C, VEGF-
D, and PlGF (placental growth factor). All of them stimulate
cellular responses and are characterized by the presence
of eight conserved cysteine residues forming the typical
cysteine-knot structure [21]. VEGFRs are tyrosine kinase
receptors (TKRs) with a cytoplasmic domain and tyrosine
kinase activity, containing 3 to 4 members. VEGF-A, the
most important member of this family, was obtained from
tumor cells for the first time. VEGF-A regulates angiogenesis
and vascular permeability via activation of VEGFR-1 and
VEGFR-2. The binding of VEGF-A to its receptor represents
the most important signal for angiogenesis. On the other

hand, VEGF-C/VEGF-D and their receptor, VEGFR-3, are
involved in lymphangiogenesis [22, 23]. Several VEGF family
ligands and receptors, especially VEGF-A, are regulated by
HIF; therefore, angiogenesis is intensified during healthy tis-
sue growth and also in cancerous conditions [24]. Follow-
ing the binding of VEGF-A to VEGFR2, the RAS/RAF
(rapidly accelerated fibrosarcoma)/ERK (extracellular signal-
regulated kinases)/MAPK (mitogen-activated protein kinases)
pathway is activated potentially via sphingosine kinase (SPK)
activated by protein kinase C (PKC). RAS target genes can
now be enabled, inducing proliferation [25]. Recent studies
consider the role of the transcription factor nuclear factor-
kappa beta (NF-κB), which interacts with RAS, in tumor
angiogenesis; therefore, it can be an antiangiogenic therapeutic
target. It has been demonstrated that oncogenic RAS mediates
the activation of the NF-κB pathway and subsequent upregu-
lation of NF-κB target genes, in particular the proangiogenic
IL-8 cytokine, leading to lung tumorigenesis [26].

Other RAS-independent molecular pathways, such as the
phospholipase C gamma- (PLCγ-) protein kinase C- (PKC-)
MAPK pathway, are also implicated in VEGFR2 signaling
[22]. Binding of VEGFR2 to VEGF-A and phosphorylation
of several tyrosine residues in the cytoplasmic domain of
this receptor can induce the activation of phospholipase
C gamma (PLCγ). On the one hand, PLCγ releases diacyl-
glycerol (DAG) which recruits PKC to the cell membrane
and promotes cell proliferation; on the other hand, PLCγ-
mediated Ca2+ mobilization leads to increased vascular
permeability, promoting leakage of plasma proteins into the
extravascular space, resulting in a fibrin gel formation mark-
ing the proper temporary place for the placement of the new
blood vessel, and supporting its growth [23, 27, 28].

Generally, the phosphorylation of different tyrosines in
the cytoplasmic domain of VEGFR2 and the subsequent
recruitment of signal transducers promote migration and
cell mobility and regulate cell attachment, all of which are
needed for angiogenesis [29]. As already mentioned, differ-
ent molecular pathways are involved in pathophysiological
angiogenesis compared to the physiological one [30]. The
phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian tar-
get of rapamycin (mTOR) pathway is activated in many
human cancers. The activation of the PI3K/AKT pathway
in cancer cells can increase VEGF production. This may be
done through HIF-1-dependent mechanisms, or it may occur
in an HIF-1-independent manner. In tumor cells, PI3K/AKT
activation can occur because of RAS mutation which is
responsible for tumor cell feeding [12]. Other signaling path-
ways, such as JAK-STAT, can promote the migration of
endothelial cells and subsequent tumor angiogenesis [31].

On the other hand, VEGFR1 is a negative regulator of
angiogenesis. VEGFR1 is a decoy receptor, and the binding
of VEGF-A to it may prevent the activation of VEGFR2.
Also, Delta-like ligand 4 (DII4), a transmembrane ligand of
notch family receptors, is a negative regulator of angiogene-
sis. More precisely, when VEGF binds to VEGFR2, it causes
DII4 upregulation which in turn interacts with NOTCH1
receptors on adjacent endothelial cells, resulting in VEGFR2
downregulation in those cells. Finally, the activation of Notch
signaling leads to a reduced number of tip cells and less dense
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vascular network formation via the prevention of tubular
sprouting in angiogenesis [22, 32].

The involvement of coagulation factors in tumor-induced
and normal angiogenesis has been reported in several studies
[33, 34], supporting their role in tumor progression.

3. Angiogenesis Inhibitors and
Cancer Treatment

Angiogenesis is the creation of new capillaries from preexist-
ing vessels and circulating endothelial precursors [35]. It can
be activated in physiological and pathological conditions, for
example, in response to hypoxia, cancer, diabetic retinopa-
thy, and inflammatory, infectious, and immune disorders
[36]. Proangiogenic growth factors commonly switch on a
series of surface receptors in a series of paracrine and auto-
crine circles with the VEGF-A signaling representing the crit-
ical rate-limiting step, physiologically and pathologically.
VEGF-A is the main VEGF that binds to VEGFR2 to mediate
vascular permeability, endothelial proliferation, migration,
and survival [37].

Angiogenesis also plays a critical role in the growth of
cancer for the reason that cancer tissues need a blood supply.
Tumors can stimulate normal cells to generate angiogenesis
signaling molecules. Angiogenesis inhibitors act through sev-
eral ways. Some of them are monoclonal antibodies that rec-
ognize and bind to VEGF. When VEGF is attached to these
drugs, it is unable to activate the VEGF receptor [38].

Other inhibitors bind to the VEGF receptor on the sur-
face of endothelial cells or to other proteins in the down-
stream signaling pathways and block their activities. Some
of the inhibitors are immunomodulatory drug agents that
stimulate or suppress the immune system. One of the ideas
of antiangiogenic therapy is through the destruction tumor
vessels [39].

Since angiogenesis is the main requisite for cancer growth
and invasion, its inhibition is considered the mainstay in can-
cer treatment strategies. The study of angiogenesis led to the
identification of numerous proangiogenic factors as well as
angiogenic suppressor proteins. By the identification of these
proteins, a wide spectrum of angiogenesis inhibitors were
introduced in cancer treatment procedures. Several antian-
giogenic molecules currently in use employ anti-VEGF-A
antibodies [40, 41] and tyrosine kinase inhibitors [42–45].
However, serious adverse effects have been reported for such
molecules [46]. On the other hand, herbal drugs, most com-
monly alkaloid-based plants, are among the more promising
angiogenic inhibitors to be used for the treatment of different
types of cancers like prostate cancer cells, breast cancer cells,
melanoma cells, and cervical cancer cells [47–51].

4. Role of MicroRNAs in
Angiogenesis Regulation

The identification of proteins involved in angiogenic pro-
cesses led to the identification of microRNAs (miRNAs) as
potent inhibitors of angiogenesis and cancer. MiRNAs are
single-stranded short noncoding RNA molecules (about 21-
25 nucleotides) that modulate cellular target genes at the

posttranscriptional level. These RNA molecules have a role
in almost all biological processes and their potential role in
most pathogenesis has been observed. Cancers and throm-
botic and bleeding disorders, as well as heart disease, are
among those disorders in which the potential role of miRNAs
has been investigated. Defects in miRNA synthesis led to a
wide spectrum of early disorders including impaired T-cell
formation, cardiomyopathy, disrupted blood circulation,
and impaired angiogenesis [52–55]. One of the most impor-
tant consequences of the impaired biogenesis of miRNAs is
early embryonic lethality due to defective vessel formation
and maintenance [56–58]. These observations encouraged
studies to evaluate the role of different miRNAs in angiogenic
processes, and several miRNAs were identified with a poten-
tial role in the regulation of different aspects of angiogenesis.

It has been reported that some of the miRNAs, such as
miR-126, miR-221/222, miR-17-92 cluster, miR-93, let-7f,
and miR-214, modulate the response of the vascular endo-
thelium to angiogenic stimuli and can be proangiogenic or
antiangiogenic [59–62].

MiR-221 and miR-222 are two relatively well-known
miRNAs with an important effect on protooncogene c-Kit
(CD117) as a key role in the survival of hematopoietic stem
cells. Further studies on endothelial cells revealed that these
two miRNAs have antiangiogenic activity [63, 64]. Overex-
pression of miR-221 and miR-222 in endothelial cells led to
increased endothelial nitric oxide synthase, which in turn
resulted in the suppression of endothelial survival and angio-
genesis. MiR-34a is another miRNA with potential antian-
giogenic activity, as it was shown to induce endothelial
progenitor cell (EPC) senescence and dysfunction. EPCs
have a crucial role in angiogenesis and are important for
many physiological processes, even pathological ones, such
as the growth of tumor cells [65, 66]. MiR-34a suppresses
silent information regulator 1 (Sirt1) resulting in senescence
induction in EPCs [67]. Mir-126 is another miRNA with
direct and indirect effects on angiogenesis that is mainly
found in tissues with high vascular components, such as the
lungs and the heart [68–70]. MiR-126 regulates many endo-
thelial cell functions and processes mainly including cell
migration and cell survival. MiR-93 is involved with the stim-
ulation of angiogenesis and the promotion of tumor growth,
and its inhibition is suggested as a tool for the suppression of
angiogenesis and tumor growth [71, 72].

Endothelial cells express VEGF receptor genes. miRNAs
can modulate angiogenesis by regulating VEGF receptor
expression in endothelial cells, whereupon they influence
the migration and invasion of cancer cells. In addition, recent
studies showed that Dicer and Drosha, two enzymes that
control the processing of miRNAs, play key roles in the
angiogenic process. Not only do miRNAs modulate mRNA
translation level, but mRNA also regulates the function of
miRNAs. Thus, researchers can target the molecular path-
ways, taking part in the development of diseases, by deter-
mining miRNAs which are important in the angiogenic
process [57, 59, 73, 74].

The number of known miRNAs with a direct or indi-
rect role in angiogenesis is on the rise, and a summary is
shown in Table 1.
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Table 1: Effect of different microRNAs on the angiogenic process.

MiRNA Target gene Role Function Reference

MiR-34a
Silent information
regulator 1 (Sirt1)

MiR-34a has been found to target silent
information regulator 1 (Sirt1), leading to

cell cycle arrest or apoptosis
Antiangiogenesis [67]

MiR-107 HIF-1β
MiR-107 decreases hypoxia signaling by suppressing

expression HIF-1β
Antiangiogenesis [75]

MiR-132 p120RasGAP
MiR-132 acts as an angiogenic switch by targeting
p120RasGAP in the endothelium and thereby

inducing neovascularization
Angiogenesis [76]

MiR-424 Cullin 2 (CUL2)
MiR-424 targeted Cullin 2 (CUL2), a scaffolding
protein critical to the assembly of the ubiquitin
ligase system, thereby stabilizing HIF-α isoforms

Angiogenesis [77]

MiR-93 Integrin-β8
MiR-93 promotes angiogenesis by suppressing

integrin-β8 expression
Angiogenesis [71]

MiR-29b MMP-2
MiR-29b exerted its antiangiogenesis function,

at least partly, by suppressing MMP-2 expression
in tumor cells

Antiangiogenesis [78]

MiR-519c HIF-1α

Overexpression of miR-519c resulted in a
significant decrease of HIF-1α protein levels
and reduced the tube formation of human

umbilical vein endothelial cells

Antiangiogenesis [79]

MiR-210 VEGF and VEGFR
Overexpression of miR-210 enhances VEGF and
VEGFR2 expression and promotes angiogenesis

Angiogenesis [80]

MiR-155 Von Hippel-Lindau (VHL)
MiR-155 has a pivotal role in tumor angiogenesis

by downregulation of VHL
Angiogenesis [81]

MiR-195 VEGF, VAV2, CDC42
MiR-195 directly inhibited the expression of the
proangiogenic factor VEGF and the prometastatic

factors VAV2 and CDC42
Antiangiogenesis [82]

MiR-145 HIF-2α
MiR-145 suppresses HIF-2α expression, thus

inhibiting the angiogenesis
Antiangiogenesis [83]

MiR-26a
HGF-hepatocyte growth
factor receptor (cMet)

MiR-26a exerted its antiangiogenesis function,
at least in part, by inhibiting HGF-hepatocyte growth
factor (cMet) and its downstream signaling pathway

Antiangiogenesis [84]

MiR-214
Hepatoma-derived growth

factor (HDGF)

Downregulation of miR-214 contributes to the unusual
hypervascularity of HCC via activation of the HDGF

paracrine pathway for tumor angiogenesis
Antiangiogenesis [85]

MiRNA-24 eNOS
Inhibition of microRNA-24 improves reparative

angiogenesis in myocardial infarction
Antiangiogenesis [86]

MiR-29a
Phosphatase and tensin

homolog (PTEN)
TGF-β-regulated miRNA in promoting angiogenesis

by targeting PTEN to stimulate AKT activity
Angiogenesis [87]

MiR-27b
Vascular endothelial

growth factor C (VEGFC)
MiRNA-27b targets vascular endothelial growth

factor C to inhibit angiogenesis in colorectal cancer
Antiangiogenesis [88]

MiR-503 FGF2 and VEGF-A

Demonstrate the antiangiogenesis role of miR-503
in tumorigenesis and provide a novel mechanism
for hypoxia-induced FGF2 and VEGF-A through

HIF1α-mediated inhibition of miR-503

Antiangiogenesis [89]

MiR-143
Insulin-like growth factor-I

receptor (IGF-IR)

Overexpression of miR-143 inhibited cell
proliferation, migration, tumor growth, and

angiogenesis and increased chemosensitivity to
oxaliplatin treatment in an IGF-IR-dependent manner

Antiangiogenesis [90]

MiR-382
Phosphatase and tensin

homolog (PTEN)
MiR-382 induced by hypoxia promotes angiogenesis

and acts as an angiogenic oncogene by repressing PTEN
Angiogenesis [91]

MiR-210
Vascular endothelial growth factor

(VEGF)

MiR-210 is a key factor at the microRNA level
in promoting angiogenesis and neurogenesis, which

was associated with local increased vascular
endothelial growth factor (VEGF) levels

Angiogenesis [92]
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5. Plant-Based Alkaloids

Nowadays, a wide variety of plants that are rich in alkaloids
have been discovered and these compounds have a signifi-
cant impact on angiogenesis-dependent diseases. Alkaloids
have an antiangiogenic activity and act through several
mechanisms inhibiting angiogenesis. There are many alka-
loids, but this review takes into account only the most impor-
tant ones. By considering the hypothetical amino acid
precursors and origins, different plant-based alkaloids in
use are sorted into different groups. Table 2 summarizes the
different alkaloids.

Table 3 summarizes studies that evaluated the effect
of different alkaloids on angiogenesis in different types
of disorders.

Almost all alkaloids show an antiproliferative and cyto-
toxic activity against cancer cell lines derived from several
different histological origins (esophagus, stomach, colon,
liver, lung, breast, bone, and brain), and this activity depends
also on the activation of the expression of apoptotic genes
[161]. On the other hand, in vitro studies showed that antian-
giogenic effects rely on some shared ability to downregulate,
in the same cancer cells, VEGF, TNF-α, and HIF-1αmessen-
gers and/or proteins levels (with mechanisms ranging from

low expression and higher degradation), blocking the
angiogenic cascade in endothelial cells, as shown for berber-
ine [102, 106], noscapine [97], brucine [140], evodiamine
[146], homoharringtonine [149], matrine [162], and tetran-
drine [136]. For instance, studies have shown that the cas-
cade is blocked by matrine and tetrandrine at the levels
of STAT3 signaling ([163] and [164], respectively), while
evodiamine inhibits β-catenin [165]. Similar results were
reported for sanguinarine, capsaicin, taspine, harmine, and
pterogynidine, for whose deeper dissection of the molecular
pathways demonstrated that antiangiogenic activities specif-
ically involve Akt phosphorylation [138, 166, 167], CDK
expression [168], and NF-κB translocation [160, 169] and
that the effect is dose-dependent (10-300nM) [166]. Other
studies indicate that some alkaloids (sinomenine, brucine,
and halofuginone) are able to directly regulate in vitro, at
μM concentrations, and in vivo in transplanted mice, the
expression of angiogenic factors ([123, 140] and [170],
respectively). In particular, sinomenine and halofuginone
should be able to induce Smad protein depletion ([157, 171]).

Even if Ning et al. found that tetrandrine modulated, in
human hypertrophic scar fibroblasts, the expression of miR-
NAs predicted to be related to wound healing [172], a process
that is tightly related with angiogenesis [173], very little data

Table 1: Continued.

MiRNA Target gene Role Function Reference

MiR-542-3p Angiopoietin-2 (Angpt2)

MiR-542-3p inhibited translation of Angpt2 mRNA
by binding to its 3′ UTR, and the addition of

miR-542-3p to cultured endothelial cells attenuated
angiogenesis

Antiangiogenesis [93]

MiR-214 Quaking

MiR-214 directly targets Quaking, a protein
critical for vascular development. Quaking
knockdown reduced proangiogenic growth

factor expression and inhibited endothelial cell
sprouting similar to miR-214 overexpression

Antiangiogenesis [94]

MiR-20a p300
P300 drives an angiogenic transcription program

during hypertrophy that is fine-tuned in part through
direct repression of p300 by miR-20a

Antiangiogenesis [95]

MiR-15a FGF2 and VEGF
MiR-15a negatively regulates angiogenesis in vivo
and in vitro by suppression of FGF2 and VEGF

Antiangiogenesis [96]

Table 2: Classification of different alkaloids based on amino acid precursors and their origins.

Amino acid precursors Tyrosine Tryptophan Lysine

Alkaloid origins
Berberine Brucine Matrine

Hydrastis canadensis; Coptis chinensis Strychnos nux-vomica L. Sophora alopecuroides

Noscapine Evodiamine Capsaicin

Papaver somniferum L. Evodia rutaecarpa Capsicum annum L.

Sanquinarine Homoharringtonine Halofuginone

Sanquinaria canadenis L. Cephalotoxus Dichroa febrifugus

Sinomenine Pterogynidine

Sinomenium acutum Pterogyne nitens Tul

Taspine

Tetrandarine

Stephania tetrandra S.
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Table 3: Effects of different alkaloids on angiogenesis.

Name of alkaloid N Molecules
Biological
results

Sample type Year Author

Noscapine

1 HIF-1 Decrease

Inhibit
angiogenesis by
downregulating

VEFG

U87MG and T98G cell lines 2006 Newcomb et al. [97]

2 VEGF Decrease
Inhibit

angiogenesis
Human T98 cell lines 2008 Newcomb et al. [98]

3 VEGF Decrease
Inhibit

angiogenesis
Murine GL261 glioma

cell lines
2008 Newcomb et al. [98]

4
MMP-9
VEGF

Decrease
Inhibit

angiogenesis

KBM-5, HL-60, Jurkat,
HuT-78, U266, RPMI- 8226,

H1299, A293, DU145,
and SCC4 cell lines

2010 Sung et al. [99]

5 VEGF Decrease
Inhibit

angiogenesis
The A549 or H460 cell 2010 Chougule et al. [100]

6 VEGF Decrease
Inhibit

angiogenesis
Xenografted with H460

tumors (mice)
2010 Chougule et al. [100]

7 HIF Decrease
Inhibit

angiogenesis
Ovarian cancer cells 2011 Su et al. [101]

8
NFKB
VEGF

Decrease
Inhibit

angiogenesis

The human breast
cancer cell

lines MDA-MB-231
and MDA-MB-468

2011 Chougule et al. [100]

Berberine

9 HIF-1 Decrease

Inhibit
angiogenesis by
downregulating

VEGF

Gastric adenocarcinoma
cell line SC-M1

2004 Lin et al. [102]

10 VEGF Decrease
Inhibit

angiogenesis
HeLa cell 2008 Lin et al. [103]

11
VEGF
MMP-2

Decrease
Inhibit

angiogenesis
Human umbilical vein

endothelial cells
2009 Gao et al. [104]

12
Mmp-2/9
UPA

Decrease
Inhibit

angiogenesis
Squamous cancer cell 2009 Ho et al. [105]

13 VEGF Decrease
Inhibit

angiogenesis
Hepatocellular
carcinoma

2010 C. Cheung et al.

14 VEGF Decrease
Inhibit

angiogenesis
Hep G2 cell line 2011 Jie et al. [106]

15
HIF-1
VEGF

Decrease
Inhibit

angiogenesis
B16F-10 melanoma cells

and C57BL/6 mice
2012 Hamsa and Kuttan [107]

16 VEGF Decrease
Inhibit

angiogenesis

Xenografted
hepatocellular

carcinoma (mice)
2012 Ruhua [108]

17 VEGF Decrease
Inhibit

angiogenesis
Hepatocellular
carcinoma

2012 Wang et al.

18 VEGF Decrease
Inhibit

angiogenesis
Breast cancer 2013 Kim et al. [109]

19 VEGF Decrease
Inhibit

angiogenesis
HepG2 cells 2013 Wang and Ke [110]

20 VEGF Decrease
Inhibit

angiogenesis
Human non-small-cell

lung cancer
2013 Fu et al. [111]

21
Mmp-2
UPA

Decrease
Inhibit

angiogenesis
Cervical cancer 2014 Chu et al.[112]

22 VEGF Decrease
Inhibit

angiogenesis
Hepatocellular
carcinoma

2015 Tsang et al. [113]
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Table 3: Continued.

Name of alkaloid N Molecules
Biological
results

Sample type Year Author

Sanguinarine

23 VEGF Decrease
Inhibit

angiogenesis
Swine granulosa cell 2006 Bianco et al. [114]

24 VEGF Decrease
Inhibit

angiogenesis
Endothelial cell line 2007 Basini et al. [115]

25 VEGF Decrease
Inhibit

angiogenesis
Swine granulosa cells 2007 Basini et al. [116]

26 VEGF Decrease
Inhibit

angiogenesis
Porcine aortic

endothelial cell line
2007 Basini et al. [117]

27 VEGF Decrease
Inhibit

angiogenesis
Swine ovarian follicles 2008 Basini et al. [116]

28 ? ?
Inhibit

angiogenesis
B16 melanoma 4A5 cells 2009 De Stefano et al. [118]

29 VEGF Decrease
Inhibit

angiogenesis
Human A549 lung

cancer cells
2013 Xu et al. [119]

30 VEGF Decrease
Inhibit

angiogenesis

MCF-7 human
mammary

adenocarcinoma cells
2013 Dong et al. [120]

31 VEGF Decrease
Inhibit

angiogenesis
S180 sarcoma in mice 2014 Du et al. [121]

32 HIF-1 Decrease
Inhibit

angiogenesis
Pancreatic cancer 2015 Singh et al. [122]

Sinomenine

33 VEGF Decrease
Inhibit

angiogenesis
Human synovial

sarcoma cells (Hs701.T)
2006 Li et al. [123]

34 VEGF Decrease
Inhibit

angiogenesis

Umbilical vein
endothelial cells

(HUVEC) and U2OS cells
2016 Xie et al. [124]

Taspine

35 VEGF Decrease
Inhibit

angiogenesis

Chicken chorioallantoic
membrane (CAM)
neovascularization
model and CAM
transplantation
tumor model

2008 Zhang et al. [125]

36 VEGF Decrease
Inhibit

angiogenesis
Human umbilical vein

endothelial cells
2008 Zhao et al. [126]

37 VEGF Decrease
Inhibit

angiogenesis
Human umbilical vein

endothelial cells
2010 Zhang et al. [127]

38 VEGF Decrease
Inhibit

angiogenesis
Caco-2 cell lines 2011 Zhang et al. [128]

39 VEGF Decrease
Inhibit

angiogenesis
Human liver cancer

SMMC7721
2011 Zhang et al. [129]

40 VEGF Decrease
Inhibit

angiogenesis

Chicken chorioallantoic
membrane (CAM) and
mouse colon tissue

2012 Zhang et al. [130]

41 VEGF Decrease
Inhibit

angiogenesis

Human cell lines of
SMMC-7721, A549,
MCF-7, Lovo, and

ECV304

2012 Zheng et al. [131]

42 VEGF Decrease
Inhibit

angiogenesis
A549 cells lung cancer 2012 Lu et al. [132]

Tetrandrine 43 PDGF Decrease
Inhibit

angiogenesis

Adjuvant-induced
chronic inflammation

model of mouse
1998 Kobayashi et al. [133]
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Table 3: Continued.

Name of alkaloid N Molecules
Biological
results

Sample type Year Author

44 VEGF Decrease
Inhibit

angiogenesis
RT-2 glioma RT 2009 Chen et al. [134]

45
HIF-1
VEGF

Decrease
Inhibit

angiogenesis

A rat model corneal
neovascularization

(CNV)
2011 Sun et al. [135]

46
HIF-1
VEGF

Decrease
Inhibit

angiogenesis
4T1 tumor bearing mice 2013 Gao et al. [136]

47 — —
Inhibit

angiogenesis

Human umbilical vein
endothelial cells

(HUVECs) and the
human colon cancer

cell line Lovo

2013 Qian et al. [137]

48 — —
Inhibit

angiogenesis
Liver cancer xenograft
model in nude mice

2015 Xiao et al. [138]

Brucine

49
VEGF
TGF-β

Decrease
Inhibit

angiogenesis

Murine cannulated
sponge implant

angiogenesis model
2011 Agrawal et al. [139]

50 VEGF Decrease
Inhibit

angiogenesis
Ehrlich ascites tumor and
human cancer cell line

2011 Agrawal et al. [140]

51 VEGF Decrease
Inhibit

angiogenesis

Nude mouse model of
bone metastasis due to

breast cancer
2012 Li et al. [141]

52 HIF-1 Decrease
Migration and
metastasis and
angiogenesis

Hepatocellular
carcinoma

2013 Shu et al. [142]

53 VEGF Decrease Angiogenesis Colon cancer cells 2013 Luo et al. [143]

54 VEGF Decrease
Inhibit

angiogenesis
Lovo cell 2013 Zheng et al. [144]

55 VEGF Decrease
Inhibit

angiogenesis
R breast cancer cell line

MDA-MB-231
2013

Kechun and Zjauma
[145]

Evodiamine

56 VEGF Decrease
Inhibit

angiogenesis

Human lung
adenocarcinoma
cell (CL1 cells)

2006 Shyu et al. [146]

57 VEGF Decrease
Inhibit

angiogenesis
Breast cancer cell 2008 Wang et al. [147]

58 HIF Decrease
Inhibit

angiogenesis
Human colon cancer cell 2015 Huang et al. [148]

Homoharringtonine

59 VEGF Decrease
Inhibit

angiogenesis

Human umbilical vein
endothelial cell line

(ECV304)
2004 Ye and Lin [149]

60 VEGF Decrease
Inhibit

angiogenesis
Leukemic cell line (K562)

in vitro
2004 Ye and Lin [149]

61 VEGF Decrease
Inhibit

angiogenesis
Myeloid leukemia cells 2005 Fei and Zhang [150]

62 HIF Decrease
Inhibit

angiogenesis
K562 cell 2008 Li et al. [151]

Matrine 63 VEGF Decrease
Inhibit

angiogenesis
Breast cancer cell 2009 Yu et al. [152]

Halofuginone
64

VEGF
MMP

Decrease
Inhibit

angiogenesis
BALB/c ν/ν (nude) mice 2003 Gross et al. [153]

65 — —
Inhibit

angiogenesis
Metastatic rat brain

tumor model
2004 Abramovitch et al. [154]
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is available at the moment on the role of miRNAs in alkaloid-
associated angiogenic processes. One exception is for berber-
ine that was shown to promote angiogenesis directly through
miR-29b upregulation, upon induction of ischemia in mice
[174]. The rest of the available data is restricted to experi-
ments analyzing alkaloids as effectors of miR induction in
different animal or cell models; for example, a recent study
analyzed miRNA induction by berberine in porcine embryos
[175]. Similarly, a berberine-containing commercially pre-
pared traditional Chinese medicine Huang-Lian-Jiee-Dwu-
Tang [176] was shown to induce VEGF and miR-126 expres-
sion in mesenchymal stem cell exosomes [177]. Interestingly,
a recent paper suggests that berberine, together with evodia-
mine, is able to affect not only the expression of somemiRs in
colorectal cancer cells (in particular miR-29a) but also the
expression of DNA methyltransferases that in turn regulate
miRs’ activities, providing evidence for epigenetic activities
of alkaloids during carcinogenesis [178]. In other searches,
the pulmonary arterial hypertension- (PAH-) inducing plant
pyrrolizidine alkaloid monocrotaline was shown to affect
miR-21 and let-7a expression in the lung of monocrotaline-
injected rats [179]. The role of miR-21 in PAH was later con-
firmed in humans [180], but no data is available on miR-21’s
role on monocrotaline effects. Nonetheless, downregulation
of miR-21, followed by the dephosphorylation of its target
Akt, was reported also by the growth-inhibiting alkaloid
matrine, on breast cancer cells [181]. Similar involvement
of miR-21 by alkaloids was observed on human thyroid can-
cer cells [182], while other miRs were involved in other cells,
i.e., miR-19b in melanoma [183], miR-106b in human acute
T-cell lymphoblastic leukemia [184], and miR-126 in non-
small-cell lung cancer [185].

Kaymaz et al. found that Capsaicin strongly reduced
miR-520a expression in chronic myeloid leukemia cells
[186]. As the regulation is associated with the inhibition
of cell proliferation, the authors hypothesized that alka-
loid’s apoptotic properties could rely directly on miR-520a-
5p/STAT3 interaction [186]. Similarly, data on rat hepatic

stellate T6 cells suggest that the ability of sanguinarine to
induce apoptosis through BCL2 downregulation could rely
on the activation of miR-15a/16-1 expression [187]. On the
other hand, homoharringtonine antileukemic effects were
causatively related, by ectopic expression, to the activation
of miR-370 and its target FoxM1, a major regulator in cell
proliferation and apoptosis [188]. Other transfection experi-
ments with miR mimics demonstrated unequivocally that
inhibitory activities on invasion and metastasis by sinome-
nine on breast cancer cells depend on miR-324-5p and
involve downstream NF-κB [189].

6. Conclusion

Based on data reviewed here and their ability to act as regu-
latory agents, alkaloids from natural sources are promising
molecules with an enormous potential for therapeutic inter-
vention of many disorders. Compounds from natural
sources are believed to be good candidates for the preven-
tion of angiogenic disorders and also as complements for
chemotherapy or radiotherapy, in combination with other
anticancer therapies [50, 190–192]. Berberine, noscapine,
sanguinarine, and taspine among others are the most
interesting and promising angiogenesis inhibitors. Further
investigations are still required to elucidate their precise
molecular and cellular mechanisms, as well as any poten-
tial side effects.

Conflicts of Interest

There are no conflicts of interest.

Authors’ Contributions

Masoud Alasvand and Vahideh Assadollahi contributed
equally to this manuscript.

Table 3: Continued.

Name of alkaloid N Molecules
Biological
results

Sample type Year Author

66 TGF Decrease
Inhibit

angiogenesis
Polyoma middle T
antigen mouse

2005 Yee et al. [155]

67

TGF-β-1, bFGF,
COL1A1, MMP-2,
MMP-9, VEGF,

and PDGF

Decrease
Inhibit

angiogenesis
Xenografted (rat) 2012 Jordan and Zeplin [156]

68
VEGF
MMP
TGF-β

Decrease
Inhibit

angiogenesis
Acute promyelocytic
leukemia mouse model

2015 Assis et al. [157]

Capsaicine
69 VEGF Decrease

Inhibit
angiogenesis

Endothelial cells in the
rat aorta

2008 Pyun et al. [158]

70 VEGF Decrease
Inhibit

angiogenesis
Non-small-cell lung

cancer
2014 Chakraborty et al. [159]

Pterogynidine 71 — —
Inhibit

angiogenesis

Human umbilical vein
endothelial cells

(HUVEC)
2009 Lopes et al. [160]
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Aims. Insulin and glucocorticoids play crucial roles in skeletal muscle protein turnover. Fast-twitch glycolytic fibres are more
susceptible to atrophy than slow-twitch oxidative fibres. Based on accumulating evidence, hydrogen sulfide (H2S) is a
physiological mediator of this process. The regulatory effect of H2S on protein synthesis in fast-twitch fibres was evaluated.
Results. A NaHS (sodium hydrosulfide) injection simultaneously increased the diameter of M. pectoralis major (i.e., fast-twitch
glycolytic fibres) and activated the mammalian target of the rapamycin (mTOR)/p70S6 kinase (p70S6K) pathway.
Dexamethasone (DEX) inhibited protein synthesis, downregulated mTOR and p70S6K phosphorylation, and suppressed the
expression of the cystathionine γ-lyase (CSE) protein in myoblasts. The precursor of H2S, L-cysteine, completely abolished the
inhibitory effects of DEX. The CSE inhibitor DL-propargylglycine (PAG) completely abrogated the effects of RU486 on blocking
the suppressive effects of DEX. The H2S donor NaHS increased the H2S concentrations and abrogated the inhibitory effects of
DEX on protein synthesis. Insulin increased protein synthesis and upregulated CSE expression. However, PAG abrogated the
stimulatory effects of insulin on protein synthesis and the activity of the mTOR/p70S6K pathway. Innovation. These results
demonstrated that CSE/H2S regulated protein synthesis in fast-twitch muscle fibres, and glucocorticoids and insulin regulated
protein synthesis in an endogenous CSE/H2S system-dependent manner. Conclusions. The results from the present study
suggest that the endogenous CSE/H2S system regulates fast-twitch glycolytic muscle degeneration and regeneration.

1. Introduction

Hydrogen sulfide (H2S) has historically been considered a
toxic environmental gas [1] but is also a physiological
mediator [2–4]. Endogenous sulfides, nitric oxide, and car-
bon monoxide are gastrotransmitters in the mammalian
brain [5–8]. Hydrogen sulfide plays various physiological
roles in neuromodulation, vascular tone regulation, cyto-
protection, oxygen-sensing capacity, inflammatory regula-
tion, and cell growth [9–11]. H2S is also associated with
glucose homeostasis [12].

Two enzymes, cystathionine γ-lyase (CSE) and cystathio-
nine β-synthase (CBS), contribute to the formation of endog-
enous H2S in the cytoplasm. The sulfur-containing amino
acids, cysteine and homocysteine, are substrates in reactions
that produce H2S [13, 14]. 3-Mercaptopyruvate sulfur

transferase also produces H2S in the vascular endothelium
[15], and the sulfur-containing amino acids, methionine,
homocysteine, cysteine (CS), and 3-mercaptopyruvate, are
the primary sources of endogenous H2S [13, 16]. Human
skeletal muscles express significant amounts of CBS and
CSE [17], suggesting that endogenous H2S plays an impor-
tant role in modulating muscle metabolism. Hydrogen sul-
fide is endogenously generated in rat skeletal muscle and
protects against oxidative stress by acting as an antioxidant
[18]. H2S prevents ischaemia-reperfusion injury-induced cel-
lular damage in cultured myotubes subjected to sequential
hypoxia and normoxia and in vivo (mouse hind limb)
models [19]. However, researchers have not clearly deter-
mined whether H2S exerts antihypertensive, anti-inflamma-
tory, and antioxidant effects on healthy skeletal muscle and
on skeletal muscle affected by metabolic syndromes [20].
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Cachexia, sarcopenia, and general muscle atrophy result-
ing from disuse and/or prolonged bed rest are the ultimate
consequences of ageing and a variety of acute and chronic ill-
nesses, and these conditions have received more attention in
recent decades [21]. The skeletal muscle fibre type pro-
foundly impacts muscle diseases, including certain muscular
dystrophies and sarcopenia, and ageing-induced loss of mus-
cle mass and strength [22]. Fast-twitch glycolytic fibres are
more susceptible to age-related atrophy than slow-twitch
oxidative fibres [23, 24].

Insulin plays a crucial role in skeletal muscle protein
turnover and facilitates human skeletal muscle anabolism
[25]. Insulin resistance is involved in the development of
muscle atrophy [26, 27]. Glucocorticoids regulate protein
metabolism in skeletal muscle and exert catabolic effects that
oppose the anabolic effects of insulin [28]. Glucocorticoids
are associated with muscle-wasting diseases, which affect
the overall metabolic state by increasing catabolism, decreas-
ing anabolism, or both [29]. Therefore, we hypothesized that
H2S would function as a signalling molecule to regulate skel-
etal muscle protein synthesis.

The mammalian target of the rapamycin (mTOR) signal-
ling pathway is a central mediator of metabolism and growth
and acts as a central regulator of protein metabolism [30]. A
variety of different stimuli that control protein synthesis and
skeletal muscle mass regulate mTOR signalling in skeletal
muscle [31, 32]. H2S exerts cardioprotective effects by acti-
vating the AMPK/mTOR pathway [33]. Therefore, we inves-
tigated whether the mTOR pathway is a target of H2S in the
present study.

The present study used broiler chicks as the experimental
model because the breast muscle of the boiler chick primarily
comprises fast-twitch muscle fibres. The effect of a NaHS
injection on muscle development was evaluated. We mea-
sured the inhibitory and stimulatory effects of dexametha-
sone (DEX), a synthetic glucocorticoid exhibiting a high
affinity for glucocorticoid receptors and insulin, respectively,
on protein synthesis in myoblasts and investigated the regu-
latory roles of H2S in skeletal muscle protein synthesis and
the activation of the mTOR/p70S6 kinase (p70S6K) pathway.

2. Results

2.1. Intraperitoneal Injection of NaHS Stimulated Breast
Muscle Development. The NaHS injection had no detectable
influence (P > 0 05) on body weight or breast muscle mass
(Figures 1(a) and S2). At a dose of 10μmol/kg/d, NaHS
increased the CSE and CBS protein levels (P < 0 05,
Figures 1(b) and S2). The NaHS treatment (10μmol) upreg-
ulated the total mTOR, phosphorylated mTOR, and phos-
phorylated p70S6K protein levels (P < 0 05) (Figures 1(c),
1(d), and S2). In contrast, a high-dose NaHS treatment
(100μmol) had no detectable influence on the CBS and
CSE protein levels and mTOR and on p70S6K phosphoryla-
tion but increased the total mTOR level (P < 0 05). We
repeated the NaHS treatment (10μmol/kg body weight
(BW)) and observed that the diameters ofM. pectoralis major
fibres were increased (Figures 1(e) and S2).

2.2. DEX Inhibited CSE Expression, Protein Synthesis, and the
Activity of the mTOR/p70S6K Pathway. We first investigated
whether the H2S synthetases, CSE and CBS, participated in
the DEX-mediated inhibition of protein synthesis. At all con-
centrations (0.1, 1, and 10μmol), the DEX treatment signifi-
cantly inhibited (P < 0 05) protein synthesis compared to the
control treatment (Figures 2(a) and S3A). The DEX treat-
ment decreased the CSE and CBS protein levels (P < 0 01)
compared to the control treatment (P = 0 068, Figures 2(b)
and S3B). The DEX treatment produced no significant effect
(P > 0 05) on the total mTOR or p70S6K levels but produced
significant decreases (P < 0 05) in the phosphorylated mTOR
(Ser 2448) and p70S6K (Thr 389) levels compared to the con-
trol treatment (Figures 2(c), 2(d), and S3C).

2.3. RU486 Reversed the Effects of DEX on Suppressing CSE
Expression, Protein Synthesis, and the Activity of the
mTOR/p70S6K Pathway.We treated myoblasts with the glu-
cocorticoid receptor inhibitor RU486 to block the effects of
DEX on protein synthesis and confirm that CSE played a role
in the inhibitory effects of glucocorticoids on protein synthe-
sis. DEX decreased protein synthesis compared to the control
(P < 0 01). However, the RU486+DEX treatment attenuated
this effect (P > 0 05, Figures 3(a) and S4). The DEX treatment
significantly decreased the CSE protein levels (P < 0 01)
compared to the control (Figures 3(b) and S4), but the
DEX+RU486 treatment did not alter the CSE protein levels
(P > 0 05). Neither DEX nor DEX+RU486 treatments
altered the CBS protein levels (P > 0 05, Figures 3(b) and
S4). RU486 attenuated the DEX-induced decreases in the
mTOR (P < 0 05) and p70S6K (P < 0 01) protein levels.
RU486 restored the DEX-induced downregulation of mTOR
and p70S6K phosphorylation (P < 0 01) (Figures 3(c), 3(d),
and S4).

2.4. L-Cysteine Attenuated the Suppressive Effects of DEX on
CSE Expression, Protein Synthesis, and the Activity of the
mTOR/p70S6K Pathway. We subsequently evaluated the
effects of a substrate of H2S synthetase, L-cysteine, on the
DEX-mediated inhibition of protein synthesis. L-Cysteine
supplementation attenuated the inhibitory effects of DEX
on protein synthesis (P < 0 05, Figures 4(a) and S5A). DEX
decreased the CSE protein levels compared to the control
(P < 0 01) but had no effect on the CBS protein levels com-
pared to the control (P > 0 05, Figures 4(b) and S5A). The
DEX+L-cysteine treatment had no effect on the CSE or
CBS protein levels compared to the control (P > 0 05).
L-Cysteine attenuated the DEX-induced decreases in the
total (P < 0 05) and phosphorylated mTOR (P < 0 05) pro-
tein levels to be comparable to those of the control group.
However, the DEX+L-cysteine treatment had no effect on
the total or phosphorylated mTOR protein levels (P > 0 05)
compared with the control treatment (Figures 4(c) and
S5A). The DEX treatment did not affect the total p70S6K
levels, but it decreased the phosphorylated p70S6K levels
(P < 0 05). L-Cysteine significantly (P < 0 05) increased the
phosphorylated p70S6K levels compared with the control
treatment (Figures 4(d) and S5A).
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Figure 1: Effects of an intraperitoneal injection of NaHS (10 μmol or 100μmol/kg BW) on muscle development, CSE expression, and the
mTOR/p70S6K signalling pathway. (a) BW gain and breast muscle mass, (b) CSE and CBS protein levels, (c) total mTOR and
phospho-mTOR (Ser 2448) (p-mTOR) protein levels, (d) p70S6K or p-p70S6K (Thr 389) protein levels, and (e) results of the
morphological analysis of the sections and diameters of M. pectoralis major of broilers. The data are presented as the mean ± SEM (n = 6);
∗P < 0 05; ∗∗P < 0 01.
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We treated myoblasts with DL-propargylglycine (PAG)
and L-cysteine to further evaluate the effects of L-cysteine.
The L-cysteine treatment increased the CSE protein levels
(P < 0 05), and PAG decreased the CSE protein levels
(P < 0 05) (Figures 4(f) and S5B) compared to the control.
No significant (P > 0 05) differences in the total protein
expression levels were observed between the control and
L-cysteine+PAG groups (Figures 4(f) and S5B). The L-
cysteine treatment increased the protein synthesis rates
(P < 0 05) (Figures 4(e) and S5B), total mTOR (P < 0 01)
(Figure 4(g)) and p70S6K protein levels (P < 0 01)
(Figures 4(h) and S5B), and phosphorylated mTOR
(P < 0 01) (Figures 4(g) and S5B) and p70S6K protein levels
(P < 0 01) (Figures 4(h) and S5B). PAG decreased the protein
synthesis rates (P < 0 01) (Figure 4(e)), decreased the total
mTOR (P < 0 05) and p70S6K protein levels (P < 0 05)
(Figures 4(g) and 4(h)), and suppressed the phosphorylation
of the mTOR (P < 0 05) and p70S6K proteins (P < 0 05)

(Figures 4(g) and 4(h)). The PAG+L-cysteine treatment
abrogated the effects of the L-cysteine treatment on the
protein synthesis rates (P < 0 05), mTOR and p70S6K pro-
tein levels (P < 0 05) (Figures 4(e), 4(g), and 4(h)), and phos-
phorylated mTOR and p70S6K protein levels (P < 0 05)
(Figures 4(g) and 4(h)).

2.5. NaHS Attenuated the Suppressive Effects of DEX on CSE
Expression, Protein Synthesis, and the Activity of the
mTOR/p70S6K Pathway. We assessed the effects of NaHS
supplementation on myoblast protein synthesis. NaHS
supplementation significantly (P < 0 05) increased the H2S
concentration in culture medium within 6 h compared to
the control treatment (Figures 5(a) and S6). The NaHS
treatment significantly (P < 0 05) increased the protein syn-
thesis rates (Figures 5(b) and S6), CSE protein expression
levels, and phosphorylated mTOR and p70S6K levels
(P < 0 05, Figures 5(c)–5(e), and S6) compared to the control
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Figure 2: DEX inhibited protein synthesis, CSE expression and the mTOR/p70S6K signalling pathway. Myoblasts were incubated with
different doses of DEX (0, 0.1, 1, or 10 μM) for 6 h. All cells were then incubated with puromycin (10 μM) for 30min to measure the
protein synthesis rates. Cell lysates were immunoblotted with specific antibodies. (a) Protein synthesis was measured with an antibody
against puromycin, (b) CSE and CBS protein expression levels, (c) total mTOR and p-mTOR (Ser 2448) protein levels, and (d) p70S6K or
p-p70S6K (Thr 389) protein levels. The data are presented as the mean ± SEM (n = 6); ∗P < 0 05; ∗∗P < 0 01.
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treatment. However, the NaHS treatment did not affect the
CBS protein expression levels (P > 0 05). The NaHS treat-
ment significantly increased the protein synthesis rates and
phosphorylated mTOR (Ser 2448) and p70S6K (Thr 389)
protein levels compared to the DEX treatment (P < 0 05,
Figures 5(b), 5(d), and 5(e)).

2.6. PAG Reversed the Stimulatory Effects of RU486 on CSE
Expression, Protein Synthesis, and the Activity of the
mTOR/p70S6K Pathway. The RU486 treatment significantly
attenuated the suppressive effects of DEX on the CSE protein
expression levels (P < 0 05), protein synthesis rates (P < 0 05),
and mTOR and p70S6K phosphorylation (P < 0 05)

(Figures 6(a)–6(d), and S7). However, the administration of
the PAG treatment in the presence of DEX and RU486
reversed the effects of RU486 and induced significant
decreases in CSE expression (P < 0 05), protein synthesis
rates (P < 0 05), and mTOR and p70S6K phosphorylation
(P < 0 05) (Figures 6(a)–6(d)).

2.7. Insulin Stimulated CSE Expression, Protein Synthesis, and
p70S6K and mTOR Phosphorylation. The insulin treatment
(1, 5, or 10μg/mL) significantly increased the protein synthe-
sis rates (P < 0 05, Figures 7(a) and S8) compared to the con-
trol treatment. Insulin increased the CSE protein levels
(P < 0 05) in a dose-dependent manner and increased the
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Figure 3: The glucocorticoid receptor mediates the inhibitory effects of DEX on protein synthesis and CSE expression. Myoblasts were
preincubated with or without RU 486 (100 nM) for 30min. Cells were then incubated with or without DEX (10 μM) for 6 h, after which
they were incubated with puromycin (10 μM) for 30min to measure protein synthesis rates. Cell lysates were immunoblotted with specific
antibodies. (a) Protein synthesis was measured with an antibody against puromycin, (b) CSE and CBS levels were detected by
immunoblotting using CSE and CBS antibodies, (c) antibodies against mTOR or p-mTOR (Ser 2448) were used to detect the protein
levels, and (d) antibodies against p70S6K or p-p70S6K (Thr 389) were used to detect the protein. The data are presented as the mean ±
SEM (n = 6); ∗P < 0 05; ∗∗ P < 0 01.
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CBS protein levels (P < 0 05) at its highest dose (10μg/mL,
Figures 7(b) and S8). The insulin treatment also significantly
increased mTOR (Ser 2448) and p70S6K (Thr 389) phos-
phorylation (P < 0 05) compared to the control treatment
(Figures 7(c), 7(d), and S8).

2.8. PAG Abrogated the Stimulatory Effects of Insulin on CSE
Expression, Protein Synthesis, and p70S6K and mTOR
Phosphorylation. We treated cells with PAG in the presence
of insulin to determine whether H2S was involved in the
effects of insulin on myoblast protein synthesis. PAG signifi-
cantly (P < 0 05) suppressed protein synthesis compared to

the control group (Figures 8(a) and S9). PAG blocked the
insulin-induced increases in protein synthesis rates
(P < 0 05), and no difference in protein synthesis rates was
observed between the PAG-treated and control groups
(P > 0 05, Figure 8(a)). The insulin treatment also increased
the CSE protein levels (P < 0 05), and the PAG treatment
decreased the CSE protein levels (P < 0 05). The PAG+insu-
lin treatment had no effect (P > 0 05) on the CSE protein
levels compared with the control treatment (Figures 8(b)
and S8). However, neither insulin nor PAG significantly
affected the CBS protein levels (P > 0 05). PAG supplementa-
tion significantly (P < 0 05) decreased the total and
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Figure 4: L-cysteine stimulated protein synthesis in chicken myoblasts via H2S. Myoblasts were incubated with or without L-cysteine (1mM)
and treated with or without DEX (10 μM) for 6 h (a, b, c, and d). Alternatively, the cells were treated with or without PAG (10mM) for 6 h (e, f,
g, and h). After all treatments were complete, cells were incubated with puromycin (10μM) for 30min to evaluate protein synthesis rates. The
cell lysates were immunoblotted with specific antibodies. (a, e) Blots were incubated with an antibody against puromycin, (b, f) antibodies
against CSE and CBS, (c, g) antibodies against mTOR or p-mTOR (Ser 2448), and (d, h) antibodies against p70S6K or p-p70S6K (Thr
389). The data are presented as the mean ± SEM (n = 6); ∗P < 0 05; ∗∗P < 0 01.
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Figure 5: H2S stimulated protein synthesis in chicken myoblasts. Myoblasts were incubated with or without NaHS (500 μM). Cells were
simultaneously treated with or without DEX (10 μM) for 6 h. (a) The concentration of H2S in culture media supplemented with NaHS at
different times (10, 30, 60min, or 6 h). (b) Protein synthesis was measured with an antibody against puromycin. (c) CSE and CBS levels
were detected by immunoblotting using CSE and CBS antibodies. (d) The total and phosphorylated mTOR levels were analysed with
antibodies against mTOR and p-mTOR (Ser 2448), respectively; (e) the total and phosphorylated p70S6K levels were analysed using
antibodies against p70S6K or p-p70S6K (Thr 389), respectively. The data were presented as the mean ± SEM (n = 6); ∗P < 0 05; ∗∗P < 0 01;
∗∗∗P < 0 001.
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phosphorylated mTOR protein levels (Figures 8(c) and S9),
and the insulin treatment increased the total and phosphory-
lated mTOR protein levels compared to the control treat-
ment (P < 0 05). However, the administration of the insulin
treatment in the presence of PAG had no effect (P > 0 05)
on the total and phosphorylated mTOR protein levels
compared with the control treatment (Figure 8(c)). The
PAG treatment decreased the total and phosphorylated
p70S6K protein levels (P < 0 05, Figures 8(d) and S9). The
insulin treatment increased the phosphorylated p70S6K
(p-p70S6K) protein levels (P < 0 05) but had no effect on
the total p70S6K protein levels (P > 0 05). The PAG+insulin
treatment did not affect the total p70S6K or p-p70S6K pro-
tein levels (P > 0 05).

3. Discussion

The present study observed a stimulatory effect of NaHS on
the development of breast muscle fibres. NaHS increased
the protein synthesis rates, activated the mTOR/p70S6K
pathway, and increased the CSE protein levels. We investi-
gated the role of H2S in the regulatory effects of glucocorti-
coids and insulin on myocyte protein synthesis. L-Cysteine
or NaHS supplementation effectively abolished the inhibitory
effects of DEX on protein synthesis, the activity of the
mTOR/p70S6K pathway, and CSE protein expression. In
contrast, the CSE inhibitor PAG significantly decreased the
CSE protein levels and attenuated the stimulatory effects of
insulin on protein synthesis and mTOR/p70S6K pathway
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Figure 6: CSE mediated the inhibitory effects of DEX on protein synthesis and the activity of the mTOR/p70S6K signalling pathway.
Myoblasts were incubated with DEX (10 μM) for 6 h and treated with or without RU 486 or PAG. All cells were incubated with
puromycin (10 μM) for 30min to evaluate protein synthesis rates. Cell lysates were immunoblotted with the following specific antibodies:
(a) puromycin, (b) CSE and CBS, (c) mTOR or p-mTOR (Ser 2448), and (d) p70S6K or p-p70S6K (Thr 389). The data are presented as
the mean ± SEM (n = 6); ∗P < 0 05; ∗∗P < 0 01.
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activity. These results suggest that H2S participated in the
regulatory effects of insulin and glucocorticoids on protein
anabolism in skeletal muscle.

3.1. H2S Stimulated the Development of Breast Muscle Fibres.
NaHS did not alter broiler BW gain or breast muscle mass,
but the increased diameter of M. pectoralis major indicated
a stimulatory effect of NaHS on muscle development. The
increased phosphorylated mTOR and p70S6K protein levels
in NaHS-treated chicks indicated the activation of the mTOR
pathway. Notably, the stimulatory effects of the NaHS treat-
ment were detected at 10μmol, but not at 100μmol NaHS,
suggesting that NaHS promotes muscle development in a
dose-dependent manner. Insulin and glucocorticoids are
important hormones that regulate muscle protein metabo-
lism [34]. Therefore, we further investigated the effect of
H2S on the regulatory effects of insulin and glucocorticoids
on protein synthesis.

In this study, increased CBS and CSE protein levels were
detected in the 10μmol NaHS group, suggesting that exoge-
nous H2S could upregulate the expression of CBS and CSE.
This result was consistent with the study by Wu et al. [35],
who reported that the CBS and CSE protein levels in the
heart, liver, and kidney tissues of mice were all increased by
NaHS supplementation (10-100μmol/kg/day). Similarly,
the NaHS treatment stimulates CBS and CSE expression in
the myocardium [36] and kidney [37]. In the present
study, the stimulatory effect was not observed in the group
supplemented with a high dose of NaHS (100μmol/kg/-
day). The effective dose of NaHS showed a tissue-specific
pattern, which may be related to the diverse distribution
and abundant expression of H2S-producing enzymes in
the tissues [35]. The underlying mechanism requires fur-
ther investigation.

3.2. H2S Abolished the Inhibitory Effects of DEX on Protein
Synthesis. The inhibitory effects of glucocorticoids on muscle
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Figure 7: Insulin increased protein synthesis, CSE expression, and the activity of the mTOR/p70S6K signalling pathway. Different doses
of insulin (0, 1, 5, or 10 μg/mL) were administered to the myoblasts for 6 h. All cells were then incubated with puromycin (10 μM) for
30min to evaluate protein synthesis rates. Cell lysates were immunoblotted with the following specific antibodies: (a) puromycin, (b)
CSE and CBS, (c) mTOR or p-mTOR (Ser 2448), and (d) p70S6K or p-p70S6K (Thr389). The data are presented as the mean ±
SEM (n = 6); ∗P < 0 05; ∗∗P < 0 01.
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protein synthesis are well studied [38, 39]. The present study
demonstrated that DEX suppressed protein synthesis. mTOR
is a central regulator of protein synthesis that plays a role in
regulating numerous components, including initiation and
elongation factors [40], and mTOR pathway blockade is
involved in the inhibitory effects of glucocorticoids on pro-
tein synthesis in C2C12 cells [41] and chicken myoblasts
[42]. The observation that DEX decreased mTOR and
p70S6K phosphorylation indicated that DEX suppressed the
activation of the mTOR/p70S6K pathway and suggests that
the mTOR/p70S6K pathway is involved in the mechanism
regulating the effects of glucocorticoids on protein metabo-
lism.We investigated the effects of glucocorticoids on protein
synthesis further via a blockade of the glucocorticoid recep-
tor with RU486. RU486 attenuated the inhibitory effects of
DEX on protein synthesis and the expression of the mTOR
and p70S6K proteins, suggesting that DEX inhibits protein
synthesis via the glucocorticoid receptor [43].

CBS and CSE endogenously synthesize H2S from L-
cysteine [14, 44, 45], and we measured the CSE and CBS pro-
tein levels in this study. Notably, the DEX treatment
decreased the CSE protein expression levels, and RU486 par-
tially restored CSE expression (P = 0 065). Therefore, endog-
enous H2S production is involved in the effects of DEX
treatment on protein synthesis. However, the DEX treatment
also decreased the CBS protein expression levels (P = 0 068),
but RU486 did not significantly affect the CBS levels. This
finding suggests that CBS is not the primary enzyme respon-
sible for regulating the effects of DEX on protein synthesis.
However, a previous study demonstrated that DEX-treated
rats exhibit marked reductions in CBS and CSE expression
in the homogenates of mesenteric arterial beds and carotid
arteries [40, 46], suggesting a tissue-specific expression pat-
tern for CBS and CSE [13].

We administered a substrate involved in endogenous H2S
synthesis, L-cysteine, to myoblasts in the presence of DEX.
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Figure 8: CSE mediated the stimulatory effects of insulin on protein synthesis and the activity of the mTOR/p70S6K signalling pathway.
Myoblasts were incubated with insulin (5 μg/mL) for 6 h and treated with or without PAG (10mM). All cells were then incubated with
puromycin (10 μM) for 30min to evaluate protein synthesis rates. Cell lysates were immunoblotted with the following specific antibodies:
(a) puromycin, (b) CSE and CBS, (c) mTOR or p-mTOR (Ser 2448), and (d) p70S6K or p-p70S6K (Thr 389). The data are presented as
the mean ± SEM (n = 6); ∗P < 0 05; ∗∗P < 0 01.
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L-Cysteine supplementation significantly increased the CSE
protein levels, protein synthesis rates, and mTOR and
p70S6K phosphorylation, indicating that L-cysteine attenu-
ated the DEX-induced decrease in protein synthesis rates
and the activity of the mTOR/p70S6K pathway. CS may
function as a potent biological antioxidant by serving as a
source of thiol to regulate intracellular glutathione levels
[47]. CS suppresses oxidative stress-induced protein modifi-
cations, which decreases protease activity levels and ulti-
mately decreases myofibrillar proteolysis in chick myotubes
[48]. We treated cells with the CSE inhibitor PAG in combi-
nation with L-cysteine to verify the effects of L-cysteine on
myoblast protein synthesis. PAG supplementation in the
presence of L-cysteine abrogated the effects of L-cysteine on
protein synthesis rates, CSE protein expression, and the
activity of the mTOR/p70S6K pathway. However, the com-
bined L-cysteine and PAG treatment did not affect the CBS
protein expression levels, indicating that CBS was not
responsible for the effects of L-cysteine on protein synthesis.
Thus, the stimulatory effects of L-cysteine on protein synthe-
sis and the activity of the mTOR/p70S6K pathway depend on
the CSE/H2S system.

We investigated whether H2S was associated with the
DEX-mediated inhibition of protein synthesis. NaHS, a
hydrogen sulfide or exogenous H2S donor, is used to regulate
cardiovascular circulation [49, 50]. NaHS supplementation
significantly increased H2S concentrations in the culture
medium. The NaHS treatment significantly increased the
CSE protein expression levels, protein synthesis rates, and
mTOR and p70S6K phosphorylation, indicating that H2S
enhanced protein synthesis in myoblasts. These results are
consistent with a study in renal epithelial cells, in which
H2S stimulated protein synthesis [51]. The NaHS treatment
partially attenuated the inhibitory effects of DEX on CSE
expression, protein synthesis, and mTOR and p70S6K phos-
phorylation, suggesting that H2S is at least partially responsi-
ble for the inhibitory effects of DEX on protein synthesis.

We treated myoblasts with PAG in the presence of DEX
and RU486 to confirm the role of H2S in the DEX-
mediated inhibition of protein synthesis. The PAG treatment
significantly suppressed CSE expression, protein synthesis,
and the activity of the mTOR/p70S6K pathway compared
to the control treatment. These results are consistent with
the study by Lee et al., who reported that PAG abrogated
the stimulatory effects of tadalafil on protein synthesis and
mTOR complex 1 activity in podocytes [52]. PAG also
reversed the stimulatory effects of RU486 on protein synthe-
sis, mTOR and p70S6K phosphorylation, and CSE expres-
sion. Based on these results, the regulatory effects of
glucocorticoids on protein synthesis are at least partially
dependent on the endogenous CSE/H2S system.

3.3. PAG Abrogated the Stimulatory Effects of Insulin on
Protein Synthesis. Insulin is a key factor in the mechanism
regulating skeletal muscle protein anabolism [53–55]. Insulin
successfully increased protein synthesis, the phosphorylated
mTOR and p70S6K protein levels, and the expression of
the CSE protein in the present study. The activation of intra-
cellular kinases, such as PI3K and mTOR, mediates insulin

signalling and affects the phosphorylation of some major
effectors involved in the mechanism regulating translation
initiation [56]. Insulin increased protein synthesis rates in a
dose-dependent manner (0, 1, 5, and 10μg/mL) and
increased mTOR and p70S6K phosphorylation at doses of 5
and 1μg/mL, respectively, suggesting that the mTOR/
p70S6K pathway participates in insulin-induced myoblast
protein synthesis. The endogenous CSE/H2S system plays
an important role in regulating glucose utilization and insu-
lin resistance in 3T3-L1 adipocytes [57, 58] and hepatocytes
[59]. The insulin treatment increased the CSE and CBS pro-
tein levels in the present study, suggesting that endogenous
H2S participates in insulin-induced protein synthesis.

We treated myoblasts with PAG in the presence of
insulin to confirm the abovementioned hypothesis. PAG
abrogated the insulin-induced increase in CSE protein
expression to levels comparable to those in the control group,
suggesting that PAG suppresses the stimulatory effects of
insulin on CSE expression. PAG abolished the stimulatory
effects of insulin on protein synthesis and mTOR and
p70S6K phosphorylation. Thus, insulin stimulates myo-
blast protein anabolism in an endogenous CSE/H2S-depen-
dent manner.

S-Sulfhydration is proposed to mediate most of the effects
from H2S by producing a hydropersulfide moiety (–SSH) in
the CS residues of targeted proteins [60]. Recently, H2S was
shown to S-sulfhydrate MEK1, the upstream activator of
ERK1/2, at CS 341 and induce ERK1/2 phosphorylation,
which subsequently translocates to the nucleus and activates
PARP-1 activation, in turn improving DNA damage repair
and cellular senescence [61]. Therefore, the role of the S-
sulfhydration activity of H2S in the activation of mTOR
requires further investigation.

In conclusion, NaHS stimulated the development of
breast muscle. The endogenous CSE/H2S system regulated
the glucocorticoid-mediated inhibition of protein synthesis
and insulin-induced protein anabolism in myoblasts by acti-
vating the mTOR/p70SK signalling pathway. The present
results highlight the endogenous CSE/H2S system as a poten-
tial regulator of muscle degeneration and regeneration.

4. Innovation

The results demonstrated that the endogenous CSE/H2S
system participated in the mechanisms regulating protein
synthesis in fast-twitch skeletal muscle fibres and glucocorti-
coid- and insulin-regulated protein synthesis.

5. Materials and Methods

5.1. Animal Experiment. Day-old male broilers (Arbor
Acres) were obtained from a local breeding farm (Shan-
dong, CN), randomly divided into three groups of six
chicks and subjected to one of the following treatments:
intraperitoneal injections of NaHS at a dose of 10μmol/kg
BW or 100μmol/kg BW or sham injections of saline (con-
trol) twice a day. The initial and final BWs of chicks were
recorded, and BW gain was calculated. All experimental
chicks were sacrificed at the end of the experiment (8 days
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old) via exsanguination. The breast muscle was harvested
and weighed, and left M. pectoralis major (fast-twitch gly-
colytic fibre type muscle) samples were obtained and
snap-frozen in liquid nitrogen for protein analyses.

Animal experiments were repeated to evaluate the devel-
opment of breast muscle. One-day-old male broilers were
randomly divided into two groups of six chicks and subjected
to one of the following treatments: intraperitoneal injections
of NaHS (10μmol/kg BW) or sham injections of saline (con-
trol) twice a day. All experimental chicks were sacrificed at
the age of 8 days via exsanguination. The breast muscle
was harvested and weighed, and muscle samples were
excised and fixed with 4% paraformaldehyde for morpho-
logical analyses.

The Shandong Agricultural University approved this
study, which was performed in accordance with the “Guide-
lines for Experimental Animals” of the Ministry of Science
and Technology (Beijing, China).

5.2. Cell Culture. SPF chicken eggs were obtained (Jinan SAIS
Poultry Co., LTD.) and hatched in an incubator (Haijiang,
Beijing, CN). At an embryo age of 15 days, the eggs were
placed in the biosafety cabinet (1200, Heal Force) after the
eggshell was sterilized with 75% alcohol. Chicken embryos
were removed from eggs and placed in glass containers.
Breast muscle tissues (M. pectoralis major) were separated
from the chicken embryo, plated, and cultured in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM;
HyClone, Thermo Fisher, Shanghai, CN) supplemented with
10% foetal bovine serum and 1% penicillin/streptomycin
(Solarbio, Beijing, CN) in a humidified 5% CO2 atmosphere
at 37°C until the cells reached approximately 95% confluence.
Cells were subjected to the treatments specified in the proto-
cols for the experiments described below.

5.3. Treatments

5.3.1. DEX, RU486, L-Cysteine, and NaHS Treatments.
Myoblasts were incubated in media supplemented with dif-
ferent concentrations of DEX (0.1, 1, or 10μM; Shandong,
CN) for 6 h to determine the optimal dose (10μM).
L-Cysteine (1mM; Sigma, Missouri, US) was added to the
culture media in the presence of DEX (10μM), and myo-
blasts were incubated for 6 h. We treated the myoblasts with
NaHS (500μM, an H2S donor; Sigma, Missouri, US) and
DEX (10μM) for 6 h to confirm that H2S stimulated protein
synthesis. The optimal treatment doses and durations were
selected based on the results of previous studies [42, 62,
63]. Cells were treated with a glucocorticoid receptor inhibi-
tor, RU486, to suppress the effects of DEX [64] and confirm
that DEX inhibited protein synthesis. We also treated the
cells with the CSE inhibitor PAG (10mM; Sigma, Missouri,
US) to inhibit H2S formation. TheNaHS and PAG concentra-
tions were based on previous trials that used a different gradi-
ent.Wepretreated themyoblastswithRU486 (100 nM; Sigma,
St. Louis,MO,US) and PAG (10mM) for 1 h prior to the addi-
tion of DEX (10μM).

5.3.2. Insulin and PAG Treatments. Myoblasts were treated
with different insulin concentrations (1, 5, or 10μg/mL;

Aladdin, Shanghai, CN) for 6 h to determine the optimal
dose (5μg/mL), i.e., the dose of insulin that would most effec-
tively stimulate protein anabolism [65, 66]. PAG (10mM)
was added to the culture media in the presence of insulin
(5μg/mL) and incubated for 6 h.

5.3.3. Morphological Examination of Breast Muscle. Paraffi-
n-embedded breast muscle tissue was cut into 4μm thick
frontal sections and stained with haematoxylin and eosin
(H.E. staining). Sections were examined under a microscope
(10 × 20, Olympus, Tokyo, Japan), and muscle fibre diame-
ters were measured using Image-Pro Plus software (Media
Cybernetics, Maryland, USA). Approximately 200 muscle
fibres were identified and counted in each section to calculate
an average muscle fibre diameter for each section.

5.3.4. Protein Synthesis Rate Measurements. Protein synthesis
rates were measured using a nonradioactive method [67].
Puromycin (10μM; Solarbio, Beijing, CN) was added to cell
culture media for 30min after the addition of the treatments
listed above, and total proteins were extracted and used to
measure protein synthesis rates. Newly synthesized polypep-
tides were labelled with puromycin at low concentrations to
reflect the rate of protein synthesis [67, 68]. The protein-
antibody complexes were detected with ECL Plus A and B
(Beyotime, Nanjing, Jiangsu, CN), and the results were
quantified using the Fusion FX software (Vilber Lourmat,
Paris, FR).

5.3.5. H2S Concentration Assays.Myoblasts were treated with
NaHS (500μM), and the culture media were collected at 10,
30, 60min, and 6h posttreatment. H2S concentrations in the
media were assessed using a commercial kit (Comin, Jiangsu,
CN) and a microplate reader (JET, Guangzhou, CN). In the
presence of H2S, zinc acetate is reduced to zinc sulfide, and
N,N-dimethyl-p-phenylenediamine mono hypochloride (D
PMH) subsequently produces methylene blue by the catalysis
of ferric chloride. The absorption of methylene blue was
detected at 665nm using a UV-2450 spectrophotometer.

5.3.6. Protein Preparation and Western Blot Analysis. Cells
were washed with PBS and lysed in lysis buffer. Supernatants
were obtained and used for immunoblotting analyses. Pro-
tein concentrations were determined using a BCA protein
assay kit (Beyotime, Jiangsu, CN). Tissue samples were
homogenized in 1mL of lysis buffer (Beyotime, Jiangsu,
CN) and centrifuged at 12000 g for 10min at 4°C. The super-
natant was collected, and proteins were quantified using a
BCA protein assay kit (Beyotime, Jiangsu, CN) according to
the manufacturer’s protocol.

Eighteen-microgram aliquots of protein were electropho-
resed on a 7.5% SDS polyacrylamide gel, and separated
proteins were transferred to a polyvinylidene fluoride
membrane in Western transfer buffer. The membrane was
blocked prior to incubation with the following primary anti-
bodies: anti-phospho-p70S6K (Thr 389), anti-p70S6K, anti-
phospho-mTOR (Ser 2448), anti-mTOR (Cell Signaling
Technologies, Boston, MA, US), anti-mouse puromycin
(Kerafast, Boston, MA, US), anti-CBS (Abcam, Cambridge,
UK), anti-CSE (Abcam, Cambridge, UK), and antitubulin
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(Beyotime, Nantong, Jiangsu, CN). Membranes were washed,
and the proteins were probed using horseradish peroxidase-
linked anti-rabbit or anti-mouse secondary antibodies. Mem-
branes were exposed to enhanced chemiluminescence plus
Western blot detection reagents (Beyotime, Jiangsu, CN).
The films were scanned, and the intensities of specific bands
were quantified using ImageJ 1.43 software (National Insti-
tutes of Health, Bethesda, MD, US). Bands were normalized
to tubulin levels in the same sample. Protein molecular
weight markers were used to calculate the molecular weights
of the proteins in each sample (Figure S9).

5.4. Statistical Analysis. The data are presented as the mean
± SEM. The results were analysed using one-way ANOVA
and the Statistical Analysis Systems statistical software pack-
age (Version 8e; SAS Institute Inc., Cary, NC, US). Differ-
ences between the means were evaluated using Duncan’s
significant difference tests. The means were considered sig-
nificant at P < 0 05 and were considered to be approaching
significance at P < 0 10.
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Transplantation of neural stem cells (NSCs) is a promising therapy for ischemic stroke. However, the effectiveness of this approach
is limited by grafted cell death. Breast cancer susceptibility protein 1 (BRCA1) could suppress apoptosis in neural progenitors and
modulate oxidative stress in neurons. In this study, we found that BRCA1 was upregulated by oxygen-glucose
deprivation/reoxygenation (OGD/R). Overexpression of BRCA1 in NSCs reduced cell apoptosis and oxidative stress after
OGD/R insult. The molecule overexpression also stimulated cellular proliferation in OGD/R NSCs and increased the survival
rate of grafted cells. Further, the transplantation of BRCA1-transfected NSCs into mice with ischemic stroke increased
brain-derived neurotropic factor and nerve growth factor expression in the brain and elicited neurological function
improvement. In addition, we found that RING finger domain and BRCT domain of BRCA1 could physically interact with p53
in NSCs. The cross talk between BRCA1 RING finger domain and p53 was responsible for p53 ubiquitination and degradation.
Our findings indicate that modification with BRCA1 could enhance the efficacy of NSCs transplantation in ischemic stroke.

1. Introduction

Ischemic stroke is the second leading cause of death globally
[1]. Stem cell transplantation is emerging as a viable therapy
for this disease through its unique effects of trophic factor
support, neural cell replacement, and endogenous brain
repair process [2–4]. However, the majority of grafted cells
do not survive after transplantation. It could be attributed
to oxidative stress and subsequent inflammation during
ischemia/reperfusion (I/R) [5–7]. This highly hinders the
wide application of stem cell therapy in clinical practice. It
is then essential to find suitable targets to ensure the credibil-
ity of stem cell therapy.

Breast cancer susceptibility protein 1 (BRCA1), known as
a tumor suppressor, is expressed in neural precursor/stem cells
(NPCs/NSCs) [8, 9].We previously demonstrated that overex-
pression of BRCA1 attenuates neuronal oxidative stress [10].
And it is believed that oxidation balance is a vital factor for
the survival of cells after transplantation [5]. BRCA1 ablation
could induce p53-associated apoptotic pathways in NPCs [9,
11] and is responsible for embryonic cellular proliferation
[12]. However, whether BRCA1 could rescue NSCs against
I/R injury has not been clearly elucidated. In this study, we
examined the role of BRCA1 in NSCs apoptosis and oxidative
injury. Whether BRCA1 could improve grafted NSCs survival
as well as neurological recovery will also be explored.
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2. Materials and Methods

2.1. Animal and Cerebral I/R Model. Adult male C57BL/6J
mice (20-25 g) and pregnant C57BL/6J mice were purchased
from the Model Animal Research Center of Nanjing Univer-
sity and housed in a controlled environment (temperature:
24 ± 1°C; relative humidity: 50-60%) with a 12 h light/dark
cycle. This study was approved by Jinling Hospital Research
Ethics Committee and performed according to the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publication no. 80-23 revised in 1996).

Transient focal cerebral ischemia was induced by mid-
dle cerebral artery occlusion (MCAO) surgery following
previous methods [10, 13]. Briefly, mice were anesthetized
with 2% isoflurane in O2 using a face mask. The right
external carotid artery (ECA) and internal carotid artery
(ICA) were dissected. To occlude the MCA, a 6-0 silicon-
coated monofilament nylon suture (Beijing Cinontech Co.,
China) was introduced into the ICA through the ECA until
mild resistance was felt. A decline of the regional cerebral
blood flow ≥ 75% was considered successful occlusion as
monitored by a laser Doppler flowmetry (PeriFlux 5010;
Perimed AB, Sweden). After 90min of occlusion, the
monofilament was withdrawn for reperfusion. Body
temperature was maintained at 37°C using a heating pad
during the surgery.

2.2. NSCs Culture. NSCs were harvested from embryonic
C57BL/6J mouse brain (E14) as previously described [14].
Briefly, cells were resuspended in a DMEM/F12 medium
containing B27 (2%, Gibco, USA), EGF (20 ng/ml, BioLe-
gend, USA), bFGF (20 ng/ml, BioLegend, USA), and ITSS
(10μg/ml, Roche, Switzerland) and cultured in a cell incu-
bator. The medium was changed every 3 d, and cells were
passaged when the neurospheres grew to 50-100μm diam-
eter. Cells were plated on poly-D-lysine and laminin pre-
coated coverslips for further experiments.

2.3. Oxygen-Glucose Deprivation/Reoxygenation (OGD/R)
Induction. NSCs OGD/R was induced according to previ-
ously described methods with modification [15]. In brief,
OGD was carried out by replacing the cell culture medium
with a glucose-free DMEM (Gibco, USA). Then, the culture
was incubated in an anaerobic chamber at 37°C. After 4 h,
the cells were returned to 5% CO2/95% air incubator with
a normal NSC medium for reoxygenation.

2.4. Lentivirus Transfection and Intracerebral Transplantation.
The entire mouse BRCA1 sequence (1-5438bp) and RING
finger domain deletion sequence (517-5438bp) were cloned
in pLV/EF1A/eGFP plasmid. And pLV/EF1A/eGFP-null plas-
mid was used as control vector. 293T cells were transfected
with these vectors to obtain lentiviruses. Lentivirus-GFP
(LV-GFP), lentivirus-mutant BRCA1-GFP (LV-BRCA1-
mut), and lentivirus-wild-type BRCA1-GFP (LV-BRCA1)
were further purified by centrifugation [10]. NSCs were trans-
fected with LV-GFP, LV-BRCA1-mut, or LV-BRCA1
(MOI = 10) before OGD treatment. GFP immunofluorescence
and protein expression of BRCA1 were detected to confirm
transfection efficiency.

The transfected NSCs were transplanted using a 10μl
Hamilton syringe 6 h after reperfusion. NSCs were prepared
as single cell suspension in HBSS (1 × 105cell/μl). Cells were
in situ given into the mouse cortex along the anterior/poster-
ior (A/P) axis at three coordinates according to a previous
report (2μl per coordinate) [16]. The coordinates are as
follows: (1) A/P, +1.0; medial/lateral (M/L), +2.0; and
dorsal/ventral (D/V), −1.0; (2) A/P, −0.5; M/L, +2.5; and
D/V, −1.0; and (3) A/P, −2.0; M/L, +2.5; and D/V, −1.0. Cells
were injected at 0.5μl/min, and the needle was left for 5min
post-injection before it was slowly removed.

2.5. Immunofluorescence. The mice were anesthetized and
perfused with PBS followed by 4% paraformaldehyde (PFA)
at indicated times. After postfixed in 4% PFA for 6 h, the
brains were dehydrated in sucrose (10%, 20%, and 30%)
and embedded in Tissue-Tek OCT compound (Sakura®
Finetek USA). Then, the brains were cut into 25μm thick
sections for histological staining. The brain sections and stem
cell coverslips were fixed with 4% PFA for 20min, followed
by blocking with a solution containing 0.3% Triton, 3% goat
serum, and 1% BSA. Subsequently, samples were incubated
with primary antibodies against BRCA1 (1 : 200, Abcam,
UK), GFP (1 : 500, Cell Signaling Technology, USA), BrdU
(1 : 200, Abcam, UK), Nestin (1 : 200, Sigma-Aldrich, USA),
βIII-tubulin (1 : 400, Cell Signaling Technology, USA), GFAP
(1 : 400, Cell Signaling Technology, USA), and CNPase
(1 : 400, Abcam, UK) overnight at 4°C. After being washed
with PBS for three times, the samples were incubated with
appropriate secondary antibodies and 4′,6-diamidino-2-phe-
nylindole (DAPI, Sigma-Aldrich, USA). Images were
captured by FLUOVIEW FV1000 confocal microscopy
(Olympus, Japan).

2.6. Cell Viability, Cell Death Assay, and BrdU
Administration. Cell viability was assessed with Cell Count-
ing Kit-8 assay kit (CCK-8; Dojindo, Japan) at indicated time
points. Cell death was quantified by propidium iodide
(PI)/Hoechst 33342 staining (Thermo Fisher Scientific,
USA). For BrdU administration, the cells were treated with
10mM BrdU for 24 h, and then, cell coverslips were incu-
bated with anti-GFP (1 : 500, Cell Signaling Technology,
USA) and anti-BrdU (1 : 200, Abcam, UK).

2.7. Superoxide Anion Detection and TUNEL Assay. Dihy-
droethidium (hydroethidine, DHE) staining was performed
to detect the production of superoxide anions of cultured
NSCs or grafted NSCs. In vitro, NSCs were incubated with
1μM DHE (Beyotime, China) in a culture medium for
15min at 37°C. After being washed with PBS, DHE signals
were captured with a BX71 fluorescence microscope (Olym-
pus, Japan) and analyzed with Image J software (NIH, USA).
In vivo, 200μl of DHE solution (1mg/ml, Thermo Fisher Sci-
entific, USA) was intravenously administrated after NSCs
transplantation. 2 d after treatment, the mice were killed
and brain sections were prepared. DHE and GFP double
staining was carried out, followed by labeling with DAPI.

For cultured NSCs, cell apoptosis was assessed by
TUNEL-AP (Millipore, USA) staining according to the
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manufacturer’s instructions. For transplanted NSCs, cell
apoptosis was detected by one-step TUNEL Apoptosis Assay
Kit (Beyotime, China) 2 d after transplantation. Then, the
sections were further incubated with anti-GFP (1 : 500,
Abcam, UK) and Alexa Fluor 488-conjugated donkey
anti-mouse IgG (1 : 400, Jackson ImmunoResearch, USA).
TUNEL-positive GFP NSCs were counted using unbiased
computational stereology as previously described [17].

2.8. Behavioral Testing. Modified neurological severity score
(mNSS), an 18-point scoring system, which contains motor,
sensory, balance, and reflex assessments, was utilized to eval-
uate sensorimotor deficits [18]. Adhesive-removal somato-
sensory test was utilized to assess somatosensory deficits
[19]. Two small pieces of adhesive-backed paper dots were
used. The time to remove each piece from the forelimb was
recorded for four trials per day. Both behavioral tests were
measured before MCAO surgery and on days 3, 7, 14, 21,
and 28 after MCAO.

2.9. Quantification of Survival of GFP-Positive Transplanted
NSCs. The transplanted GFP-positive cells were counted on
day 28 post-MCAO using unbiased computational stereology
as described previously [17]. The brain sections were
co-immunostained with GFP and DAPI. GFP-positive cells
were counted on five serial coronal sections per mouse brain
(bregma, -2mm to +2mm).

2.10. Coimmunoprecipitation and GST Pull-Down Assay.
Total cell lysates from OGD-treated NSCs were extracted
using ice-cold RIPA lysis buffer (Cell Signaling Technology,
USA). The proteins (500μg) were incubated with rabbit
anti-BRCA1 (4μg, Abcam, UK), mouse anti-p53 (4μg,
Abcam, UK), or control IgG for 12h at 4°C with shaking,
followed by linking to 40μl of protein A/G-agarose beads
(Cell Signaling Technology, USA) for another 4 h at 4°C.
The beads were washed and denatured. Proteins were col-
lected and analyzed by immunoblotting.

GST-BRCA1 proteins, including GST-BRCA1-1 (aa
15-172), GST-BRCA1-2 (aa 342-503), and GST-BRCA1-3
(aa 1591-1784), were constructed using pGEX-GST vectors
and expressed in E. coli Rosetta (DE3) cells according to
our previous methods [10]. The GST fusion proteins were
purified using glutathione-Sepharose 4B beads. Then, total
lysates of OGD/R-treated NSCs were added to the mixtures
of GST fusion proteins and Sepharose beads for 4 h at 4°C.
The beads were extensively washed with immunoprecipita-
tion buffer and analyzed by immunoblotting with anti-GST
(1 : 5000, Cell Signaling Technology, USA) and anti-p53
(1 : 1000, Abcam, UK).

2.11. Western Blotting. Brain tissues were harvested 2 d after
transplantation, and cultured NSCs were harvested 24h after
reoxygenation. Samples were extracted by RIPA lysis buffer
(Cell Signaling Technology, USA) to obtain whole-cell
lysates. Protein concentrations were quantified by BCA pro-
tein assay kit (Beyotime, China). Equal amount of proteins
were loaded and analyzed by SDS-PAGE gels and then
probed with antibodies recognizing BRCA1 (1 : 1000, Abcam,
UK), cleaved caspase-3 (1 : 1000, Cell Signaling Technology,

USA), p53 (1 : 1000, Abcam, UK), Bax (1 : 1000, Cell Signal-
ing Technology, USA), Bcl-2 (1 : 1000, Abcam, UK), NRF2
(1 : 1000, Abcam, UK), HO-1 (1 : 400, Santa Cruz Biotechnol-
ogy, USA), NQO1 (1 : 1000, Abcam, UK), ubiquitin (1 : 3000,
Abcam, UK), BDNF (1 : 1000, Abcam, UK), NGF (1 : 1000,
Abcam, UK), or β-actin (1 : 1000, Cell Signaling Technology,
USA). After incubating with appropriate HRP-conjugated
secondary antibodies for 1 h, protein signals were detected
by Immobilon Western Chemiluminescent HRP substrate
(Millipore, USA) and were quantified by Image J software
(NIH, USA).

2.12. Statistical Analysis. SPSS 22.0 software (IBM, Armonk,
NY, USA) was used for data analysis. Results are presented
as mean ± SD. Statistical comparisons were achieved using
the Student t-test or one-way ANOVA followed by Tukey’s
post hoc analysis. Behavioral tests results were analyzed by
repeated measures ANOVA followed by Tukey’s post hoc
test. Significance was accepted with p < 0 05.

3. Results

3.1. OGD/R Induced NSCs Apoptosis and BRCA1
Upregulation. As shown in Supplementary Figure S1, up to
95%ofcellswere positive forNestin, amarker ofNSCs, through
immunofluorescent staining. These cells differentiated into
neurons, astrocytes, and oligodendrocytes (Supplementary
Figure S1). CCK-8 assay demonstrated that cell viability
decreased from 98 4 ± 6 9% to 72 7 ± 10 2% after OGD
treatment; and it dropped to 42 8 ± 7 6% 24h after
reoxygenation (Figure 1(a)). An 8.9-fold upregulation of
cleaved caspase-3 was detected 24h after reoxygenation
(Figure 1(b)). These data indicated that OGD/R administration
induced NSCs apoptosis.

Meanwhile, OGD/R administration increased BRCA1
expression, with a peak at 2 h after reoxygenation and
declined to 2.1-fold of control 24 h after reoxygenation
(Figure 1(c)). Immunofluorescence analysis also confirmed
the elevated BRCA1 signals (Figure 1(d)).

3.2. Overexpression of BRCA1 Reduced NSCs Apoptosis under
OGD/R Condition. To explore the role of BRCA1 in
OGD/R-induced apoptosis of NSCs, LV-BRCA1-transfected
NSCs were subjected to OGD/R. Western blotting detected a
4.7-fold expression of BRCA1 in LV-BRCA1-transfected NSCs
than that of controls (Supplementary Figure S2). TUNEL-AP
and PI/Hoechst 33342 staining demonstrated that
OGD/R-induced NSCs apoptosis was significantly abolished
by LV-BRCA1 transfection (Figures 2(a) and 2(b), p = 0 002).

3.3. BRCA1 Interacted with p53 and Inhibited p53-Mediated
Proapoptotic Pathway. We here focused on the effects of
BRCA1 on p53 proapoptotic pathway in OGD/R NSCs.
BRCA1 interacted with p53 in OGD/R-treated NSCs though
co-immunoprecipitation (Figure 3(a)). BRCA1 contains sev-
eral functional domains that interact with different mole-
cules [20]. To explore the binding domain of BRCA1 to
p53, three GST-tagged proteins, including GST-BRCA1-1
(aa 15-172, RING finger domain), GST-BRCA1-2 (aa
342-503, BRCT_assoc domain), and GST-BRCA1-3 (aa
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1591-1784, BRCT domain), were purified and incubated
with lysates from OGD/R-treated NSCs (Figure 3(b)). We
found that both the RING finger domain and BRCT domain
could bind to p53 (Figure 3(b)). In addition, overexpression
of BRCA1 increased ubiquitination of p53, but such results

were not seen by transfection with LV-BRCA1-mut (RING
finger domain deletion) (Figure 3(c)). OGD/R remarkably
increased the levels of p53, Bax, and cleaved caspase-3,
which were suppressed by LV-BRCA1 administration
(Figure 3(d), p < 0 001, p = 0 004, and p < 0 001,
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Figure 1: OGD/R induced NSCs apoptosis and triggered BRCA1 expression. The cultured NSCs were subjected to OGD for 4 h and
subsequent reoxygenation for 2 h or 24 h. (a) Cell viability at the indicated times was detected by CCK-8. (b, c) Western blot and
quantitative analysis of cleaved caspase-3 and BRCA1 in treated NSCs. (d) Immunofluorescence staining of BRCA1 in control and
OGD/R NSCs. Data are expressed as mean ± SD; n = 5. ∗p < 0 05; ∗∗∗p < 0 001 vs. the control group. Scale bar: 50 μm.
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respectively). Furthermore, LV-BRCA1 transfection signifi-
cantly reversed the decrement of Bcl-2 by OGD/R
(Figure 3(d), p < 0 001).

3.4. BRCA1 Promoted Cell Proliferation in OGD/R NSCs.
OGD/R reduced the proliferation of NSCs, which was
rescued by LV-BRCA1 transfection (Figures 4(a) and 4(b),
p = 0 003). A previous study reported that p53 represses the
transcription of Id1, which promotes NSCs self-renewal
[21]. Then, we tested whether BRCA1 could regulate Id1
expression. As shown in Figure 4(c), LV-BRCA1 transfection
markedly ameliorated the decrement of Id1 protein expres-
sion in OGD/R NSCs (p = 0 002).

3.5. BRCA1Mitigated Oxidative Stress in OGD/R NSCs.OGD
with subsequent 24h reoxygenation caused a 22.1-fold
increase in DHE-positive cells compared to controls, while
LV-BRCA1 intervention significantly decreased the trends
(Figure 5(a), p = 0.007). The upregulation of NRF2,
HO-1, and NQO1 was amplified by LV-BRCA1 transfec-
tion against OGD/R (Figure 5(b), p < 0 001, p = 0 002,
and p < 0 001, respectively).

3.6. BRCA1 Overexpression Reduced Grafted-Cell Apoptosis
and ROS Production. LV-GFP- and LV-BRCA1-transfected
NSCs were implanted into the ischemic cortex 6 h after artery
occlusion. At 2 d after transplantation, a 10.3-fold increase
in TUNEL-positive grafted cells was seen in the brains,
compared with control animals. And the trends were abol-
ished by NSCs with BRCA1 overexpression (Figure 6(a),
p < 0 001). Moreover, DHE signals in grafted cells
increased noticeably than those in normal cells, which was
alleviated by upregulation of BRCA1 (Figure 6(b), p = 0 011).

3.7. BRCA1Manipulation Increased Trophic Factor Expression
and the Survival of Grafted Cells. Transplantation with stem

cells can provide trophic support to ischemic brain tissues by
expressing neurotrophins [3]. We here tested the expression
of BDNF and NGF 2d after transplantation. The levels of
BDNF and NGF were significantly increased in the LV-GFP
NSCs-transplanted MCAO mice compared with the
PBS-treated MCAO mice. BDNF and NGF expressions were
further strengthened by modification of BRCA1 (Figures 7(a)
and 7(b), p < 0 001 for both). The number of GFP-positive
NSCs was counted 28d post-stroke. More cells survived in
the LV-BRCA1 NSCs than the LV-GFP NSCs after transplan-
tation (Figures 7(c) and 7(d)).

3.8. Transplantation of BRCA1-Transfected NSCs Enhanced
Neurological Functional Recovery.Neurological deficit perfor-
mances were evaluated using the mNSS and adhesive-removal
somatosensory test. As manifested in Figures 7(e) and 7(f), the
MCAO mice with LV-GFP NSCs or LV-BRCA1 NSCs
showed a lower mNSS score and less adhesive-removal time
than the PBS-treated MCAO mice at 14, 21, and 28d
post-stroke. However, those mice with stroke with
LV-BRCA1 NSCs displayed a reduced mNSS score (on days
21 and 28 post-stroke) and adhesive-removal time (on days
14, 21, and 28 poststroke), compared with the LV-GFP
NSCs transfection group.

4. Discussion

After transplantation, exposure of hypoxia/ischemia micro-
environment could cause grafted cell apoptosis [22, 23].
Local NSCs in the subventricular zone and subgranular zone
are damaged by I/R cascade [24, 25]. Our results discovered
that I/R induced NSCs oxidative stress and apoptosis both
in vivo and in vitro.

BRCA1 exerts effects in DNA damage repair, oxidative
stress, apoptosis, and ubiquitination [20]. Our previous study
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Figure 4: Overexpression of BRCA1 rescued cell proliferation in OGD/R NSCs. (a) BrdU/GFP immunostaining. (b) Quantification of
BrdU-positive cells in the indicated groups. (c) Western blot and quantitative analysis of Id1 expression. Data are expressed as mean ± SD;
n = 5. ∗∗∗p < 0 001 vs. the control group; ##p < 0 01 vs. the OGD/R group.
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revealed that BRCA1 could rescue neurons from cerebral I/R
injury [10]. In this study, we found that BRCA1 was triggered
by OGD/R. Overexpression of BRCA1 could reverse NSCs
apoptosis from OGD/R condition. It is believed that BRCA1
deletion leads to p53-dependent apoptosis in spermatocytes,
cardiomyocytes, and embryonic neural progenitors, and apo-
ptosis could be blocked through p53 deletion [11, 26, 27].
Consistent with this notion, we discovered that BRCA1
upregulation significantly decreased the p53 level as well as
the Bax to Bcl-2 ratio in OGD/R NSCs. It suggested the
effects of BRCA1 against p53 proapoptotic pathway. Never-
theless, Zhang and his colleagues reported that BRCA1
enhances p53-induced apoptosis through p53’s transcrip-
tional activity in SW80 human colon cancer cells [28]. The
contradictory roles of BRCA1 in the regulation of apoptosis

may be attributed to the differences in cell types and stimuli.
BRCA1 has two important domains, the N-terminus RING
finger binding motif and C-terminus BRCT motifs [20].
Experiments on cancer cells reported that aa 224-500 and aa
1760-1863 of human BRCA1 could bind to p53 [28, 29]. The
present study indicated that both RING finger domain (aa
15-172) and BRCT domain (aa 1591-1784) of BRCA1 protein
could connect with p53 in OGD/R NSCs. The RING finger
domain of BRCA1 possesses E3 ubiquitin ligase activity [30].
Several proteins work as the substrate for BRCA1 ubiquitin,
such as estrogen receptor α, progesterone receptor, and his-
tone H2A [31–33]. We manifested in the present study that
overexpression of BRCA1 increased ubiquitination of p53 in
OGD/R NSCs, while the effects were abrogated by RING fin-
ger domain deletion. It should be a possible explanation that

OGD/RCtrl OGD/R+LV-GFP OGD/R+LV-BRCA1

D
H

E
##

0

10

20

30

D
H

E+  ce
lls

(r
el

at
iv

e t
o 

Ct
rl)

Ct
rl

O
G

D
/R

O
G

D
/R

+L
V

-G
FP

O
G

D
/R

+L
V

-B
RC

A
1

⁎⁎⁎⁎⁎⁎

(a)

NRF2

HO-1

NQO1

�훽-Actin

### ## ###

0

2

4

6

8

N
RF

2/
b

�훽
-A

ct
in

0

2

4

6

8

10

H
O

-1
/�훽

-A
ct

in

0

2

4

6

8

10
N

Q
O

1/
�훽

-A
ct

in

Ct
rl

O
G

D
/R

O
G

D
/R

+L
V

-G
FP

O
G

D
/R

+L
V

-B
RC

A
1

Ct
rl

O
G

D
/R

O
G

D
/R

+L
V

-G
FP

O
G

D
/R

+L
V

-B
RC

A
1

Ct
rl

O
G

D
/R

O
G

D
/R

+L
V

-G
FP

O
G

D
/R

+L
V

-B
RC

A
1

Ct
rl

O
G

D
/R

O
G

D
/R

+L
V

-G
FP

O
G

D
/R

+L
V

-B
RC

A
1

⁎⁎⁎
⁎⁎

⁎⁎⁎⁎
⁎⁎⁎

(b)

Figure 5: BRCA1 upregulation reduced oxidative stress in OGD/R NSCs. (a) DHE fluorescence staining was performed to detect intracellular
ROS 24 h after reoxygenation. (b) Western blot and quantitative analysis of NRF2, HO-1, and NQO1 expression. Data are expressed as
mean ± SD; n = 5. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001 vs. the control group; ##p < 0 01 and ###p < 0 001 vs. the OGD/R group. Scale
bar: 50μm.
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the crosstalk between RING finger domain and p53 promotes
p53 ubiquitination and degradation. Ischemia stimuli induced
p53 nuclear accumulation and activated its targets, such as
Bax, PUMA, and Noxa in neurons [34, 35]. Interestingly,
BRCA1 ablation resulted in p53 nuclear translocation in

neural progenitors [9]. We may speculate that BRCA1 influ-
enced p53 nuclear translocation in NSCs post-OGD/R. But
more studies need to be done in the future.

BRCA1 expression is linked to NSCs proliferation [8].
The BRCA1 exon 5-6 mutant in embryos notably impaired
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Figure 6: Reduced grafted cell apoptosis and oxidative stress by preincorporation of BRCA1 in NSCs. (a) 2 d after transplantation,
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cellular proliferative capability [12]. NSCs proliferation was
restored by LV-BRCA1 transfection against OGD/R. It is
reported that p53 deficiency upregulates Id1 through
BMP-Smad1-dependent and independent ways, resulting
in NSCs proliferation and neuronal differentiation [21].
We showed that BRCA1 repressed the level of p53 and
enhanced the level of Id1, indicating an axis from BRCA1
to p53-Id1.

Oxidative stress induced by ischemia leads to massive
loss of grafted NSCs [15, 36]. Improving the antioxidative
capability of grated NSCs may ensure the survival ability.
BRCA1 could repress oxidative stress in I/R-injured neurons
through NRF2/ARE pathway [10]. As a key cellular stress
resistance factor, NRF2 influences NSCs survival and func-
tion [37, 38]. Our previous study indicated that NRF2 is a
direct target of BRCA1 [10]. Indeed, using LV-BRCA1, we
also demonstrated that BRCA1 activated the NRF2/ARE
antioxidant pathway and subsequently reduced ROS produc-
tion in OGD/R NSCs.

Our findings revealed that pre-incorporation of BRCA1
into NSCs improved cell survival and induced greater neuro-
functional recovery. Though clinical trials have manifested
the safety and feasibility of neural stem cell implantation
[39, 40], there are no clinical trials using gene-modified stem
cells for stroke treatment. Additional works are needed to
elevate the safety and efficacy of implanting gene-modified
cells into patients.

In conclusion, we reported that gene overexpression of
BRCA1 in NSCs reduced cell apoptosis and oxidative stress
and promoted cell proliferation post-OGD/R. Modification
of BRCA1 could enhance the effectiveness of NSCs trans-
plantation in ischemic stroke.
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N-Acetyl-p-aminophenol (APAP) or acetaminophen is the most common drug ingredient worldwide. It is found in more than 600
different over-the-counter and prescription medicines. Its long-term and overdose use is highly toxic and may result in liver injury.
Thus, this study was designed to assess the preventive effects and to suggest the mechanisms of action of the navel orange peel
hydroethanolic extract, naringin, and naringenin in APAP-induced hepatotoxicity in male Wistar rats. APAP was administered
to male Wistar rats at a dose level of 0.5 g/kg body weight (b.w.) by oral gavage every other day for 4 weeks. APAP-administered
rats were treated with the navel orange peel hydroethanolic extract (50mg/kg b.w.), naringin (20mg/kg b.w.), and naringenin
(20mg/kg b.w.) by oral gavage every other day during the same period of APAP administration. The treatments of
APAP-administered rats with the peel extract, naringin, and naringenin produced a significant decrease in the elevated serum
AST, ALT, ALP, LDH, and GGT activities as well as total bilirubin and TNF-α levels while they induced a significant increase in
the lowered serum albumin and IL-4 levels. The treatments also resulted in a significant decrease in the elevated liver lipid
peroxidation and enhanced the liver GSH content and SOD, GST, and GPx activities as compared with APAP-administered
control; the peel extract was the most potent in improving the liver LPO, GSH content, and GPx activity. In addition, the three
treatments significantly downregulated the elevated hepatic proapoptotic mediators p53, Bax, and caspase-3 and significantly
upregulated the suppressed antiapoptotic protein, Bcl-2, in APAP-administered rats. In association, the treatments markedly
amended the APAP-induced liver histopathological deteriorations that include hepatocyte steatosis, cytoplasmic vacuolization,
hydropic degeneration, and necrosis together with mononuclear leucocytic and fibroblastic inflammatory cells’ infiltration. In
conclusion, the navel orange peel hydroethanolic extract, naringin, and naringenin may exert their hepatopreventive effects in
APAP-administered rats via enhancement of the antioxidant defense system and suppression of inflammation and apoptosis.

1. Introduction

The liver is the largest internal organ in the human body, and
it is the chief site for intense anabolism, catabolism, and

excretion [1, 2]. It plays a major role in detoxification and
excretion of many exogenous and endogenous compounds;
thus, any impairment of its structural integrity and functions
may cause many implications on one’s health [3]. The
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cellular necrosis, elevated lipid peroxidation, and depleted
glutathione (GSH) level are associated with liver damage
[4]. Moreover, the serum levels of several biomarkers such
as alkaline phosphatase (ALP), transaminases, bilirubin, tri-
glycerides, and cholesterol are increased in hepatic diseases
[5]. Thus, liver damage may be a result of distortion of the
metabolic functions [4, 6].

N-Acetyl-p-aminophenol (APAP), acetaminophen, or
paracetamol is an extensively prescribed and over-the-counter
(OTC) analgesic and antipyretic drug, and it is used either
as a single agent or in combination with another drug
[2, 7]. APAP is a safe drug with high therapeutic index.
However, the administration of an overdose even acute or
chronic can result in harmful adverse effects including liver
and kidney toxicities [8]. The metabolism of the ingested
therapeutic dose of APAP is mainly accomplished by cyto-
chrome P450 followed by glucuronidation or sulfation
whereas N-acetyl-p-benzoquinone imine (NAPQI) is conju-
gated with GSH [9]. On the other hand, a high dose saturates
the detoxification pathways of APAP due to glucuronidation
and sulfation insufficiency [8, 10]. Thus, excessive drug accu-
mulations become accessible for biotransformation and
metabolism by cytochrome P450, which result in GSH deple-
tion [11]. Exhausted GSH levels allow NAPQI free to bind
with other targeted cellular proteins which evoke cellular
oxidative stress and cellular necrosis [12]. Reactive oxygen
species (ROS) production was found to be associated with
excessive and long-term APAP administration and bio-
transformation [13]. In this regard, many investigators
stated that oxidative stress plays a pivotal role in the path-
ogenesis of drug-induced damage and has been implicated
in the mechanisms of action that lead to necrosis [14].
Moreover, it was reported that APAP could induce organ
damage by activating apoptotic death and inflammation
which were manifested by an increase in the expression of
caspase-3, caspase-9, protein 53 (p53), nuclear factor-kappa
B (NF-κB), and inducible nitric oxide synthase (iNOS) as
well as by a decrease in B-cell lymphoma-2 (Bcl-2) expression
[15, 16]. On the contrary, it was elucidated by other publica-
tion that p53 prevents progression of liver injury by main-
taining mitochondrial and metabolic homeostasis after
APAP overdose-induced acute liver injury [17].

Many plant extracts have been shown to possess hepato-
protective activities [18–20]. Citrus peels are one of the main
components of citrus by-products, and they are rich sources
of biofunctional materials including flavonoids,β- and γ-sitos-
terol, coumarins, glycosides, and volatile oils [21]. Poly-
methoxylated flavones and flavanones, including hesperidin,
naringin, and rutin, are found in both Citrus pulp and peel
[22]. Bioflavonoids have been considered as a potent bioactive
moiety against free radicals and oxidative stress [23]. Naringin
and naringenin, two bioflavonoids found in Citrus fruit peel,
have many pharmacological properties including antimicro-
bial, antidiabetic, and toxicity-protecting properties [24].

Several studies have demonstrated that oxidative stress,
inflammation, and cell apoptosis represent key elements in
the occurrence and development of organ injury including
APAP-induced liver injury [25, 26]. Hence, the regulation
of oxidative damage, inflammation, and apoptosis and the

related cascade responses is considered to be crucial in ther-
apeutic strategy for preventing many drug toxicities. The
treatment with plant extracts and plant constituents, which
have antioxidant and anti-inflammatory properties, may
provide an efficient strategy to counteract the side effects of
the chemical drugs.

In conduction with the previous publications, the present
study is aimed at assessing the anticipated hepatopreventive
effects and suggesting the probable mechanisms of action of
the navel orange peel hydroethanolic extract, naringin, and
naringenin in APAP-administered Wistar rats.

2. Materials and Methods

2.1. Experimental Animals. Adult male Wistar rats weighing
130-150 g (10-12 weeks) were used as experimental animals
in the present work. They were obtained from the animal
house in the National Research Center, Cairo, Egypt. The
animals were housed in good aerated cages in the Animal
House of Faculty of Science, Beni-Suef University, Egypt, at
12 hours daily under light-dark cycles and temperature
between 20 and 25°C. Animals were given daily standard pel-
leted diet and were supplied water ad libitum. The animals
were kept for two weeks under observation before the onset
of the experiment to exclude any intercurrent infection. All
animal methodologies are in agreement with the recommen-
dations of the Experimental Animals Ethics Committee of
the Faculty of Science, Beni-Suef University. The ethical
Approval number is BSU/FS/2014/4.

2.2. Chemicals. APAP, naringin, naringenin, and carboxy-
methyl cellulose (CMC) were obtained from Sigma-Aldrich
(St. Louis, MO, USA) through Trading Dynamic Company,
Al-Haram, Giza, Egypt. All other used chemicals were of
analytical grade.

2.3. Extract Preparation. Fruits of navel orange (a muta-
tion of Citrus sinensis) were obtained from local markets
in Beni-Suef Governorate. They were authenticated by
Dr. Walaa A. Hasan, Assistant Professor of Plant Taxonomy
and the director of the Herbarium of Botany Department,
Botany Department, Faculty of Science, Beni-Suef Univer-
sity, Beni-Suef, Egypt. Navel orange fruits were washed
several times with fresh water to ensure removal of any
contamination. Then, they were peeled and the peels were
air-dried in a shaded area for twenty days. The dried peels
were coarsely powdered, and the powder was macerated in
70% aqueous ethanol for 3 days at room temperature. To
fully mix the powder with the extraction solvent, the sus-
pensions were allowed to be stirred frequently. The 70%
ethanol extracts were then filtered through Whatman filter
paper to remove ethanol and water. The filtrate was evap-
orated under a vacuum using a rotary evaporator to yield
a hydroethanolic extract of navel orange peel [24, 27].

2.4. Gas Chromatography-Mass Spectrometry (GC-MS)
Analysis. Chemical analysis of the navel orange peel hydro-
ethanolic extract was performed in the Central Laboratory
of the Faculty of Postgraduate Studies for Advanced Sciences,
Beni-Suef University, Egypt, by using gas chromatography
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(GC) system 7890A/5975C inert mass spectrometry (MS)
with the Triple-Axis Detector, Agilent Technologies, Ger-
many. The constituents were identified by comparing their
mass spectra with the spectra of derivatives in the Library
Search Report (C:\Database\NIST11.L; C:\Database\demo.l).

2.5. High-Performance Liquid Chromatography- (HPLC-)
Mass Spectrometry (MS) Analysis. HPLC-MS analysis of the
hydroethanolic extract of navel orange peels was performed
in the Central Laboratory of the Faculty of Postgraduate
Studies for Advanced Sciences, Beni-Suef University, Egypt,
by using the HPLC-MS system, Infinity 1260, Agilent Tech-
nologies, Germany, coupled with a diode array detector
(DAD). Standards including quercetin, hesperidin, hespere-
tin, naringin, naringenin, diosmin, and gallic acid were used
to identify the various peaks in the HPLC-MS chromato-
gram. The navel orange peel hydroethanolic extract was dis-
solved in water :methanol (80 : 20 v/v) at a concentration of
10mg/3ml and filtered with a 0.45 μm filter, before injection
of 20 μl into the HPLC system. Spectral UV data from all
peaks were collected in the range 240-400nm, and chromato-
grams were recorded at 340 and 270nm for phenolic com-
pounds according to the method of Negri et al. [28].

2.6. Experimental Design. Thirty animals used in this study
were allocated into five groups (six rats for each) designed
as follows:

Group 1 (normal control group): rats of this group were
regarded as normal control group and were
orally administered the equivalent volume of
CMC (1% w/v), every other day for 4 weeks
by oral gavage.

Group 2 (APAP group): animals of this group were
regarded as APAP control group and were
orally administered APAP (dissolved in dis-
tilled water) at a dose level of 0.5 g/kg b.w. every
other day for 4 weeks by oral gavage [29].

Group 3 (APAP + navel orange peel hydroethanolic
extract group): rats of this group were adminis-
tered APAP as group 2 and were treated with
the navel orange peel hydroethanolic extract (dis-
solved in 1% CMC) at a dose 50mg/kg b.w. [27]
by oral gavage every other day for 4 weeks.

Group 4 (APAP + naringin group): rats of this group
were administered APAP as group 2 and were
treated with naringin (dissolved in 1% CMC)
at a dose level of 20mg/kg b.w. [30] by oral
gavage every other day for 4 weeks.

Group 5 (APAP + naringenin group): rats of this
group were administered APAP as group 2
and were treated with naringenin (dissolved in
1% CMC) at a dose level of 20mg/kg b.w. [31]
by oral gavage every other day for 4 weeks.

2.7. Blood and Liver Sampling. At the end of the experiment,
blood samples were collected from the jugular vein, left to

coagulate at room temperature, and then centrifuged at
3000 r.p.m. at room temperature for 15 minutes. The clear
nonhaemolysed supernatant sera were quickly separated
and kept frozen at -30°C until used for various biochemical
investigations. After blood sampling, animals were decapi-
tated by cervical dislocation and dissected. Livers were
quickly excised. Pieces of liver (5mm3) of each animal were
fixed in 10% neutral buffer formalin for histopathological
studies. Part of liver (0.5 g) of each rat was homogenized in
5ml 0.9% NaCl. The homogenate was centrifuged at 3000
r.p.m. for 15 minutes, and separated supernatants were fro-
zen at -30°C until used for detection of oxidative stress and
antioxidant defense system markers.

2.8. Detection of Liver Function Biomarkers in Serum. Serum
of alanine transaminase (ALT) and aspartate transaminase
(AST) activities were assayed according to the methods
of Bergmeyer et al. [32] and Gella et al. [33] by reagent
kits purchased from Biosystem S.A. (Spain). Serum alkaline
phosphatase (ALP) and gamma-glutamyl transferase (GGT)
activities were measured according to the methods of Schu-
mann et al. [34] and Szasz et al. [35], respectively, by reagent
kits obtained from Biosystem S.A. (Spain). Lactate dehydro-
genase (LDH) activity was determined according to the
method of Pesce [36] by reagent kits purchased from Spin-
react (Spain). Albumin and total bilirubin levels were deter-
mined according to the methods of Doumas et al. [37]
and Jendrassik and Grof [38], respectively, by kits obtained
from HUMAN Gesellschaft für Biochemica und Diagnostica
mbH, Wiesbaden, Germany.

2.9. Detection of Markers of Oxidative Stress and Antioxidant
Defense System in Liver. Liver lipid peroxidation (LPO) and
glutathione (GSH) content were estimated according to the
procedures of Beutler et al. [39] and Preuss et al. [40],
respectively. Liver glutathione peroxidase (GPx), glutathio-
ne-S-transferase (GST), and superoxide dismutase (SOD)
activities were assayed according to the principles and proce-
dures of Matkovics et al. [41], Mannervik and Guthenberg
[42], and Marklund and Marklund [43], respectively. All
reagents used for detection of oxidative stress and antioxi-
dant parameters were prepared in the laboratory from che-
micals of analytical grades.

2.10. Tumor Necrosis Factor-α (TNF-α) and Interleukin-4
(IL-4) Assays. Serum levels of proinflammatory cytokine
TNF-α and the anti-inflammatory cytokine IL-4 were
assayed by the sandwich enzyme immunoassay based on
the reported methods of Howard and Harada [44] and
Croft et al. [45], respectively, by kits purchased from R&D
Systems (USA).

2.11. Histopathological Investigations. After decapitation and
dissection of rats, livers were rapidly excised and perfused in
saline solution. Pieces (5mm3) from liver of rats from differ-
ent groups were fixed in 10% neutral buffered formalin for 24
hours. The fixed organs were washed in tap water and pas-
saged in serial dilutions of ethyl alcohol for dehydration.
Specimens were cleared in xylene and embedded in paraffin
at 56°C in an oven for 24 hours. Paraffin wax tissue blocks
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were prepared for sectioning at 4μm thickness. The obtained
tissue sections mounted on glass slides were deparaffinized
and stained with hematoxylin and eosin (H&E) stains [46].
The stained liver sections were examined for detection of his-
tological lesions. In three randomly selected fields of each
section (×100), lesions or injuries were graded as absent (0),
mild (I), moderate (II), and severe (III) for changes, 0%, less
than 30%, 30-50%, and more than 50%, respectively [47].
The graded lesions included steatosis or fatty changes,
inflammatory cell infiltration, necrosis, hydropic degenera-
tion, vacuolar degeneration, vascular congestion, and Kupffer
cell proliferation (activation).

2.12. Immunohistochemical Detection of p53, Bax, Caspase-3,
and Bcl-2. The liver samples, fixed in 10% neutral buffered
formalin, were transferred to the Department of Pathology,
National Cancer Institute, for processing, blocking, and
sectioning into 5μm thick sections that were mounted on
positive-charged slides (Fisher Scientific, Pittsburgh, PA).
The p53, Bax, caspase-3, and Bcl-2 reactivity was processed
according to the methods Hussein and Ahmed [48], Galaly
et al. [49], and Ahmed and Ahmed [50, 51]. In brief, after
antigen retrieval, diluted primary antibodies for p53, Bax,
caspase, or Bcl-2 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), were incubated with liver sections for 1 hour.
Diluted biotinylated secondary antibodies (DakoCytomation
Kit) were added and incubation was done for 15 minutes at
37°C. Thereafter, horseradish peroxidase conjugated with
streptavidin (DakoCytomation Kit) was applied for further
15-minute incubation. The bound antibody complex was
visualized by the reaction of 3,3′-diaminobenzidine (DAB)
substrate and counter staining with hematoxylin. All liver
sections were incubated under the same conditions with the
same dilutions of antibodies and at the same period, so the
immunostaining was comparable among the different study
groups. For each preparation, a negative control was per-
formed (a slide without primary antibody). The slides were
visualized under a light microscope and the extent of cell
immunopositivity was assessed. Images of sections of the
liver were captured using a digital camera (Leica, DM2500
M Leica, Wetzlar, Germany). Examination and analysis of
labelling were performed using free software version ImageJ
(1.51d) [52]. The ImageJ software was used to measure the
integrated intensities (in pixels) of the positive reaction of
p53, Bax, caspase-3, and Bcl-2.

2.13. Statistical Analysis. All data were expressed as means
± standard error (SE). Statistical analysis was performed
using Statistical Package for Social Sciences (SPSS) computer
software (version 22), IBM software, USA. A one-way analy-
sis of variance (ANOVA) test was used to elucidate signifi-
cance among group means, followed by Tukey’s post hoc
test and least significance difference (LSD) to compare
between different groups for the same variable at p < 0 05.

3. Results

3.1. GC-MS Analysis of Navel Orange Peel Hydroethanolic
Extract. The GC-MS analysis (Table 1 and Figure 1)

indicated the presence of multiple phytochemicals. The main
constituents and groups which have a concentration of more
than 1% of total include delta 2-tetrazaboroline, 5-ethyl- 1,
4-dimethyl-, 4,5-diamino-2-hydroxypyrimidine, thymine,
4H-pyran-4-one (a cyclic nucleus in the chemical structure
of quercetin, naringenin, naringin, and hesperetin), 2,3-
dihydro-3,5-di hydroxy-6-methyl-, 2-butanone, 4-hydroxy-
3-methyl-, dimethylamine, N-(neopentyloxy)-, 5-hydroxy-
methylfurfural, 4-hexen-3-one, 4,5-dimethyl-, 2-methoxy-
4-vinylphenol, 3-methoxyacetophenone, dodecane, 3-deoxy
-d-mannoic lactone, beta-D-glucopyranose, 4-O-beta-D-
galactopyranosyl-, sucrose, 9,12-octadecadienoic acid (Z,Z)-,
cis-7-dodecen-1-yl acetate, oleic acid, 9-octadecenoic acid,
(E)-, lupanine, stigmasterol, 1-methyl-4-(1-methylethenyl)-
3-[1-methyl-1-(4-methyl-hex-5-enyl)-5,9-dimethyldec-4-enyl]
cyclohexene, 26,27-dinorergosta-5,23-dien-3-ol, (3beta)-, and
9-octadecenamide, (Z)-.

5-Hydroxymethylfurfural, 4-hexen-3-one, 4,5-dimethyl-,
dodecane, and lupanine have the highest percent of total.

3.2. HPLC-MS Analysis of Navel Orange Peel Hydroethanolic
Extract. HPLC-MS analysis indicated in Figures 2(a) and
2(b) revealed the presence of diosmin, gallic acid, naringin,
rutin, hesperidin, quercetin, naringenin, and hesperetin in
the navel orange peel hydroethanolic extract. The hesperi-
din, quercetin, naringenin, and gallic acid derivatives are
the most abundant.

3.3. Effects on Liver Function Parameters. Oral APAP admin-
istration caused a marked impairment in liver function as
demonstrated by the significant (p < 0 05) increase in serum
ALT, AST, ALP, LDH, and GGT activities and total bilirubin
level. In contrast, APAP administration produced a signifi-
cant decrease (p < 0 05) in serum albumin level recording a
percentage of -16.09% as compared with normal. The treat-
ment of APAP-administered rats with the navel orange peel
hydroethanolic extract, naringin, and naringenin induced a
significant improvement (p < 0 05) in serum ALT, AST,
ALP, LDH, and GGT activities and albumin and total biliru-
bin levels as compared to APAP-administered rats (Table 2).

3.4. Effects on Liver Oxidative Stress and Antioxidant Defense
System Parameters. As depicted in Table 3, the administra-
tion of APAP to normal rats significantly (p < 0 05) elevated
the liver LPO (+109.56%) and significantly (p < 0 05)
decreased level of GSH (-34.31%) and activities of GST
(-23.42%), GPx (-8.49%), and SOD (-31.63%) as compared
to the normal control rats. The oral administration of the
navel orange peel hydroethanolic extract, naringin, and
naringenin to APAP-administered rats induced a significant
amelioration (p < 0 05) in the LPO recording percentage
decreases of 35.49, 26.32, and 21.69%, respectively. Fur-
thermore, liver GSH content was significantly (p < 0 05)
increased as a result of the treatment with the navel
orange peel hydroethanolic extract, naringin, and naringenin
recording percentage increases of 31.18, 26.18, and 25.08%,
respectively. These treatments also induced a significant
(p < 0 05) increase in GPx activity. However, while liver
GST activity was significantly increased (p < 0 05) only as a
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result of naringin, SOD activity was significantly increased
(p < 0 05) as a result of the peel hydroethanolic extract and
naringenin. The navel orange peel hydroethanolic extract
was the most potent in increasing the depleted hepatic GSH

level and GPx activity and in decreasing the elevated hepatic
LPO in APAP-administered rats while naringin was the
most effective in increasing the lowered GST activity in
APAP-administered rats.

3.5. Effects on Serum TNF-α and IL-4 Levels.Oral administra-
tion of APAP to normal rats produced a significant increase
(p > 0 05; 295.25%) in serum TNF-α level and a significant
decrease (p > 0 05; -67.19%) in serum IL-4 level. As a result
of treatment of APAP-administered rats with the peel hydro-
ethanolic extract, naringin, and naringenin, the elevated
serum TNF-α level was significantly (p > 0 05) improved
recording percentage changes of -35.26, -34.15, and -36.46%,
respectively, as compared with APAP-administered control.
Conversely, the serum IL-4 level was significantly increased
(p > 0 05) as a result of treatments with the peel extract,
naringin, and naringenin recording percentage increases of
93.04, 133.97, and 114.59, respectively, as compared with
APAP-administered control (Table 4).
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Figure 1: GC-MS chromatogram of the navel orange peel
hydroethanolic extract.

Table 1: Chemical composition of the navel orange hydroethanolic extract as detected by GC-MS analysis.

Number Retention time Compound (from the Central Library search report)
Area %

(higher than 1%)

1 15.179
(i) Delta 2-tetrazaboroline, 5-ethyl-, 1,4-dimethyl-
(ii) 4,5-Diamino-2-hydroxypyrimidine
(iii) Thymine

1.324%

2 16.395 (i) 4H-Pyran-4-one, 2,3-dihydro-3,5-di hydroxy-6-methyl- 1.452%

3 17.470
(i) 2-Butanone, 4-hydroxy-3-methyl-
(ii) Dimethylamine, N-(neopentyloxy)-

1.382%

4 17.607 (i) No matches in library 2.379%

5 18.295
(i) 5-Hydroxymethylfurfural
(ii) 4-Hexen-3-one, 4,5-dimethyl-

6.392%

6 19.793
(i) 2-Methoxy-4-vinylphenol
(ii) 3-Methoxyacetophenone

2.715%

7 23.252 (i) No matches in library 3.271%

8 23.944 (i) No matches in library 10.524%

9 24.018 (i) Dodecane 7.392%

10 25.034 (i) No matches in library 1.364%

11 27.179 (i) No matches in library 10.687%

12 32.867

(i) 3-Deoxy-d-mannoic lactone
(ii) Beta-D-Glucopyranose,
(iii) 4-O-beta-D-galactopyranosyl-
(iv) Sucrose

1.377%

13 33.851 (i) Dodecane 1.00%

14 34.949
(i) 9,12-Octadecadienoic acid (Z,Z)-
(ii) cis-7-Dodecen-1-yl acetate

1.151%

15 34.998
(i) Oleic acid
(ii) 9-Octadecenoic acid, (E)-

2.755%

16 36.064 (i) Lupanine 4.380%

17 36.135 (i) Lupanine 5.845%

18 36.885

(i) Stigmasterol
(ii) 1-Methyl-4-(1-methylethenyl)-3-[1-methyl-1-(4-methyl-hex-5-enyl)-5,

9-dimethyldec-4-enyl] cyclohexene.
(iii) 26,27-Dinorergosta-5,23-dien-3-ol, (3beta)-

2.028%

19 37.244 (i) 9-Octadecenamide, (Z)- 1.568%

5Oxidative Medicine and Cellular Longevity



3.6. Histopathological Effects. Histopathological examination
of the liver sections of normal control rats showed normal
histological architecture (Figure 3; photomicrograph a). On

the other hand, APAP administration produced liver histo-
logical changes and several lesions including steatosis of
hepatocytes, cytoplasmic vacuolization of the hepatocytes,
focal hepatic necrosis linked with mononuclear leucocytic
and fibroblastic inflammatory cells’ infiltration, and portal
infiltration with mononuclear leucocytic inflammatory cells
(Figure 3; photomicrographs b–e). The treatment of
APAP-administered rats with the navel orange peel hydro-
ethanolic extract produced an amelioration of the hepatic
tissue with slight cytoplasmic vacuolization of hepatocyte,
Kupffer cell activation, and focal hepatic necrosis associated
with mononuclear leucocytic inflammatory cell infiltration
(Figure 3; photomicrographs f & g). Also, the treatment with
naringin resulted in slight cytoplasmic vacuolization of
hepatocytes, Kupffer cell activation, and congestion of the
central vein (Figure 3; photomicrographs h & i). Adminis-
tration of naringenin to APAP-administered rats produced
a mild fatty change of hepatocytes, congestion of the central
vein and sinusoids, and Kupffer cell activation (Figure 3;
photomicrographs j, k, & l). Accordingly, the liver
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Figure 2: HPLC-MS fingerprint of the navel orange peel hydroethanolic extract at 270 nm (a) and at 340 nm (b) indicating the presence of
diosmin (1), gallic acid (2), naringin (3), rutin (4), hesperidin (5), quercetin (6), naringenin (7), and hesperetin (8).

Table 2: Effects of the navel orange peel hydroethanolic extract, naringin, and naringenin on serum ALT, AST, ALP LDH, and GGT activities
and albumin and total bilirubin levels in APAP-administered Wistar rats.

Parameter
ALT (U/l) AST (U/l) ALP (U/l) LDH (U/l) GGT (U/l)

Albumin
(g/dl)

Total bilirubin
(mg/dl)Treatments

Normal control 30 33 ± 0 91 66 66 ± 1 542 448 00 ± 17 03 1776 81 ± 42 56 3 50 ± 0 43 3 23 ± 0 08 0 70 ± 0 05
APAP 86 16 ± 2 99a 141 50 ± 2 591a 757 50 ± 19 53a 3522 50 ± 98 20a 9 88 ± 0 32a 2 71 ± 0 07a 1 31 ± 0 13a

APAP + navel orange
peel extract

33 33 ± 2 27b 78 83 ± 3 218b 492 16 ± 23 73b 1825 01 ± 43 93b 3 50 ± 0 43b 3 20 ± 0 07b 0 72 ± 0 07b

APAP + naringin 34 33 ± 2 09b 73 83 ± 4 053b 497 83 ± 27 83b 1869 80 ± 32 57b 3 66 ± 0 33b 3 20 ± 0 09b 0 73 ± 0 08b

APAP + naringenin 35 50 ± 1 66b 74 16 ± 3 807b 483 50 ± 32 51b 1852 02 ± 29 92b 2 66 ± 0 33b 3 23 ± 0 09b 0 71 ± 0 09b

Data are expressed as mean ± SE of n = 6. aSignificantly different from the normal value at p < 0 05. bSignificantly different from the APAP value at p < 0 05.

Table 3: Effects of the navel orange peel hydroethanolic extract, naringin, and naringenin on liver LPO and GSH level of APAP-administered
Wistar rats.

Parameter LPO
(nmol/100mg tissue)

GSH
(nmol/10mg tissue)

GST
(U/100mg tissue)

GPx
(mU/100mg tissue)

SOD
(mU/100 g tissue)Treatments

Normal control 53 66 ± 1 11 31 68 ± 0 67 44 73 ± 1 11 185 26 ± 1 19 99 97 ± 1 32
APAP 112 45 ± 1 89a 20 81 ± 0 47a 34 25 ± 0 80a 169 53 ± 2 37a 68 34 ± 1 63a

APAP + navel orange peel extract 72 54 ± 3 09ab 27 30 ± 1 01b 36 18 ± 1 71a 180 66 ± 1 88b 89 15 ± 1 77ab

APAP + naringin 82 85 ± 5 74ab 26 26 ± 2 05ab 40 80 ± 1 86b 179 23 ± 2 02b 72 46 ± 1 22a

APAP + naringenin 88 05 ± 7 11ab 26 03 ± 1 06ab 39 22 ± 1 18 179 03 ± 1 73b 89 07 ± 2 44ab

Data are expressed as mean ± SE of n = 6. aSignificantly different from the normal value at p < 0 05. bSignificantly different from the APAP value at p < 0 05.

Table 4: Effects of the navel orange peel ethanolic extract, naringin,
and naringenin on serum TNF-α and IL-4 levels of APAP-
administered Wistar rats.

Parameter
TNF-α (pg/ml) IL-4 (pg/ml)

Treatments

Normal control 33 26 ± 1 56 122 63 ± 1 72
APAP 131 46 ± 1 91a 40 23 ± 1 53a

APAP + navel orange
peel extract

85 10 ± 4 75ab 77 66 ± 5 28ab

APAP + naringin 86 56 ± 6 67ab 94 13 ± 6 18ab

APAP + naringenin 83 53 ± 1 58ab 86 33 ± 6 85ab

Data are expressed as mean ± SE of n = 6. aSignificantly different from the
normal value at p < 0 05. bSignificantly different from the APAP value at
p < 0 05.
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histological integrity and architecture of APAP-administered
rats were markedly improved as a result of treatments
with the navel orange peel hydroethanolic extract, narin-
gin, and naringenin.

Histopathological change scores of study groups are rep-
resented in Table 5. The liver section of normal control rats
exhibited no histological lesions recording zero score. The
liver APAP-administered rats exhibited various grades of
histopathological change scores ranging from grade III to
grade 0. The treatments of APAP-administered rats with
the navel orange peel hydroethanolic extract, naringin,
and naringenin resulted in marked improvements in liver
histological lesions including steatosis or fatty changes,
inflammatory cell infiltration, necrosis, hydropic degenera-
tion, vacuolar degeneration, vascular congestion, and Kupffer
cell proliferation (activation) exhibiting lower grades of his-
topathological change scores in most of treated animals as
compared with APAP-administered control.

3.7. Effect on Immunohistochemically Stained Liver p53, Bax,
Caspase-3, and Bcl-2. The expressed p53, Bax, and activated
caspase-3 as well as Bcl-2 in the liver were immunohisto-
chemically detected (Figures 4–7 and Table 6). Immunohis-
tochemical staining of the liver section of normal control
rats exhibited a very weak immunohistochemical reaction
for p53, Bax, and caspase-3 reflecting their very low expres-
sion. The liver of APAP-administered rats exhibited a strong
positive staining for these proapoptotic markers as indicated
by a dense brownish colour reflecting their very high expres-
sion. The liver of APAP-administered rats treated with the
navel orange peel hydroethanolic extract, naringin, and nar-
ingenin exhibited a substantial decrease of p53, Bax, and
caspase-3 (Figures 4–6 and Table 6). While the treatment
with naringin was the most potent in decreasing p53 and
caspase-3, naringenin was the most effective in decreasing
Bax. In contrast, Bcl-2 exhibited a different behavioural pat-
tern to p53, Bax, and caspase-3 since it exhibited a profound
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Figure 3: Photomicrographs of H&E-stained liver sections of normal, APAP-administered rats, and APAP-administered rats treated with the
navel orange peel hydroethanolic extract, naringin, and naringenin. (a) Photomicrograph of the liver of normal rat showing a normal
structure of liver; normal hepatocytes (H) integrally arranged in the hepatic trabeculae, central vein (CV), and sinusoids (S). (b-e)
Photomicrographs of liver sections of APAP-administered rats showing steatosis of hepatocytes (ST) in (b), cytoplasmic vacuolization of
hepatocytes (V) and focal hepatic necrosis (NC) associated with mononuclear leucocytic and fibroblastic inflammatory cell infiltration (IF)
in (c), portal mononuclear leucocytic inflammatory cell infiltration (IF) in (d), and vascular congestion in (e). (f & g) Photomicrographs of
liver sections of APAP-administered rats treated with the navel orange peel hydroethanolic extract showing slight cytoplasmic
vacuolization of hepatocytes (V) and Kupffer cell activation (Kf) and mild focal hepatic necrosis (NC) associated with mononuclear
leucocytic inflammatory cell infiltration (IF). (h & i) Photomicrographs of liver sections of APAP-administered rats treated with naringin
showing severe to mild cytoplasmic vacuolization of hepatocytes (V) and Kupffer cell activation (Kf) in (h) and (i) as well as congestion of
the central vein (C) in (h). (j-l) Photomicrographs of liver sections of APAP-administered rats treated with naringenin showing a slight
fatty change of hepatocytes (FC) and mild congestion of sinusoids (CS) in (j), Kupffer cell activation (Kf) and moderate congestion of
central vein (C) in (k), and slight fatty change of hepatocytes (FC) and Kupffer cell activation (Kf) in (l) (×400).
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depletion of antiapoptotic protein Bcl-2 in APAP-
administered rats (Figure 7). On the other hand, the liver
of APAP-administered rats treated with the navel orange
peel extract, naringin, and naringenin exhibited a very
strong reaction reflecting a very high expression of Bcl-2.
According to the intensity of the brown colour in Figure 7
and results of intensities in Table 6, the treatments were
arranged in the following order: naringin>naringenin>navel
orange peel extract.

4. Discussion

APAP, when used at high doses, could cause acute liver
injury most probably via formation of NAPQI, a toxic oxi-
dant, by cytochrome P450 [53]. NAPQI is usually inactivated
by hepatic GSH, but when produced excessively, it covalently
binds to centrilobular hepatic proteins and depletes GSH
content, contributing to hepatic toxicity [54].

To assess the effects APAP on liver function and integ-
rity, in the present study, the activities of serum ALT, AST,
ALP, and GGT and levels of bilirubin and albumin were

determined and the histological changes in the liver were
examined. Oral administration of APAP, in the present
study, at a dose of 0.5 g/kg/b.w. every other day for 4 weeks,
showed a sharp increase in serum ALT, AST, ALP, LDH,
and GGT activities. These results are in parallel with those
of Hanafy et al. [19], Tan et al. [55], and Tung et al. [20].
The massive presence of NAPQI causes mitochondrial GSH
depletion, the formation of protein adducts, with severe
damages to mitochondrial functions, and the arrest of ATP
production [56]. All these modifications result in a homeo-
stasis alteration and an increase in the permeability of
the cell membrane with a consequent cellular swelling,
vacuolization, karyolysis, and the loss of cellular elements,
thereby leading to hepatocyte damage and necrosis [11].
So, the increase in serum activities of the hepatic enzymes
in APAP-administered rats, in this study, may be attributed
to the structural damage of hepatocytes resulting in the leak-
age of cytosolic enzymes (AST, ALT, and LDH) and release
of membrane-bound enzymes (ALP and GGT) from the liver
into the systemic circulation [18, 57]. ALP and GGT are
membrane-bound enzymes, and their increase may be due

Table 5: Histopathological scores of liver lesions in normal control, APAP, APAP + peel extract, APAP + naringin, and APAP + naringenin
groups.

Histopathological changes Score Normal control APAP APAP + peel extract APAP + naringin APAP + naringenin

Steatosis and fatty changes

0 6 (100%) 1 (16.7%) 5 (83.3%) 5 (83.3%) 5 (83.3%)

I — 1 (16.7%) — 1 (16.7%) 1 (16.7%)

II — 2 (33.3%) — — —

III — 2 (33.3%) 1 (16.7%) — —

Inflammation

0 6 (100%) 1 (16.7%) 4 (66.7%) 5 (83.3%) 5 (83.3%)

I — 1 (16.7%) 1 (16.7%) — —

II — 2 (33.3%) 1 (16.7%) 1 (16.7%) 1 (16.7%)

III — 2 (33.3%) — — —

Necrosis

0 6 (100%) 1 (16.7%) 4 (66.7%) 4 (66.7) 5 (83.3%)

I — 1 (16.7%) 2 (33.3%) 1 (16.7%) 1 (16.7%)

II — 3 (50%) — 1 (16.7%) —

III — 1 (16.7) — — —

Hydropic degeneration

0 6 (100%) 3 (50.0%) 6 (100%) 6 (100%) 6 (100%)

I — — — — —

II — 1 (16.7%) — — —

III — 2 (33.3%) — — —

Vacuolar degeneration

0 6 (100%) — 4 (66.7%) 1 (16.7%) 6 (100%)

I — 1 (16.7%) 1 (16.7%) 2 (33.3%) —

II — 1 (16.7%) 1 (16.7%) 1 (16.7%) —

III — 4 (66.7%) — 1 (16.7%) —

Vascular congestion

0 6 (100%) 2 (33.3%) 5 (83.3%) 4 (66.7%) 4 (66.7%)

I — 2 (33.3%) 1 (16.7%) 1 (16.7%) 1 (16.7%)

II — 1 (16.7%) — — 1 (16.7%)

III — 1 (16.7%) — 1 (16.7%) —

Kupffer cell proliferation

0 6 (100%) 2 (33.3%) 4 (66.7%) 4 (66.7%) 3 (15.0%)

I — 1 (16.7%) 1 (16.7%) 2 (33.3%) 1 (16.7%)

II — 1 (16.7%) 1 (16.7%) — 1 (16.7%)

III — 2 (33.3%) — — 1 (16.7%)

0: absence of lesion; I: mild; II: moderate; and III: severe. The number of animals in each group is 6. The % in parentheses is the percent of animals in each grade.

8 Oxidative Medicine and Cellular Longevity



to the stimulated rate of synthesis and/or regurgitation into
the blood as a result of bile ductule blockage [58]. The
increase in serum total bilirubin level confirmed the sugges-
tion that ALP and GGT levels are increased following hepatic
necrosis due to secondary biliary obstructions [59]. The pre-
senthistological resultssupport thisattributionsince they indi-
cated hepatic portal mononuclear leucocytic inflammatory
cells’ infiltration which may lead to bile ductule blockage and
biliary obstructions in association with hepatocytes’ cyto-
plasmicvacuolizationandnecrosisinAPAP-administeredrats.

This blockage of bile ductules leads to regurgitation of conju-
gated and unconjugated bilirubin into blood circulation and
in turn results in elevated total bilirubin levels.

In contrast to the serum total bilirubin level, the serum
albumin level was remarkably decreased in APAP-
administered rats and this result is in concurrence with
Okokon et al. [56]. This reduction in albumin level in
APAP-administered rats could be due to a decline in the
number of cells responsible for albumin synthesis in the liver
through necrosis and degeneration [60]. A decreased level of
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Figure 4: Immunohistochemically stained liver sections for p53 expression detection. (a) Negative (-) or very weak immunohistochemical
reaction in normal control. (b) Strong positive immunohistochemical reaction marked by a dense brown colour in the cytoplasm and
nucleus of hepatocytes in APAP-administered rats. (c-e) Substantial decrease in the expression of p53 in APAP-administered rats treated
with the navel orange peel extract (c), naringin (d), and naringenin (e) (×200).
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albumin, as recorded in APAP-administered rats, revealed
the severity of hepatopathy [56].

Peels of fruits of Citrus species are known to have antiox-
idant, anti-inflammatory, anticancer, antilipidemic, and anti-
bacterial activities [61]. The citrus flavonoids include a class
of glycosides such as hesperidin and naringin and another
class of O-methylated aglycones of flavones like nobiletin
and tangeretin, which are relatively two common poly-
methoxylated flavones (PMFs) [62]. The Citrus fruit peels
are reported to possess the highest amounts of PMFs com-
pared to other edible parts of the fruit [63].

The navel orange (C. sinensis) peel hydroethanolic
extract contains rich phytochemicals as indicated in the pres-
ent study by GC-MS analysis. Many of these phytochemicals
have potent biological activities. 4H-pyran-4-one, detected at
a retention time of 16.365 minutes, is a cyclic nucleus in the
chemical structures of quercetin, naringenin, naringin, and
hesperetin which have multiple biological properties such
as hepatoprotective, antioxidant, antibacterial, antiviral, anti-
cancer, and anti-inflammatory effects [64]. 4H-Pyran-4-one,
2,3-dihydro-3,5-dihydroxy-6-methyl- (1.452% of the extract)
was reported to have a strong free radical scavenging activity
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Figure 5: Immunohistochemically stained liver sections for Bax expression detection. (a) Negative or very weak immunohistochemical
reaction in normal control. (b) Evoked a strong positive immunohistochemical reaction marked by a dense brown colour in the cytoplasm
of hepatocytes in APAP-administered rats. (c-e) Profound suppression of Bax expression in APAP-administered rats treated with the
navel orange peel extract (c), naringin (d), and naringenin (e) (×200).
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[65, 66]. Thymine, detected at a retention time of 15.179
minutes, is a nitrogenous base component in the nucleic acid
of DNA [67]. 5-Hydroxymethylfurfural and 4-hexen-3-one,
4,5-dimethyl-, detected at a retention time of 17.470 minutes,
constitute 6.392% of the navel orange peel extract. 5-
Hydroxymethylfurfural was demonstrated by Ding et al.
[68] and Zhao et al. [69] to have cancer preventive, antioxi-
dant, and hepatic and renal protective effects. Dodecane,
detected at retention times 24.018 and 33.851 with abun-
dance of 7.392 and 1%, respectively, was elucidated to have
potent antioxidant activity [70]. 2-Methoxy-4-vinylphenol-
and 3-methoxyacetophenone were detected at retention time
19.793 with abundance of 2.715% in the peel hydroethanolic
extract. 2-Methoxy-4-vinylphenol- was stated to have anti-
oxidant, antimicrobial, and anti-inflammatory properties
[71] while 3-methoxyacetophenone has antimycobacterial
activity [72]. 9,12-Octadecadienoic acid (Z,Z)-, detected at
a retention time of 34.949 minutes with abundance of

1.151% in the extract, was found to have potential cancer
preventive, hepatoprotective, hypocholesterolemic, anti-in-
flammatory, and antiarthritic activities [73]. Oleic acid and
9-octadecenoic acid, (E)- (2.755% of the extract), detected
at a retention time of 34.998 minutes, were reported to
have antitumor and anti-inflammatory activities [73, 74].
Lupanine (10.225% of the extract), detected at retention
times of 36.064 and 36.135 minutes, is a quinolizidine alka-
loid that was reported to have antimicrobial effects [75]. Stig-
masterol (2.028% of the extract; detected at a retention time
of 36.885 minutes) and its derivatives have several phar-
macological activities including antidiabetic, anti-inflamma-
tory, antioxidant, antimutagenic, and antimicrobial effects
[76]. 9-Octadecenamide, (Z)- (1.568% of the extract; detected
at a retention time of 37.244 minutes), was revealed to have
anti-inflammatory and antibacterial activities [77].

The HPLC-MS analysis of the navel orange peel hydro-
ethanolic extract confirmed the presence of phenolic acids
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Figure 6: Immunohistochemically stained liver sections for caspase-3 expression detection. (a) Negative or very weak immunohistochemical
reaction in normal control. (b) Strong immunohistochemical reaction marked by a dark brown colour in hepatocytes in the liver of
APAP-administered rats. (c-e) Low expression of caspase-3 in APAP-administered rats treated with the navel orange peel extract (c) and
naringin (d) and moderate immunohistochemical reaction in APAP-administered rats treated with naringenin (e) (×200).
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such as gallic acid and flavonoids such as diosmin, naringin,
rutin, hesperidin, quercetin, naringenin, and hesperetin. Hes-
peridin, quercetin, and naringenin were the most abundant
constituents in the peel extract.

Oral treatment of APAP with the navel orange peel
hydroethanolic extract induced a hepatoprotective effect
on liver function marked by ameliorating the activities of
hepatic enzymes and levels of albumin and bilirubin in

serum. These data are in parallel with Chen et al. [78] who
indicated that the administration of the sweet orange peel
extract at 10 and 100mg/kg b.w. reduces the hepatotoxic-
ity induced by CCl4. The hepatoprotective effect of Citrus-
by-product extracts may be due to the presence of
phytoconstituents like phenolic compounds, especially the
characteristicflavanone glycosides that mainly include narin-
gin, hesperidin, neohesperidin, and narirutin [79]. The
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Figure 7: Immunohistochemically stained liver sections for Bcl-2 expression detection. (a) Moderate immunohistochemical reaction in
normal control. (b) Very low expression in hepatocytes in the liver of APAP-administered rats. (c-e) Moderate, very strong, and strong
immunohistochemical reactions for Bcl-2 in the cytoplasm of APAP-administered rats treated with the navel orange peel extract (c),
naringin (d), and naringenin (e), respectively (×200).

Table 6: Immunohistochemical staining intensity (pixels) for p53, Bax, caspase-3, and Bcl-2 in liver normal control, APAP, APAP + peel
extract, APAP + naringin, and APAP + naringenin groups.

Parameter p53 × 103 Bax × 103 Caspase − 3 × 103 Bcl − 2 × 103
Group

Normal control 2 125 ± 0 686 0 379 ± 0 119 0631 ± 0 046 10 18 ± 0 585
APAP 69 277 ± 3 075a 91 585 ± 14 270a 15 426 ± 2 467a 0 580 ± 0 087a

APAP + peel extract 1 007 ± 0257b 0 497 ± 0 096b 0 697 ± 0 157b 125 57 ± 11 012b

APAP + naringin 0 828 ± 0123b 0 387 ± 0 116b 0 482 ± 0 054b 197 505 ± 33 008b

APAP + naringenin 1 653 ± 0424b 0 207 ± 0 126b 1 740 ± 0 366b 190 504 ± 9 905b

Data are expressed as mean ± SE. aSignificantly different from normal value at p < 0 05. bSignificantly different from the APAP value at p < 0 05.
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improvement of the liver function of APAP-administered
rats as a result of treatments with naringin and naringenin,
in the current study, supports this attribution. This improve-
ment was manifested by a significant decrease in serum ALT,
AST, ALP, LDH, and GGT activities and total bilirubin level
together with the significant increase in serum albumin level
after treatment of APAP-administered rats with naringin and
naringenin.

In the present study, the ingestion of APAP to rats
induced a marked disturbance in the oxidant/antioxidant
status characterized by a significant increase in liver LPO
and a significant decrease in hepatic GSH content and GPx,
GST, and SOD activities. These findings are in accordance
with those of Amin et al. [80], Tan et al. [55], and Tung
et al. [20]. This increase in oxidative stress may be mediated,
at least in part, via accumulation of the toxic metabolite
NAPQI, a metabolite of APAP that has high affinity for
GSH leading to its depletion [80].

According to a previous report, the hepatoprotective
effect of the compounds is related, at least in part, to their
antioxidant activity [81]. Antioxidants have been shown to
prevent oxidative stress-related liver pathologies directly, by
scavenging of ROS, and indirectly, as part of the antioxidant
defense system [82]. The flavonoids, which play a role as free
radical scavengers or antioxidants in biological systems, are
natural phenolic compounds present in fruit and vegetable
species [83]. Flavonoids have many biological effects such
as antioxidant, antibacterial, anticancer, antimutagenic, and
anti-inflammatory properties [84].

In the current study, the treatment of rats with the
navel orange peel hydroethanolic extract for 4 weeks signif-
icantly decreased the elevated liver LPO and markedly
increased the liver GSH content and GST, GPx, and SOD
activities. These ameliorative effects might be due to the
potential antioxidant activities of the constituting flavo-
noids and other components of the hydroethanolic extracts.
These results are in concurrence with those obtained by
Mostafa et al. [27].

The wide range of biological functions of flavonoids in
orange peel has been extensively and recently studied. Such
flavonoids increased the antioxidant capacity against lipid
peroxidation and reduced the elderly oxidative stress [85].
The antioxidant activity found in the peels and seeds of
Citrus sinensis could be attributed to the presence of pheno-
lic compounds as evidenced by Molan et al. [86]. In the same
regard, Chen et al. [78] observed that the pretreatment with
the sweet orange peel extract significantly attenuated the ele-
vation of LPO and prevented the oxidative damage induced
by CCl4 in rats.

In view of the current study, APAP-induced oxidative
stress was significantly suppressed by naringin and narin-
genin treatment via reduction of lipid LPO and enhancement
of the activities of antioxidant enzymes, which in turn mod-
ulate the membrane integrity against APAP-induced cellular
injury. These data are in accordance with Adil et al. [30].

Naringenin’s protective effect could be explained by its
important role in preventing hydroxyl radical formation
and protecting the integrity and functions of tissues, like
other antioxidant elements [87, 88]. The hepatopreventive

effect of the navel orange peel hydroethanolic extract, narin-
gin, and naringenin may be explained by their ability to
increase the antioxidant enzymes and to suppress LPO.

In the present study, the navel orange peel extract was
more effective in improving the liver LPO, GSH content,
and GPx activity than were naringin and naringenin. This
may be due to the fact that the navel orange peel hydroetha-
nolic extract contains many antioxidant polyphenols and
phytochemicals, as confirmed by GC-MS and HPLC analyses
in the present study, which may synergize to produce this
most potent effect.

Concerning the effects on inflammatory status, the oral
administration of APAP significantly increased the serum
proinflammatory cytokine (TNF-α) and decreased anti-
inflammatory interleukin (IL-4). TNF-α has been linked to
increased oxidative stress (Figure 8) and is known to recruit
and activate other inflammatory cells [89]. The treatments
of APAP-administered rats with the navel orange peel
hydroethanolic extract, naringin, and naringenin, in the
current study, ameliorated the elevated TNF-α and the
decreased IL-4 levels. In parallel to these results, naringin
was reported to reduce inflammation by inhibiting NF-κB
in lipopolysaccharide-induced acute lung injury model in
mice [90]. Moreover, Chtourou et al. [91] stated that narin-
genin is able to decrease proinflammatory cytokines such as
TNF-α, IL-6, and IL-1β in rats via inhibition of NF-κB,
a signal transduction pathway that promotes the transcrip-
tion of gene coding for proinflammatory proteins. Similarly,
Dou et al. [92] have demonstrated that naringenin also has
anti-inflammatory efficacies in the gut.

In the present study, the results of immunohistochemical
investigations showed overexpression of proapoptotic pro-
teins (p53, Bax, and activated caspase-3) and a negative or
very weak immunohistochemical reaction to antiapoptotic
protein (Bcl-2) in the liver of APAP-administered rats. On
the other hand, the treatment of APAP-administered rats
with the navel orange peel hydroethanolic extract, naringin,
and naringenin suppressed the expression of p53, Bax, and
caspase-3 and caused overexpression of Bcl-2 in the liver tis-
sue. Naringin was the most effective in decreasing the
APAP-induced expression of liver p53 and caspase-3 and in
increasing the expression of Bcl-2 while naringenin was the
most potent in decreasing Bax overexpression. In our opin-
ion, the inhibitory effects of the navel orange peel hydroetha-
nolic extract, naringin, and naringenin on APAP-induced
apoptosis may be due to their antioxidant properties and
their ability to scavenge free radicals (Figure 8). This attri-
bution was supported by previous publications which indi-
cated that the treatment of APAP-administered animals
with ROS scavengers such as fucoidan and coenzyme
Q10 successfully prevented the APAP-induced overexpres-
sion of p53, caspase-3, and Bax as well as APAP-induced
downregulation of Bcl-2 [16, 93]. However, our study is
in disagreement with Sun et al. [94] who elucidated that
overexpression of p53 prevents APAP-induced liver injury
by regulating the metabolizing enzymes and transporters
related to APAP detoxification and elimination.

The p53 tumor suppressor protein is a critical regulator
of the cell cycle and apoptosis, and it is considered as a
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proapoptotic mediator [17]. In most unstressed cells, p53 is
expressed at low levels in both the nucleus and cytoplasm
[95]. But it is activated due to DNA damage and other
stresses such as excessive ROS production and inflammation
as in APAP hepatotoxicity [96, 97]. Moreover, previous stud-
ies reported the involvement of caspase activation in
p53-mediated cell death [98, 99]. In this way, p53 overexpres-
sion may stimulate caspase-3 and cleavage of caspase sub-
strates possibly through caspase-8 (extrinsic pathway or
death receptor pathway that is initiated by death ligands such
as TNF-α) and caspase-9 (mitochondrial or intrinsic path-
way) activation pathways [97, 100]. In the intrinsic pathway,
p53 induces the release of mitochondrial cytochrome c by a
pathway involving cytosolic Bax translocated to mitochon-
dria (outer membrane) leading to activation of caspase-9
and caspase-3 and thereby apoptosis [97, 98, 100–103].
Death receptors, such as tumor necrosis factor receptor 1,
by the caspase-8 cleavage of Bid and activation of Bax, can
also induce mitochondrial cytochrome c release that activates
caspase-3 [100]. It was suggested that APAP exposure in rats
increased the Bax level and decreased Bcl-2, leading to per-
meabilization of the mitochondrial outer membrane, cyto-
chrome c release, activation of caspase-3, & endonuclease G
and DNA fragmentation [104, 105]. Thus, caspase-3, cleaved
from caspase-8, caspase-9, and caspase-10, serves as a con-
vergence point for different signaling pathways; thereby, it
is well suited as a readout in an apoptosis assay and its
increased expression reflects an increase in apoptosis [106].
Based on our results and the previous literature, the activa-
tion of caspase-3, the executioner of apoptosis, in APAP hep-
atotoxicity can be triggered either by the intrinsic pathway

through excess levels of ROS or by extrinsic pathway death
receptor ligands as TNF-α (Figure 8). It is relevant here to
mention that TNF-α-induced cell death is predominantly
apoptotic but may also occur by necrosis (Figure 8) [107].
The treatment of APAP-administered rats with the navel
orange peel hydroethanolic extract, naringin, and naringenin
potentially suppressed the oxidative stress and significantly
decreased the elevated TNF-α level; thereby, they decreased
apoptosis through affecting both extrinsic and extrinsic apo-
ptotic pathways (Figure 8).

5. Conclusion

The navel orange peel hydroethanolic extract, naringin, and
naringenin induced potential hepatopreventive effects which
were evidenced by amelioration of the liver function and
histological integrity, liver antioxidant activities, and serum
proinflammatory and anti-inflammatory cytokine levels in
addition to alleviation of apoptotic markers. Thus, the ame-
liorative effects of the navel orange peel hydroethanolic
extract, naringin, and naringenin may be mediated via
enhancement of the antioxidant defense system and sup-
pression of inflammation and apoptosis.
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GPx: Glutathione peroxidase
GSH: Glutathione
GST: Glutathione-S-transferase
HPLC-MS: High-performance liquid

chromatography-mass spectrometry
IL-4: Interleukin-4
iNOS: Inducible nitric oxide synthase
LDH: Lactate dehydrogenase
LPO: Lipid peroxidation
NAPQI: N-Acetyl-p-benzoquinone imine
NF-κB: Nuclear factor-kappa B
p53: Protein 53
r.p.m.: Rounds per minute
ROS: Reactive oxygen species
RT-PCR: Reverse transcriptase-polymerase chain reaction
SOD: Superoxide dismutase
TNF-α: Tumor necrosis factor-α.
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Syzygium cumini is used worldwide for the treatment of metabolic syndrome-associated outcomes. Previously, we described the
antihypertriglyceridemic effect of the hydroethanolic extract of S. cumini leaf (HESc) in monosodium L-glutamate- (MSG-)
induced obese rats. This study sought to investigate the molecular mechanisms underlying the antihypertriglyceridemic effect of
HESc in MSG-obese rats. Newborn male Wistar rats were injected subcutaneously with MSG (4.0 g/kg/day, obese group) or
saline 1.25% (1.0mL/kg/day, lean group), from 2nd through 10th postnatal day. At 8 weeks old, obese rats started to be orally
treated with HESc (0.5 or 1.0 g/kg/day, n = 7) or saline 0.9% (1mL/kg/day, n = 7). Lean rats received saline solution
(1mL/kg/day, n = 7). Upon 8-week treatment, animals were euthanized for blood and tissue collection. Another set of adult
nonobese Wistar rats was used for the assessment of HESc acute effects on Triton WR1339-induced hypertriglyceridemia. HESc
reduced weight gain, as well as adipose tissue fat pads, without altering food intake of obese rats. HESc restored fasting serum
glucose, triglycerides, total cholesterol, and free fatty acids, as well as insulin sensitivity, to levels similar to lean rats.
Additionally, HESc halved the triglyceride content into very low-density lipoprotein particles, as well as healed liver steatosis, in
obese rats. Hepatic protein expression of the endoplasmic reticulum chaperone GRP94 was decreased by HESc, which also
downregulated the hepatic triglyceride secretion pathway by reducing the splicing of X-box binding protein 1 (XBP-1s), as well
as protein disulfide isomerase (PDI) and microsomal triglyceride transfer protein (MTP) translational levels. This action was
further corroborated by the acute inhibitory effect of HESc on triglyceride accumulation on Triton WR1339-treated rats. Our
data support the downregulation of the XBP-1s/PDI/MTP axis in the liver of MSG-obese rats as a novel feasible mechanism for
the antihypertriglyceridemic effect promoted by the polyphenolic phytocomplex present in S. cumini leaf.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is considered the
main hepatic manifestation of metabolic syndrome (MetS)

[1].UnderMetS,white adipose tissuehypertrophy causes local
insulin resistance that, in turn, increases adipocyte lipolytic
activity anddecreases local free fatty acid (FFA) recycling, rais-
ing serum FFA levels. Increased FFA uptake by hepatocytes
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leads to ectopic fat accumulation and lipotoxicity due to the
limited liver capacity to oxidize and/or export excess FFA [2].
Hyperinsulinemia additionally imposes de novo lipogenesis
oversizing hepatic fat accumulation, an outcome partially
compensated by increased triglyceride (TG) secretion via very
low-density lipoprotein (VLDL)particles, thatultimately leads
to hypertriglyceridemia [3]. Hypertriglyceridemia is an inde-
pendent risk factor for cardiovascular diseases, which are the
leading cause of morbimortality worldwide [4].

Despite the abovementioned evidences, the molecular
mechanisms involved in NAFLD and hypertriglyceridemia
onset remain incompletely defined. During the last decade,
the endoplasmic reticulum (ER) stress has been proposed as
a key player by its role in unfolded protein response (UPR)
[5]. UPR occurs when the ER becomes overwhelmed and
causes luminal misfolded protein accumulation, eliciting
the phosphorylation of three ER transmembrane sensing
proteins, namely, inositol-requiring enzyme-1α (IRE-1α),
protein kinase RNA-like ER kinase (PERK), and activating
transcription factor 6 (ATF6) [5]. IRE-1α subsequently
splices the X-box binding protein 1 (XBP-1s) mRNA, a tran-
scription factor importantly involved in the reestablishment
of ER homeostasis [6] and hepatic lipogenesis regulation
[7]. Studies conducted by us [8] and others [9–11] have dem-
onstrated the importance of the IRE1α/XBP-1s pathway for
hepatic lipid homeostasis, through either lipogenesis modu-
lation or stimulation of TG secretion, a process mediated
by upregulation of microsomal triglyceride transfer protein
(MTP) and protein disulfide isomerase (PDI) expression in
hepatocytes [8]. Henceforth, the XBP-1s/PDI/MTP axis has
emerged as a potential therapeutic target for the treatment
of lipidmetabolism disorders, especially hypertriglyceridemia
[12], despite the plethora of other regulatory targets.

Herbal medicines constitute an important source of bio-
active and potentially therapeutic molecules enabled to fulfill
amultiple-target strategy forMetS-related outcome treatment
[13, 14]. These properties are specially related to their antiox-
idant capacity, although other mechanisms might feasibly be
involved [15]. In this context, cardiometabolic potentialities
of Syzygium cumini (L.) Skeels (syn: S. jambolanum D.C.,
Eugenia jambolana Lam.) have been highlighted [16]. S.
cumini is an Indian native tree from the Myrtaceae family
widely cultivated throughout the world and popularly known
as jambolão, jambolan, java plum, or black plum [17]. It is tra-
ditionally used to treat a variety of illnesses, most of them
related to MetS and its comorbidities [16, 18–21]. Moreover,
its ethnopharmacological relevance has been recognized by
the Brazilian Ministry of Health, which included S. cumini
species in the National Index of Medicinal Plants of Interest
to the Unified Public Health System, acronym RENISUS [22].

In a previous study, we showed that the hydroethanolic
extract of S. cumini leaf (HESc) improved the metabolic pro-
file of monosodium L-glutamate- (MSG-) induced obese rats,
especially by reverting TG accumulation in both the liver and
serum. These effects were associated with the improvement
of peripheral insulin sensitivity and β-cell function and
attributed to the polyphenolic profile—mainly composed by
myricetin derivatives, as well as other flavonoids and
tannins—identified in HESc [23]. More recently, we reported

the HPLC-MS/MS phytochemical characterization of a
polyphenol-rich extract (PESc) prepared from the aforemen-
tioned HESc, which allowed the identification of five main
compounds as follows: gallic acid, myricetin, myriceti-
n-3-α-arabinopyranoside, myricetin deoxyhexoside, and
quercetin, with myricetin accounting for nearly 20% of PESc
total polyphenol content [24]. Notwithstanding, PESc exhibited
a strong antioxidant capacity against both biological and nonbi-
ological oxidants, which enabled it to protect mice from an oxi-
dative stress-induceddiabetic state [24].However, themolecular
mechanisms responsible for the improvement of lipid metabo-
lism promoted by S. cumini leaf remain poorly investigated.

Thus, taking into account our previous reports that
hypertriglyceridemia in MSG-obese rats is associated with
activation of the XBP-1s/PDI/MTP axis [8] and that HESc
reverted their characteristic NAFLD and hypertriglyc-
eridemia [23], in the present study, we sought to investigate
the molecular mechanisms underlying the antihypertrigly-
ceridemic activity of HESc in MSG-obese rats. The data pre-
sented herein endorse our hypothesis by presenting a novel
feasible mechanism for the HESc antihypertriglyceridemic
effect, which corroborates S. cumini leaf as a source of com-
pounds for hypolipemiant purposes.

2. Materials and Methods

2.1. Plant Material. Leaves from Syzygium cumini (L.) Skeels,
popularly known as jambolão in Brazil and java plum or
black plum in English-spoken countries, were collected from
specimens located at the Dom Delgado Campus (2°33′11.7″S
44°18′22.7″W) of the Federal University of Maranhão
(UFMA; São Luís, Maranhão, Brazil). A voucher specimen
was identified by Prof. Dr. Eduardo Bezerra Almeida Jr., a
botanist at the Herbarium of Maranhão (MAR, Department
of Biology, UFMA), and stored under the register number
4574. Furthermore, the species’ name was confirmed in
http://www.theplantlist.org on 08/15/2018.

2.2. Hydroethanolic Extract Preparation. After leaf collection,
the hydroethanolic extract of S. cumini leaf (HESc) was
obtained as previously described [23]. Upon lyophilization,
HESc powder was stored at 4°C and freshly diluted in 0.9%
NaCl at proper concentrations for oral administration to
the animals. An aliquot of HESc was analyzed by
HPLC-MS/MS to validate its authenticity. As shown in
Supplementary Figure 1, HESc fingerprint corresponds to
the same polyphenolic profile previously reported by us
[23], whose main compounds are shown in Figure 1.

2.3. MSG Obesity Induction and Experimental Design.
Newborn maleWistar rats were subcutaneously injected with
the MSG solution (4.0 g/kg/day, Sigma-Aldrich, USA,
Cat# G1626) or saline 1.25% (1.0mL/kg/day), in accordance
with our previous report [8]. From birth, all animals were
kept under controlled conditions of temperature (23 ± 2°C)
and light (12 h light/12 h dark) with filtered water and regular
chow (CR-1 Nuvilab, Curitiba, Brazil) provided ad libitum.
At 8 weeks of age, obesity development was assessed by cal-
culating the Lee index (LI) (body weight (g)1/3/nasoanal
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length cm × 1000) [25]. MSG-obese rats and their appro-
priated lean controls were randomly divided into 4 groups
and orally treated (gavage) as follows:

(1) Lean: lean rats receiving 1.0mL/kg/day saline
0.9% (n = 7)

(2) Obese: MSG-obese rats receiving 1.0mL/kg/day
saline 0.9% (n = 7)

(3) Obese+HESc 0.5: MSG-obese rats receiving
0.5 g/kg/day HESc (n = 7)

(4) Obese+HESc 1.0: MSG-obese rats receiving
1.0 g/kg/day HESc (n = 7)

Body weight and food intake were measured twice a week
throughout 8 weeks of treatment. At the end, the LI was again
calculated to evaluate the effects of the treatment on body
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Figure 1: Main polyphenolic compounds identified in the hydroethanolic extract of Syzygium cumini leaves (HESc). (a) Tetragalloylglucose,
(b) hexahydroxydiphenoyl-glucose, (c) quercetin, (d) myricetin deoxyhexoside, and (e) acylated myricetin deoxyhexoside.
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mass. Next, upon overnight fasting, animals were anesthe-
tized (10mg/kg xylazine+40mg/kg ketamine, i.p.) for blood
collection via abdominal aorta puncture and subsequent
euthanasia by exsanguination. The liver and both retroperi-
toneal and periepididymal fat pads were collected, weighed,
and appropriately stored for posterior assessments. All
animal procedures were in accordance with the National
Council for the Control of Animal Experimentation
(CONCEA, Brazil) and approved by the Committee for
Ethics and Welfare on Animal Use (CEUA) of UFMA under
ruling number 23115.01983/2013-41.

2.4. Serum Biochemical Analysis and Assessment of Insulin
Resistance. Glucose (GL), total cholesterol (TC), TG, FFA,
aspartate aminotransferase (AST), and alanine aminotrans-
ferase (ALT) levels were assessed in serum samples using
spectrophotometric commercial kits according to the manu-
facturers’ instructions (Labtest, MG, Brazil, and Wako, VA,
USA). Insulin resistance was inferred by calculating the
TyG index (TyG = natural logarithm fasting TG mg/dL ×
fastingGL mg/dL /2 ) [26].

2.5. Liver Histological Analysis. Liver slides were obtained
through 6μm thick transversal sections, stained with
hematoxylin-eosin (HE), and assessed by 2 independent
researchers in a double-blind way for the determination of
the NAFLD activity score (NAS). This score is based on a
semiquantitative analysis of the three definer criteria of
NASH: steatosis (0-3), ballooning (0-3), and lobular inflam-
mation (0-2). Total score is a value ranging from 0 to 8,
which indicates a hepatic prognostic status. Scores > 6 indi-
cate NASH; from 3 to 5, borderline; and from 0 to 2, it is
not NASH [27].

2.6. Liver Lipid Profile. The hepatic lipid profile was assessed
as previously described [28]. Briefly, a chloroform :methanol
(2 : 1) solution was used to extract total fat from 500mg liver
samples, which were resuspended in a Triton-X100 :metha-
nol (2 : 1) solution for the measurement of TG and TC levels
as described in Section 2.4.

2.7. Chromatographic Analysis of Serum Lipoproteins. Serum
lipoproteins were separated by fast protein liquid chromatog-
raphy (FPLC) in a Superose 6 HR 10/30 column (Amersham
Biosciences, Sweden) elutedwith Tris buffer (pH7.0; 10mmol
Tris, 150mmol NaCl, 1M EDTA, and 0.03% NaN3) at a rate
of 0.5mL/min, as previously described [29]. A total of 60 frac-
tions were collected in a chronological order representing the
density of each lipoprotein particle. Specifically, fractions 1-15
were labeled as VLDL, 16-30 were labeled as low-density lipo-
protein (LDL), 31-45 were labeled as high-density lipoprotein
(HDL), and 45-60 were labeled as other serum proteins. The
TC and TG contents in each fraction were measured as
described in Section 2.4. The total protein content was deter-
mined from absorbance at 280nm.

2.8. Evaluation of Protein Expression by Western Blotting.
Liver samples (n = 7) were homogenized by sonication with
lysis buffer containing protease inhibitors (1μg/mL aproti-
nin, 1μg/mL leupeptin, and 10mM PMSF). For each sample,

30μg of total protein was diluted with sample buffer and
loaded into a SDS-PAGE gel for protein separation, which
was transferred to nitrocellulose membranes. For the
detection of the proteins of interest, membranes were
incubated with primary antibodies: anti-KDEL (Enzo Life
Sciences,USA,Cat#ADI-SPA-827), anti-XBP1 (EnzoLife Sci-
ences,USA,Cat#ADI-905-739), anti-PDI (EnzoLife Sciences,
USA, Cat# ADI-SPA-891), and anti-MTP (Sigma-Aldrich,
USA, Cat# AV43618), followed by incubation with
peroxidase-conjugated secondary antibodies for chemilumi-
nescent detection (peroxidase-H2O2-luminol). β-Actin
(Sigma-Aldrich, USA, Cat# A5441) was used as protein
loading control.

2.9. Induction of Acute Hypertriglyceridemia with Triton
WR1339. Eight-week-old male nonobese Wistar rats were
randomized and administered with a single oral dose of
saline 0.9% (0.1mL/100 g) or either 0.5 g/kg or 1.0 g/kg HESc.
After 1 hour, HESc-treated rats were intraperitoneally
injected with 0.3 g/kg Triton WR1339 (Sigma-Aldrich,
USA, Cat# T8761) and referred as the +HESc 0.5 g/kg and
+HESc 1.0 g/kg groups (n = 7 per group). Saline-treated rats
were injected with either equal Triton WR1339 dose (Triton
WR1339 group, n = 7) or saline 0.9% (0.1mL/100 g; control
group, n = 7). Fasting blood samples were collected from
the tail vein before (0 h) as well as 24, 48, and 72h after the
administration of Triton WR1339 for the determination of
TG levels as described in Section 2.4 [30].

2.10. Statistical Analysis. Results were expressed as the
mean ± standard error of the mean (SEM). The Shapiro-
Wilk test was applied for normality assuring and groups
compared by one-way analysis of variance (ANOVA)
followed by the Newman-Keuls as posttest with Prism 7.0
(GraphPad, USA). Statistically significant differences were
set at 5% with p < 0 05.

3. Results

3.1. HESc Reduces Adipose Tissue Accumulation in Obese
Rats. The lean group had higher mean body weight than
the MSG-obese groups throughout the 8-week treatment
period (Figure 2(a)), a peculiar feature of this animal model
because of its shorter body length associated with deficient
growth hormone (GH) secretion. However, MSG-obese rats
presented a LI value 11% higher than the lean group
(Figure 2(c)), accompanied by a 4-fold increase of retroperi-
toneal and periepididymal fat pads (Figures 2(d) and 2(e),
respectively), denoting their obese condition. HESc treat-
ment (0.5 and 1.0 g/kg/day) reduced the weight gain of obese
rats by 15% regardless of the administered dose (Figure 2(a)),
though no effect had been detected on food intake
(Figure 2(b)). Besides, the LI was reduced by 7% and 10%
in the obese+HESc 0.5 and obese+HESc 1.0 groups, respec-
tively (Figure 2(c)). Weight loss was followed by a strong
decrease of white adipose tissue accumulation, since retro-
peritoneal and periepididymal fat pads were, respectively,
reduced by nearly 47% and 40% at both doses (Figures 2(d)
and 2(e)).
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3.2. HESc Improves Serum Glycolipid Profile in Obese Rats. At
the end of treatment, obese rats presented serum fasting glu-
cose levels 2-fold higher than the lean ones, which were
dose-dependently reduced by 27% and 43% in the obese
+HESc 0.5 and obese+HESc 1.0 groups, respectively
(Figure 3(a)). The TC and TG levels of the HESc-treated

groups were completely restored at both doses in relation to
lean (Figures 3(b) and 3(c)). Circulating FFA levels on the
HESc-treated groups were also reduced in a dose-
dependent manner by 23% and 49% at doses of 0.5 and
1.0 g/kg, respectively, when compared to the MSG-obese
group (Figure 3(d)). TyG index was used as a surrogate
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Figure 2: Administration of hydroethanolic extract of Syzygium cumini leaves (HESc) reduces fat accumulation in obese rats. (a) Evolution of
body weight. (b) Daily food intake. (c) Lee index before and after 8 weeks of treatment. (d) Retroperitoneal fat. (e) Periepididymal fat. Lean:
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with 1.0 g/kg of HESc. Results are expressed as mean ± SEM (n = 7 per group). Letters indicate differences (p < 0 05; ANOVA;
Newman-Keuls) as compared to alean, bobese, and cobese+HESc 0.5.
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method for insulin sensitivity assessment. The data in
Figure 3(e) indicates impaired insulin sensitivity on the
MSG-obese group in relation to the lean group, which was
precluded on HESc-treated obese animals.

3.3. HESc Reverts NAFLD and Improves Liver Function in
Obese Rats. As shown in Figure 4, the NAS score for obese
animals supported the presence of hepatic steatosis and cell
ballooning and suggested low-grade inflammation, as com-
pared to lean rats, putting those animals in an intermediate
way toward nonalcoholic steatohepatitis (NASH). However,
the administration of HESc reverted these features in both
groups. Noteworthy, obese+HESc 1.0 animals did not score

in any assessed parameters. Histological analysis was corrob-
orated by data from the liver lipid profile. Even though no
difference had been seen in the livers’ relative weights
(Figure 5(a)), the total fat content was increased by nearly
50% in the obese group, as compared to lean. Again, HESc
reduced such fat accumulation by 13% in obese+HESc 0.5
and 27% in obese+HESc 1.0, as compared to the obese group
(Figure 5(b)). Alike, the TG levels were increased by 76% in
obese animals as compared to the lean group but reduced
by 44% and 57% in the obese+HESc 0.5 and obese+HESc
1.0 groups, respectively (Figure 5(d)). No difference was
observed in the liver cholesterol content among the groups
(Figure 5(c)). To evaluate to which extent this fat
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accumulation impaired liver function, the activities of AST
and ALT were assessed. As Figure 5(e) shows, there was a
60% increase in AST activity on obese rats compared to the
lean group, whereas HESc reduced its activity by nearly
35% at both doses. On the other hand, there was no change
in ALT activity among the groups (Figure 5(f)).

3.4. HESc Reduces the TG Content in VLDL Particles from
Obese Rats. FPLC analysis of serum samples showed that
the nonlipoprotein particle-bound protein content (fractions
45-60) of obese animals was 48% higher than in lean animals,
which was fully restored in the animals treated with HESc
(Figure 6(a)). In fractions corresponding to HDL particles
(fractions 30-45), the protein content was 30% lower in obese
animals as compared with lean animals, whereas treatment
with HESc at 0.5 and 1.0 g/kg increased these levels by 30%
and 72%, respectively, in comparison with the former
(Figure 6(a)). Likewise, the cholesterol content in HDL frac-
tions from the obese group exhibited 36% higher levels than
the lean group. HESc treatment did not change the choles-
terol content in HDL particles but restored it in VLDL
particles (fractions 1-15; Figure 6(b)). Noteworthy, VLDL
particles from obese rats contained 3-fold more TG than
the lean group. HESc dropped down these levels by nearly
50% in both treated groups (Figure 6(c)).

3.5. HESc Reduces ER Stress in the Liver of Obese Rats. Mea-
surement of the translational levels of KDEL chaperones,
which are involved in hepatic UPR, exhibited a 3-fold
increase for GRP94 on obese rats as compared to lean. HESc
treatment reduced this protein expression by 27% and 33% at
doses of 0.5 and 1.0 g/kg, respectively. On the other hand,
GRP78 expression was increased by 83% in the obese group,
but only marginally reduced in HESc-treated animals, since
the difference did not reach statistically significant values.
Likewise, there was no difference in calreticulin expression
among groups (Figure 7).

3.6. HESc Inhibits the XBP-1s/PDI/MTP Axis. Assessment of
XBP-1 protein expression for both spliced (XBP-1s) and
unspliced (XBP-1u) forms revealed a 2.5-fold higher splicing
rates in MSG-obese rats than in the lean group. This increase
was reduced to values similar to those of the lean group upon
treatment with both doses of HESc (Figure 8(a)). PDI expres-
sion was increased by 52% on obese animals but brought
back to intermediate levels in the obese+HESc 1.0 group,
with a reduction of 21% (Figure 8(b)). Similarly, MTP
expression was 2-fold higher on the obese group and reduced
to lean-like levels in animals from the obese+HESc 1.0 group
(Figure 8(c)). In order to verify the effect of HESc on MTP
function, this enzyme’s activity was assessed in nonobese rats

NAFLD
score Lean Obese Obese + HESc

0.5
Obese + HESc

1.0
Inflammation 0 ± 0 0.25± 0.25 0.14 ± 0.14 0 ± 0 
Steatosis 0 ± 0 1.25 ± 0.25a 0.14 ± 0.14b 0 ± 0b

Ballooning 0 ± 0 1.25 ± 0.25a 0.14 ± 0.14b 0 ± 0b

Total 0 ± 0 2.75 ± 0.75a 0.42 ± 0.42b 0 ± 0b

Lean Obese

Obese + HESc 0.5 Obese + HESc 1.0

Figure 4: Administration of hydroethanolic extract of Syzygium cumini leaves (HESc) reverses nonalcoholic fatty liver disease (NAFLD) in
obese rats. Analysis of liver histology with hematoxylin and eosin [27]. Lean: control group. Obese: obese group. Obese+HESc 0.5: obese
animals treated with 0.5 g/kg of HESc. Obese+HESc 1.0: obese animals treated with 1.0 g/kg of HESc. Results are expressed as the mean ±
SEM (n = 7 per group). Letters indicate differences (p < 0 05; ANOVA; Newman-Keuls) with respect to alean and bobese.
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acutely injected with Triton WR1339, which is a well-known
model of MTP-mediated hypertriglyceridemia [30]. Oral
administration of HESc, at the same abovementioned doses,
1-hour prior induction reduced serum TG accumulation
within 24h, as well as hastened its clearance in the following
48 h (Figure 9), which is in line with a lower rate of VLDL
particles assembly and secretion from the liver.

4. Discussion

This study strengthens S. cumini pharmacological potential-
ities since it corroborates our previous report that HESc
restores serum TG levels in hypertriglyceridemic MSG-
obese rats [23]. The data presented herein expand these
findings by showing that oral administration of HESc to
MSG-obese rats for 8 weeks detains weight gain, improves

fatty liver disease, and reverts hypertriglyceridemia, besides
other metabolic outcomes typically found in this MetS rodent
model. Specifically, this study shows that HESc inhibited
both expression and activity of hepatic MTP by downregula-
tion of the XBP-1s/PDI/MTP axis, reducing the incorpora-
tion of TG into VLDL particles and consequently lowering
the circulating TG levels.

Neonatal administration of MSG damages hypothalamic
nuclei, e.g., arcuate nucleus, leading to impaired GH secre-
tion; therefore, adult animals are shorter and lighter than
age-matched controls but present higher fat mass [31]. Fur-
thermore, these animals also exhibit autonomic unbalance
characterized by enhanced vagus nerve tonus, which imposes
increased insulin secretion and consequent development of
peripheral insulin resistance and elevation of fat stores [32].
In this study, treatment with HESc reduced body weight gain
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Figure 5: Administration of hydroethanolic extract of Syzygium cumini leaves (HESc) improves lipid profile and liver function of obese rats.
(a) Liver weight. (b) Total liver fat. (c) Hepatic cholesterol. (d) Hepatic triglycerides. (e) Serum aspartate aminotransferase (AST). (f) Serum
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in obese rats but did not affect their food intake. Although an
extract from S. cumini leaf had been shown to decrease food
intake on nonobese rats [33], the lower weight gain displayed
by our treated obese rats is most likely related to the lipolytic
action of HESc, as we previously described [23]. HESc is
particularly rich in tetragalloylglucose (Figure 1(a)), a gallo-
tannin whose lipolytic effects have been attributed to the
modulation of proliferative peroxisome-activated receptor
gamma (PPARγ) [34], a mechanism shared by the com-
pound vitalbosine A isolated from S. cumini seed [35].

Besides antiobesity effects, HESc also improved the
serum lipid profile of obese rats. Particularly, it reverted the
remarkable hypertriglyceridemia peculiarly displayed by
MSG-obese rats [8], an effect further extensive to serum TC
and FFA levels. In accordance, the TG content into VLDL
particles from HESc-treated obese rats was halved in

comparison to nontreated obese animals. HESc also reduced
the excess ectopic liver fat in obese rats, an effect associated to
TG but not to cholesterol content. This lipid-lowering effect
of HESc seems to be responsible for the complete restoration
of the hepatic histopathological pattern of obese rats, whose
NAS score was brought back to values very similar to lean
healthy animals. These effects might be related to improved
hepatic insulin sensitivity promoted by HESc, which is sup-
ported by the reduced TyG index value found in treated
obese animals. Importantly, the TyG index has been pro-
posed as a biomarker of NAFLD initiation and progression
even in asymptomatic subjects [36]. Studies carried out with
S. cumini seed extract in HepG2 cells [37] and livers from
streptozotocin-induced diabetic rats [38] have attributed its
hypolipidemic effect to increased PPARγ activity and expres-
sion. Myricetin (Figures 1(d) and (e)), the most prevalent
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flavonoid in HESc [23], has been shown to improve insulin
sensitivity [39] and promote hepatic lipid oxidation by
increasing PPARα expression in the liver [40].

In addition to the extensive knowledge on S. cumini effects
on peripheral insulin sensitivity, particularly on the PPARα/γ
pathways, we hypothesize that HESc polyphenols might also
interfere with the ER stress-sensing IRE1α/XBP-1s pathway,
which has also been proposed as an important mechanism
underlying the development of NAFLD and hypertriglyc-
eridemia, as demonstrated in hepatocyte-specific IRE1α-null
mice [11] and MSG-obese rats [8].

In the past decade, hepatic ER stress has been proposed as
a main contributing factor for NAFLD onset and progres-
sion, as well as MetS-associated dyslipidemias [5, 41]. Initial
UPR is characterized by elevated gene/protein expression of
KDEL chaperones, namely, glucose-regulated protein 94

(GRP94), GRP78, and calreticulin, to mitigate protein mis-
folding and reestablish ER homeostasis within a negative
feedback loop regulated by both the IRE1α and ATF6 path-
ways [41, 42]. Our obese rats showed a clear increase of
hepatic GRP94 and GRP78 protein expressions, denoting
active UPR, which was partially attenuated in HESc-treated
obese rats. Many actions of HESc, such as improvement of
insulin sensitivity and lower FFA circulating levels, might
also be involved in this effect since it has been shown that
increased serum FFA levels might induce hepatic ER stress
[43], meanwhile polyphenols such as myricetin derivatives
are able to attenuate it [44].

Studies have demonstrated that the IRE1α/XBP-1s path-
way is the most conserved arm of UPR [45], which is impor-
tantly involved in the control of glucose homeostasis and
lipid metabolism [9, 10]. Regardless of a recent discussion
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about its lipogenic [10] or antilipogenic role [46] in the liver,
it is well established that XBP-1s acts as a hypertriglyceri-
demic factor [7, 46]. XBP-1s activates the expression of
MTP and its active subunit PDI, which favors the incorpora-
tion of TG into nascent VLDL particles [11]. Noteworthy, the
function of XBP-1 on hepatic lipogenesis is unrelated to its
function in the UPR but nevertheless requires its splicing by
IRE1α [7]. Here, HESc downregulated this pathway, since
obese-treated animals presented lower splicing of XBP-1s
along with lesser expression of both PDI and MTP, as com-
pared to obese nontreated rats. The inhibitory effect of HESc
ontheXBP-1/PDI/MTPaxiswas further supportedby itsacute
action on TritonWR1339-induced hypertriglyceridemic rats,

which not only reduced total TG accumulation within 24h
but also hastened its clearance. Alike, a recent study has shown
the inhibitory effect of polyphenols from Punica granatum
flower on the IRE1α/XBP1s pathway [47]. To the best of our
knowledge, this is thefirst study todescribea feasiblemolecular
mechanism underlying the antihypertriglyceridemic proper-
ties of S. cumini.

There is consistent evidence about the effects of
polyphenol-rich extracts orpolyphenolsper seon theERstress
pathways. Preincubation of polyphenol-rich extract of Vitis
rotundifolia has been shown to inhibit thapsigargin-induced
ER stress in human retinal endothelial cells [48]. Administra-
tion of polyphenol-rich extracts from pomegranate and green
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tea, for 20 weeks, to high-fat diet obese mice attenuated UPR
activation in the skeletal muscle by reducing the gene expres-
sionofGRP78andXBP1 splicing [49], anactionalsodescribed
for kaempferol in ischemic cardiomyocytes [50] and for api-
genin in neuronal cells with ER stress induced by thapsigargin
or brefeldin A [51]. In addition, myricetin and its derivatives
have been shown to decrease protein expression of ER stress
markers, such as GRP78 and IRE1α in the colon of mice with
colitis-associated cancer [44]. Notwithstanding, since oxida-
tive stress is enrolled as UPR inducer [52], polyphenols con-
tained in HESc, particularly myricetin derivatives, would also
have attenuated ER stress by reestablishing cellular redox bal-
ance in the liver of our treated MSG-obese rats, an obesity
model whose oxidative stress has already been characterized
[53, 54]. Thus, future studies must specifically address this
issue aswell as assess the effectsof isolated compounds inorder
to pursue additional mechanisms and identify the molecules
probably responsible for them.

5. Conclusions

In conclusion, the data presented herein reinforce the prom-
inent metabolic properties of S. cumini leaf. The recovery of
normal serum TG levels on HESc-treated obese rats discloses
a novel feasible mechanism of action for the hypolipemiant
effect traditionally ascribed to this plant species via inhibition
of the hepatic XBP-1s/PDI/MTP axis. Hepatic MTP inhibi-
tors have been considered important agents to treat familial

dyslipidemia, as that seen in abetalipoproteinemia, but their
clinical utility has been restricted by the increased risk of
hepatic steatosis [55, 56]. In addition to its antihypertrigly-
ceridemic effect, HESc also restored the hepatic fat accumu-
lation of obese rats. This secondary, but not less important,
property supports the possibility of synergism among the
mechanism shown herein and other properties previously
described for HESc, such as huge antioxidant capacity and
improvement of peripheral insulin sensitivity [23, 24].
Finally, this dual action further corroborates the multitar-
get potentialities of the polyphenols contained into HESc
as a potential phytocomplex against MetS-derived meta-
bolic disturbances.
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Oxidative stress plays an important role in various neurological disorders. Milk fat globule-epidermal growth factor-factor 8
(MFG-E8) is a regulatory protein for microglia. However, its involvement in microglial oxidative stress has not been established.
In this study, we observed microglial oxidative stress in response to lipopolysaccharide (LPS) both in vitro and in vivo. LPS
induced significant elevation of TNF-α, IL-6, MDA, and ROS and reduction of GSH and SOD in the mouse brains and primary
microglia, which were reversed by MFG-E8 pretreatment. MFG-E8 induced the expression of Nrf-2 and HO-1 that was reduced
by LPS incubation. Moreover, LPS-increased Keap-1 expression was reversed by MFG-E8. But the above tendencies were not
seen when MFG-E8 was applied alone. The current study established the involvement of MFG-E8 in antioxidant effects during
neuroinflammation. It may achieve the effects through the regulation of Keap-1/Nrf-2/HO-1 pathways.

1. Introduction

Neuroinflammation plays an important role in the develop-
ment of a set of neurological disorders, for example, cere-
bral infarction, Alzheimer’s Disease (AD), and multiple
sclerosis [1–4]. Microglia account for 5% of the total cells
in the brain, and they are key cells in balancing neuroin-
flammation. Once activated, they would produce a set of
factors, including tumor necrosis factor-α (TNF-α), inter-
leukin-1β (IL-1β), interleukin-6 (IL-6), and reactive oxygen
species (ROS) [5–7]. ROS accumulates from impaired degra-
dation and/or excessive production in cells, in response to
insults [8]. Microenvironment in the central nervous system
turned imbalanced, and subsequent neuronal damage occurs

[9]. Therefore, it is believed that effective modulation of
microglial oxidative stress can be a therapeutic option for
neurological disorders.

Milk fat globule-epidermal growth factor-factor 8
(MFG-E8) is a protein widely expressed throughout the
body. It is initially identified in the mammary epithelia
during lactation [10] and is attracting attention for its
existence in the brain. MFG-E8 could modulate microglia
activities through its connection with αVβ3/5 integrin [11].
Many studies have indicated its anti-inflammatory role in
AD and ischemic stroke models [11, 12], reprograming
microglia from a M1 (inflammatory) to a M2 phenotype
(anti-inflammatory) [13]. However, the effects of MFG-E8
on microglial oxidant responses have not been established.
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We investigate here the involvement of MFG-E8 in micro-
glial oxidative stress. The findings would help establish a novel
framework of a therapeutic option for neuroinflammation.

2. Materials and Methods

All the experiments and procedures were approved by the
Animal Ethics Committee of Sun Yat-sen University and
conducted in accordance with the Declaration of Helsinki
(1964).

2.1. Chemical Agents and Antibodies. The lipopolysaccharide
(LPS) and Glutathione (GSH) assay kits were purchased
from Sigma-Aldrich Chemical Company (St. Louis, USA).
DAPI was from Thermo Fisher Scientific. Mouse recombi-
nant MFG-E8 protein was from R&D Systems (Minneapolis,
USA). F12-Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), phosphate-buffered saline (PBS),
and penicillin/streptomycin came from Life Technologies
(New York, USA). The Iba-1 antibody was from Wako
(Fuji, Japan). The TRIzol reagent was purchased from Invi-
trogen (Waltham, USA). Kelch-like ECH-associated protein
1 (Keap-1), Nuclear factor E2-related factor 2 (Nrf-2), Heme
oxygenase 1 (HO-1), and GAPDH antibodies were pur-
chased from Cell Signaling Technology (Beverly, USA). The
Malondialdehyde (MDA) kit, Superoxide Dismutase (SOD)
kit, ROS assay kit, TNF-α ELISA kit, and IL-6 ELISA kit were
purchased from Beyotime (Shanghai, China).

2.2. Animal Treatment. Eight-week-old wild-type male C57
mice (25-30 g) were from the Animal Center of Sun Yat-sen
University. Mice were kept in an environmental-controlled
room (22°C ± 3°C, 12 h light-dark cycle, relative humidity
of 60 ± 5%, and free access to food and drinking water were
preserved). They were randomly divided into the following
groups: (1) Control, daily intraperitoneal PBS injection for
7 days as a vehicle; (2) MFG-E8, daily intraperitoneal PBS
(2ml) and daily intracerebroventricular MFG-E8 (1μg)
injection; (3) LPS, daily intraperitoneal PBS (2ml)+LPS
(250μg/kg) injection for 7 days; and (4) LPS+MFG-E8, daily
intraperitoneal LPS (250μg/kg) and daily intracerebroven-
tricular MFG-E8 (1μg) for 7 days. At the 8th day, the
mouse brains were quickly collected after cardiac perfusion
with PBS. The left or right hemispheres of the brain were
randomly chosen for immunofluorescence staining and for
the activity of ROS, MDA, SOD, and GSH, as well as for
the detection in quantitative real-time PCR and western
blot analysis.

2.3. Primary Microglial Culture and Treatment. Primary
microglia were prepared using the brains of 1-3-day-old
neonatal C57 mice, which were from the Animal Center of
Sun Yat-sen University. Microglia were isolated and purified
using a modified protocol reported in our previous studies
[1, 13]. Microglia were treated with LPS (100 ng/ml) or
MFG-E8 (100 ng/ml) for 1 h before sample collection. For
the combined treatment, microglia were treated with MFG-
E8 (100 ng/ml) for 1 h before LPS incubation.

2.4. Quantitative Real-Time PCR. Total RNA was extracted
from brain tissues in each group using the TRIzol reagent,
according to the standard instructions. Reverse transcriptase
and quantitative PCR were performed on One-Step RT-PCR
System (Applied Biosystems). The total RNA template
(500 ng) was reverse-transcribed into cDNA using a Prime-
Script RT Master Mix kit. Then, 2ml of cDNA solution was
turned into real-time polymerase chain reaction in a 20μl
reaction volume with 10μl SYBR Premix Ex Taq II, 0.8μl
PCR forward primer (0.4mM), 0.8μl PCR reverse primer
(0.4mM), and 6μl ddH2O. Triplicate reactions were done
for every sample. The primers of genes designed for the study
are shown in Table 1.

2.5. MDA Assessment. For MDA determination, 100μl of
cell suspension or tissue homogenate was mixed with
1ml of solution containing thiobarbituric acid. The mixture
was incubated at 95°C for 40min and then cooled down
using tap water. The samples were centrifuged at 4000 rpm
for 10min at room temperature. The absorbance of the
supernatant was measured at 532nm. The concentration of
MDA was expressed as nanomoles of MDA per milligram
of protein.

2.6. SOD Analysis. SOD activity was measured by using com-
mercial kits according to the manufacturer’s instructions
(Nanjing JianCheng Bioengineering Institute, Nanjing,
China). Briefly, for SOD activity determination, 20μl of cell
suspension or tissue homogenate was mixed with 220μl of
reaction solution, and the mixture was incubated at 37°C
for 30min. The absorbance was measured at 450nm, and
the results were recorded for analysis.

2.7. ROS Assay. The level of intracellular ROS was assessed
using a ROS assay kit. The brain homogenate in each group
was rendered as single cell suspension according to the pro-
tocol of Villalba et al. [14]. Then, cell suspension was added
into a 96-well plate and incubated with 2′,7′-dichlorodihy-
drofluorescein diacetate (DCFH-DA) for 1 h. Primary cells

Table 1: Primer sequences for real-time PCR.

Forward 5′-3′ Reverse 5′-3′
NQO1 ATTGTACTGGCCCATTCAGA GGCCATTGTTTACTTTGAGC

SOD1 ATCCACTTCGAGCAGAAG TTCCACCTTTGCCCAAGT

SOD2 AGCGGTCGTGTAAACCTCA AGACATGGCTGTCAGCTTC

GST-Ya AAGCCAGGACTCTCACTA AAGGCAGTCTTGGCTTCT

GST-Yc GGAAGCCAGTCCTTCATTACT CGTCATCAAAAGGCTTCCTCT

β-Actin GTCAGAAGGACTCCTATGTG CTCATTGTAGAAGGTGTGGT
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were seeded in the 96-well plate and added with DCFH-DA
for 1 h after treatment. Then, the fluorescent signal was
assessed with an excitation at 488 nm and emission at
525nm using a microplate reader. Fluorescent intensity was
normalized to control wells for analysis.

2.8. GSH Detection. The GSH content was determined
according to the manufacturer’s protocol. Generally, GSH
reacted with 5,5′-dithio-bis-2-nitrobenzoic acid to produce
a yellow chromophore, and the absorbance was measured
at 412nm using a UV spectrometer.

2.9. Immunofluorescence Staining. For in vivo samples, they
were fixed with 4% paraformaldehyde at 4°C for 24 h. The
brains were dehydrated in a gradient sucrose solution (10%,
20%, and 30%), each at 4°C for 24h. Brain sections were
cut with a thickness of 10μm and then stored in cryoprotec-
tant solution at 30°C until use. Sections were rinsed using
PBS with 0.3% Triton X-100 for 3 times (each for 10min)
at room temperature and blocked in a solution with 5% nor-
mal goat serum for 1 h. After washing 3 times, sections were
incubated with the Iba-1 antibody (1 : 500) for 24h in a
humidified chamber at 4°C. Then FITC-conjugated second-
ary antibody (1 : 200) was used to incubate samples for 1 h.
Sections were coverslipped with glycerol and observed using
a fluorescence microscope (Carl Zeiss, Germany).

For in vitro staining, microglia were seeded at 0 8 × 106
on 1.5mm2 coverslips for 24h. After treatment, cells were

fixed with ice-cold 4% paraformaldehyde for 20min at 4°C.
They were then air-dried followed by blocking and permeabi-
lizing with 1% BSA and 0.1% Triton X-100 in PBS for 30min.
Then, cells were incubated with the Iba-1 antibody (1 : 500)
for 24 h in a humidified chamber at 4°C. After washing three
times using 0.3% Triton X-100 in PBS, the FITC-conjugated
secondary antibody (1 : 200) was used to incubate samples for
1 h. Coverslips were transferred onto glass slides after 10min
staining with DAPI. Images were acquired by a fluorescence
microscope (Carl Zeiss, Germany).

Images were quantitatively analyzed for microglial
morphology using a grid-crossing method, modified based
on the study by Luckoff et al. [15]. Briefly, cell morphology
was analyzed by counting the number of grid-crossing points
per cell in each group.

2.10. Western Blot Analysis.Microglia were scraped and lysed
in a RIPA buffer at 4°C for 1 h. The total intracellular protein
was extracted and quantified by a BCA kit according to the
protocol from the suppliers. Cell lysates were solubilized with
a SDS sample buffer (40μg/lane) and separated by 10%
SDS-PAGE (110V, 75min). Proteins were then transferred
to a 0.45μm PVDF membrane at 60V for 1 h. After that,
the membrane was blocked using TBST with 3% BSA. The
following incubation with antibodies (anti-Keap-1, 1 : 1000;
anti-Nrf-2, 1 : 1000; anti-HO-1, 1 : 1000; and anti-GAPDH,
1 : 500) was applied for 24 h at 4°C. Then, horseradish perox-
idase- (HRP-) conjugated secondary antibodies were subse-
quently adopted for 1 h at room temperature and detected
with the enhanced chemiluminescence (ECL) plus detection
system. The density of each band was quantified by Quantity

Con

M8

LPS

LPS + M8

Figure 1: MFG-E8 inhibited LPS-induced microglial activation
in vivo. Representative immunofluorescent staining images of
Iba-1 (green) and DAPI (blue) in the cerebral cortex of mice of
Control (n = 10), MFG-E8 (n = 10), LPS (n = 10), and LPS+
MFG-E8 (n = 10). Bar = 50 μm. Con: Control; M8: MFG-E8.

Con

M8

LPS

LPS + M8

Figure 2: MFG-E8 inhibited LPS-induced microglial activation
in vitro (n = 3). Representative immunofluorescent staining images
of Iba-1 (red) and DAPI (blue) in primary microglia of Control,
MFG-E8, LPS, and LPS+MFG-E8. Bar = 20μm. Con: Control; M8:
MFG-E8.

3Oxidative Medicine and Cellular Longevity



One Software. The density ratio represented the relative
intensity of each band against GAPDH and normalized those
in controls.

2.11. Statistical Analysis. Data in this study were depicted as
the mean ± SD and analyzed using Statistical Package for
the Social Sciences (SPSS) version 21.0. One-way analysis of
variance (ANOVA) was used to analyze variables with the
least significant difference (LSD). The level of statistical sig-
nificance was set as P < 0 05.

3. Results

3.1. Effects of MFG-E8 on LPS-Induced Microglial Activation.
Microglial activation was observed through staining with an
anti-Iba-1 antibody. As shown in in vivo results, microglia
in controls showed a ramified form, while it turned, after
LPS exposure, into an amoeba shape with a larger cell body
and thicker processes, consistent with a deramified and
amoeboid morphology (Figure 1). Brain sections from mice
treated with MFG-E8 before LPS exhibited similar mor-
phology with controls. We also found the consistent changes
in each group in vitro (Figure 2). We further used the
grid-crossing analysis method to quantify the morphology
of cells (Supplementary Figure 1). It showed that cells in
controls occupied more grids than cells treated with LPS,
and the tendency by LPS was significantly reversed by
MFG-E8 pretreatment. Production of inflammatory factors
is a symbol of microglial activation. We assessed the levels
of TNF-α and IL-6 after treatment (Figure 3). LPS induced
higher levels of TNF-α and IL-6 in the brains (Figures 3(a)

and 3(b)) and cellular culture (Figures 3(c) and 3(d)),
which were inhibited by MFG-E8 preincubation. However,
no obvious changes of in vivo and in vitro morphology and
inflammatory factor production were seen when MFG-E8
was applied alone.

3.2. Effects of MFG-E8 on LPS-Induced Oxidative Stress In
Vivo. Administration of LPS significantly increased MDA
and ROS as compared to controls, whereas MFG-E8 reversed
the increase of the MDA and ROS contents (Figures 4(a)
and 4(d)). Antioxidative effects were evaluated by analyzing
the parameters of SOD and GSH (Figures 4(b) and 4(c)).
When LPS was applied, the SOD and GSH levels were
suppressed significantly, which were blocked by MFG-E8.
Also, MFG-E8 in the absence of LPS did not alter the trends
of MDA, ROS, SOD, and GSH in the brain, compared with
control mice.

3.3. Effects of MFG-E8 on Microglial Oxidative Stress in
Response to LPS In Vitro. We assessed here oxidative stress
in primary microglia. LPS induced a significant increase
of MDA and ROS (Figures 4(e) and 4(h)) and decreased
production of SOD (Figure 4(f)) and GSH (Figure 4(g)),
compared with controls. However, MFG-E8 pretreatment
tended to reverse the above changes against LPS. Moreover,
the single use of MFG-E8 did not change the contents of
MDA, ROS, SOD, and GSH in microglia, when compared
with control cells.

3.4. Effects of MFG-E8 on Keap-1/Nrf-2/HO-1 Pathways.
Keap-1/Nrf-2/HO-1 is an important pathway in cellular
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Figure 3: Effects of MFG-E8 on production of TNF-α and IL-6 in the cerebral cortex (a, b) and primary microglia (c, d) of Control, MFG-E8,
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oxidative stress. We first assessed the expression of Keap-1,
Nrf-2, and HO-1 in microglia. It indicated higher Keap-1
expression and lower levels of Nrf-2 and HO-1 in cells
with LPS than controls (Figures 5(a) and 5(b)). However,
MFG-E8 pretreatment significantly blocked the above
changes by LPS. MFG-E8 treatment alone did not change
the expression of these proteins. We also evaluated Nrf-2-
regulated genes (Figure 6) and found that mRNAs of

NQO1, SOD1, SOD2, GST-Ya, and GST-Yc were signifi-
cantly suppressed by LPS, which were markedly reversed
by MFG-E8.

4. Discussion

The current study evaluated the effects of MFG-E8 on micro-
glial oxidative responses against LPS. We found oxidative
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Figure 4: Effects of MFG-E8 on oxidative stress markers in the cerebral cortex (a–d) and primary microglia (e–h) of Control, MFG-E8, LPS,
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stress in the mouse brain, and microglia were alleviated
by MFG-E8 treatment, suggesting its involvement in neu-
roprotection. But MFG-E8 alone did not induce changes
of oxidative responses. The specific mechanisms need
further clarification.

Microglial cells are primary participants in neuroinflam-
mation. Resting microglia exhibit surveillance function by
sensing the extracellular changes with their branches [16].
In brain injury, microglia transformed into a specific mor-
phology with motile processes and long branches, ensuring
their activity in the sensation of external stimuli [17]. In this
study, the cortex was chosen for both in vivo observation and
in vitro microglial purification. We used the method previ-
ously used in 2017 [13] to provide primary microglia for
in vitro treatment. This protocol ensures the high production
of microglia and the inflammatory features in response to
external factors. Studies indicated that cells from cortex
regions present increased Iba-1 immunoreactivity after LPS
challenge, which is usually used as a marker to detect micro-
glial morphological changes [18, 19]. In the current study,
LPS induced microglia into an activation morphology with
an amoeba shape. MFG-E8 reversed the shape changes by
LPS. To better demonstrate the immunostaining results,
we used a grid-crossing method to quantify cellular morphol-
ogy. This method calculated the grids covered per cell in each
group and discovered more girds in MFG-E8-pretreated
cells than in LPS-stimulated cells. We speculated that it
was attributed to the role of MFG-E8 on a microglial cyto-
skeleton. It is believed that MFG-E8 is a cytoskeletal rear-
rangement enhancer for microglial phagocytosis [20, 21].
Neniskyte and Brown [11] demonstrated that MFG-E8 is
an essential factor for microglial phagocytosis. Cells from
MFG-E8-knockout animals exhibit deficits in phagocytic
ability. Subsequent signaling pathways in microglia, which
were associated with cytoskeletal rearrangement, for exam-
ple, DOCK180/Rac-1 [22], get stimulated.

Microglial production of inflammatory factors is con-
comitant with the morphological changes during activation.
In the previous study, we found that MFG-E8 pretreatment
significantly reversed Aβ-induced microglial activation along
with an upregulation of IL-1β, IL-6, and TNF-α [1, 13].
An anti-inflammatory phenotype (M2) was induced by
MFG-E8 [13]. This is also confirmed by assessing TNF-α
and IL-6 in LPS-treated cells in the study. Moreover, acti-
vated microglia show an imbalance in production and clear-
ance of oxidative factors [23]. We first observed MDA and
ROS overproduction in both the brain and microglial sam-
ples treated with LPS. Antioxidative factors, GSH and SOD,
were decreased in the same samples. MFG-E8 pretreatment
then suppressed the oxidative changes led by LPS, implying
the role of MFG-E8 in oxidative balance. Nrf-2 is a pleiotro-
pic protein and a key antioxidant sensor. The activation of
this protein is crucial for cellar hemostasis [24–27]. Under
physiological conditions, Nrf-2 is bound to its natural inhib-
itor Keap-1 in the cytoplasm. By insults and stimuli, Nrf-2
would be released by Keap-1, translocate into the nucleus,
and mediate the transcription of HO-1, leading to resistance
to oxidative stress [28]. The upregulation of Nrf-2 and HO-1,
as well as the inhibition of Keap-1 by MFG-E8, indicated that
MFG-E8 achieved its antioxidant effects via the Nrf-2/HO-1
pathway. Nrf-2-regulated genes, including NQO1, SOD1,
SOD2, GST-Ya, and GST-Yc, were also increased by
MFG-E8 against LPS, confirming the regulatory role of
MFG-E8 on the Nrf-2 pathway. This broadened the under-
standing of MFG-E8, which is a promising therapeutic agent
for neurological disorders.

Interestingly, MFG-E8 alone did not induce changes in
the microglial state, while its antiactivation role was only seen
in LPS-treated samples. Therefore, MFG-E8 might exhibit its
protective effects in an inflammation environment, but not
under normal conditions. Once injury occurs, the balanced
environment changed along with an inflammatory change.
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Figure 5: MFG-E8 reversed LPS-induced downregulation of Nrf-2/HO-1. (a) Representative western blot images of Nrf-2, HO-1, and
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In this case, MFG-E8 started to act its role on microglia. The
underlying mechanisms should be explored in the future.

5. Conclusion

The current study tries to establish the antioxidant role of
MFG-E8 on microglia. MFG-E8 is involved in antioxidant
effects during neuroinflammation. It may achieve the effects
through the regulation of Keap-1/Nrf-2/HO-1 pathways.
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Nonalcoholic fatty liver disease (NAFLD) is a common chronic disease that threatens human health, and present therapies remain
limited due to the lack of effective drugs. Lipid metabolic disturbance and oxidative stress have strong links to the development of
NAFLD, while autophagy was generally accepted as a key regulatory mechanism on these steps. Our previous studies indicated that
cherry anthocyanins (CACN) protected against high fat diet-induced obesity and NALFD in C57BL/6 mice, while the underlying
molecule mechanism is still unclear. Thus, in this study, we show that CACN protect against oleic acid- (OA-) induced oxidative
stress and attenuate lipid droplet accumulation in NAFLD cell models. According to the results of a transmission electron
microscope (TEM), western blot, immunofluorescence (IF), and adenovirus transfection (Ad-mCherry-GFP-LC3B), autophagy
is in accordance with the lipid-lowering effect induced by CACN. Further studies illustrate that CACN may activate autophagy
via mTOR pathways. In addition, an autophagy inhibitor, 3-methyladenine (3-MA), was applied and the result suggested that
autophagy indeed participates in the lipid clearance process in OA-induced lipid accumulation. All these results indicate that the
positive effects of CACN on OA-induced hepatic lipid accumulation are mediated via activating autophagy, showing a potential
target for the therapeutic strategy of NAFLD.

1. Introduction

Nonalcoholic fatty liver disease, characterized by excess
triglyceride (TG) and continuous oxidative stress in liver
cells, is commonly associated with metabolic syndrome and
cardiovascular diseases and emerges as the early form of
steatosis before progressing to chronic liver disease [1–3].
About 30–40% adults of the general population are consid-
ered to have superfluous liver fat accumulation [4]. A newly
published study indicated that in North America, Europe,
and Asia, over 30% of the people suffered from obesity, more
than 50% of them have type 2 diabetes, and even nearly 100%
obese patients are accompanied with NAFLD [5]. The
nosogenesis of NAFLD is complex, and the “two-hit”
hypothesis is the most well-known theory regarding the
pathogenesis of NAFLD [6]. The overaccumulation of

intracellular lipids is the “first hit,” which will lead to the
“second hit” factors, such as oxidative stress, inflammation,
and mitochondrial dysfunction, resulting in the hepatocyte
injury, fibrosis, and apoptosis [7]. These pathologic changes
may perturb the activation and execution of autophagy in
different cells. Researchers illustrated that autophagy could
block NAFLD development by digesting the intracellular
hepatocyte lipid droplets and the specific autophagy inmodu-
lating intracellular lipid accumulation is called lipophagy [8].

The inhibition of autophagy by the knockdown of the
autophagy-related genes (Atgs) or pharmacological treat-
ment with 3-MA in cultured hepatocytes can obviously
increase intracellular triglyceride (TG) storage, lipid droplet
number, and size, in response to lipid challenge [9]. Another
study reported that caffeine activates hepatic lipid mecha-
nism and enhances hepatic lipid droplets clearance by the
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autophagy-lysosome pathway [10], which confirms that
autophagy is a new underlying therapeutic target for NAFLD.

Although several drugs, including volixibat and ara-
mchol, are demonstrated to be effective in alleviating
NAFLD, there is still no U.S. Food and Drug Administration-
(FDA-) approved drug for the treatment of it, despite it
becoming the most common liver disease around the world
[11]. However, due to the potentially toxic or side effects of
some anti-NAFLD drugs, such as orlistat and sibutramine
[12], searching natural phytochemical compounds provides
an efficient approach to prevent NAFLD. Anthocyanins
(ACNs) are widely found in a lot of berry fruits, such as
cherry, mulberry, blueberry, strawberry, cranberry, and wax-
berry, which have become an indispensable part of human
diet [13, 14]. It is generally accepted that ACNs possess
multiple biological activities including antioxidation, anti-
inflammation, antidiabetes, obesity control, cardiovascular
disease prevention, and visual and brain function enhance-
ment [15–22]. Sweet cherry (Prunusauiun L.) is a nutritious
food with relatively low caloric content and large amounts
of important bioactive food factors such as cyanidin-
3-glucoside and cyanidine-3-rutinoside [23]. Our previous
reports suggested that dietary purified sweet cherry anthocy-
anins could markedly decrease high-fat diet-induced obesity,
insulin resistance, and hepatic steatosis in C57BL/6 mice
[24, 25]. However, the underlying molecular mechanisms
of CACN on hepatic steatosis were not fully illuminated.
This study is aimed at purifying CACN from sweet cherry
and evaluating the potential molecular mechanism of CACN
on OA-induced lipid accumulation. Moreover, we explored
the potential role of autophagy in the beneficial effects of
CACN on hepatic lipid accumulation.

2. Material and Methods

2.1. Material and Reagents. Fresh sweet cherry was purchased
from a fruit market in Hangzhou. 2-NBDG was obtained
from ApexBio. HepG2 cells and LO2 cells were obtained
from Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). 2,7-Dichlorodihydrofluorescein
diacetate (DCF-DA), dihydroethidium (DHE), naphthalene-2,
3-dicarboxaldehyde (NDA), rhodamine 123 (RH123), and
3-methyladenine (3-MA) were obtained from the Lifetech
(Shanghai, China). DAPG (D676) autophagy detection
probe was purchased from Dojindo (Shanghai, China).
Control-siRNA and Atg5-siRNA, containing three target
sequences, were obtained from RiboBio (Guangzhou,
China). Primary and secondary antibodies for western blot
analysis were obtained from Abcam (Shanghai, China).
Chloroquine (CQ), LC3 (SAB1305639), Atg7 (HPA007639),
Beclin1 (SAB4100184), and p62 (P0067) primary anti-
bodies for immunofluorescence analysis were obtained
fromSigma-Aldrich (Shanghai, China). Adenovirus express-
ingmCherry-GFP-LC3B fusion protein (Ad-mCherry-GFP-
LC3B), LysoTracker Green, Nile Red, WB/IP lysis buffer,
and ECL Western blotting system were purchased from
Beyotime Biotechnology (Jiangsu, China). BCA Protein
Assay Kit, TG Assay Kit, and TC Assay were purchased
from Jiancheng Biotechnology (Nanjing, China). Other

reagents were of reagent grade and obtained from Aladdin
(Shanghai, China).

2.2. Preparation and Determination of Sweet Cherry
Anthocyanins. The method for the isolation and identifica-
tion of CACN was according to our previous study with
slight modifications [25]. Briefly, sweet cherry was extracted
with 95% ethanol containing 1% HCl for 10 h in a shaking
water bath at 4°C. Filtered fluid was evaporated and centri-
fuged, loaded onto an AB-8 macroporous resin column,
and then orderly eluted with 1% formic acid in 90% ethanol
for further purification. Finally, purified CACN was got by
lyophilization and stored at −80°C for further analysis.
Composition and content of anthocyanins in MAE were
determined by an HPLC instrument (Thermo UltiMate
3000). The total contents of polyphenols and flavonoids
were determined by the Folin-Ciocalteu and the aluminum
chloride colorimetric methods using gallic acid (GA) and
rutin (R) as standards, respectively.

2.3. Cell Culture and Treatments. HepG2 and LO2 cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-inactivated fetal
bovine serum, penicillin (100 units/mL), and streptomycin
(100μg/mL) at 37°C in 5% CO2 atmosphere. After reaching
80% confluence, HepG2 and LO2 cells were seeded into
various cell culture plates for 24 h. After being attached, cells
were cotreated with different concentrations of CACN and
0.5mM OA for another 24 h [10]. Cells solely incubated with
0.5mM OA were regarded as the model group.

2.4. Cell Viability Assay. After reaching 80% confluence, cells
were digested and seeded into a 96-well plate. The following
day, cells were treated with different concentrations of CACN
for 24 h. At the end of the treatment, the medium was
carefully discarded and fresh medium containing 0.5mg/mL
methyl-thiazolyl-tetrazolium (MTT) was subsequently added
to each well followed by additional 4 h incubation at 37°C.
Finally, the MTT formazan precipitate was dissolved in
150μL DMSO and the absorbance was measured at 570nm
using a microplate spectrophotometer [26].

2.5. Fluorescent Staining. After treatments, LO2 cells were
treated with 5μM DCF-DA, 5μM DHE, 40μM NDA,
10μM RH123, 50 nM LysoTracker Green, 10μg/mL Nile
Red, and 0.1μM DAPG in serum-free DMEM for 30min at
37°C to determine intracellular ROS production, O2

- genera-
tion, glutathione (GSH) depletion, mitochondrial membrane
potential, lysosome, oil droplet, and autophagosome. Sub-
sequently, the medium was replaced by fresh medium
without phenol red and immediately detected by a fluores-
cence microscope at the same exposure time [27].

2.6. Oil Red O Staining. After treatments, HepG2 and LO2
cells were washed three times with cold phosphate-buffered
saline (PBS) and fixed in 4% paraformaldehyde for 15min.
Then, the cells were washed twice with PBS and stained with
0.5% oil red O for 30min. Subsequently, the cells were
further washed using distilled water to remove the unbound
oil red O for the optical microscopy observation. Finally, to
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quantitate the lipid content, 150μL of isopropanol was added
to each well and plates were read at 510nm using a micro-
plate spectrophotometer after shaking at room temperature
for 15min.

2.7. Intracellular Triglyceride (TG) and Total Cholesterol (TC)
Measurements.At the end of treatment, the cells were washed
with cold PBS and then lysed with cell lysis buffer containing
1% Triton X-100. The concentrations of intracellular TG and
TC were measured using commercially available assay kits
according to the manufacturer’s instructions. And the total
protein in the cell lysate was measured by a BCA Protein
Assay Kit.

2.8. Transmission Electron Microscope Analysis. HepG2 and
LO2 cells were digested and centrifuged at 800 rpm for
5min. Subsequently, the cell pellet was collected, double fix-
ated, dehydrated, infiltrated, embedded, ultrathin sectioned,
stained, and observed in a Hitachi Model H-7650 TEM [28].

2.9. Immunofluorescence Analysis.HepG2 and LO2 cells were
grown on glass coverslips and treated as described previously.
Then, cells were fixed with 4% paraformaldehyde, perme-
abilized with 0.2% triton X-100, and blocked with PBS
containing 5% goat serum albumin. After incubation with
primary antibodies at 4°C overnight, cells were washed five
times with PBS, incubated with DAPI and FITC-conjugated
second antibody in blocking buffer for 1.5 h at 37°C, and
observed by a fluorescence microscope.

2.10. Adenovirus Transfection (Ad-mCherry-GFP-LC3B).
HepG2 and LO2 cells were seeded into a 24-well plate and
transfected with Ad-mCherry-GFP-LC3B at 30 multiplicities
of infection (MOI) for 24 h after being attached. Then, the
cells were cotreated with different concentrations of 0.5mM
OA, CACN, or 3-MA for another 24 h. After treatments,
the mCherry-GFP-LC3B fusion protein was visualized with
the fluorescence microscope.

2.11. Western Blot Analysis. Western blot was performed as
described previously with slight modifications [17]. Briefly,
HepG2 and LO2 cells were lysed in WB/IP lysis buffer at
4°C after treatments, and then, the lysates were centrifuged
at 12,000 g for 10min, and the protein contents were mea-
sured with a BCA Kit. Subsequently, the same amounts of
total protein were separated by 12% SDS-PAGE, transferred
to PVDF membranes, blocked, and blotted with different
primary antibodies. Immunoreactive bands were then visu-
alized using proper peroxidase-conjugated secondary anti-
bodies, and the protein bands were quantified using ImageJ
software [29].

2.12. Statistical Analysis. All data are expressed as the
mean ± SD from three measurements at least. The statisti-
cal analysis was determined through one-way analysis of
variance followed by ANOVA tests using the SPSS 20.0.
And p < 0 05 was considered to be statistically significant.

3. Results

3.1. Ingredients of CACN. The compositions and contents
of the purified CACN were measured by HPLC. Results
showed that the retention times for cyanidin-3-glucoside
(C-3-G), cyanidin-3-rutinoside (C-3-R), and pelargonidin-3-
glucoside(P-3-G) were 42.9, 43.6, and 45.8min, respectively
(Figure 1(a)), which correspond with those of previous stud-
ies. And 1 g of the CACN contained 123.70± 3.22mg C-3-G,
622.88± 8.27mg C-3-R, and 62.66± 1.17mg P-3-G. The total
phenolic and flavonoid contents of 1 g CACN, expressed as
the gallic acid and rutin equivalent, were 770.99± 6.45mg
GA and 870.08± 8.53mg R, respectively. And the percent-
age of ACNs accounted for >80%, indicating that ACNs
play a major role in the biological activity of the sweet
cherry extract.

3.2. CACN Prevented OA-Induced Oxidative Stress in LO2
Cells.Different concentrations of CACN were incubated with
LO2 cells to detect the cytotoxicity. As shown in Figure 1(b),
incubation of LO2 cells with CACN from 5 to 640μg/mL did
not markedly reduce cell viability, suggesting CACN at this
range of concentrations exerted no measurable cell toxicity,
which could be used for further research. Previous studies
have reported that OA-induced lipid deposition led to oxida-
tive stress, inflammation, and mitochondrial dysfunction
[30]. Thus, we investigated the protective effects of CACN
on OA-induced oxidative stress and mitochondrial dysfunc-
tion. Firstly, DCF and DHE fluorescent probes were used to
measure the intracellular ROS and O2

- levels. As expected,
OA treatment could dramatically increase the intracellular
ROS and O2

- levels with the enhancements of mean DCF
and DHE fluorescence intensity, while the additional CACN
could efficiently converse this phenomenon (Figures 1(c),
1(d), 1(g), and 1(h)), suggesting that CACN was capable of
decreasing free radical generation under OA condition.
Subsequently, another fluorescent probe, NDA, which was
specific to glutathione (GSH), was applied to detect the
intracellular GSH level (Figures 1(e) and 1(i)). Interest-
ingly, OA indeed obviously reduced the basal intracellular
GSH level, in comparison with controls. However, CACN,
as an effective antioxidant, could attenuate OA-induced
GSH depletion in a dose-dependent manner. Additionally,
OA stimulation led to a mitochondrial membrane potential
(MMP) motivation, inducing oxidative stress and mito-
chondria damage (Figures 1(f) and 1(j)). CACN treatment
arrested the increase of MMP, showing a benefit effect
against mitochondria dysfunction from OA-induced hepa-
tocyte injury.

ACNs exhibit various excellent properties on preventing
oxidative damage and various diseases, no matter in in vitro
or in vivo studies, owing to their powerful ability of free
radical clearing [31]. Cyanidin-3-rutinoside occupies the
highest concentration in CACN, probably exerting the most
key role in the cellular protective effect. And it has been
reported to have enormous antioxidative activity, which
might contribute to lipid-lowering both in vitro and in vivo
trails [32, 33]. However, the lipid-lowering efficacy and
mechanisms of cyanidin-3-rutinoside are still unclear;
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therefore, we next detected the benefit effect of CACN on
OA-induced hepatic lipid accumulation.

3.3. CACN Improved Hepatic Lipid Accumulation. LO2 cells
were treated with 100, 200, and 300μg/mL CACN in the
presence of OA for 24 h to measure the inhibitory effect of
CACN on OA-induced lipid overaccumulation. Lovastatin,

a widely used lipid-lowering drug, was regarded as a positive
control here [34]. As shown in Figure 2(a), compared with
the model group, the number and size of intracellular lipid
drops were significantly decreased after treatment with
lovastatin and CACN, according to the results of oil red O
staining using an optical microscope. Also, to quantify the
cell lipid content, isopropanol was added to dissolve the
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Figure 1: HPLC elution profiles of CACN and effects of CACN on OA-induced oxidative stress in LO2 cells. (a) HPLC profile of CACN.
(b) Cell viability assay. (c) DCF staining for intracellular ROS. (d) DHE staining for intracellular O2

-. (e) NDA staining for intracellular
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Figure 2: CACN promote lipid clearance in hepatic cells. (a) Representative images of oil red O-stained LO2 cells. (b) Quantitative results of
oil red O staining in LO2 cells. (c) TC concentration in LO2 cells. (d) TG concentration in LO2 cells. (e) Representative images of oil red
O-stained HepG2 cells. (f) Quantitative results of oil red O staining in HepG2 cells. (g) TC concentration in HepG2 cells. (h) TG
concentration in HepG2 cells.
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Figure 3: CACN activates autophagy in LO2 cells. (a) TEM images of LO2 cells (A means autophagy). (b) Effects of CACN on relative
expressions of LC3II, Atg5, Atg7, Beclin1, and p62 in LO2 cells. (c) IF staining of LC3-II and Atg7 in LO2 cells. (d) IF staining of Beclin1
in LO2 cells. (e) IF staining of p62 in LO2 cells.
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Figure 4: CACN activates autophagy in HepG2 cell cells. (a) TEM images of HepG2 cells (A means autophagy). (b) Effects of CACN on
relative expressions of LC3II, Atg5, Atg7, Beclin1, and p62 in HepG2 cells. (c) IF staining of LC3-II and Atg7 in HepG2 cells. (d) IF
staining of Beclin1 in HepG2 cells. (e) IF staining of p62 in HepG2 cells.

7Oxidative Medicine and Cellular Longevity



intracellular oil red O, and the OD values at 520 nm
(Figure 2(b)) showed that cell lipid droplets decreased simul-
taneously following CACN treatment in a dose-dependent
manner. Moreover, quantification of intracellular TC and
TG further indicated the overaccumulation of lipids in LO2
cells incubated with OA. And consistently, CACN blocked
OA-mediated intracellular TG and TC content increase
(Figures 2(c) and 2(d)). Meanwhile, HepG2, a widely used
hepatocarcinoma cell strain, was also applied to further
detect the mitigation effect on fat deposition in the hepato-
cytes. And CACN also decrease fat levels in HepG2 cells on
the grounds of oil red O staining and TC and TG results
(Figures 2(e)–2(h)). Taking all these data together, we
confirmed that CACN show a significant protective effect
on OA-induced lipid accumulation.

3.4. CACN-Induced Lipid Clearance Is along with a
Coordinate Increase in Autophagy in Hepatic Cells. To gain
insight into the relationship between CACN and NAFLD,
we explored the potential mechanism for CACN induction
of lipolysis in both LO2 and HepG2 cells. Previous studies
reported that autophagy might be responsible for the

clearance of excessive intracellular lipids in hepatocytes
[35]. Thus, we focused on a newly found atypical lipolysis
pathway: the autophagy pathway. We employed various
methods to evaluate autophagic flux. Firstly, we explored
whether the levels of autophagy in hepatic cells were affected
after CACN exposure by detecting the number of autophago-
somes in LO2 cells. As depicted in TEM images (Figure 3(a)),
there are amounts of lipid droplets and almost no autophago-
some under OA condition, while the CACN-treated group
showed the decrease of the lipid droplet number and the
increase of the autophagosome number. More interestingly,
the colocalization of lipid droplets within the autophagosome
compartment was observed (red arrows in Figure 3(a)), indi-
cating the involvement of the autophagy pathway in reducing
intracellular lipid by CACN. Secondly, expressions of the
autophagy indicator LC3-II and other autophagy-related
proteins (Atg5, Atg7, Beclin1, and p62) were detected by
western blot assay in OA-stimulated LO2 cells. Compared
with the control group, OA did not show a significant effect
on LC3-II, Atg5, Atg7, and Beclin1 expression levels, while
CACN significantly upregulated LC3-II, Atg5, Atg7, and
Beclin1 and downregulated p62 expression levels compared
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Figure 5: Colocalization of lysosomes or autophagosome with lipid droplets in HepG2 cells. (a) Double labeling of oil droplets (Nile Red) and
lysosomes (LysoTracker Green) showing increased colocalization of lysosomes with cellular lipids (yellow dots) upon CACN treatment versus
OA-alone-treated cells. (b) Double labeling of oil droplets (Nile Red) and autophagosomes (DAPG) showing increased colocalization of
autophagosomes with cellular lipids (yellow dots) upon CACN treatment versus OA-alone-treated cells.
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Figure 6: Effects of CACN on protein mTOR pathways in hepatic cells. (a) Bands of p-AMPK, AMPK, p-Akt, Akt, p-mTOR, mTOR, p-ULK1
(ser555), p-ULK1 (ser757), ULK1, and Atg14 of LO2 cells. (b) Relative expressions of p-AMPK/AMPK, p-Akt/Akt, p-mTOR/mTOR,
p-ULK1 (ser555)/ULK1, p-ULK1 (ser757)/ULK1, and Atg14 in LO2 cells. (c) Bands of p-AMPK, AMPK, p-Akt, Akt, p-mTOR, mTOR,
p-ULK1 (ser555), p-ULK1 (ser757), ULK1, and Atg14 of HepG2 cells. (d) Relative expressions of p-AMPK/AMPK, p-Akt/Akt,
p-mTOR/mTOR, p-ULK1 (ser555)/ULK1, p-ULK1 (ser757)/ULK1, and Atg14 in HepG2 cells.
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with cells treated with OA solely at the same experimental
conditions, suggesting that CACN indeed enhanced autoph-
agic flux in LO2 cells (Figure 3(b)).

Furthermore, to further monitor autophagic fluctuation,
LC3-II, Atg7, Bcelin1, and p62 levels were measured in the
presence of CACN (200μg/mL) or 3-MA (a PI3K inhibitor,
10mM) via immunofluorescent (IF) assay. As shown
in Figures 3(c)–3(e), immunoblotting of LC3-II, Atg7
(Figure 3(c)), and Bcelin1 (Figure 3(d)) in CACN-treated
cells showed a significant increase with the enhancement of
fluorescence intensity, while p62 (Figure 3(e)) in CACN-
treated cells showed a significant reduction, indicating
increased autophagic flux. In addition, 3-MA challenge also
resulted in the accumulation of LC3-II, Atg7 (Figure 3(c)),
and Bcelin1 (Figure 3(d)) in OA-stimulated LO2 cells after
incubation with CACN for 24 h compared with LO2 cells
treated with OA alone, suggesting that CACN treatment
promoted cellular autophagic processes even under 3-MA
condition in OA-treated LO2 cells.

Additionally, the similar results were got in HepG2 cells
after CACN treatments. TEM results showed the decrease
of lipid droplets, increase of autophagosomes, and lipid drop-
lets within the autophagosome compartment (Figure 4(a)).
Western blot analysis indicated the upregulation of LC3-II,
Atg5, Bcelin1, and Atg7 (Figure 4(b)), and the IF images
clarified the enhancement of autophagic flux under OA and
3-MA conditions (Figures 4(c)–4(e)).

Finally, to confirm the autophagy induction effect of
CACN, the colocalization of lysosomes or autophagosomes
with lipid droplets was detected by double labeling of oil
droplets (Nile Red) with lysosomes (LysoTracker Green)
autophagosomes (DAPG) in HepG2 cells. As shown in
Figure 5, the colocalization of lysosomes (Figure 5(a)) and
autophagosomes (Figure 5(b)) with cellular lipids (yellow
dots) upon CACN was markedly enhanced versus OA-
alone-treated cells. Based on the former results, we confirmed
that CACN possessed mighty proautophagic actions.

3.5. mTOR Pathways Were Involved in CACN-Induced
Autophagy and Lipid Clearance. Our current study indi-
cated that CACN could activate autophagy in hepatic cells
accompanied by lipid clearance. Next, we investigated the

underlying mechanisms of the process involved. The mam-
malian target of rapamycin (mTOR), as an inhibitor of
autophagy and central sensor for energy states, growth
factors, and nutritional signals, plays a central role in autoph-
agy regulation [36]. It is reported that mTOR is positively
regulated by the phosphorylation of Akt and negatively regu-
lated by AMPK [37]. To study the possible involvement of
AMPK, Akt, and mTOR in CACN-stimulated autophagy,
we detected the effect of CACN on AMPK, Akt, and mTOR
and the down signals (ULK1 and Atg14) using western
blotting in both LO2 and HepG2 cells (Figure 6). The results
depicted that phosphorylated AMPK was significantly
upregulated by CACN, while pretreating cells with CACN
alleviated OA-induced expression of phosphorylated Akt.
Furthermore, we additionally measured the effect of OA on
the mTOR pathway, which is widely served as the down-
stream target of AMPK and Akt. Finally, the phosphorylation
(ser555 and ser757) of ULK1 and the relative expression of
Atg14 were enhanced and benefit for autophagy induction.
Our results illustrated that CACN significantly downregu-
lated the phosphorylation of mTOR, suggesting that both
the AMPK/mTOR signaling pathway and Akt/mTOR signal-
ing pathway were involved in CACN-induced autophagy.

3.6. Autophagy Is Required for CACN-Induced Lipid
Clearance. Previous studies suggested that activation of
autophagy protected hepatocytes from NAFLD both in vitro
and in vivo [38, 39]. In order to detect whether CACN-
inducedautophagy was involved in its protective effect on
lipid accumulation, 3-MA was applied to inhibit autophagy
and monitored their beneficial effect on lipid accumulation.
First, ad-mCherry-GFP-LC3 staining and western blot anal-
yses were applied to demonstrate autophagic flux in LO2
cells. In ad-mCherry-GFP-LC3 staining, GFP bonded to
LC3 measures only autophagosomes, while mCherry detects
both autophagosomes and lysosomes. The merge of green
and red fluorescence shows yellow dots and indicates autop-
hagosomes. The declined level of LC3II was observed in the
OA and OA+3-MA groups compared with the control
group. Conversely, the increased level of LC3II was shown
in the OA+CACN and OA+CACN+3-MA groups, indicat-
ing that the OA-induced decrease in autophagy was
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Figure 7: Autophagy is required for CACN-induced lipid clearance in LO2 cells. (a) Ad-mCherry-GFP-LC3B transfection (white arrows
represent LC3II). (b) Effects of CACN on relative expressions of LC3II, Atg5, Atg7, and Beclin1 under 3-MA condition in OA-induced
LO2 cells. (c) Representative images of oil red O-stained LO2 cells under 3-MA. (d) Quantitative results of oil red O staining under 3-MA
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prevented by 3-MA and heightened by CACN stimulation
(Figure 7(a)), which corresponds to the IF results (Figures 3
and 4). Similarly, western blot data demonstrated that CACN
could enhance LC3II, Atg5, Bclin1, and Atg7 relative expres-
sions under OA condition, whereas this improvement of the
autophagic flux of CACN was significantly weakened when
exposed to 3-MA (Figure 7(b)). Interestingly, the intracellu-
lar lipid level in the 3-MA+CACN+OA group was higher
than that in the CACN+OA group accompanied with the
inhabitation of autophagy by 3-MA, according to the oil
red O staining and TC and TG assays (Figures 7(c)–7(f)).
These data together illustrated that autophagy was required
for CACN-induced lipid clearance in LO2 cells, which also
corresponds with the TEM results (Figures 3(a) and 4(a)).
Additionally, the similar studies conducted with HepG2 cells
show the similar conclusion (Figure 8), which further con-
firms that autophagy is involved in the antisteatosis benefits
of CACN in hepatocytes.

To further determine whether or not autophagy is
induced or blocked (downstream) under CACN conditions,
a downstream autophagy inhibitor chloroquine (CQ) was
applied. As depicted in Figures 9(a) and 9(b), CACN could
also enhance autophagic flux under CQ condition, illustrat-
ing that the CACN-induced autophagic flux increase was
through inducing autophagy, not blocking the degradation
of autophagosomes in HepG2 cells. Also, considering that
the efficacy and side effects of 3-MA were highly debated,
Atg5-siRNA was applied to block autophagosome formation
and analyzed its effect on the reduction of intracellular lipid
to further confirm that autophagy induced by CACN is
directly involved in reducing intracellular lipid content.
We easily found that Atg5-siRNA not only reduced Atg5
and LC3 II expression levels (Figure 9(c)) but also notably
decreased CACN-mediated reduction of intracellular lipid
(Figures 9(d)–9(f)), strongly indicating the involvement
of CACN-induced autophagy in the reduction of intra-
cellular lipid.

4. Discussion

The liver, although not regarded as a primary lipid storage
organ, plays a central role in lipid metabolism [40]. When

lipid amasses, fats are mainly stored as TGs in hepatic cells,
contributing to steatosis, which served as a main histologic
feature of nonalcoholic fatty liver disease [41]. Although the
therapeutic strategies of NAFLD are not fully clarified, stud-
ies have suggested that natural products play a key role in
FFA-induced lipid accumulation [42]. Sweet cherry is a nat-
ural ACN-abundant plant and has been generally reported
to attenuate impaired glucose and lipid homeostasis in
FFA-induced lipid accumulation and high-fat diet-induced
NAFLD mice [24, 25, 43, 44]. It is generally accepted to have
beneficial effects on energy metabolism due to its role as a
powerful antioxidant. In our previous study, we provided
the evidence for the protective effect of CACN on high-fat
diet-induced obesity and NAFLD, while the potential
molecular mechanisms underlying the bioactivities have
been understudied.

Autophagy is a well-regulated intracellular catabolic
mechanism to maintain the cells’ survival under stress which
refers to self-eating [45]. Previous studies have reported that
lipids were disintegrated via selective autophagy, known as
lipophagy, and suggested that autophagy is an important
composition in the regulation of lipid storage and lipid
metabolism in the liver [46]. Researchers found that hepato-
cytes are exposed to 3-methyladenine, the pharmacological
autophagy inhibitor, or treated with siRNA against the
autophagy-related gene Atg5 to block autophagy, resulting
in the excessive lipid accumulation with free fatty acid
(FFA) treatments [9]. Also, Atg5 knockout mouse embryonic
fibroblasts also displayed increased triglyceride levels [47].
These studies indicated that inhibition of autophagy led to
lipid overaccumulation with FFA treatments and activation
of autophagy acts conversely. Also, the accumulated data
showed that autophagy activation protects hepatocytes
against lipidoses [38], while the effect of ACN exposure on
autophagy induction remains under studying and needs
further attention.

Therefore, we asked ourselves whether CACN was
capable of conferring their antilipidosis benefit via activating
autophagy. We first measured the regulatory effect of CACN
on OA-induced lipid accumulation and oxidative stress in
human hepatocytes. We found that CACN was a power-
ful antioxidant with efficient lipid-lowering ability, which
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Figure 8: Autophagy is required for CACN-induced lipid clearance in HepG2 cells. (a) Ad-mCherry-GFP-LC3B transfection (white arrows
represent LC3II). (b) Effects of CACN on relative expressions of LC3II, Atg5, Atg7, and Beclin1 under 3-MA condition in OA-induced
HepG2 cells. (c) Representative images of oil red O-stained HepG2 cells under 3-MA. (d) Quantitative results of oil red O staining under
3-MA condition in OA-induced HepG2 cells. (e) TC concentration under 3-MA condition in OA-induced HepG2 cells. (f) TG
concentration under 3-MA condition in OA-induced HepG2 cells.
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corresponds to previous studies [24, 25, 48]. Then, we
explored the regulatory effect of CACN on autophagy in both
LO2 and HepG2 cells. The results suggested that CACN is a
mighty autophagy inducer evidenced by the findings that
CACN exposure led to a significant increase of the number
of autophagosome and the relative expression levels of LC3

II, Atg5, Beclin1, and Atg7. Subsequently, we mainly focused
on the underlying connections between CACN-induced
autophagy and lipid clearance under OA condition. The
untreated control was discarded, which may not be optimal
but should be sufficient to draw a conclusion that autophagy
is required for CACN-induced lipid clearance. Western
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HepG2 cells.

14 Oxidative Medicine and Cellular Longevity



blot results implied that the AMPK/mTOR signaling path-
way and Akt/mTOR signaling pathway were involved in
CACN-induced autophagy against OA-induced lipid accu-
mulation. Furthermore, 3-MA, a well-studied autophagy
inhibitor, was engaged in to explore whether CACN-
induced autophagy was essential to lipid clearance in hepato-
cytes. In line with our assumption, CACN-induced lipid
clearance is along with a coordinate increase in autophagy
in hepatic cells, and autophagy was required for this
clearance. These results taken together indicate that CACN
protects against OA-induced lipid accumulation via autoph-
agy induction.

5. Conclusions

In summary, the present study demonstrated that CACN
supplementation reduced oxidative stress and the levels of
TC and TG in steatotic hepatic cells and autophagy induction
via mTOR signaling pathways assisted in the lipid-lowering
property. Our findings present a new mechanism that may
contribute to understand the beneficial functions of CACN
and illustrate that CACN is an effective therapy tactic of
NAFLD and other metabolic disturbances. Although both
LO2 and HepG2 lines were engaged, it is obvious that our
result should be further strengthened with primary hepato-
cytes and in vivo studies to test the therapeutic potential of
CACN in NAFLD.
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Oxidative stress and inflammation play a critical role in the initiation and progression of age-related ocular abnormalities as
cataract, glaucoma, diabetic retinopathy, and macular degeneration. Therefore, phytochemicals with proven antioxidant and
anti-inflammatory activities, such as carotenoids and polyphenols, could be of benefit in these diseases. We searched PubMed
and Web of Science databases for original studies investigating the benefits of different carotenoids and polyphenols in
age-related ophthalmic diseases. Our results showed that several polyphenols (such as anthocyanins, Ginkgo biloba, quercetin,
and resveratrol) and carotenoids (such as lutein, zeaxanthin, and mezoxanthin) have shown significant preventive and
therapeutic benefits against the aforementioned conditions. The involved mechanisms in these findings include mitigating the
production of reactive oxygen species, inhibiting the tumor necrosis factor-α and vascular endothelial growth factor pathways,
suppressing p53-dependent apoptosis, and suppressing the production of inflammatory markers, such as interleukin- (IL-) 8,
IL-6, IL-1a, and endothelial leucocyte adhesion molecule-1. Consumption of products containing these phytochemicals may be
protective against these diseases; however, adequate human data are lacking. This review discusses the role and mechanisms of
polyphenols and carotenoids and their possible synergistic effects on the prevention and treatment of age-related eye diseases
that are induced or augmented by oxidative stress and inflammation.

1. Introduction

Age-related ophthalmic diseases as cataract, age-related
macular degeneration (AMD), glaucoma, and diabetic reti-
nopathy are the main causes of progressive and irreversible
vision loss worldwide [1–3]. These pathologies are joined
by dry eye disease (DED), a prevalent eye disorder that affects
the elderly population [4]. The pathogenic processes of these
diseases are complex and unclear and sometimes depend on
numerous factors. Unfortunately, most of these conditions
are diagnosed in advanced stages at which effective treat-
ments are not available [5]. As a result, both the improve-
ment of diagnostic and therapeutic approaches and the

prevention of age-related eye diseases have become global
health priorities.

For this purpose, researchers have investigated the
health benefits of several strategies to maintain visual acuity
and prevent degenerative eye conditions [6, 7]. Experimen-
tal studies have found that fruit and vegetable consumption
contributes to preserving vision and even reversing visual
impairment [8, 9]. These beneficial effects have been attrib-
uted to the presence of some phytochemical compounds
with bioactive properties, such as polyphenols and caroten-
oids [6, 10].

The pathophysiology of several eye diseases involves
oxidative stress, and therefore, the antioxidant activity of
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phytochemicals is of particular importance. Carotenoids and
polyphenols are plant-based molecules that have shown
potent antioxidant and anti-inflammatory activities in sev-
eral animal models of disease [11–15]. This review deals in
depth with the role of antioxidant polyphenol and carotenoid
properties in the prevention and treatment of age-related
ophthalmic diseases, whose pathogeneses involve oxidative
stress and inflammation.

1.1. Oxidative Stress: Implications for Age-Related Eye
Diseases. Oxidative stress occurs due to imbalance in the
redox hemostasis between prooxidant and antioxidant sys-
tems [16] and is involved in the pathogenesis of several
inflammatory, degenerative, neoplastic, and cardiovascular
disorders [17, 18]. Antioxidant enzymes (such as SOD,
CAT, and GPx) can neutralize the production of toxic oxygen
species, thus normalizing the body homeostasis [19]. Oxida-
tive stress results from the inability of antioxidant enzymes to
remove free radicals [20]. This imbalance leads to oxidative
alteration of cellular targets, such as proteins, lipids, and
DNA structures [18], ending in apoptosis or cellular necrosis
[21]. A frequent risk element in numerous degenerative dis-
eases in which oxidative stress plays a major role is aging. As
humans advance in age, the rate of oxidative stress-induced
cellular malfunction and death exceeds the rate of cellular
regeneration [22, 23].

The eye is particularly vulnerable to oxidative stress
due to its exposure to light, rich content of mitochondria,
and high metabolic rate of photoreceptors. Due to the
disequilibrium between the production and neutralization
of reactive oxygen species (ROS), it results in oxidation
of cellular constituents and ultimately malfunctions and
degeneration of retinal tissues [24]. Figure 1 summarizes
the implications of oxidative stress in age-related ocular
diseases.

1.2. Cataract. In developing countries, cataract is the most
prevalent cause of blindness and visual impairment in the
elderly people. Currently, the management of a visually sig-
nificant cataract is primarily surgical, which is the only avail-
able option to ophthalmologists. The pathogenesis of cataract
involves Na+/K+ adenosine triphosphatase activity changes,
oxidative stress, lens protein aggregation, polyol pathway
activation, advanced glycation end-products, and genetic
anomalies [25]. The contribution of ROS towards cataract
pathogenesis occurs through (1) damage to cell membrane
fibers and lenticular proteins, (2) provoking DNA proteoly-
sis, and (3) loss of lens transparency by disrupting electrolyte
balance homeostasis [26, 27].

1.3. Glaucoma. Glaucoma is an optical neuropathy, charac-
terized by progressive degeneration of the retinal ganglion
cells. The degeneration of these cells, which are actually
neurons of the central nervous system (CNS) with axons
in the optic nerve, causes progressive optical atrophy and
irreversible visual loss [28]. In addition to ganglion cell loss,
most glaucoma types are characterized by high intraocular
pressure [29]. The diagnosis of open-angle glaucoma is
often delayed due to the fact that its progression may be

asymptomatic until a relatively late stage [30]. Several fac-
tors contribute to glaucoma pathophysiology, including
aging, genetic predisposition, and exogenous environmental
and endogenous factors.

Reactive oxygen species may damage the cells within the
human trabecular meshwork (HTM), especially its endothe-
lial cells. This consequently slows the drainage of the aque-
ous humor, increasing the intraocular pressure (IOP) [31].
Several studies reported oxidative stress and low levels of
antioxidants as early events in patients with glaucoma
[12, 32]. This is further exacerbated by the upregulated
expression of the endothelial leukocyte adhesion molecule
due to oxidative stress and activation of the interleukin-1
inflammatory cytokine [33–35]. Glaucoma cannot be cured;
however, its progression may be delayed or prevented by
reducing the IOP [36, 37]. The interest in investigating phy-
tochemicals due to their antioxidant and anti-inflammatory
properties has opened new treatment options with reduced
side effects [34, 38].

1.4. Diabetic Retinopathy. Diabetic retinopathy (DR) is a
major complication of diabetes mellitus. In the industrialized
world, it is regarded as the leading cause of blindness in indi-
viduals who have not reached the retirement age [39]. Many
interconnected mechanisms are implicated in the complex
pathogenesis of DR, including oxidative stress [39]. Hyper-
glycemia induces manymetabolic abnormalities in the retina,
producing ROS, which are involved in the subsequent induc-
tion of oxidative stress [40]. Usually, this oxidative stress
causes retinal lesions (inducing endothelial cell dysfunction,
angiogenesis, and peri-ocitary apoptosis of Rouget cells/or
mural cells) [40].

Oxidative stress plays a central role in DR development
and in its critical phases: proliferative diabetic retinopathy
(PDR) and diabetic macular edema (DME) [39]. The most
glaring characteristics of DR are the vascular disturbances
and retinal blood barrier (RBB) disturbance; both can be
caused by oxidative stress [27, 41]. Consequently, their inhib-
itors may have protective effect on the retina. Antioxidants
may be considered beneficial to DR because they reduce
ROS production, neutralize free peroxide, and enhance the
antioxidant defense system [40].

1.5. Age-Related Macular Degeneration (AMD). This is a pro-
gressive, age-related degeneration of the underlying retinal
pigment epithelium (RPE) and the retinal macula [42].
Although it is presumed that the cumulative repercussions
of oxidative stress over years may be the first stimulus for
AMD, the pathogenesis of AMD is yet uncertain [43]. How-
ever, RPE cells are considered to be the critical lesion site in
AMD [44]. Excessive production and accumulation of ROS
play a major role in the pathogenesis of AMD because their
levels increase in the aging retina, even if retinal cells and
RPE contain numerous antioxidants (enzymatic and nonen-
zymatic). The high level of ROS and attenuated antioxidant
cell defense systems results in oxidative stress, leading to
damage and apoptosis of RPE cells, photoreceptors, and
chorioapilars [45, 46].
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1.6. Dry Eye Disease. It is considered to be a multifactorial
disease of the ocular surface and the tears that it manifests
through visual disturbance, symptoms of discomfort, and
tear film instability [47].

Recent laboratory and clinical studies have confirmed
that the dry eye may be considered a chronic inflammatory
disease and may be initiated by numerous intrinsic and
extrinsic factors favoring an unstable and hyperosmolar lac-
rimal film [48].

Many times, some environmental factors are involved in
dry eye disease; of these, we mention the following: exposure
to chemical and physical pollutants, ultraviolet radiation
(UV) and ozone, and chronic use of preserved eye drops
(such as glaucoma treatment). These factors mentioned
above increase the potential for oxidative stress and intensify
the inflammation of the ocular surface. Phytochemicals with
antioxidant and/or anti-inflammatory properties may be
considered to be an alternative in the prevention and treat-
ment of this disease [49]. Therefore, in the treatment of ocu-
lar disorders linked to oxidative stress, ameliorating the
negative effects of ROS has been suggested to be a rational
therapeutic strategy.

2. Materials and Methods

2.1. Identification of Reviewed Studies. We searched Medline
(via PubMed) and Web of Science (WoS) databases for orig-
inal studies that investigated the benefits of phytochemicals
in age-related ocular diseases. We used the following key-
words with different combinations: Phytochemicals OR
Phytonutrient OR Plant-based OR Plant-derived OR Carot-
enoids OR Xanthophylls OR Lutein OR Polyphenols OR
Anthocyanins AND Age-related OR Senile OR Elderly
AND Eye disease OR Ophthalmic disease OR Cataract OR

Glaucoma OR Macular degeneration OR Diabetic retinopa-
thy OR Dry eye disease.

2.2. Study Selection. No restrictions by publication language
or timing were applied. The retrieved studies were screened
for eligibility. Overall, 2330 unique records were retrieved
and screened for eligibility. Relevant findings were extracted
and organized in a narrative approach.

3. Results and Discussion

3.1. Role of Polyphenols in the Prevention and Treatment of
Age-Related Ophthalmic Diseases. Polyphenols represent a
broad group of phytochemicals with over 10000 different
compounds [50], many of which have proven health benefits:
antioxidant, anti-inflammatory, antiallergic, antimicrobial,
and antiviral effects [51, 52]. They are classified into several
groups based on their carbon backbone [53] as it is illustrated
in Figure 2.

The beneficial effects of polyphenols include: scavenging
free radicals, ameliorating inflammation, and improving ocu-
lar blood flow and signal transduction [54]. There are recent
studies describing new findings regarding the beneficial effect
of polyphenol consumption on ocular health (reduction of
apoptosis in the RPE, opacification of the suppressive lens,
and inhibition of the blood-retinal barrier) [55].

The retina is highly susceptible to oxidative stress due to
its rich content of polyunsaturated fatty acids and oxygen
and its heavy exposure to light [56, 57]. In addition, oxidative
stress can be involved in the production of severe inflamma-
tion by increasing the proinflammatory cytokines in the ret-
inal tissue. These cytokines degrade the RBB and produce
vascular cell death and apoptosis through tumor necrosis fac-
tor-α, chemotactic proteins, intercellular adhesion molecule
1, and interleukin- (IL-) 1β [54, 58].

Oxidative stressHyperglycemia

Age

Light exposure

ROS

Polyphenols

Age-related eye disease (cataract, glaucoma, DR, AMD)

Scavange ROS
AR-OH + R. → AR-O. + RH

(i)

(ii)

(iii)

(i)

(ii)

(iii)

(iv)
(v)

(vi)

Reduce activity of enzymes
involved in ROS generation
Upregulation of antioxidant
defenses
Reduction of apoptosis in RPE
Reduction opacification of the
suppressive lens
Inhibition of blood-retinal
barrier

Scavenge and neutralize free
radicals
Neutralize the oxidation
reactions in photoreceptor
cells
Reducing lipofuscin formation 

Carotenoids
Damage to cell membrane fibers and lenticular proteins
Provoking DNA proteolysis
Loss of lens transparency by disrupting electrolyte balance
homeostasis
Alter the cellularity of the HTM
Increasing the intraocular pressure (IOP)
Inducing endothelial cell dysfunction, angiogenesis, and periocitary
apoptosis of Rouget cells 
Damage to RPE cells, photoreceptors, and chorioapilarsin the
apoptosis process

Figure 1: Summarization of the implications of oxidative stress in age-related ocular diseases and effects of phytochemicals.
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Polyphenols can activate the process of transcription fac-
tor Nrf2, Nrf2 being considered to have the main role in pro-
tecting the cell from inflammation and oxidative stress [59].
The senso-redox transcription factor Nrf2 has an essential
role in regulating the induction of detoxification and/or anti-
oxidant phase II enzymes (HO-1, SOD, etc.); these enzymes
have the effect of cellular defense against oxidative stress
and exercise of the cytoprotective mechanism [60]. Numer-
ous researches have studied and elucidated the molecular
mechanisms considered to be responsible for activating
Nrf2. A Kelch-associated Kelch homolog (ECH) associated
with Kelch (Keap1)—cytoskeleton-binding protein—binds
to Nrf2; it regulates the translocation of the protein to the
nucleus, or its activation [61].

Nrf2 binds, after nuclear translocation, to the cis element
(consensus called antireceptive element (ARE) or electro-
philic response element (EpRE) present in the promoter
region of genes encoding numerous antioxidant enzymes);
it also binds to other transaction factors as follows: the small
Maf-F/G/K, ARE coactivators which include the cAMP
response-binding protein (CREB or CBP binding protein),
p300, which may coordinate the transcription of the antiox-
idant gene driven by ARE [62, 63].

The mechanisms implied in the antioxidant activity of
polyphenols include suppression of ROS formation (scaveng-
ing of ROS, inhibition of enzymes involved in their produc-
tion, or protection or upregulation of antioxidant defenses)
[64, 65]. Polyphenols can reduce the catalytic activity of
enzymes involved in ROS generation, therefore reducing oxi-
dative damage [66]. The explanation of the molecular mech-
anism of induction of the antioxidant enzyme by polyphone
is still largely unrealized. There is, however, a universally
accepted model for inducing ARE-mediated antioxidative
gene expression. This mechanism involves the phosphoryla-
tion of serine and/or threonine residues of Nrf2 by protein
kinases, resulting in ARE binding and subsequent increased
nuclear accumulation of Nrf2 [67].

Some studies asserted that ROS formation increases free
metal ions by reducing hydrogen peroxide and generating

very reactive hydroxyl radicals. The reduced redox potentials
of polyphenols can thermodynamically diminish free radical
production by bonding them in chelates with metal ions such
as iron and copper [68]. In addition, some polyphenols can
inhibit the characteristic uncontrolled ocular angiogenesis
in AMD by restoring the retinal structure and increasing
the RPE function and choroidal blood flow [69]. By inhibit-
ing oxidative stress and blocking the production of proin-
flammatory cytokines, polyphenols can attenuate vascular
leakage and neovascularization in the retina of diabetic
patients [70–72]. The effects of some polyphenols on
age-related eye diseases are presented in Tables 1 and 2 and
are discussed below.

3.1.1. Anthocyanins. Anthocyanins are flavonoid compounds
with multiple biomedical functions [72, 73], including vision
improvement [74]. Some recent scientific research clearly
suggests that anthocyanins use several different mechanisms
of action for biological beneficial effects on health. The free
radical scavenging activity and antioxidant capacity are still
the most common [75]. It has been shown that anthocyani-
din isolates and high bioflavonoid mixtures in anthocyanidin
provide several major actions: inhibition of enzymes, protec-
tion against DNA cleavage, anti-inflammatory activity, estro-
gen activity (modulation of the development of symptoms of
hormone-dependent disease), stimulation of cytokine pro-
duction thereby regulating immune responses, peroxidation,
decrease of capillary permeability and fragility, and mem-
brane hardening [67].

Several studies were performed to investigate their effects
on asthenopia (eye fatigue). While some studies reported
significant improvements in visual acuity [75], others [74,
76–78] reported contradictory effects for anthocyanins in this
regard. Moreover, several experimental studies have reported
antioxidant and protective effects at the eye level for anthocy-
anins, extracted from various fruits [79–81]. For example,
anthocyanins extracted from grape skin were associated with
inhibited opacity of the lens in sodium selenite-induced
cataract in rats [78]. Anthocyanins from blackcurrant and

Polyphenols

Wide range of dietary
products

Phenolic acids

Chlorogenic acid

Stilbenes

Resveratrol

Flavonoids

Anthocyanins, quercetin,
EGCG

Antocianidins

Black currant, blue berry,
maqui berry, black soybean

seeds

Quercetin 

Fruit, vegetables,
grains

Epigallocatechin
gallate 

Green tea 

Others 

Isoflavone, lignans

Figure 2: Classification of main polyphenols investigated for age-related eye diseases and their natural sources.
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Table 1: Effects of some polyphenols on age-related eye diseases in human studies.

Polyphenols Natural source/dose Cell type/type of study Effects on chronic eye diseases Ref p

Anthocyanins Bilberry
Retinal pigment epithelial cells

(AREP 19)

Mediate a detergent-like perturbation of
cell membranes and light-induced

damage to the cell
Inhibit AMD

[80]

EGCG

10, 25, 50, 75, 100, and
150μM for 24 h

Human lens epithelial HLEB-3 cells

EGCG protects HLE cells from the
mitochondria-mediated apoptosis
(induced by H2O2 through the

modulation of caspases, Bcl-2 family,
and MAPK & Akt pathways)

Cataract prevention

[92]

3 months

Human patients/placebo-controlled,
double-blind, crossover design

34 patients: 18 ocular hypertension;
16 open-angle glaucoma

Neuroprotective function
pattern-evoked electroretinograms
increased in amplitude Favorable

influence in inner retinal function in the
eyes with early to moderately advanced

glaucomatous damage

[94] <0.01

20 and 40mM Human RPE cell line ARPE-19

AMD and DR prevention
Inhibitor of ocular angiogenesis and its

vascular permeability
Treatment and prevention of ocular

angiogenic diseases: age-related macular
degeneration, diabetic retinopathy, and

corneal neovascularization

[95]

20 and 40mM
Human retinal vascular endothelial

cell (HREC) (case of diabetes)

Inhibits the expression of vascular
endothelial growth factor (VEGF)

It ameliorated the negative effect of high
glucose concentrations on the cell

viability and apoptotic rate
The protective effects of EGCG under

high-glucose conditions may be
attributed to the regulation of

inflammatory cytokines and inhibition
of the MAPK/ERK-VEGF pathway

[96] <0.01

Ginkgo biloba

40mg GBE 2 times daily
for 6 months

Human patients/experimental study,
prospective, double blind

No significant changes were found in
intraocular pressure and optic nerve

head
[103] >0.01

Ginkgo biloba extract
(40mg, 3 times per day
4-week phases/8 weeks

washout period)

Human patients/prospective,
randomized, placebo-controlled

crossover study

Changes in visual field and contrast
sensitivity did not differ by treatment

received or sequence
[104] >0.2

80mg GBE 2 times daily Human patients/retrospective study
Slowed the progression of visual field

damage in patients with normal tension
glaucoma

[105]

80mg GBE orally, twice a
day for four weeks

Human patients/prospective,
randomized, placebo study

Desirable effect on ocular blood flow in
normal tension glaucoma patients

[106]

40mg, 3 times per day
4-week phases/8 weeks

washout period/4 weeks of
placebo treatment

Human patients/prospective,
randomized, placebo-controlled,
double-masked crossover trial

Improves preexisting visual field
damage in some patients with normal

tension glaucoma
[107]
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blueberry extracts have demonstrated antioxidant effects at
the level of RPE cells [80] by inhibiting the photooxidation
of pyridinium bisretinoid (A2E) molecule and neutralizing
oxygen free radicals [80, 81].

In an experimental study by Jang et al. [82], the accumu-
lation of anthocyanins in the eye tissues of animals (after 4
weeks of dietary supplementation with blueberries) exhibited
ocular protective effects and reversal of oxidative effects.
Other studies performed on rats have shown that anthocya-
nins from blueberry extract can inhibit diabetes-induced ret-
inal abnormalities, thus preventing DR induction [83, 84].
Moreover, anthocyanins extracted from black soybean seeds
have shown their protective effects on the retinal neurons
(from structural and functional damage produced by
N-methyl-N-nitrosourea in rats) [85]. In vitro studies on
Maqui berry extract have shown that it can protect the retinal
cells against light-induced photoreceptor degeneration due
to its content of anthocyanins [86]. Further in vivo and

in vitro studies will be needed to establish the pleiotropic
mechanisms of anthocyanins and to show how they can prac-
tically interfere in different visual processes [87, 88].

3.1.2. Epigallocatechin Gallate. Epigallocatechin gallate
(EGCG) is the main flavonoid present in green tea, represent-
ing more than 50% of the whole amount of polyphenols in
this type of tea [89]. Numerous studies indicate that the
remarkable antioxidant properties of polyphenols (tea) may
be due to the inhibition of ROS-generating enzymes. These
enzymes contribute to the production of NO-mediated free
radicals. In the study of Wu et al., in addition, the induction
of the HO-1 enzyme in endothelial cells was also found due
to the activation process of Akt and Nrf2 by EGCG, which
gives the protective measure of endothelial cell protection
against H2O2-mediated oxidative stress [90]. Other rodent
studies have demonstrated the pleiotropic effect of EGCG.
This effect wields a neuroprotective measure by modulation

Table 1: Continued.

Polyphenols Natural source/dose Cell type/type of study Effects on chronic eye diseases Ref p

Human patients/retrospective
analysis

May be helpful in improving visual
function in some individuals with NTG

[102]

Ginkgo biloba extract
(EGB761) and ginkgolide

B

Retina explants
Three-dimensional tissue culture

system

Protecting RGCs against apoptosis
It decreased cellular apoptosis and
inhibited caspase-3 activation,
suggesting that ginkgolide B can
promote RGC axon growth by

protecting RGCs against apoptosis

[109]

Quercetin

50μM Cultured human RPE cells

AMD prevention
It protects RPE cells from oxidative

damage and cellular senescence in vitro
in a dose-dependent manner
Prevention of early AMD

[113] <0.001

50μM
Cultured human RPE cells

(ARPE-19)

AMD prevention
It protects human RPE cells from

oxidative stress in vitro, via inhibition of
proinflammatory molecules & direct
inhibition of the intrinsic apoptosis

pathway

[114]

Resveratrol

Human lens epithelial cells
Cataract prevention

It protects LECs from oxidative stress
via the inhibition of the p53 pathway

[118]

5 and 10mg/kg/day, 1 to 7
months

High-glucose culture Müller-treated
cells

It is a therapeutic option to prevent
diabetic retinopathy

RSV (10, 20, and 30mmol/L)
significantly inhibited the HG-induced
decreases in glutamate uptake, GS
activity, GLAST, and GS expression

[124] <0.05

Longevinex

Human patients
3 clinical measures of visual function

(Snellen visual acuity, contrast
sensitivity, and glare recovery to a

cone photostress stimulus)

Efficacy against AMD [125]
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Table 2: Effects of some polyphenols on age-related eye diseases in animals.

Polyphenols Natural source/dose/period Cell type/animal model
Effects in chronic eye

diseases
Ref p

Anthocyanins

Grape skin
Asamurasaki-2 (AS2)

(Japanese black rice) and
chikushi-akamochi-2 (CH2)

(Japanese red rice)

Sprague Dawley (SD) rat lens
organ culture system

Inhibits selenite-induced
cataractogenesis

Inhibitory activities for lens
opacity

[79]

Bilberry
Retinal pigment epithelium (RPE)

cells

Inhibits AMD
Exhibited antioxidant

activity of variable efficiency
at 9 anthocyanins tested

Cells exhibited a resistance
to the membrane

permeabilization that occurs
because of the detergent-like

action of A2E

[80]

Blueberry; STZ, 60mg/kg;
and blueberry anthocyanins
at 20, 40, and 80mg/kg were

given orally, 12 weeks

Rat retinas, male rats, 5 groups
Streptozotocin-induced diabetic

SD rats

It can protect retinal cells
from diabetes-induced
oxidative stress and

inflammation, and this may
be regulated through
Nrf2/HO-1 signaling

[83]

Bilberry (Vaccinium
myrtillus) extract 100mg/kg,

orally, 6 weeks

Streptozotocin-induced diabetic
SD rats

Prevention of diabetic
retinopathy using a dietary

bilberry supplement
[84]

Seed coat of black soybean
50mg/kg daily, orally, for 1,

2, and 4 weeks after
intraperitoneal injection of
N-methyl-N-nitrosourea

(MNU)

Animal model of retinal
degeneration

N-methyl-N-nitrosourea-induced
RD rats

Reduce retinal degeneration
Anthocyanins (black

soybean seeds) can protect
retinal neurons from

MNU-induced structural
and functional damages,
suggesting that it may be
used as supplement to

modulate RD

[85]

Maqui berry (Aristotelia
chilensis)

Murine photoreceptor cells
(661W)

Suppress the light-induced
photoreceptor cell death by
inhibiting ROS production;

the inhibition of
phosphorylated-p38 may be
involved in the underlying

mechanism

[86]

Dried cornelian cherry
(Cornus mas L.) polar,
iridoid-polyphenol-rich

fraction 1 kg of fresh fruit:
4.0 g anthocyanin fraction +
1 5 g of pure loganic acid

Each animal was given 0.7%
loganic acid or polyphenolic
fraction, intraconjunctival
administration of 1 drop

(50 μL)

New Zealand white rabbits, aged
between 6-12 months, were used: 7

males and 7 females

Intraocular pressure
(IOP)—hypotensive effect

for loganic acid
(0.7%)—could be compared

with the widely
ophthalmologically used

timolol
25% decrease in IOP was
observed within the first 3

hours of use

[87]
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Table 2: Continued.

Polyphenols Natural source/dose/period Cell type/animal model
Effects in chronic eye

diseases
Ref p

EGCG

Green tea leaf extract
(Camellia sinensis)

In vivo, cataract was induced
in 9-day-old rat pups by a

single subcutaneous
injection of sodium selenite

The treated pups were
injected GTL extract

intraperitoneally prior to
selenite challenge and

continued for 2 consecutive
days thereafter

Cataract incidence was
evaluated on the 16th

postnatal day by slit lamp
examination

Enucleated rat lenses

Inhibits selenite-induced
cataractogenesis

Green tea possesses
significant anticataract

potential and acts primarily
by preserving the

antioxidant defense system

[91]

Intraperitoneal (25mg/kg)
intraocular (5 μL of 200μM)

Rat retinal neurons

Glaucoma prevention
It provides protection to
retinal neurons from
oxidative stress and
ischemia/reperfusion

[93]

20 and 40mM Animal models

Significantly reduced
vascular leakage and
permeability by

blood-retinal barrier
breakdown in

VEGF-induced animal
models

Treatment and prevention of
ocular angiogenic diseases:

age-related macular
degeneration, diabetic

retinopathy, and corneal
neovascularization

[95]

Nontoxic optimal
concentration of EGCG used
for the treatment of HCECs
in vitro was 10 μg/mL IL-1β,
IL-6, IL-8, and TNF-α and
was significantly inhibited in
inflamed HCECs treated
with 10μg/mL EGCG and
0.1% (w/v) HA (E10/HA) vs
that in inflamed HCECs

treated with either EGCG or
HA alone

Rabbit DES model

Topical treatment with AT
plus E10/HA increased tear
secretion, reduced corneal
epithelial damage, and
maintained the epithelial

layers and stromal structure
The corneas of the

E10/HA-treated rabbits
showed fewer apoptotic cells,
lower inflammation, and
decreased IL-6, IL-8, and

TNF-α levels
In conclusion, we showed
that AT plus E10/HA had
anti-inflammatory and
mucoadhesive properties
when used as topical eye

[98]
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Table 2: Continued.

Polyphenols Natural source/dose/period Cell type/animal model
Effects in chronic eye

diseases
Ref p

drops and were effective for
treating DES in rabbits

Ginkgo
biloba

5 μg of GBE, 4 times daily,
for 14 days

Rabbits aged 7 weeks

Suppressed steroid-induced
IOP elevation; it seems to

prevent the adverse effects of
DEX on TM cells

[100]

Quercetin

Quercetin 10μM Rat lens Cataract prevention [110]

The expression levels of
BDNF, NGF, TrkB,

synaptophysin, Akt, Bcl-2,
cytochrome c, and caspase-3

using Western blotting
techniques with and without

QCT treatments were
quantitated and compared
with those of nondiabetic

rats
ELISA technique was used to
determine the level of BDNF
Caspase-3 activity and the
level of glutathione were
analyzed by biochemical

methods

Diabetic rat retina

Significant increase in the
level of neurotrophic factors
and inhibited the level of

cytochrome c and caspase-3
activity

The level of an antiapoptotic
protein Bcl-2 was

augmented
It may protect the neuronal
damage in diabetic retina by
ameliorating the levels of

neurotrophic factors and by
inhibiting the apoptosis of

neurons
Quercetin suitable

therapeutic agent to prevent
neurodegeneration in
diabetic retinopathy

[112]

Quercetin
and
resveratrol

0.01% QCT, 0.1% RES,
0.01% QCT + 0 1% RES

(QCT+RES), or vehicle was
topically applied

Desiccating stress (DS) mouse
model

Reduced corneal staining in
DS-exposed mice

[116]

QCT
QCT + RES

<10-3

<0.05

IL-1α tear concentration was
reduced by QCT, RES, and
QCT + RES compared to

DS + vehicle mice

<0.05, 0.01, and
0.01

CD4+ T cells increased in
recipients of DS-exposed
mice and were lower in
recipients of QCT- and

RES-treated mice

<0.05, <0.05

The anti-inflammatory effect
of QCT, RES, and QCT +
RES on DED experimental
model suggests that their

topical application could be
used for DED treatment

25mg/kg/day quercetin by
intraperitoneal injection

daily, 2 months

Ccl2/Cx3cr1 double knockout
(DKO) mice

Does not improve the retinal
AMD-like lesions in the

Ccl2 −/− /Cx3cr1 −/− (due to
its insufficient suppression of

the inflammatory and
apoptosispathways in theeye)

[113]
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Table 2: Continued.

Polyphenols Natural source/dose/period Cell type/animal model
Effects in chronic eye

diseases
Ref p

Quercetin 33.63mg/kg/day
and chlorogenic acid

Pigmented rabbits
AMD prevention

Its alleviating retinal
degeneration

[115] <0.05

Resveratrol

40mg/kg
3 groups: (1) normal

saline—% 5 ethanol injected
i.p. on postpartum day 10;
(2) Na selenite—30 nmol/g
body wt. injected s.c. on day
10; and (3) Na selenite—s.c.

on day 10 + resveratrol
(40mg/kg) i.p. on days 10-13

48 SD rat lens

Inhibits selenite-induced
cataractogenesis
It suppressed

selenite-induced oxidative
stress and cataract formation

in rats

[117]

25μM in DMSO, from
Sigma, Saint Louis, MO

Porcine TM cells
Preventing or delaying of the
abnormalities of the TM

[119]

4 months oral resveratrol
administration
(5mg/kg/day)

Streptozotocin-induced diabetic
Wistar rats

Therapeutic supplement to
prevent from diabetic

retinopathy
It improves diabetic
retinopathy possibly
through the oxidative

stress—nuclear factor kappa
B—apoptosis pathway

[120]

1 month after the 5th
injection of streptozotocin or
buffer—20mg/kg, daily, for
4 weeks, and all mice were
killed 2 months after the

injections

Streptozotocin-induced diabetic
C57BL/6 mice

Prevent diabetic retinopathy
It decreases vascular lesions
and VEGF induction in
mouse retinas of early

diabetes

[121]

10mg/kg 30 days
24 streptozotocin-induced

diabetic Wistar albino male rats

Prevent diabetic retinopathy
RSV suppressed the

expression of eNOS, which is
actively involved in the

inflammation and healing
process in chronic diabetes

[122]

5mg/kg per day for 4
months

Streptozotocin-induced diabetic
Wistar albino male rats

Prevent diabetic retinopathy
Long-term resveratrol

administration has beneficial
anti-inflammatory

properties in a rat model of
diabetes

[123]

5 and 10mg/kg/day, 1 to 7
months

Diabetic rat retina

Prevent diabetic retinopathy
Significantly alleviated

hyperglycemia and weight
loss in diabetic rats

Downregulated mRNA and
protein expression of

GLAST and GS in diabetic
rat retina was prevented

[124]
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of antioxidative enzyme activity (SOD, GST), associated with
suppression of ROS generation and with the protection of
neuronal cells (from glycation-induced neurotoxicity) [67].

Some plausible mechanisms of explication of
EGCG-induced Nrf2 activation are the oxidation or the
modification of cysteine thiols present in Keap1 by ROS
and/or via the active form of EGCG (during its redox
cycling). However, it may be plausible that EGCH is medi-
ated by ARE-mediated regulation of the antioxidant gene
(by activation of MAPK, which ultimately activates Nrf2).
However, there are numerous studies that have shownMAPK
inhibition by phytochemicals, which eventually caused Nrf2
activity [60, 61].

Green tea leaf extract has been associated with an antic-
ataract effect [91, 92], and short-term supplementation with
EGCG has shown beneficial effects on the treatment of glau-
coma through the protection of retinal neurons subjected to
injuries due to high IOP [93, 94]. Further, it has been shown
to suppress vascular endothelial growth factor (VEGF) and
extracellular signal-regulated kinase (ERK) 1/2 signaling
pathways [95, 96]. Supplements containing green tea,
administered to diabetic rats, increase GSH levels and cata-
lyze SOD activities, while reducing VEGF and TNF-α values
and protecting retinal vasculature and retinal endothelial
cells from/against apoptosis [97]. These data also describe
possible mechanisms of beneficial effects of green tea on
DR treatment [97]. Topical treatment with artificial tears
(containing epigallocatechin gallate (EGCG) and hyaluronic
acid (HA)) of DED rabbits had anti-inflammatory and
mucoadhesive properties [98].

3.1.3. Ginkgo biloba. Ginkgo biloba (GB) is a plant that pos-
sesses several biological actions that encouraged researchers
to investigate its benefits in the prevention or treatment of
ocular diseases, especially glaucoma [99]. The GB extract sig-
nificantly inhibited the steroid-induced increase of intraocu-
lar pressure in rabbits and prevented the adverse effects of
dexamethasone on the trabecular meshwork cells [100].
Moreover, the GB extract was associated with positive effects
on the improvement of deteriorated visual field in patients
with normotensive (open-angle) glaucoma [101–107]. Fur-
ther, its ability to prevent cell membrane damage by free
radicals that may aid stop the evolution of AMD was demon-
strated [108]. Through the ginkgolide B terpenoid contained
in the GB extract, it protects retinal ganglion cells and pro-
motes their growth in vitro by antiapoptosis [109].

3.1.4. Quercetin. Quercetin is a flavonoid present in many
fruits and vegetables. Studies have reported that quercetin
effectively protects against hydrogen peroxide-induced cat-
aracts and diabetes-induced retinal lesions [110, 111]. It is
well known that oxidative stress is the major cause of neu-
rodegenerative accountability, by its action in steering neu-
rotrophic factors and activating apoptosis (in retinal
diabetes). Some studies have shown that treatment with
quercetin in diabetic rats causes a substantial increase in
neurotrophic factor levels and an inhibition of cytochrome
activity and a caspase-3 activity in retinal diabetes. Further-
more, the level of an antiapoptotic Bcl-2 protein increases

in the diabetic retina treated with quercetin. It can be
argued that quercetin can protect neuronal damage in ret-
inal diabetes, ameliorates neurotrophic factor levels, and
inhibits neuronal apoptosis [112].

In in vitro RPE cells, quercetin inhibits oxidative stress
that causes apoptosis as highlighted in experimental studies
[113, 114]. Wang et al. demonstrated that quercetin protects
the retina subjected to oxidative stress and inflammation,
induced by light [115], which could provide new strategies
to impede AMD occurrence and progression. The use in arti-
ficial tears of quercetin in the experimental model, alone or in
combination with resveratrol, suggests that their topical
application could be used for DED treatment [116].

3.1.5. Resveratrol. Resveratrol (trans-3,40,5-trihydroxystil-
bene) is a polyphenolic phytoalexin that belongs to the stil-
bene family (a group of compounds that consist of 2
aromatic rings joined by a methylene bridge) that is mainly
found in grape seed and skin, as well as fruit berries [69]. In
a study by Doganay et al. in experimental rats, resveratrol
effectively suppressed cataract development after sodium sel-
enite exposure and increased the lenticular levels of reduced
glutathione [117]. Moreover, it ameliorated the damages
caused by hydrogen peroxide in the lens epithelial cell mor-
phology by inhibiting p53-dependent apoptosis (by activat-
ing sirtuin-1) [118].

In another study by Luna et al., resveratrol treatment was
associated with a significant downregulation of glaucoma
marker expression, caused by chronic oxidative stress in the
trabecular meshwork cells through its antiapoptotic effect
[69, 119]. Moreover, it suppressed the production of proin-
flammatory markers, comprising IL-8, IL-6, IL-1a, and endo-
thelial leucocyte adhesion molecule-1 (ELAM-1) [119].

At the retinal level, diabetes-induced oxidative stress,
apoptosis, proinflammatory cytokine production, and NF-κB
activation have been shown to be inhibited by resveratrol.
Destruction of diabetic-induced neuronal cell and vascular
hyper permeability were stopped by resveratrol treatment
[120–124]. The ocular structure and activity in three
patients with AMD were enhanced over a two- to
three-year survey, implying the efficiency of resveratrol in
AMD treatment [125].

3.2. Role of Carotenoids in the Prevention and Treatment of
Age-Related Ophthalmic Diseases. Carotenoids are a group
of lipo-soluble pigments comprising over 600 natural com-
pounds, divided into three classes of xanthophylls, carotenes,
and lycopene [126, 127]. Although they are widespread in
nature (plants, fruits, vegetables, fungi, bacteria, algae, and
fish) [128, 129], only about 40 carotenoids are present in
the human diet, of which 20 were found in tissues and biolog-
ical fluids [126]. At the level of the human macula, lutein,
zeaxanthin, mezoxanthin, and xanthophyll carotenoids are
responsible for the yellow pigmentation of the fovea and have
been chemically identified [130] A diet high in these caroten-
oids is associated with a low incidence of age-related eye dis-
eases, such as AMD and cataracts [131, 132].

Lutein and zeaxanthin are obtained exclusively from food
and are found especially in vegetables with green leaves and in
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yellow and orange fruits and vegetables. Meso-zeaxanthin is
rarely found in diet and is therefore considered a metabolite
of the other ingested carotenoids [133–135]. Due to the con-
formational similarity between lutein and meso-zeaxanthin
[136], it was considered that lutein is the direct precursor of
meso-zeaxanthin; a hypothesis which was confirmed by
some experimental studies [137, 138]. The presence of
meso-zeaxanthin in ocular tissues only (macula, retina, and
RPE/choroid) [139] indicates that lutein conversion in
meso-zeaxanthin is produced at the eye level.

Carotenoids are very powerful antioxidants that can
scavenge and neutralize free radicals, such as hydroxyl radi-
cal and superoxide anion [140]. The association of caroten-
oid supplementation with a lower incidence of ocular
diseases is primarily due to the ability of macular carotenoids
like zeaxanthin and lutein to neutralize the oxidation reac-
tions in photoreceptor cells [136, 141, 142]. All these
eye-protective nutrients undergo the oxidation process and
a series of transformations which protect the macula.
3-Hydroxy-β,ε-caroten-3′-one is a substance that was identi-
fied as the direct oxidation product of lutein present in the
human eye and in monkey retinas [136].

Another protective function that was reported for carot-
enoids is reducing lipofuscin formation. With age, the RPE
cumulates lipofuscin, which is a fluorescent protein-lipid
mixture containing by-products of vitamin A metabolism,
along with lipid peroxidation products [143, 144]. This com-
pound isnoxious to themitochondria andwas found to induce
apoptosis in cultured RPE cells upon exposure to blue light
[145–147]. Interestingly, the amount of lipofuscin formed
in vivo and in cultured RPE cells was found to be diminished
in the presence of lutein and zeaxanthin [143, 148]. The
effects of macular carotenoids on age-related eye diseases
are presented in Table 3.

3.2.1. Lutein, Zeaxanthin, and Meso-zeaxanthin. Through
their antioxidant and anti-inflammatory properties and abil-
ity to filter blue light, macular pigments (MP) play a major
role in reducing the incidence of eye disorders, especially
AMD [149, 150]. Several studies have examined the role of
MP on visual function, and most have reported a positive
influence [151]. It has also been found that the supplementa-
tion with all three MP is superior to formulations containing
only two nutrients [151].

Epidemiological research and a number of large-scale
clinical trials (such as Age-Related Eye Disease Study 2
(AREDS2)) have directed the researchers’ attention to the
functional benefits and potential ocular health of these three
xanthophyll carotenoids, which are consumed through the
diet or using supplements [136]. AREDS2 is a randomized,
placebo-controlled study designed to demonstrate whether
supplementation with lutein (10mg/day) and zeaxanthin
(2mg/day) can slow the rate of progression of AMD. Addi-
tion in primary analyses of lutein + zeaxanthin to the AREDS
formulation did not further reduce risk of progression to
advanced AMD [152]. A five USA ophthalmology center
eye disease case control study demonstrated that a higher
dietary intake of some carotenoids (lutein and zeaxanthin)
is associated with reduced AMD risk [153].

At the lens level, there are only lutein and zeaxanthin,
which protect the eye against photooxidative damage and fil-
ter the blue light (which by generating ROS can produce
photodamage) [154]. Data on their role in cataract is not uni-
tary; some epidemiological studies have reported an inverse
association between cataract risk and macular pigment den-
sity [155–158], while others reported no association [159]
or positive association [160]. These differences can be
explained by the fact that the etiology and evolution of the
disease can be dependent on the type of cataract (nuclear
sclerotic, cortical, and posterior subcapsular) [161].

Several observational and interventional studies implied
that subjects with increased dietary ingestion and/or high
plasma concentrations of lutein and zeaxanthin have a lower
risk of AMD [162–167]. Moreover, MP supplementation has
been shown to enhance macular pigment optic consistency in
the reticular pseudodrusen [168, 169], which correlates with
a low risk for AMD.

However, other studies failed to record such association
[170, 171]. Moreover, various studies [172, 173] showed the
function of carotenoids in DR improvement. Zeaxanthin
has been demonstrated to suppress diabetes-induced retinal
oxidative lesions and increased retinal levels of VEGF and
ICAM-1 [173]. Similarly, lutein could diminish oxidative
stress and lipid peroxidation in diabetic retinal tissues [174,
175]. Other carotenoids (e.g., lycopene and astaxanthin) have
been shown to diminish oxidative stress and apoptosis, trig-
gered by hyperglycemia in retinal tissues [176]. Future stud-
ies should determine the optimal dosage and routes of
administration for these phytochemicals in the prevention
or treatment of age-related eye diseases.

4. Conclusions and Implications for
Future Research

In recent years, more attention has been paid to plant extracts
used in the treatment of age-related eye diseases. Several
polyphenols (such as anthocyanins, Ginkgo biloba, quercetin,
and resveratrol) and carotenoids (such as lutein, zeaxanthin,
and mezoxanthin) have shown significant preventive and
therapeutic benefits against the aforementioned conditions.
The involved mechanisms in these findings include mitigat-
ing the production of reactive oxygen species, inhibiting the
tumor necrosis factor-α and vascular endothelial growth fac-
tor pathways, suppressing p53-dependent apoptosis, and
suppressing the production of inflammatory markers, such
as interleukin- (IL-) 8, IL-6, IL-1a, and endothelial leucocyte
adhesion molecule-1.

Moreover, research into the mechanisms by which these
compounds act and their role on molecular signaling indi-
cates possible synergic interactions between compounds with
complementary antioxidant and anti-inflammatory mecha-
nisms of the two classes. The combination of bacterial carot-
enoids and some phenolic compounds has led to an increase
in antioxidant activity of carotenoids [177]. On the other
hand, the combination of lutein with certain polyphenols
led to a decrease in absorption of lutein [178]. The combina-
tion of antioxidant compounds with complementary action
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Table 3: Effects of some carotenoids on age-related eye diseases.

Carotenoid Characteristics of the study Cell type/animal model Effects in chronic eye diseases Ref.

Lutein and
zeaxanthin

Multicenter, randomized,
double-masked, placebo-controlled
phase 3 study with a 2 × 2 factorial

design (2006–2012)
Participants were randomized to
receive lutein 10mg + zeaxanthin
2mg, DHA 350mg + EPA 650mg,
lutein + zeaxanthin and DHA +

EPA, or placebo
All participants were also asked to

take the original AREDS
formulation or accept a secondary
randomization to 4 variations of the

AREDS formulation, including
elimination of beta-carotene,
lowering of zinc dose, or both

4203 human patients,
age 50-85 years

Median follow-up: 5 years, with
1940 study eyes, 1608 participants,
progressing to advanced AMD
Kaplan-Meier probabilities of

progression to advanced AMD by 5
years were 31% (493 eyes, 406
participants), for placebo, 29%
(468 eyes, 399 participants), for

lutein + zeaxanthin, 31% (507 eyes,
416 participants), for DHA + EPA,
and for lutein + zeaxanthin and
DHA + EPA, 30% (472 eyes, 387

participants)
Comparison with placebo

demonstrated no statistically
significant reduction in progression
to advanced AMD (hazard ratio 0.90
(98.7% CI, 0.76-1.07); p = 0 12 for
lutein + zeaxanthin; 0.97 (98.7% CI,
0.82-1.16); p = 0 70 for DHA + EPA;
0.89 (98.7% CI, 0.75-1.06); p = 0 10

for lutein + zeaxanthin and
DHA + EPA)

No apparent effect of beta-carotene
elimination or lower-dose zinc on
progression to advanced AMD

More lung cancers were noted in the
beta-carotene vs no beta-carotene
groups (23 (2.0%) vs 11 (0.9%),

nominal p = 0 04), mostly in former
smokers

Addition of lutein + zeaxanthin,
DHA + EPA, or both to the AREDS
formulation did not further reduce
risk of progression to advanced

AMD
Because of potential increased

incidence of lung cancer in former
smokers, lutein + zeaxanthin could

be an appropriate carotenoid
substitute in the AREDS

formulation

[152]

Prospective study, in 1980
Repeated administration of a food
frequency questionnaire during 12

years of follow-up

Human patients (female),
age 45-71 years

Decrease the risk of cataracts,
p = 0 04, foods rich in these

carotenoids may decrease the risk of
cataracts severe enough to require

extraction

[155]

Prospective study, in 1986
Repeated administration of

carotenoids and other
nutrients—frequency questionnaire

during 8 years of follow-up

36644 human patients (male),
age 45-75 years

May decrease the risk of cataracts
severe enough to require extraction;
this relation appears modest in

magnitude
As recommendations—to consume
vegetables/fruit high in carotenoids

daily; p = 0 03

[156]

1354 people eligible, 246 developed a
nuclear cataract (level 4 or 5 opacity)
Nuclear opacity was assessed on a
5-point ordinal scale using lens
photographs taken at baseline

Human patients, adults aged
43-84 years

Decrease the risk of nuclear
cataracts

Possible protective influence of
lutein and vitamins E and C on the
development of nuclear cataracts;

[157]

13Oxidative Medicine and Cellular Longevity



Table 3: Continued.

Carotenoid Characteristics of the study Cell type/animal model Effects in chronic eye diseases Ref.

(1988-1990) and at follow-up
(1993-1995)

Food frequency questionnaire

the evidence provides weak support
for these associations

Usual nutrient intake = average
intake from 5 food frequency
questionnaires (were collected

during a 13- to 15-year period before
the evaluation of lens opacities). The
duration of vitamin supplement use

was determined from 7
questionnaires collected during this

same period

478 human patients (nondiabetic
female), aged 53-73 years

Prevention of age-related cataract
The prevalence of nuclear opacities
was significantly lower (p = 0 04) for

women who used a vitamin C
supplement for ≥10 years relative to
women who never used vitamin C
supplements (odds ratio, 0.36; 95%
confidence interval, 0.18-0.72)

Plasma measures of vitamins C and
E taken at the eye examination were

inversely associated with the
prevalence of nuclear opacities

[158]

Study for individual carotenoids and
tocopherols in serum,

quality-controlled HPLC method
One-way ANOVA analysis and
logistic regression analysis were

applied

138 human patients with senile
cataracts

No association
The relation carotenoids-cataracts is

biologically plausible; serum
carotenoid levels are highly

dependent on dietary intake and
may not be clinically relevant
biomarkers for cataract risk

[160]

Macular
pigments

The optical density of MP was
measured psychophysically

46 subjects, age 21-81 years with
healthy maculae and in 9 healthy
eyes known to be at high risk of

AMD

Decrease the risk of AMD
age-related decline (optical density
of MP) at volunteers with no ocular

disease (right eye: r 2 = 0 29,
p = 0 0006; left eye: r(2) = 0.29,

p < 0 0001)
Healthy eyes (predisposed to AMD)

had significantly less MP than
healthy eyes at no such risk
(Wilcoxon’s signed rank test:

p = 0 015)
Supplemental lutein and zeaxanthin
may delay, avert, or modify the

course of this disease

[162]

Lutein (L) and zeaxanthin (Z)
extracted from each tissue sample

were determined by HPLC

56 donors with AMD and 56
controls were cut into 3 concentric

regions centered on the fovea

The results are inconsistent with a
model that attributes a loss of L and
Z in the retina to the destructive

effects of AMD

[163]

The relative risk for
AMD—estimated according to
dietary indicators of antioxidant
status, controlling risk factors

(smoking), by using multiple logistic
regression analyses

356 case subjects, diagnosed with the
advanced stage of AMD within 1
year prior to their enrollment, aged

55-80 years
520 control subjects

Increasing the consumption of foods
rich in certain carotenoids

(dark-green, leafy vegetables) may
decrease the risk of developing
advanced or exudative AMD

[165]

Lutein

Measuring macular pigment optical
density (MPOD) and retinal

sensitivity
Vitamin supplementation (lutein

10mg/day, zeaxanthin 2mg/day), 3
months later—repeated

ophthalmological examination

20 patients with medium/large
drusen, 19 with RPD, and 15 control

subjects

The mean MPOD significantly
increased in RPD (p = 0 002),
showing no more difference

compared with controls (p = 0 3); no
significant changes were found in
mean retinal sensitivity and BCVA

(p = 0 3 and p = 0 7)
Medium/large drusen did not show
significant changes on MPOD,
retinal sensitivity, and BCVA
(p = 0 5, p = 0 7, and p = 0 7,

respectively)

[168]
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Table 3: Continued.

Carotenoid Characteristics of the study Cell type/animal model Effects in chronic eye diseases Ref.

Different pathophysiology for RPD
as compared with medium/large

drusen

Lutein and
zeaxanthin

Dietary intake People over age 40 years (n = 8222)

No association with AMD
Higher levels of lutein and

zeaxanthin in the diet were related
to lower odds for pigmentary
abnormalities, one sign of early

ARM (odds ratio among persons in
high vs low quintiles = 0 1, 95%

confidence interval: 0.1, 0.3) and of
late ARM (odds ratio = 0 1, 95%
confidence interval: 0.0, 0.9)

[170]

Dietary intake + supplement intake
of antioxidant vitamins and zinc at
baseline and the 5-year incidence of

early age-related maculopathy
A 145-item food frequency

questionnaire (FFQ) was used to
assess nutrient intakes

During 1992-1994, 3654 people,
aged > 49 years (82% of those are

eligible) were examined for the Blue
Mountains Eye Study baseline

5 years later, 2335 persons (75% of
known survivors) were reexamined

No evidence of protection associated
with dietary antioxidant or zinc

intakes
[171]

Lutein + lycopene

Dietary intake
Cross-sectional study

Photodocumented retinal status and
HPLC to measure plasma
carotenoid concentrations

111 individuals with type 2 diabetes
in a community-based study

Modulation of retinopathy risk
A higher concentration of PVA
carotenoids was associated with

greater odds of diabetic retinopathy,
after adjustment for risk factors

(p = 0 049)

[172]

Zeaxanthin
Diet supplemented with 0.02% or

0.1% Zx
Age-matched normal rats

Inhibits diabetic retinopathy
Zx supplementation has the

potential to inhibit the development
of retinopathy in diabetic patients

[173]

Lutein Lutein, lutein + insulin 12 weeks Streptozotocin-induced diabetic rats

Preventing the development of
cataracts

Treatment is useful in preventing
the development of cataracts in

streptozotocin-induced diabetic rats

[174]

Carotenoids and
vitamins A, C,
and E

Multicenter (5 ophthalmology
centers in the USA) eye disease case

control study

356 case subjects, diagnosed with an
advanced stage of AMD within 1
year prior to their enrollment, aged
55 to 80 years, and residing near a

participating clinical center
The 520 control subjects were from
the same geographic areas as case
subjects, had other ocular diseases,
and were frequency matched to
cases according to age and sex

Dietary intake of carotenoids
associated with a lower risk for

AMD
Adjusting for other risk factors for
AMD—those in the highest quintile
of carotenoid intake had a 43%

lower risk for AMD compared with
those in the lowest quintile (odds
ratio, 0.57; 95% confidence interval,
0.35 to 0.92; p for trend = 0 02)
Among the specific carotenoids,
lutein and zeaxanthin, which are

primarily obtained from dark-green,
leafy vegetables, were most strongly
associated with a reduced risk for

AMD (p for trend = 0 001)
Several food items rich in
carotenoids were inversely
associated with AMD

A higher frequency of intake of
spinach or collard greens was

associated with a substantially lower
risk for AMD (p for trend < 0 001)

[153]
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mechanisms could be the key to optimizing the action of
phytochemicals with antioxidant effect.

Research on synergistic combinations of carotenoids and
polyphenols has shown that in certain combinations, poly-
phenols and carotenoids can interact synergically in the inhi-
bition of several proinflammatory pathways. It has recently
been discovered that these polyphenols of curcumin and car-
nosic acid produce (synergistically) the inhibitory effect of
some carotenoids (lycopene, lutein, and beta-carotene) on
the secretion of inflammatory mediators such as NO,
TNF-alpha, and PGE2. In addition, synergism is significantly
increased when polyphenol (curcumin or carnosic acid)
combines with two of the aforementioned carotenoids; this
synergistic effect occurs on the binary combinations of car-
nosic acid or curcumin and lycopene, beta-carotene, or
lutein. At the same time, the synergistic anti-inflammatory
effect that we are talking about is noticeable when caroten-
oids are present in combination with other polyphenols
(quercetin, resveratrol, and gallic acid) [179, 180].

Consequently, future research should further establish
and clarify the precise mechanism of action by which these
compounds include extra and intracellular sites under healthy
and pathological conditions. Knowing the mechanisms of
action would enhance the acceptance and implementation of
these compounds for use in clinical practice. Although bene-
ficial effects of plant-based diets or phytochemicals on reduc-
ing the risk of chronic diseases have been shown through
various epidemiological and in vitro/in vivo studies, much
more mechanistic and clinical evidence is required to define
a particular phytochemical as an inhibitor of specific cellu-
lar pathways or identify the plant-derived active compound
with specific therapeutic properties. Moreover, researchers
should further investigate the toxicological aspects of these
phytochemicals and determine the optimal doses, routes of
administration, and exact mechanism of action.
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Malaria is a dangerous disease spread across several countries. Recent studies have focused on medicinal plants to discover
alternative agents to the currently used drugs for malaria treatment. Here, we investigated the potential role of Indigofera
oblongifolia leaf extract (IE) on hepatic inflammation in mice with Plasmodium chabaudi-infected erythrocytes. Female C57BL/6
mice were divided into three groups. The first group served as a control noninfected group, while the second and third groups
were intraperitoneally injected with 106 erythrocytes parasitized by P. chabaudi. Mice from the third group were treated daily
with a dose of 100mg/kg of IE for 7 days. IE significantly reduced the number of leukocytes and apoptotic cells. The numbers of
CD68-positive cells decreased in the livers of mice from the treatment group. Moreover, IE raised the hepatic antioxidant levels
(glutathione and catalase) and reduced the levels of hepatic oxidative stress markers (malondialdehyde, nitric oxide, and reactive
oxygen species). IE regulated some functions of the genes related to immune responses, including apoptotic genes (B-cell
lymphoma-2, Bax, and caspase-3) and cytokine genes (interleukin-1β (IL-1β), IL-6, interferon-γ, and tumor necrosis factor-α).
Therefore, IE exerts significant effects against malaria and protects the liver from injury caused by P. chabaudi via antioxidant
and anti-inflammatory ways.

1. Introduction

Malaria is a dangerous disease spread across the world, espe-
cially in the developing and underdeveloped countries.
Although major progress has been reported in the fight
against malaria, about 3.2 billion people are at the risk of
malaria infection worldwide [1]. According to the World
Health Organization, more efforts have been directed to
reduce malaria-induced death by 60% as well as to eliminate
malaria from many countries since 2000 [1].

The liver is the first site of sporozoite development before
infection of erythrocytes [2]. The sporozoites pass from the
salivary glands of the mosquitoes to the host and are trans-
mitted to the blood stream from the liver sinusoid. In the
sinusoid, sporozoites cross the sinusoidal cell layer to infect
hepatocytes and grow and develop into erythrocyte-invasive

forms [3]. Several studies have investigated the effector role
of the liver during blood-stage malaria [4–6]. Malaria infec-
tion is associated with both acquired immune [7, 8] and
innate immune [9] responses, characterized with early and
intense proinflammatory cytokine-mediated effector mecha-
nisms that kill or remove parasite-infected cells [10].

Malaria induced by Plasmodium exhibits resistance to
drugs [11]. The increase in the prevention and control mea-
sures adopted since 2010 has reduced the mortality rates
associated with malaria by 29% [12]. In malaria-endemic
areas, medicinal plants have been used for treatment [13].
Plant extracts have been shown to play an important role
in the treatment of malaria, owing to the presence of active
components against the malarial parasite [14].

Indigofera oblongifolia, a traditional plant used for
medicinal purposes, is known for its analgesic and

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2019, Article ID 8264861, 7 pages
https://doi.org/10.1155/2019/8264861

http://orcid.org/0000-0003-1869-5800
http://orcid.org/0000-0003-4204-3124
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/8264861


anti-inflammatory effects [15]. I. oblongifolia, called as
hasr in Arabic, belongs to the family Fabaceae and is
prominent in Asia and Africa [15]. I. oblongifolia leaf
extract (IE) contains polyphenols, flavonoids, and organic
acids [16]. IE showed antimalarial and antioxidant activi-
ties and provides protection to the spleen from the para-
site P. chabaudi in mice [4–6]. In the present study, we
demonstrate the role of IE in the modulation of cytokine
expression and apoptosis in mouse liver infected with
blood-stage malaria.

2. Materials and Methods

2.1. Preparation of the Extract.We collected fresh leaves of I.
oblongifolia from Jazan, Saudi Arabia, in March 2018. The
identity of this species was confirmed at the herbarium of
King Saud University (code: 9028). Leaves were air dried at
40°C for 3 hours and ground into powder. The powder was
incubated in 70% methanol at 4°C for 24 h. The extract
was filtered and evaporated using an evaporator machine
(Heidolph, Germany). In this experiment, distilled water
was used to dissolve the powder [17].

2.2. Determination of Phenolics and Flavonoids in the Extract.
Total phenolics and flavonoids were determined according
to the method described by Kim et al. [18] and Dewanto
et al. [19], respectively. Gallic acid was used as the standard
for total phenolics, while quercetin was used as the standard
for total flavonoids.

2.3. Experimental Animals. Adult 10- to 12-week-old female
C57BL/6 mice were used as experimental animals. Mice
were fed with a standard diet and water ad libitum. All
experiments were approved by the state authorities and
followed Saudi Arabian rules on animal protection.

2.4. Infection. Animals from the noninfected control group
(8 mice) were orally inoculated with distilled water. The sec-
ond and third groups of mice were intraperitoneally infected
with 106 erythrocyte parasitized by Plasmodium chabaudi.
The third group of mice was orally administered with
100mg/kg of IE once daily for 7 days [4]. We chose this dose
(100mg/kg) based on our previous studies [4].

The percentage of parasitemia was determined in mice
from groups 2 and 3 by Giemsa-stained blood smears
collected from the tail vein [20].

2.5. Blood Collection. Blood was collected into heparinized
tubes. Total leucocytes were counted using an automatic
hematology analyzer HM5 (VetScan, USA).
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Figure 1: IE-induced changes in mouse leucocytes infected with
P. chabaudi. Data are expressed as means ± SD; a: significant
change at p ≤ 0 05 with respect to the control group; b: significant
change at p ≤ 0 05 with respect to the infected (−IE) group.
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Figure 2: Apoptotic changes in mouse livers infected with P.
chabaudi and treated with IE. (a, b) Control liver. (c, d) Infected
liver with TUNEL apoptotic cells (white arrow) and hemozoin.
(e, f) Liver from the treatment group with a few TUNEL-positive
apoptotic cells. Scale bar = 25μm.
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Figure 3: IE-induced changes in the number of apoptotic cells in
the liver of mice infected with P. chabaudi on day 7. Data are
expressed as means ± SD; a: significant change at p ≤ 0 05 with
respect to the control group; b: significant change at p ≤ 0 05 with
respect to the infected (−IE) group.
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2.6. Liver Samples. Seven days post infection, all the experi-
mental mice were sacrificed. Liver tissues were excised and
cut into small pieces.

For histological and immunohistochemical studies, liver
tissues were fixed in 10% buffered formalin. For studying the
antioxidant activity of IE, tissues were stored at −80°C. For
gene expression experiment, liver tissues were stored in
RNAlater (QIAGEN, Hilden, Germany).

2.7. Apoptosis Detection. The paraffin-embedded liver sec-
tions were assayed using the terminal deoxynucleotidyl

transferase dUTP nick end labeling (TUNEL) Apoptosis
Kit (GenScript, Piscataway, NJ, USA) according to the man-
ufacturer’s protocol [21].

2.8. Immunohistochemical Detection of CD68 Expression.
Immunohistochemical detection of CD68-positive cells in
liver sections was carried out. In brief, the deparaffinized sec-
tions were incubated in 10mM citrate buffer solution for
antigen retrieval, followed by the treatment of sections with
3% hydrogen peroxide (H2O2) in phosphate buffer solution
for 5min. Liver sections were blocked with 10% normal goat
serum for 10min at 37°C and overnight incubated at 4°Cwith
equal amounts of normal goat IgG as a negative control. The
avidin biotin affinity system was used to treat the liver sec-
tions, followed by washing and staining of the sections with
the 3,3′-diaminobenzidine substrate.

2.9. Phagocytic Activity. Five mice from each group were
intravenously injected with phosphate buffer containing
2 9 × 108 of green fluorescent beads (Duke Scientific,
Palo Alto, CA, USA). Seven minutes later, all mice were
sacrificed. Liver cryosections were prepared, and fluores-
cence intensity was determined using ImageJ software
[22] after examination under an Olympus fluorescent
microscope [23].

2.10. Antioxidant Activity in the Liver. Mouse liver tissues
were homogenized in an ice-cold medium containing
300mM sucrose and 50mM Tris-HCl [24]. Centrifugation
was carried out at 500 × g for 10min at 4°C. The supernatant
(10%) was used for different biochemical estimations.
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Figure 4: Liver section labeled with the macrophage detection anti-CD68 antibody from mouse infected with Plasmodium chabaudi. (a)
Control mouse, (b) mouse infected with P. chabaudi, and (c) mouse infected with P. chabaudi and treated with IE. CD68-positive cells
appeared brown. Scale bar = 25 μm.
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Figure 5: Phagocytic activity in the mouse liver. (a) Control liver with more fluorescent particles. (b) P. chabaudi-infected liver with reduced
number of fluorescent particles. (c) IE-treated liver with a strong fluorescence signal. Bar = 25μm.
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Figure 6: Semiquantitative evaluation of the fluorescence
intensity of five cryosections per mouse. Data are expressed as
means ± SD; a: significant change at p ≤ 0 05 with respect to the
control group; b: significant change at p ≤ 0 05 with respect to
the infected (−IE) group.
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Glutathione (GSH) level in the liver homogenate was
determined according to the method described by Ellman
[25]. The concentration of nitrite oxide (NO) in the liver
homogenate was assayed according to the method described
by Berkels et al. [26]. For evaluation of the lipid peroxidation
level, the method described by Ohkawa et al. [27] was used.
Catalase activity was determined according to the method
described by Aebi [28].

2.11. Gene Expression. Total RNA from mouse liver was iso-
lated using TRIzol (QIAGEN, Hilden, Germany). RNA was
quantified using the ND-1000 spectrophotometer (Nano-
Drop Technologies, Wilmington, DE, USA) [22]. To process
RNA for real-time quantitative polymerase chain reaction
(RT-qPCR), we treated samples with DNase (Applied Biosys-
tems, Darmstadt, Germany). Samples were then converted
into cDNA using the reverse transcription kit (QIAGEN,
Hilden, Germany). To carry out PCR, the ABI Prism
7500HT sequence detection system (Applied Biosystems,
Darmstadt, Germany) with SYBR green PCR master mix
from QIAGEN (Hilden, Germany) was used. The following
genes were investigated: interleukin-1β (IL-1β) (Mm_Il1b_
2_SG, cat. no. QT01048355), interleukin-6 (IL-6) (Mm_Il6_
1_SG, cat. no. QT00138663), interferon gamma (INF-γ)
(Mm_Ifng_1_SG, cat. no. QT01038821), tumor necrosis
factor-alpha (TNF-α) (Mm_Tnf_1_SG, cat. no. QT00104006),
Bcl2-associated X protein (Bax) (Mm_Bax_1_SG, cat. no.
QT00102536), B-cell lymphoma 2 (Bcl2) (Mm_Bcl2_3_
SG, cat. no. QT00156282), and caspase-3 (Casp3) (Mm_
Casp3_1_SG, cat. no. QT00260169). The used primers
were purchased from QIAGEN. PCR reaction was per-
formed as described by Dkhil et al. [4]. The 2−ΔΔCT
method was used to determine the fold change in mRNA
expression [29].

2.12. Statistical Analysis. Statistical comparison among the
studied groups was carried out using one-way analysis of var-
iance (ANOVA). Duncan’s t-test and a statistical package
program (SPSS version 17.0) were used. The statistical signif-
icance for all data was set at p ≤ 0 01.

3. Results

The concentration of phenolic compounds present in IE
(gallic acid equivalent) was 77 ± 4 μg/mg, while the flavo-
noid content (quercetin equivalent) was 25 ± 3 μg/mg.

The infection induced by P. chabaudi in female C57L/B6
mice causes an increase in leucocyte count; however,

Table 1: Effect of IE on the level of hepatic glutathione (GSH), catalase (CAT), malondialdehyde (MDA), and nitric oxide (NO) in mice
infected with P. chabaudi.

Groups GSH (mg/kg) CAT (U/g) MDA (nmol/g) NO (μmol/g)

Noninfected 11 8 ± 3 2 8 3 ± 0 9 4 1 ± 0 4 165 3 ± 17
Infected (−IE) 4 9 ± 0 1a 5 4 ± 0 2a 6 2 ± 0 2a 313 9 ± 13 8a

Infected (+IE) 11 6 ± 1 1ab 18 1 ± 2 3ab 3 9 ± 0 6b 168 8 ± 1 1b

Values are means ± SD. aSignificant against the noninfected group at p ≤ 0 05; bSignificant against the infected (−IE) group at p ≤ 0 05, (n = 8).
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Figure 7: IE-induced changes in the expression level of apoptotic
genes (Bcl2, Bax, and caspase-3) in the liver of mice infected with
P. chabaudi. Data are expressed as means ± SD; a: significant
change at p ≤ 0 05 with respect to the control group; b: significant
change at p ≤ 0 05 with respect to the infected (−IE) group.
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treatment with IE resulted in a significant difference in the
leucocyte count (p < 0 05) (Figure 1).

Microscopic examination of liver sections following
TUNEL staining (Figure 2) revealed the increase in the num-
ber of apoptotic cells in the samples from the infected group.
On the contrary, the number of TUNEL-positive cells
decreased by about 50% in the samples from the treatment
group (Figure 3).

To evaluate the phagocytic activity during infection and
after treatment of the infected mice with IE, we examined
the number of CD68-positive cells in liver sections
(Figure 4). IE treatment significantly decreased the number
of CD68-positive cells in P. chabaudi-infected liver samples
(Figure 4). The intensity of fluorescent particles as an indi-
cator of phagocytic activity reduced in the liver sections
from the infected group (Figure 5) but significantly
increased in the liver sections from the IE-treated group
(Figures 5 and 6).

Biochemical analysis of mouse liver samples revealed a
marked increase in the expression level of NO and MDA
by approximately 89.91% and 53.33%, respectively, and a
significant decrease (p ≤ 0 05) in the level of GSH and cata-
lase activity (Table 1). IE treatment significantly reduced
the infection-induced increase in NO and MDA levels and

increased the level of GSH as well as the activity of catalase
(Table 1).

P. chabaudi-infected mice showed a significant upregu-
lation in the mRNA expression of Bax, Bcl2, and Casp3 in
liver tissues as compared to the noninfected mice
(Figure 7). In contrast, a significant decrease in the mRNA
levels of Bax, Bcl2, and Casp3 was observed in the mice fol-
lowing IE treatment (Figure 7).

We observed that the infection induced upregulation in
the mRNA expression of liver IL-1β, IL-6, IFN-γ, and
TNF-α, while treatment of P. chabaudi-infected mice with
IE resulted in a significant downregulation in the expression
levels of these cytokines (Figure 8).

4. Discussion

Malaria remains as one of the dangerous diseases affecting
people in several countries. IE reduces the induced
parasitemia following P. chabaudi infection [4, 5, 30],
owing mainly to the presence of an active antimalarial
component, quinine [31].

Frevert and Nardin [2] reported that the liver is the
first site of preerythrocytic development of Plasmodium.
These authors documented that the liver serves as an
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effector against blood-stage malaria [2], wherein the liver
endothelial system eliminates the parasitized erythrocytes
possibly by phagocytosis [32]. Savil and Fadok [33]
reported membrane changes in response to apoptosis that
resulted in the formation of apoptotic bodies, which could
be easily phagocytosed by macrophages. In the hepatic tis-
sue, Kupffer cells comprise about 70-80% of the liver mac-
rophages and may phagocytize the parasitized erythrocytes
as well as hemozoin granules [34]. IE treatment increased
the number of phagocytic cells and reduced P. chabau-
di-induced parasitemia via phagocytosis.

Oxidative stress due to infection led to the activation
of molecular pathways that drive inflammation and could
directly induce tissue injury. In our previous work, we
reported only that IE may effectively improve the liver his-
topathological changes associated with P. chabaudi infec-
tion [30]. Here, we reported for the first time that the
induced pathological changes in the liver are due to
parasite-induced oxidative stress that may cause cell dam-
age and subsequently lead to cell death. In addition, IE
ameliorated the apoptotic changes induced in response to
the parasite infection.

In this study, we observed an increase in lipid peroxi-
dation and depletion in the GSH level accompanied with
the inhibition of antioxidant enzyme activities following
malarial infection. Lipid oxidation results in cell mem-
brane damage and loss of plasma membrane integrity,
thereby causing cell death. Superoxide dismutase has a
major role in scavenging O2 and may react with NO as
an antioxidant. In addition, catalase degrades hydrogen
peroxide (H2O2) into H2O and O2 and causes reduction
in the level of ROS. Several studies have highlighted the
antioxidant role of IE especially in the spleen and kidney
[5, 6, 17]. In this study, the hepatic GSH level and catalase
activity were significantly reduced upon infection, while
treatment with IE resulted in the restoration of the GSH
level and catalase activity. However, NO and MDA levels
decreased after treatment with IE.

The liver is responsible for the systemic response to
blood-stage malaria and produces cytokines, which are
important in local immune response [35]. The number of
leucocytes increased (Figure 1) in response to injuries caused
by P. chabaudi [33]. IE is a natural product with anti-inflam-
matory, antioxidant, antimalarial, and hepatoprotective
effects [5, 30]. Previous studies have documented that Indigo-
fera oblongifolia contains active compounds such as flavo-
noids and alkaloids as well as the antimalarial compound,
quinine [16]. The antioxidant and anti-inflammatory
effects of IE were reported in rat liver with severe lead
acetate-induced inflammation [16].

5. Conclusions

The present study highlights the antioxidant, anti-inflamma-
tory, and antiapoptotic effects of IE in P. chabaudi-induced
hepatic injury, as evident from the effects of IE on hepatic
oxidative damage, regulation of inflammatory cytokines,
and apoptotic gene expression.
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Human skeletal muscle is a vital organ involved in movement and force generation. It suffers from deterioration in mass, strength,
and regenerative capacity in sarcopenia. Skeletal muscle satellite cells are involved in the regeneration process in response to muscle
loss. Tocotrienol, an isomer of vitamin E, was reported to have a protective effect on cellular aging. This research is aimed at
determining the modulation of tocotrienol-rich fraction (TRF) on the gene expressions of stress-induced premature senescence
(SIPS) human skeletal muscle myoblasts (CHQ5B). CHQ5B cells were divided into three groups, i.e., untreated young control,
SIPS control (treated with 1mM hydrogen peroxide), and TRF-posttreated groups (24 hours of 50 μg/mL TRF treatment after
SIPS induction). The differential gene expressions were assessed using microarray, GSEA, and KEGG pathway analysis. Results
showed that TRF treatment significantly regulated the gene expressions, i.e., p53 (RRM2B, SESN1), ErbB (EREG, SHC1, and
SHC3), and FoxO (MSTN, SMAD3) signalling pathways in the SIPS myoblasts compared to the SIPS control group (p < 0 05).
TRF treatment modulated the proliferation capacity of SIPS myoblasts through regulation of ErbB (upregulation of expression
of EREG, SHC1, and SHC3) and FoxO (downregulation of expression of MSTN and SMAD3) and maintaining the renewal of
satellite cells through p53 signalling (upregulation of RRM2B and SESN1), MRF, cell cycle, and Wnt signalling pathways.

1. Introduction

Skeletal muscle is one of the largest organs in the body and
contributed to 45-55% of the total body weight [1]. However,
skeletal muscle cells are not able to self-replenish as it is a
terminally differentiated cells. Thus, skeletal muscle cells
require a population of resident adult stem cells, satellite cells
for maintenance and repair [2]. Satellite cells are typically
mitotically quiescent in resting muscle and will be activated
to prepare for cell cycle entry upon stimulation and during
muscle injury. A subset of satellite cells will be self-renewed

to maintain the satellite cell pool and regenerate a rapidly
proliferating transit-amplifying myoblast population.

Regeneration of skeletal muscle cells deteriorated with
the aging process. This muscle degeneration process due to
aging is termed sarcopenia [3]. Muscle degeneration started
with 0.5–1% after 30 years of age and the rate increases as
age reaches 65 years [4]. The mechanism of this degeneration
is still yet to be deciphered clearly, but it can involve oxidative
stress [5]. Muscle atrophy is reported to be stimulated by the
PI3K/Akt and NF-κB signalling pathways [6]. Activation of
PI3K/Akt signalling regulates the skeletal muscle mass and
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metabolism in skeletal muscle [7]. On the other hand, inhibi-
tion of this signalling pathway would inhibit the FoxO
protein and upregulate the atrophy-related gene (atrogin),
such as atrogin1/MAFbx1 and MuRF [7, 8]. Braun and Gau-
tel proposed that NF-κB also would involve in the regulation
of atrogin and regulate the catabolism and anabolism of mus-
cle protein [7].

Myostatin, a member of the TGF superfamily, was
reported as a muscle atrophy inducer by activating the tran-
scription factor SMAD3 which leads to atrogin-1 expression
and inhibition of Akt/mTOR signalling and protein syn-
thesis. Moreover, SMAD3 is also involved in the inhibition
of peroxisome proliferator-activated receptor-coactivator-1
(PGC1) promoter activity and increased FoxO-mediated sig-
nalling [9]. Besides the mentioned FoxO signalling pathway
and the expression of atrogin in muscle atrophy, Brack
et al. suggested a different signalling pathway in muscle
aging, which is the activation of theWnt/β-catenin signalling
pathway that leads to increased muscle fibrosis [10].

Cell senescence is categorised into three major mecha-
nisms, i.e., replicative senescence, oncogene-induced senes-
cence, and stress-induced premature senescence (SIPS)
[11]. SIPS cells and replicative senescence cells are similar
in molecular action and morphology, such as flat and larger
cells, increased activities of senescence-associated β-galacto-
sidase, and cell cycle arrest. However, SIPS was not affected
by the length of telomere [12–14]. Hydrogen peroxide
(H2O2) is a common stress mediator in the SIPS model as it
induced the cells to have senescence morphology alike with
the replicative senescence cells [11, 12]. Generation of H2O2
by the mitochondria or external sources from the cells leads
to the damage of mitochondrial components and thus initi-
ated the degeneration process [15].

Since the degeneration of skeletal muscle was closely
related to oxidative stress, it was suggested that reestab-
lishment of the redox balance would be beneficial in the
amelioration of age-related degeneration in skeletal mus-
cle [16]. Vitamin E, especially tocotrienol, has been
widely reported for its antioxidant effects in preventing
aging [17–19]. Supplementation of vitamin E (α-tocopherol)
together with vitamin C reduced oxidative stress and increased
the activities of antioxidant enzymes in the rat skeletal
muscle [20].

Various approaches, including pharmacological inter-
ventions, nutrition, and physical activities, have been
reported to improve the aging conditions of the skeletal
muscle. However, to date there is neither supplementa-
tion nor intervention that works effectively with mini-
mum side effects [3]. Howard et al. reported that
tocopherol promoted the repair of plasma membrane in
mouse myocytes [21]. However, these findings were
focused on the effects of tocopherol, but not tocotrienol,
on skeletal muscle. Previously, our study revealed that
the tocotrienol-rich fraction (TRF) has reduced the senes-
cence morphology and improved the proliferation capacity
towards stress-induced premature senescence cells [22].
Hence, we would like to identify and elucidate the mecha-
nism involved in the regenerative action of TRF on
stress-induced premature skeletal muscle cells.

2. Materials and Methods

2.1. CHQ5B Cell Culture. Human satellite cells were isolated
from a biopsy of a 5-day-old infant quadriceps muscle and
were kindly provided by Dr. Vincent Mouly from UMRS
787, Institut de Myologie, INSERM, Université Pierre et
Marie Curie, Paris, France. Upon isolation, the satellite cells
proliferated in culture as myoblasts (known as CHQ5B cells)
and were considered to be at 1 mean population doubling
(MPD). CHQ5B cells were cultivated in a growth medium
at 37°C in a humid atmosphere containing 5% carbon diox-
ide (CO2) as described previously [22].

2.2. Treatment Protocols. The Tocotrienol-rich fraction (TRF)
was purchased from SimeDarby Sdn. Bhd., Selangor,Malaysia
(TRF Gold Tri E 70). TRF consists of α-tocotrienol (26.67%),
β-tocotrienol (4.29%), γ-tocotrienol (32.60%), δ-tocotrienol
(15.53%), and α-tocopherol (20.81%) [22]. The CHQ5B cells
(PD 29±3) were incubated with different treatments, i.e.,
untreated young control, stress-induced premature senescence
(SIPS), and TRF-treated group (SIPS myoblasts posttreated
with TRF). Untreated young control cells were cultured with-
out any treatment with ROS inducer or TRF. The SIPS model
was established by exposure of CHQ5B cells to the stressor,
1mM H2O2 diluted in growth medium for 30 minutes [22,
23]. In the TRF-treated group, the CHQ5B cells were exposed
to the stressor at 1mMH2O2 for 30 minutes followed by incu-
bation in 50μg/mL TRF (Sime Darby Bioganic Sdn Bhd) for
24 hours [22]. This concentration and duration of TRF treat-
ment were in line with a previous study which showed that
SIPS cells posttreated with 24 hours 50μg/mL TRF were able
to increase the proliferation capacity of myoblast cells.

2.3. Total RNA Extraction and Purification. Total RNA from
CHQ5B cells in different treatment groups was extracted
using TRI Reagent (Molecular Research Center, Cincinnati,
OH, USA) according to the manufacturer’s instruction. Poly-
acryl Carrier (Molecular Research Center) was added in each
extraction to precipitate the total RNA. The extracted total
RNA pellet was then washed with 75% ethanol and
air-dried. The extracted total RNA was dissolved in RNase
and DNase-free distilled water and purified by using the
RNeasy® Mini Kit (Qiagen, USA) according to the manufac-
turer’s instruction. Total RNA was then stored at −80°C
immediately after extraction and purification. RNA concen-
tration and purity of the extracted RNA were determined
by NanoDrop (Thermo Scientific, USA). The quality of
RNA was assessed by an Agilent 2100 bioanalyzer (Agilent
Technologies, USA). The high quality of RNA, i.e., RNA
integrity number (RIN) ranging from 7 to 10 and absorbance
ratio of A260 to A280 ranging from 1.5 to 2.1, was utilized for
microarray analysis (Figure S01, Supplementary Materials).

2.4. Gene Expression Microarray Profiling. The isolated RNA
was amplified and labelled using Affymetrix GeneChip 3’
IVT Express and Affymetrix GeneChip Hybridisation, Wash,
and Stain Kit (Affymetrix, Santa Clara, CA, USA) according
to the manufacturer’s protocol. The RNA was then hybri-
dised to the Affymetrix GeneChip PrimeView Human Gene
Expression Array cartridge, washed, and scanned according
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to the manufacturer’s protocol. The arrays from three
samples each of untreated young control, SIPS control, and
TRF-treated cells were scanned and processed by using the
AGCC Scan Control (Affymetrix).

2.5. Gene Expression Microarray Data Analysis and Statistics.
The raw CEL data files from microarray profiling were
imported into the Partek Genomics Suite (v. 6.6; Partek, St.
Louis, MO) for analysis, and two-way analysis of variance
(2-way ANOVA) was applied with a fold change of 1.5 for
the selection of differentially expressed genes at a significance
level of p < 0 05. The differentially expressed gene lists were
further correlated for their relevant biological function and
reaction pathway by analysing the GSEA (Gene Set Enrich-
ment Analysis) and KEGG (Kyoto Encyclopedia of Genes
and Genomes) using the Partek Genomic Suite. A signifi-
cance level ofp < 0 05in the GSEA analysis to identify the sig-
nificant biological process involved was observed, whereas an
enrichment score ofp < 0 05in the KEGG pathway to identify
the significant pathway was observed.

2.6. Quantitative Real-Time PCR (qPCR). The microarray
data was validated by using qualitative qPCR. Genes for
validation, i.e., GDF15, EREG, RRM2B, SHC3, SHC1,
SESN1, MSTN, MYOD1, and SMAD3, were chosen from
pathway analysis. By using 2 μL total RNA as template
and iScript Reverse Transcription Supermix (Bio-Rad,
USA), the cDNA is generated from RNA. The reactions
were carried out as follows: priming for 5minutes at 25°C,
then reverse-transcription for 30minutes at 42°C and inacti-
vation of the reverse-transcription for 5min at 85°C.

Primer sequences for GDF15, EREG, RRM2B, SHC3,
SHC1, SESN1, MSTN, MYOD1, and SMAD3 are shown in
Table 1(a). qPCR was carried out by using 1 μL cDNA as
template, 1 μL of forward and reverse primers for genes of
interest, and SSoAdvanced SYBR Green Supermix (Bio-Rad,
USA). All reactions were run in duplicate using Real-Time
PCR iQ5 (Bio-Rad, USA). The thermal cycling profiles are
presented in Table 1(b). The melt curve analysis of each pair
of primers and agarose gel electrophoresis that was per-
formed on the PCR products was used to determine the
primer specificity (Figure S02, Supplementary Materials).
The gene expression level of each targeted gene was
normalized to that of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). It was presented as relative
expression value (REV) by using the 2−ΔΔCt method of
relative quantification and the following equation:

REV = 2Ct value of GAPDH−Ct value of the gene of interest 1

By referring to each REV value of the targeted gene, the
fold change (FC) can be calculated by using the following
equation:

Fold change = REVtreated cells/REVuntreated cells 2

2.7. Statistical Analysis. Microarray data was analysed by
using Partek Genomic Suite (v. 6.6; Partek, St. Louis, MO),
and the differentially expressed gene lists were filtered based

on a fold change of 1.5 and a significance level of p < 0 05 by
using two-way analysis of variance (2-way ANOVA). The
relevant biological function and reaction pathway was identi-
fied based on GSEA analysis at a significance level of p < 0 05
and KEGG analysis at an enrichment score p < 0 05 by using
the Partek Genomic Suite.

The REV data in qPCR are presented asmean ± standard
error of the mean (SEM). Statistical analysis was performed
with the software IBM SPSS Statistics (version 20). Inde-
pendent sample T test was used to determine the significant
differences in between the SIPS control and TRF-treated
groups. For all of the tests, p < 0 05 was considered
statistically significant.

3. Results

3.1. Quality Control Assessment of the Samples and the
Hierarchical Clustering of Significantly Expressed Genes. Prin-
cipal component analysis (PCA) is a multivariate statistic
which allows viewing of separation between groups of
replicates. The untreated young control, SIPS, and
TRF-posttreated groups were well separated (Figure 1(a)).
Hierarchical cluster analysis was performed to organize genes
into cluster based on their similarities of expression. The
upregulation of gene expression was indicated in red, whereas
the downregulation of gene expression was indicated in blue.
Clustering analysis was able to distinguish gene expressions
between untreated young control and SIPS groups as well as
between TRF-posttreated and SIPS groups (Figure 1(b)).

3.2. Identification of Gene Expression Changes Associated
with SIPS Myoblasts. The gene expression analysis using Par-
tek Genomic Suite was performed to identify changes in the
SIPS myoblasts. Statistical analysis of two-way analysis of
variance (2-way ANOVA) revealed that a total of 41 genes
were significantly regulated in SIPS myoblasts as compared
to untreated young control cells (fold change<−1 5 or fold c
hange > 1 5; p < 0 05); i.e., 11 genes were upregulated and
30 genes were downregulated (Figure 1(c)). The complete list
of 41 differentially expressed genes is available in Table S01,
Supplementary Materials.

3.3. Identification of Gene Expression Changes Associated
with TRF-Post-treatment on SIPSMyoblasts. The gene expres-
sion analysis using Partek Genomic Suite was performed to
identify changes in TRF-posttreated SIPS myoblasts. Statistical
analysis of two-way analysis of variance (2-way ANOVA)
revealed that a total of 905 genes were significantly regulated
in TRF-posttreated SIPS myoblasts as compared to the SIPS
group (fold change<−1 5 or fold change > 1 5; p < 0 05); i.e.,
378 genes were upregulated and 527 genes were downregulated
(Figure 1(c)). The complete list of 905 differentially expressed
genes is available in Table S02, Supporting Materials. At
present, only selected differentially expressed genes including
growth differentiation factor 15 (GDF15), epiregulin (EREG),
ribonucleotide reductase M2B (RRM2B), SHC (Src homology
2 domain containing) transforming protein 3 (SHC3), SHC
transforming protein 1 (SHC1), sestrin 1 (SESN1), myostatin
(MSTN), myogenic differentiation 1 (MYOD1), and SMAD
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family member 3 (SMAD3) that have attracted our interest will
be discussed. The chosen genes regulated by TRF treatment
were selected based on the biological processes and KEGG
pathway analysis.

3.4. Biological Processes and Pathways Affected by SIPS.
GSEA analysis was carried out by using the Partek Genomic
Suite. GSEA analysis revealed the selected significant biolog-
ical processes involved in SIPS myoblasts compared to the
untreated young control group (p < 0 05) (Table 2). The
positive value of the normalized enrichment score (NES)
indicated an increment in the regulation of the biological
process, whereas the negative value of NES indicated a reduc-
tion in the regulation of the stated biological process. SIPS
myoblasts showed a significant increase in cellular biogenic
amine metabolic process and apoptosis but decreased in
activities of lipoprotein and regulation of skeletal muscle
cell differentiation.

3.5. Biological Processes and Pathways Affected by the
TRF-Post-treatment on SIPS Myoblasts. GSEA analysis

revealed the selected significant biological processes involved
in response to TRF-posttreatment SIPS myoblasts compared
to SIPS control myoblasts (p < 0 05) (Table 3). TRF treatment
has significantly increased the regulation of JNK cascade, cell
growth, and adult walking behavior, but decreased the cell
cycle activity. KEGG pathway analysis was carried out by
using Partek Genomic Suite, and the data can be categorised
according to the cluster of differentially expressed genes (fold
change<−1 5 or fold change > 1 5; p < 0 05) and the path-
way ANOVA statistical method (p < 0 05).

Our KEGG pathway analysis showed that TRF treatment
significantly modulated the p53 signalling pathway, FoxO
signalling pathway, Wnt signalling pathway, cell cycle, and
ErbB signalling pathway (Table 4). The regulation of gene
expression involved in the stated pathway is presented in
Figure 2.

3.6. Microarray Result Validation. To confirm the microarray
expression, we performed qPCR validation and found that all
of the tested genes have consistent gene profiles. The REV

Table 1: Quantitative real-time PCR: (a) primer sequences and (b) the thermal cycling profile.

(a)

Accession number Gene Primer type Primer sequences (5′–3′)

NM_001289746 GAPDH
Forward TTGCCCTCAACGACCACTTT

Reverse TGGTCCAGGGGTCTTACTCC

NM_004864.2 GDF15
Forward CAGGACGGTGAATGGCTCTC

Reverse TAGCGTTTCCGCAACTCTCG

NM_001432.2 EREG
Forward CTGCAGGTGTGAAGTGGGTT

Reverse GTGGAACCGACGACTGTGAT

NM_015713.4 RRM2B
Forward AGAGTTCTCGCCGGTTTGTC

Reverse GTCGACCTCTTCTGCTGTCC

NM_016848.5 SHC3
Forward GCTTTTGCTGTGAGCAGCC

Reverse CCACCGTTAAAAGCCAGCAC

NM_183001.4 SHC1
Forward CTTGGGAGCTACATTGCCTGT

Reverse TCAAAAAGCTCTCTGCCTGGAC

NM_014454.2 SESN1
Forward TTGACAGCTCCACAACGTGA

Reverse TGTACACGAAAGGGCAGTCT

NM_005259.2 MSTN
Forward TTGACATGAACCCAGGCACT

Reverse GTCCTGGGAAGGTTACAGCA

NM_002478.4 MYOD1
Forward CGCCAGGATATGGAGCTACT

Reverse GAGTGCTCTTCGGGTTTCAG

NM_005902.3 SMAD3
Forward CATGTCGTCCATCCTGCCTT

Reverse TTGGTGTTGACGTTCTGCGT

(b)

Cycling step Temperature Time Number of cycles

Enzyme activation/initial DNA denaturation 95°C 30 seconds 1

Denaturation 95°C 5 seconds
40

Annealing/extension 60°C 30 seconds

Melt curve 65°C to 95°C (in 0.5°C increments) 5 seconds 1
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Figure 1: Continued.
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value and fold change for all of the genes were consistent for
both microarray analysis and qPCR analysis (Figure 3).

4. Discussion

Vitamin E, especially tocopherol, with a combination of
other approaches, such as exercise, vitamin C, or selenium,
has been reported to improve the condition of aged skeletal
muscles by reducing oxidative stress and increasing the
activities of antioxidant enzymes in the muscles of aged rats
[20, 24]. Recently, one of the isomers of vitamin E, i.e., toco-
trienol, has been proven for its effects in antioxidant defence
enhancement and for improving the proliferation and differ-
entiation in both replicative senescence and oxidative
stress-induced premature myoblasts [22, 25, 26]. Khor et al.
suggested that TRF reduced the senescence phenotypes in
the skeletal muscle which may not only be limited to the
encounter of oxidative stress but also instead be possibly
associated with its regenerative capacity [23]. Little is known
on the mechanism of tocotrienol towards the oxidative
stress-associated senescence in myoblasts, especially human
myoblasts. Thus, in this study, we revealed the novel insight
into the differential gene expression by stress-induced
human myoblasts with the treatment of TRF.

4.1. Alteration in Gene Expression and Biological Process in
SIPS Cells. Hydrogen peroxide (H2O2) is a common inducer
in the SIPS model in various cells [27, 28]. Research has
shown that H2O2 downregulated the expression of miRNAs
such as miR-15 and miR-106b families which contributes to
some of the features of senescence cells. These features
include the increased resistance to apoptosis and activation
of p21CDKN1A. At the same time, it upregulates miR-182
which causes specific changes in senescence-associated gene
expression [29]. Our GSEA analysis showed that SIPS has
upregulated the cellular biogenic amine metabolic process
in the cells while differential gene expression analysis showed
that spermine oxidase (SMOX) was upregulated. Biogenic
amine, such as polyamine, monoamine, and histamine, is
involved in the mechanism of apoptosis progression [30].
The increasing expression of SMOX would increase the oxi-
dation of spermine in the nucleus to spermidine, H2O2, and
3-aminopropanal and reduce the concentration of nuclear
spermine, thus dysregulating the protective roles of spermine
in free radical scavenging and DNA shielding and resulting
in an overall increased potential for oxidative DNA damage
in these cells [31]. Apoptosis has always been one of the

suggested factors in the mass loss of skeletal muscle and mus-
cle atrophy [32, 33], and our GSEA analysis was in line with
this factor. The GSEA analysis showed the upregulation of
cytochrome c released frommitochondria which is an indica-
tor of early-stage apoptosis in SIPS myoblasts.

4.2. Alteration in Gene Expression, Biological Process, and
Signalling Pathway in TRF-Post-treated SIPS Cells

4.2.1. ErbB Signalling Pathway. KEGG pathway analysis
showed that TRF treatment on SIPS myoblasts significantly
regulated a few biological processes and pathways related to
cell proliferation, including the ErbB signalling pathway and
FoxO signalling pathway. Several ErbB signalling-related
genes, such as EGF, EGFR, EREG, SHC1, and SHC3, were
significantly regulated by the treatment of TRF. The upreg-
ulation of SHC1 and SHC3 expression by 2.70-fold and
2.36-fold, respectively, by TRF treatment on SIPS myoblasts
suggested the involvement of TRF in modulating the ErbB
pathway, hence improving the regenerative capacity of
skeletal muscle via cell proliferation. A similar effect was
observed in C. elegans, in which SHC1 activated JNK signal-
ling by binding to the MEK-1 kinase and hence regulating
stress response and aging [34]. Epiregulin (EREG), an
ErbB-signalling related gene, was upregulated with a
5.68-fold in TRF-posttreatment SIPS myoblasts compared
to the SIPS group. Upregulation of EREG expression was
reported before in C2C12 mouse myoblast cells after 4 hours
from differentiation of myoblast cells. However, downregula-
tion of the MRF gene and regulation of canonical Wnt signal-
ling by the TRF on SIPS myoblasts minimised the
possibilities of differentiation of human myoblasts (CHQ5B)
in this study. Other studies with human cells showed that
upregulation of EREG expression improved the proliferation
ability of various human cells, i.e., mesenchymal stem cells,
keratinocytes, and fibroblasts [35–37]. Hence, upregulation
of EREG expression by TRF-post-treatment in SIPS myo-
blasts suggested a similar mechanism, i.e., modulation of
the ErbB pathway which leads to increased proliferation
capacity of myoblasts.

4.2.2. Myostatin (MSTN). Unpredictably, our findings
showed that myostatin (MSTN), a negative regulator in the
muscle growth and regenerative potential of skeletal muscle,
was downregulated significantly by 5.46-fold. This would be
a novel finding in the modulation of muscle regeneration
by TRF. Exposure of myostatin to mouse C2C12 myoblast

Treatment Group /
Gene Expression
Upregulation
Downregulation
Total

30
11

SIPS control vs
Untreated young control

41

TRF-post-treated SIPS
cells vs SIPS control

378
527
905

(c)

Figure 1: (a) PCA and (b) hierarchical clustering of the data. Clustering analysis was able to distinguish gene expression between untreated
young control and SIPS control as well as between the TRF-treated group and the SIPS control group. (c) There were a total of 41 genes and
905 genes significantly expressed in between SIPS control and untreated young control and in between TRF-posttreated SIPS cells and SIPS
control, respectively.
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Table 2: GSEA analysis on the biological processes regulated by the stress-induced premature senescence as compared to the untreated young
control (p < 0 05).

GO accession Biological process NES p value

GO:0006576 Cellular biogenic amine metabolic process 1.33 2.63E − 02
GO:0044106 Cellular amine metabolic process 1.33 2.63E − 02
GO:0046885 Regulation of hormone biosynthetic process −1.40 3.17E − 02
GO:0051004 Regulation of lipoprotein lipase activity −1.32 3.28E − 02
GO:0070874 Negative regulation of glycogen metabolic process −1.44 3.39E − 02
GO:0032106 Positive regulation of response to extracellular stimulus −1.48 3.45E − 02
GO:0032109 Positive regulation of response to nutrient levels −1.48 3.45E − 02
GO:0031442 Positive regulation of mRNA 3′-end processing −1.24 3.57E − 02
GO:0043001 Golgi to plasma membrane protein transport −1.41 3.64E − 02
GO:2000973 Regulation of pro-B cell differentiation −1.69 3.77E − 02
GO:0032494 Response to peptidoglycan 1.40 3.85E − 02
GO:0006400 tRNA modification 1.50 3.92E − 02
GO:0045807 Positive regulation of endocytosis −1.34 4.11E − 02
GO:0006970 Response to osmotic stress −1.15 4.17E − 02
GO:0090199 Regulation of release of cytochrome c from mitochondria 1.29 4.35E − 02
GO:0042953 Lipoprotein transport −1.18 4.35E − 02
GO:0044872 Lipoprotein localization −1.18 4.35E − 02
GO:0061418 Regulation of transcription from RNA polymerase II promoter in response to hypoxia −1.52 4.35E − 02
GO:0048644 Muscle organ morphogenesis −1.70 4.35E − 02
GO:0022615 Protein to membrane docking −1.49 4.41E − 02
GO:0035563 Positive regulation of chromatin binding 1.55 4.44E − 02
GO:0048259 Regulation of receptor-mediated endocytosis −1.25 4.48E − 02
GO:0032922 Circadian regulation of gene expression −1.25 4.55E − 02
GO:0006694 Steroid biosynthetic process −1.37 4.55E − 02
GO:2001014 Regulation of skeletal muscle cell differentiation −1.57 4.55E − 02
GO:2000641 Regulation of early endosome to late endosome transport −1.31 4.62E − 02
GO:0043112 Receptor metabolic process −1.25 4.69E − 02
GO:0006891 Intra-Golgi vesicle-mediated transport −1.38 4.69E − 02
GO:0035330 Regulation of hippo signalling −1.44 4.69E − 02
GO:0035640 Exploration behavior −1.47 4.69E − 02
GO:0006270 DNA replication initiation 1.46 4.76E − 02
GO:0031536 Positive regulation of exit from mitosis 1.29 4.76E − 02
GO:0048020 CCR chemokine receptor binding −1.41 4.76E − 02
GO:0017144 Drug metabolic process −1.42 4.76E − 02
GO:2000095 Regulation of Wnt signalling pathway, planar cell polarity pathway −1.69 4.76E − 02
GO:0042347 Negative regulation of NF-kappaB import into nucleus −1.37 4.84E − 02
GO:0046854 Phosphatidylinositol phosphorylation −1.38 4.84E − 02
GO:0006901 Vesicle coating −1.42 4.84E − 02
GO:0051045 Negative regulation of membrane protein ectodomain proteolysis 1.62 4.88E − 02
GO:0006335 DNA replication-dependent nucleosome assembly 1.51 4.88E − 02
GO:0034723 DNA replication-dependent nucleosome organization 1.51 4.88E − 02
GO:2000649 Regulation of sodium ion transmembrane transporter activity −1.33 4.92E − 02
GO:0048260 Positive regulation of receptor-mediated endocytosis −1.35 4.92E − 02
GO:0002381 Immunoglobulin production involved in immunoglobulin-mediated immune response −1.36 4.92E − 02
GO:0018879 Biphenyl metabolic process −1.45 4.92E − 02
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Table 3: GSEA analysis on the biological processes regulated by the TRF-posttreated SIPS cells as compared to the SIPS control (p < 0 05).

GO accession Biological process NES p value

GO:0009165 Nucleotide biosynthetic process −1.36 1.85E − 02
GO:0006338 Chromatin remodeling −1.76 1.85E − 02
GO:0046328 Regulation of JNK cascade 1.21 1.96E − 02
GO:0030968 Endoplasmic reticulum unfolded protein response 1.71 2.04E − 02
GO:0032069 Regulation of nuclease activity 1.65 2.04E − 02
GO:0016558 Protein import into peroxisome matrix 1.41 2.13E − 02
GO:0030259 Lipid glycosylation 1.56 2.22E − 02
GO:0090501 RNA phosphodiester bond hydrolysis −1.64 2.22E − 02
GO:0071695 Anatomical structure maturation 1.39 2.27E − 02
GO:0032869 Cellular response to insulin stimulus 1.35 2.27E − 02
GO:0016049 Cell growth 1.55 2.38E − 02
GO:0019321 Pentose metabolic process 1.44 2.44E − 02
GO:2001241 Positive regulation of the extrinsic apoptotic signalling pathway in absence of ligand 1.29 2.44E − 02
GO:2001239 Regulation of the extrinsic apoptotic signalling pathway in the absence of ligand 1.24 2.44E − 02
GO:0032092 Positive regulation of protein binding 1.64 2.50E − 02
GO:0045599 Negative regulation of fat cell differentiation 1.29 2.56E − 02
GO:0071479 Cellular response to ionizing radiation −1.37 3.17E − 02
GO:0006308 DNA catabolic process −1.56 3.28E − 02
GO:0000082 G1/S transition of mitotic cell cycle −1.77 3.28E − 02
GO:0044843 Cell cycle G1/S phase transition −1.77 3.28E − 02
GO:0090025 Regulation of monocyte chemotaxis 1.52 3.57E − 02
GO:0046325 Negative regulation of glucose import 1.34 3.57E − 02
GO:0010800 Positive regulation of peptidyl-threonine phosphorylation −1.28 3.57E − 02
GO:0007127 Meiosis I −1.66 3.64E − 02
GO:0002689 Negative regulation of leukocyte chemotaxis 1.81 3.70E − 02
GO:0006534 Cysteine metabolic process 1.32 3.70E − 02
GO:0090231 Regulation of spindle checkpoint −1.61 3.70E − 02
GO:1902850 Microtubule cytoskeleton organization involved in mitosis −1.73 3.70E − 02
GO:0032200 Telomere organization −1.88 3.70E − 02
GO:0071300 Cellular response to retinoic acid 1.26 3.77E − 02
GO:0006302 Double-strand break repair −1.88 3.77E − 02
GO:0031064 Negative regulation of histone deacetylation 1.47 3.85E − 02
GO:0010155 Regulation of proton transport 1.37 3.85E − 02
GO:0032924 Activin receptor signalling pathway −1.35 3.85E − 02
GO:0051181 Cofactor transport 1.62 3.92E − 02
GO:0000060 Protein import into nucleus, translocation −1.71 3.92E − 02
GO:1902668 Negative regulation of axon guidance 1.67 4.00E − 02
GO:0043388 Positive regulation of DNA binding 1.39 4.00E − 02
GO:0043320 Natural killer cell degranulation −1.34 4.00E − 02
GO:0010887 Negative regulation of cholesterol storage 1.62 4.08E − 02
GO:0032845 Negative regulation of homeostatic process 1.47 4.08E − 02
GO:0051896 Regulation of protein kinase B signalling 1.33 4.08E − 02
GO:0008334 Histone mRNA metabolic process −1.69 4.08E − 02
GO:0097191 Extrinsic apoptotic signalling pathway 1.22 4.17E − 02
GO:0002686 Negative regulation of leukocyte migration 1.53 4.26E − 02
GO:0048706 Embryonic skeletal system development 1.36 4.26E − 02
GO:0097035 Regulation of membrane lipid distribution 1.35 4.26E − 02
GO:0061157 mRNA destabilization −1.72 4.26E − 02
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cells reduced the proliferation and protein synthesis and thus
prevented the progression of cells from the G1 to S phase in
the cell cycle [38, 39]. On the other hand, aside from an

increment in total RNA and protein synthesis rate, mice with
myostatin knockout had a larger size of myotube [40]. A
study showed that muscle-associated senescence upregulated

Table 3: Continued.

GO accession Biological process NES p value

GO:2000615 Regulation of histone H3-K9 acetylation −1.73 4.26E − 02
GO:0072528 Pyrimidine-containing compound biosynthetic process −1.88 4.26E − 02
GO:1903036 Positive regulation of response to wounding 1.35 4.35E − 02
GO:1900746 Regulation of vascular endothelial growth factor signalling pathway −1.53 4.35E − 02
GO:0009303 rRNA transcription −1.45 4.41E − 02
GO:0045080 Positive regulation of chemokine biosynthetic process 1.88 4.44E − 02
GO:0008207 C21-steroid hormone metabolic process 1.69 4.44E − 02
GO:0050795 Regulation of behavior 1.51 4.44E − 02
GO:1902107 Positive regulation of leukocyte differentiation 1.28 4.44E − 02
GO:0017157 Regulation of exocytosis 1.16 4.44E − 02
GO:0007098 Centrosome cycle −1.42 4.44E − 02
GO:0001946 Lymphangiogenesis −1.43 4.48E − 02
GO:0050919 Negative chemotaxis 1.68 4.55E − 02
GO:0060338 Regulation of the type I interferon-mediated signalling pathway 1.65 4.55E − 02
GO:0050748 Negative regulation of the lipoprotein metabolic process 1.56 4.55E − 02
GO:0038031 Noncanonical Wnt signalling pathway via JNK cascade 1.53 4.55E − 02
GO:0010935 Regulation of macrophage cytokine production 1.49 4.55E − 02
GO:0060907 Positive regulation of macrophage cytokine production 1.40 4.55E − 02
GO:0034661 ncRNA catabolic process −1.71 4.55E − 02
GO:0090503 RNA phosphodiester bond hydrolysis, exonucleolytic −1.59 4.62E − 02
GO:1902624 Positive regulation of neutrophil migration 1.69 4.65E − 02
GO:2000406 Positive regulation of T cell migration 1.63 4.65E − 02
GO:2000403 Positive regulation of lymphocyte migration 1.56 4.65E − 02
GO:1901725 Regulation of histone deacetylase activity 2.14 4.76E − 02
GO:1902667 Regulation of axon guidance 1.81 4.76E − 02
GO:0048841 Regulation of axon extension involved in axon guidance 1.73 4.76E − 02
GO:0050882 Voluntary musculoskeletal movement 1.51 4.76E − 02
GO:0042113 B cell activation −1.19 4.76E − 02
GO:0072522 Purine-containing compound biosynthetic process −1.29 4.76E − 02
GO:1901991 Negative regulation of mitotic cell cycle phase transition −1.47 4.76E − 02
GO:0006919 Activation of cysteine-type endopeptidase activity involved in apoptotic process −1.23 4.84E − 02
GO:2000757 Negative regulation of peptidyl-lysine acetylation −1.80 4.84E − 02
GO:0035067 Negative regulation of histone acetylation −1.83 4.84E − 02
GO:0007628 Adult walking behavior 1.94 4.88E − 02
GO:0021756 Striatum development −1.31 4.92E − 02
GO:1901988 Negative regulation of cell cycle phase transition −1.46 4.92E − 02
GO:0045185 Maintenance of protein location −1.48 4.92E − 02
GO:0051053 Negative regulation of DNA metabolic process −1.52 4.92E − 02
GO:0051258 Protein polymerization −1.53 4.92E − 02
GO:0044774 Mitotic DNA integrity checkpoint −1.68 4.92E − 02
GO:0009124 Nucleoside monophosphate biosynthetic process −1.71 4.92E − 02
GO:0043487 Regulation of RNA stability −1.75 4.92E − 02
GO:0034501 Protein localization to kinetochore −1.82 4.92E − 02
GO:0000077 DNA damage checkpoint −1.91 4.92E − 02
GO:0000079 Regulation of cyclin-dependent protein serine/threonine kinase activity −2.01 4.92E − 02
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Table 4: KEGG pathway analysis regulated by the TRF-posttreated SIPS cells as compared to the SIPS control (p < 0 05) according to the (a)
differential expression of gene and (b) pathway ANOVA analysis.

(a)

KEGG entry Pathway NES p value

hsa04110 Cell cycle 25.93 5.50E − 12
hsa03030 DNA replication 20.99 7.64E − 10
hsa04115 p53 signalling pathway 16.76 5.25E − 08
hsa05206 MicroRNAs in cancer 16.08 1.03E − 07
hsa03460 Fanconi anemia pathway 14.93 3.29E − 07
hsa05203 Viral carcinogenesis 14.45 5.30E − 07
hsa05200 Pathways in cancer 12.88 2.54E − 06
hsa03430 Mismatch repair 10.17 3.81E − 05
hsa05322 Systemic lupus erythematosus 10.00 4.53E − 05
hsa04114 Oocyte meiosis 9.11 1.11E − 04
hsa05034 Alcoholism 8.64 1.76E − 04
hsa03420 Nucleotide excision repair 7.96 3.50E − 04
hsa03440 Homologous recombination 6.78 1.13E − 03
hsa00900 Terpenoid backbone biosynthesis 6.72 1.21E − 03
hsa05219 Bladder cancer 6.38 1.70E − 03
hsa05166 HTLV-I infection 6.16 2.11E − 03
hsa00310 Lysine degradation 6.02 2.43E − 03
hsa05210 Colorectal cancer 5.56 3.86E − 03
hsa04914 Progesterone-mediated oocyte maturation 5.20 5.52E − 03
hsa04068 FoxO signalling pathway 5.10 6.10E − 03
hsa05205 Proteoglycans in cancer 4.75 8.61E − 03
hsa04978 Mineral absorption 4.50 1.11E − 02
hsa04390 Hippo signalling pathway 4.49 1.12E − 02
hsa05222 Small cell lung cancer 4.23 1.46E − 02
hsa05217 Basal cell carcinoma 4.06 1.72E − 02
hsa05212 Pancreatic cancer 4.04 1.76E − 02
hsa00480 Glutathione metabolism 3.40 3.34E − 02
hsa05214 Glioma 3.17 4.22E − 02
hsa04310 Wnt signalling pathway 3.16 4.25E − 02

(b)

KEGG entry Pathway p value Fold change

hsa05323 Rheumatoid arthritis 8.98E − 03 1.13

hsa04630 Jak-STAT signalling pathway 1.12E − 02 1.07

hsa04978 Mineral absorption 1.56E − 02 1.13

hsa00860 Porphyrin and chlorophyll metabolism 1.89E − 02 1.14

hsa04340 Hedgehog signalling pathway 1.93E − 02 1.10

hsa00520 Amino sugar and nucleotide sugar metabolism 2.06E − 02 1.11

hsa05217 Basal cell carcinoma 2.12E − 02 1.10

hsa00561 Glycerolipid metabolism 2.18E − 02 1.09

hsa00630 Glyoxylate and dicarboxylate metabolism 2.20E − 02 −1.16
hsa04330 Notch signalling pathway 2.22E − 02 1.08

hsa00564 Glycerophospholipid metabolism 2.33E − 02 1.07

hsa00100 Steroid biosynthesis 2.46E − 02 −1.20
hsa00040 Pentose and glucuronate interconversions 2.66E − 02 1.16
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the expression of myostatin, but antagonists of myostatin
activated the satellite cells and increased the protein level of
Pax7 and MyoD which in turn improved the regenerative
capacity of muscle cells [41, 42].

The signalling pathways for myostatin can be divided
into SMAD-mediated and non-SMAD pathways. The pres-
ent microarray analysis showed that the treatment of TRF
on SIPS myoblasts modulated the FoxO signalling pathway
through downregulation of MSTN and SMAD3. FoxO and
SMAD are involved in the regulation of muscle growth
through amplification of atrophy response and activation of
MSTN expression [43]. SMAD3-mediated myostatin signal-
ling increased the sarcomeric protein degradation via the
ubiquitin-proteasome pathway by stimulating FoxO1 and
atrogin-1 expression [44]. In this study, the downregulation
of MSTN and SMAD3 by TRF treatment suggested that the
reduction in the SMAD-mediated myostatin signalling path-
way and TRF treatment would reduce the protein degrada-
tion in the SIPS myoblasts.

4.2.3. Ribonucleotide Reductase M2B (RRM2B). Modulation
of the ErbB signalling pathway and the FoxO signalling path-
way by TRF treatment suggested that the mechanism
involved might be related to cell proliferation. However, at

the same time KEGG analysis demonstrated that TRF regu-
lated the satellite cells to remain in the quiescent state
through the p53 signalling, cell cycle, and Wnt signalling
pathways. Interestingly, these findings showed a contradic-
tion. Nevertheless, recent studies showed that the satellite
cells are a heterogeneous population as they consist of
satellite stemcells andcommittedprogenitors [45]. Symmetric
division of satellite cells allowed the cells to divide and expand
the satellite stemcell subpopulation,whereas asymmetric divi-
sion of satellite cells would maintain the stem cell population
which is involved in the self-renewal and generation of myo-
genic progenitors [46, 47]. Dumont et al. suggested that a
dynamic balance must exist in between the symmetric and
asymmetric division even though the satellite cells are able to
choosewhether toperformsymmetric or asymmetricdivision,
and it allows them to coordinate their activitywith theneeds of
theregeneratingmuscle [46].An imbalance in the ratioof sym-
metric and asymmetric division would deteriorate the regen-
erative capacity of muscles. These were observed in the aging
cells with a disruption in the satellite cells’ ability to
self-renew or return to the quiescent state [48, 49].

The TRF-post-treatment on SIPS myoblasts has targeted
p53 signalling by upregulating the expression of the p53
target gene, i.e., RRM2B and SESN1. RRM2B activation is

Table 4: Continued.

KEGG entry Pathway p value Fold change

hsa00051 Fructose and mannose metabolism 2.76E − 02 1.10

hsa03050 Proteasome 2.79E − 01 1.11

hsa00980 Metabolism of xenobiotics by cytochrome P450 3.08E − 02 1.08

hsa00650 Butanoate metabolism 3.11E − 02 −1.13
hsa00052 Galactose metabolism 3.13E − 02 1.12

hsa04640 Hematopoeitic cell lineage 3.22E − 02 1.08

hsa03060 Protein export 3.34E − 02 1.13

hsa04130 SNARE interactions in vesicular transport 3.35E − 02 1.08

hsa04110 Cell cycle 3.39E − 02 −1.31
hsa04966 Collecting duct acid secretion 3.48E − 02 1.23

hsa03430 Mismatch repair 3.68E − 02 −1.38
hsa03030 DNA replication 3.70E − 02 −1.80
hsa03460 Fanconi anemia pathway 3.79E − 02 −1.29
hsa00533 Glycosaminoglycan biosynthesis-keratan sulfate 3.99E − 02 1.12

hsa04012 ErbB signalling pathway 4.04E − 02 1.05

hsa03450 Nonhomologous end-joining 4.25E − 02 −1.19
hsa04070 Phosphatidylinositol signalling system 4.28E − 02 1.06

hsa00190 Oxidative phosphorylation 4.33E − 02 1.08

hsa00730 Thiamine metabolism 4.41E − 02 1.17

hsa03440 Homologous recombination 4.43E − 02 −1.16
hsa00982 Drug metabolism - cytochrome P450 4.55E − 02 1.04

hsa00072 Synthesis and degradation of ketone bodies 4.65E − 02 −1.27
hsa00532 Glycosaminoglycan biosynthesis - chondroitin sulfate/dermatan sulfate 4.69E − 02 1.15

hsa04360 Axon guidance 4.74E − 02 1.05

hsa00280 Valine, leucine, and isoleucine degradation 4.93E − 02 −1.07
hsa04210 Apoptosis 4.96E − 02 1.06

hsa00300 Lysine biosynthesis 4.99E − 02 −1.47
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initiated by DNA damage and further involved in DNA
repair regulated by p53 [50, 51]. Dysfunction of RRM2B
was first reported in mitochondrial DNA depletion syn-
drome which caused early fatality in children [52, 53]. Kuo
et al. reported that the expression of RRM2B was highly
induced during oxidative stress in the human primer fibro-
blast (IMR90 cell) to stimulate antioxidant reaction [50].
Silencing of RRM2B expression leads to an increase in reac-
tive oxygen species level, mitochondrial membrane depolari-
sation, and premature senescence in young fibroblasts. Thus,
upregulation of RRM2B expression by TRF was suggested to
stimulate the antioxidant defence in order to counteract with
the increasing stress level in SIPS myoblasts.

4.2.4. Sestrins. Aside from RRM2B, SESN1 was also upregu-
lated by the TRF. Sestrins were the third recently identified
hallmark of sarcopenia [54]. Sestrin expression was upregu-
lated in DNA damaged cells, oxidative stress condition, and
hypoxia [55]. SESN1 and SESN2 are p53-regulated genes
which are involved in the regulation of autophagy and cell
viability, whereas SESN3 is a FoxO-regulated gene which in
turn activated SESN1 [56–58]. Inhibition of mTORC1 activa-
tion via the sestrin-AMPK pathway was reported to extend
the lifespan of mammalia [59–61]. A more specific study
was carried out to investigate the expression of sestrins
towards the skeletal muscle [62]. The thorax of adult
Drosophila mainly consists of skeletal muscle enriched with
Drosophila sestrins (dSesn). dSesn-null flies experienced

acceleration in aging-associated degeneration, such as loss
of sarcomeric structure and abnormality in mitochondria.
However, treatment with vitamin E effectively prevented
the deterioration in skeletal muscle and cardiac muscle by
reducing the involvement of ROS [62].

GSEA and KEGG pathway analysis showed that the cell
cycle was downregulated by TRF treatment in SIPS myo-
blasts. This finding was in contrast with the findings which
reported that TRF reduced the cell cycle arrest in senescence
human fibroblast cells [63]. However, according to Blagosk-
lonny, cell cycle arrest does not absolutely refer to senescence
and vice versa [64]. Cell cycle arrest actually induced the cells
to proceed to another stage of the cell cycle, such as quies-
cence, senescence, apoptosis, motility, and differentiation
[65]. Skeletal muscle satellite cells withdraw from the cell
cycle for two purposes, i.e., to return to the quiescence state
and carry out self-renewal or to differentiate and generate
new muscle fibres. These withdrawals can be differentiated
by the differential expression of genes or pathway activation.
Notch signalling was activated, and Spry1 expressions were
upregulated when the cells return to the quiescence state,
whereas Delta1 expression was upregulated for the cells to
differentiate after withdrawing from the cell cycle [45, 46].
However, in our study, neither Spry1 nor Delta1 expression
was regulated by TRF treatment. Instead, the expression of
Spry4 was upregulated and the expression of Fgf1 was down-
regulated by the TRF. Downregulation of Fgf1 was once
reported in the inhibition of mouse myoblast differentiation
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Figure 2: Differential gene expression involved in the KEGG pathway regulated by TRF treatment, i.e., (a) cell cycle, (b) p53 signalling
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[66, 67]. Furthermore, upregulation of Fgf2 was reported in
the activation of satellite cells and in turn increased the
expression of Twist2 and Spry4, thus inhibiting the differen-
tiation of mouse mesenchyme stem cells [68, 69]. Hence,
we proposed that the withdrawal from the cell cycle of SIPS
myoblasts posttreated with TRF was not due to differentia-
tion, as differentiation was inhibited by downregulation of
Fgf1 and upregulation of Spry4. Instead, the TRF promoted
the myoblast cells to exit the cell cycle and return to their
quiescence state.

4.2.5. Myogenic Regulatory Factor (MRF) and Wnt Signalling
Pathway. The effect of TRF towards expression of the myo-
genic regulatory factor (MRF) was in line with the suggestion
that the myoblasts exit the cell cycle for the maintenance of
the quiescence cell population. The myogenic potential of
satellite cells will highly depend on the expression of Pax
and MRF (MyoD,Myf5, myogenin, andMRF4) [70]. Expres-
sion ofMyf5 and/orMyoDwas upregulated during the activa-
tion of satellite cells to the myoblast and early myogenic
differentiation [71–73], whereas differentiation of myoblasts
would upregulate the expression ofmyogenin andMRF4 (also
known as Myf6) [73]. TRF treatment has downregulated

the expression of Myf5, MyoD1, and Myf6, which means
that TRF treatment did not promote the myoblast cells
to withdraw from the cell cycle for differentiation.

The expression of MRF was regulated by the Wnt signal-
ling pathway during the development of the embryo. How-
ever, in the adult skeletal muscle, the canonical Wnt
signalling pathway regulated the differentiation of muscle
satellite cells, whereas the noncanonical Wnt signalling path-
way mediated the self-renewal of satellite stem cells and the
growth of muscle fibres [74]. Our GSEA analysis revealed
that the noncanonical Wnt signalling pathway was signifi-
cantly regulated by TRF treatment. Among the Wnt involved
in the noncanonical Wnt signalling pathway (Wnt4, Wnt5a,
Wnt5b, Wnt8a, Wnt8b, Wnt10a, and Wnt10b), TRF treat-
ment has upregulated the expression of Wnt5a and Wnt7b.
Studies reported that Wnt were expressed at different times
of injury in order to promote regeneration [75, 76]. Wnt5a,
Wnt5b, and Wnt7a were upregulated at the early stage of
regeneration, and Wnt7b and Wnt3a were regulated at the
final stage after injury. The regulation of the Wnt signalling
pathway, cell cycle, and p53 signalling by TRF treatment sug-
gested the promotion of satellite cells to return to the quies-
cence state and maintain the population of quiescence cells.
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Figure 3: Microarray result validation. (a) The REV value and (b) the fold change were consistent between the microarray analysis and the
qPCR analysis. The REV data are shown as mean ± SEM. ∗ p < 0 05 compared to SIPS control.
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4.2.6. Growth Differentiation Factor 15 (GDF15). Another
critical finding of our microarray analysis was the expression
of GDF15 which was highly upregulated by 14.9-fold. The
expression of GDF15 and its mechanism involved in the
CHQ5B cells were not well studied. Previously, GDF15 was
reported as a negative regulator in skeletal muscle growth
[77, 78]. Senescence, smoking, and environmental factors
would increase the GDF15 level [79]. The levels of GDF15
increased in patients experiencing intensive care unit
acquired muscle weakness (ICUAW) or muscle atrophy
[80, 81].However, aside fromahigh level ofGDF15, SMAD2/3
was activated by GDF15 in the ICUAW patients and this
was in contrast with our findings. Findings showed that
SMAD3 expression was downregulated by TRF treatment.
GDF15 prevents the ROS production and exhibits an antia-
poptotic effect and cell proliferation regulation [78, 82, 83].
Hence, the conclusion on the activity of GDF15 towards
CHQ5B cells remains unknown due to its lack of investiga-
tion. Development of therapeutic interventions with GDF15
or anti-GDF15 agents remains difficult until the mechanism
that drives its activity is revealed with more evidences.

5. Conclusions

At present, most of the studies focused on the effect of
tocopherol on the skeletal muscles, but less in vitro findings
were reported on the effects of tocotrienol towards human
skeletal muscle cells and the mechanism involved remains
unclear. Recent studies showed that muscle regeneration
does not solely depend on the myogenic proliferation of the
satellite cell as prolonged imbalance between the expansion
and maintenance of the satellite stem cell population leads
to impaired muscle regeneration [46]. Our findings proposed
that TRF treatment not only promotes the proliferation
capacity of SIPS myoblasts through regulation of the ErbB
signalling pathway (upregulation of expression of EREG,
SHC1, and SHC3) and FoxO signalling pathway (downregu-
lation of expression of MSTN and SMAD3). At the same
time, TRF treatment is proposed to modulate the renewal
of satellite cells through regulation of p53 signalling (upregu-
lation of RRM2B and SESN1), cell cycle, Wnt signalling path-
way, and expression of MRF. Even though these findings
were exciting, more extensive studies such as proteomic anal-
ysis and various time points of TRF treatments in the SIPS
myoblast model are suggested in order to give a more thor-
ough idea on the involvement of TRF in the regenerative
capacity and mechanism of skeletal muscles.
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Hormone replacement therapy (HRT) can alleviate estrogen deficiency symptoms especially during menopause. The present study
aimed at investigating the effect of soy isoflavones asHRT on immunological and bone health-related parameters with a special focus
on the interactions between immunological status and metabolism. Thirty healthy cyclic female Wistar rats were used in this
experiment. Ten females were sham-operated, and 20 females were subjected to ovariectomy. Overiectomized (OVX) female rats
were randomly divided into 2 groups: the control group (G1, OVX/casein) was fed a casein-based diet, and the second group (G2,
OVX/soy) was fed a high soy isoflavone diet. Both groups were compared to a sham-operated group (G3, sham/casein).
Treatments continued for 7 weeks. Feed intake, weight gain, and lymphoid organ relative weights were recorded. Some metabolic,
immunological, and bone health-related parameters were measured. Moreover, nitric oxide (NO), malondialdehyde (MDA), and
total antioxidant capacity (TAC) were determined. Bone histopathology and immunohistochemistry to estrogen receptor alpha
(ERα) were done. Feeding soy to OVX females reduced feed intake, weight gain, relative lymphoid organ weight, and
T-lymphocytes transformation. Soy isoflavone administration normalized nearly all metabolic and immunological parameters to
a level comparable to the sham group via oxidative stress amelioration and bone ERα promotion. Soy isoflavones seemed to be
good HRT in estrogen deprivation which modulated the appetite, weight gain, lipid profile, proinflammation, and bone turnover.

1. Introduction

The estrogen hormone contributes a substantial role in dif-
ferent aspects of body homeostasis and anabolism [1]. It
exerts these effects via unexpected regulatory roles on oxida-
tive stress [2], immune function [3], and several metabolic
aspects including bone cells as well as adipose tissue [4].
The estrogen hormone gives signals through two main

distinguished receptors: estrogen receptor alpha (ERα) and
estrogen receptor beta (ERβ) [5]. These receptors are widely
spread all over the different body tissues such as reproductive
[6], nervous [7], fat [8], liver [9], immune [10], cardiovascu-
lar [11], and bone tissues [12].

Estrogen hormone deficiency or depletion has been
associated with several metabolic [13] and immunological
alterations [14]. These alterations include dyslipidemia,
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increased appetite, and bone loss [13] that predispose meta-
bolic syndrome along with predisposing autoimmunity and
proinflammation [14]. The latter two are characterized by
generalized defects in lymphocyte selection and homeostasis
along with upregulation in cytokine production [15].
Homeostatic alterations due to estrogen depletion and
menopause led researchers to suggest hormone replacement
therapy (HRT) to combat their adverse effects.

Several endocrinological, metabolic, and immunological
factors as well as oxidative stress were implied in the patho-
genesis of these abnormalities along with the interactions
with estrogen receptors [16]. Ghrelin is a stomach hormone
acting centrally to promote appetite and body weight gain
[17]. Moreover, resistin, tumor necrosis factor-alpha
(TNF-α), and interleukin-6 (IL-6) are adipokine peptides,
produced by adipocytes and cytokines that function in meta-
bolic and immunological crosstalk [18]. Both ghrelin and
adipokine transcription seemed to be influenced by the estro-
gen hormone [19]. The calcitonin hormone is beheld as a
mediator for estrogen hormone action in bone tissue [20].

Soy isoflavones, a subclass of phytoestrogens, are com-
pounds found in several legumes including soybeans and their
products. They include several isoforms divided into four
chemical forms: glucoside (genistin, daidzin, and glycitin),
aglycone (genistein, daidzein, and glycitein), acetylglucoside
(acetylgenistin, acetyldaidzin, and acetylglycitin), and malo-
nylglucoside (malonylgenistin,malonyldaidzin, andmalonyl-
glycitin). Isoflavones are considered selective estrogen
receptor modulators (SERMs) as they can interact with two
estrogen receptor subtypes: ERα and ERβ [21]. They are
widely used as dietary supplement in both animals and human
diets [9, 22]. Several studies investigated their usage asHRT in
case of estrogen depletion [22–26]. Epidemiological data
demonstrated the protective effect of isoflavones against
age-related chronic diseases [27] and cardiovascular dis-
eases [28] as well as anti-breast cancer effects which were
demonstrated by lower incidence in an eastern Asian popula-
tion where soy predominates diet [29]. Isoflavones also have
different biological influences in both animals and humans.
These effects include antitumor [30], antimenopausal osteo-
porosis [31] and antidiabetic, antidyslipidemic [32], and
anti-inflammatory effects [33] as well as protective effects
against coronary heart diseases [34]. In addition, they exert
a myriad of immunological [35, 36], metabolic [37], antioxi-
dant power, and hepatoprotective effects in laboratory ani-
mal models [9]. Therefore, the current study aimed at
investigating the effects of soy isoflavones as HRT on estro-
gen deprivation-associated metabolic, immunological, and
bone health disturbances in OVX female Wistar rats. The
study focused on the possible implication of isoflavones on
ghrelin, adipokines, calcitonin, and some immunological
parameters in estrogen deprivation conditions.

2. Material and Methods

2.1. Chemicals. The following chemicals were purchased from
Sigma-Aldrich Co., Egypt: Roswell Park Memorial Institute-
(RPMI-) 1640 media, trypan blue, fetal calf serum (FCS), phy-
tohaemagglutinin (PHA), tetrazolium dye, and trichloroacetic

acid. Ficoll was obtained from Biowest Co., France. Hydro-
chloric acid, methanol, and acetic acid used in the current
study were of HPLC grade and purchased from Fisher Sci-
entific Co., USA. Both genistein and daidzein were obtained
from Fujicco Co., Japan, and used as HPLC standards.

2.2. Animals, Ovariectomy, and Experimental Procedure.
Thirty healthy cyclic female Wistar rats were purchased from
a lab animal house at the Faculty of Veterinary Medicine, Suez
Canal University. They were 2 months old with a body weight
ranging 95-105g. Rats were kept for 2 weeks for acclimation at
natural daylight rhythm and allowed free access to a casein-
based diet and water ad libitum. All the experimental animals
received humane care that accorded with the approved guide-
lines of the research ethical committee at the Faculty of Veter-
inaryMedicine, Suez Canal University (protocol no. 2018058).

Ten females were sham-operated under 1% thiopental
sodium 30mg/kg intravenous anesthesia. The remaining 20
females were subjected to ovariectomy via midline incision
according to the method of Lasota and Danowska-
Klonowska [38]. All rats were gavaged with amoxicillin
(Amoun Pharmaceutical Co., Egypt) of 10mg/kg body
weight as Ibiamox® in the form of oral suspension for 3 days
after surgical intervention [39].

Three weeks after ovariectomy, OVX female rats were
randomly divided into 2 groups, 10 rats each. The control
group (G1, OVX/casein) was fed a casein-based diet (0% soy
that contained 0μg/g genistein and daidzein as determined
by HPLC). The second group (G2, OVX/soy) was fed a high
soy isoflavone diet (26.41% soy that contained 1500μg/g
genistein and 800μg/g daidzein). The sham-operated group
was fed a casein-based diet (G3, sham/casein).

All diets were formulated according to NRC [40] to fulfill
all the nutritional requirements of adult rats (Table 1) and
were given for 7 weeks.

2.3. High-Performance Liquid Chromatography (HPLC)
Analysis. Dietary isoflavones were subjected to extraction
from experimental diets through mixing 1 g of each diet with
20mL of HCL solution 0.1mol/L and 80mLmethanol. These
ingredients were subjected to sonication for 20 minutes then
left for 2 hours at room temperature. The later ingredients
were filtered with a filter paper (Clifton, USA). The obtained
filtrate was subjected to centrifugation at 10000 rpm for 5
minutes. The supernatant genistein and daidzein were sepa-
rated and quantified by high-performance liquid chromatog-
raphy (HPLC) using a reversed-phase column (#50164-U,
Sigma-Aldrich Co., Egypt) by using a gradient mobile phase.
Solvent A was 0.1% acetic acid, 10% methanol, and 89.9%
water; solvent B was 0.1% acetic acid and 99.9% methanol.
The solvent B amount was linearly increased from 20% at
0min to 30% at 2min to 70% at 30min. Genistein and daid-
zein were detected at 260 nm, then they were quantified by
comparison with external standards [41].

2.4. Feed Intake, Weight Gain, and Lymphoid Organ Weight.
Feed intake and body weight gain were recorded/week
according to Helmy et al. [39]. Cumulative feed intake and
cumulative body weight gain were also calculated. Thymus
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and spleen were excised from each experimental rat and
weighed. The relative thymus and spleen weights were calcu-
lated by dividing spleen or thymus weight (g) over body
weight (g), then the obtained value was multiplied by 100.

2.5. Sampling. At the end of the experimental period, three
retro-orbital blood samples were drawn under effect of
diethyl ether anesthesia from overnight-fasted rats. The first
sample was collected in ethylenediaminetetraacetic acid
(EDTA), the second sample in lithium heparin, and the third
sample in plain tubes. These samples were used for leukocyte
count (total and differential), lymphocytes transformation
test (LTT), and serum separation, respectively. Sera were
separated from plain tubes, collected, and stored at −80°C.
The tibia of each experimental animal was dissected and
directly immersed in 10% neutral buffered formalin.

2.6. Lipid Profile, Bone Biomarkers, and Ghrelin Level. Serum
levels of high-density lipoprotein cholesterol (HDL-C),
triglycerides (TG), and total cholesterol (TC) were estimated
by the use of enzymatic calorimetric kits (ELITech Diagnos-
tic, France) according to Tietz [42]. Low-density lipoprotein
cholesterol (LDL-C) was estimated using an enzymatic
calorimetric kit purchased from QAC Co., Spain, accord-
ing to the manufacturer’s protocol. Ionized calcium levels
were calculated according to the equation described by
Căpriță et al. [43]. X = 0 9 + 0 55 × Y – 0 3 × Z , where
X is ionized calcium (mg/dL), Y is total Ca (mg/dL),
and Z is albumin (mg/dL).

Both total calcium and total albumin were estimated
according to Tietz [42] using enzymatic calorimetric kits
(BIOLABO Reagents Co., Maizy, France, and Biodiagnostic,
Egypt, respectively). Inorganic phosphorous levels (mg/dL)
and alkaline phosphatase activity (ALP) (IU/L) were deter-
mined via commercial kits (Biodiagnostic, Egypt, and BIO-
LABO Reagents Co., Maizy, France, respectively) [42].
Serum ghrelin concentrations were analyzed by the radioim-
munoassay method using a standardized rat RIA ghrelin kit
(Phoenix Pharmaceuticals Inc., USA). The analytical proce-
dures were done according to the manufacturer’s enclosed
protocol.

2.7. Enzyme-Linked Immunoassay (ELISA), Lipid
Peroxidation, and Total Antioxidant Capacity (TAC). Serum
calcitonin and resistin concentrations were determined using
commercial rat ELISA kits (Phoenix Pharmaceuticals Inc.,
USA, and BioVendor Co., Czech, respectively). Serum TNF-α
(IBL Co., Japan), IL-2, C-reactive protein (CRP) (IBL Co.,
USA), cyclooxygenase-2 (COX-2) (IBL Co. Japan), and nitric
oxide (NO) (Antibodies Online, Germany) levels were assayed
using rat ELISA kits. All procedures were done according to the
manufacturer’s instructions. Malondialdehyde (MDA), a lipid
peroxidation biomarker, was calorimetrically assayed using a
commercial kit (BioVision, USA) according to Ohkawa et al.
[44]. Serum total antioxidant capacity (TAC) was determined
via a calorimetric kit (LDN, Germany). All steps were carried
out according to the manufacturers’ protocol.

2.8. Leukocyte Counts and Lymphocytes Transformation Test
(LTT). Blood samples collected in EDTA tubes were sub-
jected to total (TLC) and differential leukocyte (DLC) counts
according to Feldman et al. [45]. Freshly obtained lithium
heparinized blood samples were immediately transferred to
the laboratory in ice bags. Lymphocytes were separated using
Ficoll at 2400 rpm for 40 minutes in a cooling centrifuge.
Separated lymphocytes were washed and suspended in
RPMI-1640 medium. The viable lymphocyte cell count was
adjusted 2× 106/mL using trypan blue and a hemocytometer
slide [46]. The viable lymphocytes were suspended in
RPMI-1640 medium supplemented with 10% FCS. Lympho-
cytes were assayed for their transformation ability against
PHA mitogen (15μg/mL) using methyl thiazolyl tetrazolium
(MTT) staining procedures [47].

2.9. Histopathology and Immunohistochemistry (IHC). For-
malin-fixed tibia were subjected to decalcification in 5%

Table 1: Diet composition.

Ingredients Control (%) High isoflavones (%)

Yellow corn 40.59 35.04

Corn gluten 15.00 —

Soybean∗ — 26.41

Casein 5.00 5. 00

Sucrose 22.43 22.32

Starch 7.63 4.16

Cellulose 1.30 —

Corn oil 5.00 —

Soybean oil — 5.00

Methionine 0.30 0.43

Lysine 0.26 —

Tryptophan 0.39 —

Ground limestone 0.58 0.70

Dicalcium phosphate 1.09 0.57

Common salt 0.13 0.13

Premix∗∗ 0.30 0.30

Total 100.00 100.00

Calculated values

CP %∗∗∗ 17.11 17.11

ME (kcal/kg) 3708.26 3703.05

C/P ratio 216.70 216.50

Ca 0.50 0.50

P 0.30 0.30

Dietary HPLC analysis data

Genistein (μg/g) 0 1500

Daidzein 0 800
∗Soybean was autoclaved at 110°C for 30 minutes according to Westfall and
Hauge [121] to inactivate the trypsin inhibitor, tannins, saponins, phytate,
protease inhibitors, lectins, and goitrogens. ∗∗Each 3 kg contains the
following vitamins and minerals: vit. A 12mIU, vit. D3 2mIU, vit. E
1000mg, vit. k3 1000mg, vit. B1 1000mg, vit. B2 5000mg, vit. B6 1500mg,
vit. B12 10mg, biotin 50mg, pantothenic acid 10000mg, nicotinic acid
30000mg, folic acid 1000mg, manganese 60000mg, zinc 50000mg, iron
30000mg, copper 4000mg, iodine 300mg, selenium 100mg, cobalt
100mg, and carrier (CaCO3) to 3 kg (Golden premix- Selim Pharm
Elasher, Egypt.). ∗∗∗Analyzed according to Helrick [122].
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trichloroacetic acid for 20 days then dehydrated and stained
with H&E. All histopathological procedures were performed
according to Bancroft and Gamble [48]. Paraffin-embedded
tibia were subjected to immunohistochemistry (IHC) using
a primary antibody for ERα (Thermo Scientific Co., UK)
according to the methodology of Helmy et al. [39]. The per-
centages of the IHC-stained area (IHC area %) were obtained
using ImageJ software according to Elgawish et al. [49].

2.10. Statistical Analysis. The obtained data were expressed as
means ± SEM and subjected to analysis by one-way ANOVA
using SPSS (IBM SPSS Statistics, version 22, USA). Differ-
ences among means were tested at the 5% probability level
using Duncan’s multiple range test.

3. Results

3.1. Feed Intake, Weight Gain, and Lymphoid Organ Weight.
Cumulative feed intake significantly (p < 0 05) declined in
G2 (OVX/soy) compared to G1 (OVX/casein). The sham-
operated group (G3) showed a significant reduction in cumu-
lative feed intake than did both ovarictomized groups
(G1 and G2). Cumulative weight gains significantly
(p < 0 05) reduced in G2 (OVX/soy) compared with those
in G1 (OVX/casein). However, there was no difference
(p > 0 05) observed between the OVX/soy group and the
sham-operated one (Table 2). The relative weights of thymus
reduced (p < 0 05) in soy-fed OVX females than in casein-fed
OVX females and sham ones. Spleen weights showed nonsig-
nificant alterations among the tested groups (Table 2).

3.2. Lipid Profile, Bone Biomarkers, and Ghrelin Level. Table 3
shows improvement in lipid profile in OVX females fed a soy

diet. HDL-C significantly (p < 0 05) improved in the soy
OVX group than in the casein OVX group. There was no
significant difference in HDL-C between G2 and the sham-
operated group. Serum levels of LDL-C, TG, and TC declined
significantly (p < 0 05) in G2 than in G1. However, nonsig-
nificant changes were observed between G2 and G3. Serum-
ionized Ca and phosphorus levels were reduced (p < 0 05),
while ALP activity was elevated (p < 0 05) in the soy OVX
group than in the casein OVX group (Table 3). Ghrelin
hormone level significantly (p < 0 05) reduced in G2 when
compared to G1. No significant difference was observed
between G2 and G3 (Table 3).

3.3. Enzyme-Linked Immunoassay (ELISA), Lipid
Peroxidation, and Total Antioxidant Capacity (TAC). Soy
feeding to OVX female rats exhibited an elevated (p < 0 05)
calcitonin level compared to casein-fed ones nearly equal to
the sham group level. Resistin level revealed a significant
(p < 0 05) reduction in G2 than in G1; however, there was
no significant difference observed between G2 and G3
(Table 3). Serum TNF-α, IL-2, CRP, COX-2, and NO signif-
icantly (p < 0 05) reduced in G2 than in G1 while their values
nonsignificantly differed with G3 (Table 4). The level of
MDA revealed a highly significant (p < 0 01) elevation in
G1 compared to G2 and G3. The level of TAC revealed a sig-
nificant (p < 0 01) promotion in G2 than in G1. Both MDA
and TAC showed a nonsignificant variation between G2
and G3 (Table 4).

3.4. Leukocyte Counts and Lymphocytes Transformation Test
(LTT). Blood TLC was significantly (p < 0 05) elevated in
the soy OVX group than in the casein OVX group and
sham-operated ones (Figure 1(a)). Neutrophils % showed a

Table 2: Effect of soy isoflavones on feed intake (g/day/female), cumulative feed intake (g/female), weight gain (g/week), cumulative weight
gain (g), and relative thymus and spleen weight (g%) among experimental groups.

Parameters G1 (OVX/casein) G2 (OVX/soy) G3 (sham/casein)

Feed intake (g/day/female)

1st week 19.34± 1.11a 17.20± 1.17a 12.57± 0.68b

2nd week 18.75± 1.20a 12.92± 0.86b 11.65± 1.15b

3rd week 17.40± 0.67a 14.63± 0.56ab 12.87± 1.5 1b

4th week 16.42± 0.84a 16.22± 1.03a 11.77± 1.33b

5th week 21.93± 2.77a 18.51± 0.80ab 13.21± 1.39b

6th week 21.97± 3.44a 18.37± 0.95ab 13.80± 1.42b

7th week 21.33± 1.36a 16.68± 3.14a 9.75± 0.57b

Cumulative feed intake (g/female) 956.22± 6.15a 801.47± 5.41b 599.48± 11.55c

Weight gain (g/week)

2nd week 19.70± 1.08a 11.73± 1.91b 9.47± 1.28b

3rd week 10.45± 1.58a 10.65± 0.88a 8.90± 1.10a

4th week 12.19± 1.11a 8.02± 0.80b 5.37± 0.98b

5th week 7.08± 1.12a 6.73± 0.63a 5.73± 0.37a

6th week 6.32± 0.81a 3.62± 0.40b 2.97± 0.49b

7th week 5.33± 0.96a 1.05± 0.52b 1.07± 0.47b

Cumulative weight gain (g) 44.12± 5.13a 31.60± 5.01b 23.45± 2.39b

Relative weight (g%)
Thymus 0.35± 0.04a 0.16± 0.02b 0.32± 0.05a

Spleen 0.58± 0.04a 0.50± 0.09a 0.45± 0.06a
a-cMeans in the same row with different superscripts are significantly different (p < 0 05); values are presented as means ± SEM.
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significant (p < 0 05) reduction in G2 than in G1; however,
sham-operated rats in G3 did not show any significant varia-
tion when compared with those of G1 and G2. Eosinophils %

demonstrated a significant (p < 0 05) decline in G2 than in
G3. Casein-fed OVX rats showed nonsignificant changes
when compared with soy OVX and sham-operated ones.

Table 3: Effect of soy isoflavones on serum lipid profile, ghrelin, calcitonin, ionized calcium, inorganic phosphorus, and alkaline phosphatase
(ALP) among experimental groups.

Parameters G1 (OVX/casein) G2 (OVX/soy) G3 (sham/soy)

HDL-C (mg/dL) 10.19± 0.41a 12.58± 0.44b 14.01± 0.20b

LDL-C (mg/dL) 65.72± 1.96a 55.08± 0.94b 51.31± 4.72b

TG (mg/dL) 109.80± 4.85a 83.65± 8.49b 83.15± 2.21b

TC (mg/dL) 66.85± 2.41a 58.32± 1.27b 55.89± 2.87b

Ghrelin (pg/mL) 545.80± 3.49a 370.80± 6.55b 369.50± 13.87b

Calcitonin (pg/mL) 172.46± 5.98b 249.90± 4.19a 252.83± 2.50a

Resistin (ng/mL) 0.87± 0.05a 0.59± 0.04b 0.61± 0.04b

Ionized Ca+2 (mg/dL) 6.77± 0.35a 5.77± 0.19b 5.19± 0.30b

Phosphorus (mg/dL) 6.04± 0.12a 5.10± 0.33b 4.98± 0.37b

ALP (IU/L) 126.00± 5.12b 190.80± 12.88a 179.3± 3.57a
a-bMeans in the same row with different superscripts are significantly different (p < 0 05); values are presented as means ± SEM.

Table 4: Effect of soy isoflavones on lymphocyte transformation test (LTT), nitric oxide (NO), total antioxidant capacity (TAC),
malondialdehyde (MDA), and inflammatory mediators among experimental groups.

Parameters G1 (OVX/casein) G2 (OVX/soy) G3 (sham/soy)

LTT 0.65± 0.06a 0.27± 0.04b 0.51± 0.06a

NO (μM/L) 29.41± 0.85a 21.29± 0.91b 21.84± 0.66b

TAC (mM/L) 0.34± 0.12a 0.82± 0.08b 0.72± 0.04b

MDA (nM/L) 1.97± 0.13a 1.61± 0.07b 1.53± 0.09b

TNF-alpha (pg/mL) 8.99± 0.30a 5.73± 0.56b 5.25± 0.46b

IL-2 (pg/mL) 5.74± 0.54a 3.54± 0.27b 3.39± 0.39b

COX-2 (ng/L) 9.75± 0.42a 6.70± 0.59b 7.50± 0.44b

CRP (mg/L) 1.56± 0.03a 1.09± 0.07b 1.04± 0.08b
a-bMeans in the same row with different superscripts are significantly different (p ≤ 0 05); values are presented as means ± SEM.
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Figure 1: Effect of soy isoflavones on total (a) and differential leukocyte count (b) among experimental groups. Bars with different
superscripts are significantly different at p < 0 05; values are presented as means ± SEM.

5Oxidative Medicine and Cellular Longevity



Basophils % andmonocytes % revealed nonsignificant changes
among tested groups. Lymphocytes % showed a significant
(p < 0 05) increment in G2 than in G1 rats. Sham-operated
rats in G3 did not reveal any significant change in lympho-
cytes % as compared with those of G1 and G2 (Figure 1(b)).
Lymphocytes transformation exhibited significant (p < 0 05)
suppression in G2 than in both G1 and G3. A nonsignificant
difference was observed between G1 and G3 (Table 4).

3.5. Histopathology and Immunohistochemistry. A histologi-
cal examination of tibia from the treated and control groups
are shown in Figure 2. After 7 weeks of ovariectomy, females
fed a casein-based diet revealed changes in the growth of
epiphyseal plate structure. The architecture of the growth
plate showed fewer proliferative chondroblastic cells with
few and thinner trabeculae as compared with sham and ovar-
ictomized females fed a high soy isoflavone diet (Figures 2(a)
and 2(d)). Also, the zone of cartilage ossification appeared to
be resorbed. After 49 days of treatment with soy (Figures 2(b)
and 3(e)), the tibia morphology was almost identical to that
of the intact sham-operated group (Figures 2(c) and 2(f)).
The epiphyseal plate was well developed and contained a typ-
ical arrangement of a proliferative, chondroblastic pattern.
Besides, newly formed woven bones were observed which
are a microscopic evidence of new bone formation, as well
as well-developed bone trabeculae and ossification between

cartilage and the zone of bone deposition. Soy isoflavones
significantly (p < 0 001) increased the IHC-stained area %
than the casein-fed OVX group, while there was no signifi-
cant difference observed between G2 and G3 (Figure 3).

4. Discussion

Metabolic and immunological disorders are common fate to
estrogen deficiency or deprivation. In this case, the research
for hormone replacement supplement is mandatory [25].
The usage of soy isoflavones as HRT to alleviate adverse
effects of estrogen deficiency was tested in the present study.
The level of soy isoflavones that was ingested by OVX
females at the present study falls within the same range of
soy ingested by the Asian population. Those people
consumed 20 to 50 g of soy daily. Dietary isoflavone analysis
by HPLC in the current study revealed 800μg/g daidzein and
1500μg/g genistein that were together equal to the Asian
people intake which was estimated to be about 20 to
80mg of phytoestrogens/day [50]. Moreover, dietary murine
genistein equivalent to 1000 or 1500μg/g was reported to
produce serum genistein concentrations that matched the
physiological range of humans under dietary phytoestrogens
regimes [51]. Dietary genistein at 1500μg/g was also reported
by some publications to have immunological [52] and antili-
pogenic effects [53].
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Figure 2: Photomicrographs of epiphyseal bone and epiphyseal plate of rat tibia stained with H&E. (a, b, c) Scale bar: 200 μm. (d, e, f) Scale
bar: 100 μm. (a, d) OVX/casein group, (b, e) OVX/soy group, and (c, f) sham/casein group. BM: bone marrow; WB: woven bone; CM: zone of
cartilage maturation and hypertrophy; CA: zone of cartilage ossification between cartilage and the zone of bone deposition. Arrows represent
resorbed bone trabeculae. Head arrows represent well-developed bone trabeculae. Asterisks represent resorbed bone trabeculae.
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Cumulative feed intake and weight gains significantly
declined in OVX females fed soy than casein-fed OVX ones
to a level comparable to the sham-operated group. On the
parallel side, ghrelin hormone followed the same trend of
decrement. The possible explanation is that the absence of
ovarian estrogen in OVX females led to a downregulation
of hypothalamic estrogen receptors (ERs) restricting feed
intake and modulating energy expenditure [54]. Hence, feed
intake and body weight gain increased. Feeding soy isofla-
vones, as SERM, could result in overregulation of hypotha-
lamic ERs that restricted feed intake and subsequent body
weight gains to a level comparable to sham-operated females
with intact ovaries. Moreover, soy isoflavones dramatically
reduced the orexigenic ghrelin hormone level; therefore, it
controlled the appetite-inducing action of ovariectomy [16]
in this group. Our results were in partial agreement with
Cederroth et al. [37] who demonstrated reduced feed intake
and body weight gain without change in ghrelin hormone
level in soy-fed mice.

Dietary soy had direct influences on lipid metabolism as
it diminished TG, TC, and LDL-C and promoted HDL-C.

These results were consistent with previous records of Tolba
[55] and Yousefinejad et al. [56]. The observed hypolipid-
emic effect in G2 may be ascribed to the reduction in ghrelin
hormone level which is considered a potent growth hormone
secretagogue [57]. Ghrelin can promote white adipose tissue
lipogenesis through a hypothalamic-mediated mechanism
[58]. Thus, its reduction led to the observed hypolipidemia.
Furthermore, soy isoflavones have the ability to decrease
intestinal cholesterol absorption via increase in bile acid
excretion [59]. Also, the capacity of soy isoflavones to
decrease the lipid profile is related to AMPK activation which
enhances fatty acid oxidation in liver and adipocytes [37].

Thymus relative weights significantly reduced in the soy
OVX group than in OVX/casein and sham ones. However,
splenic relative weights showed nonsignificant alterations.
Our results coincided with those of Kakehashi et al. [60],
Nishide et al. [61], and Ebaid et al. [36]. It is not surprising
to find a similarity between dietary isoflavone exposure and
estrogen’s hormone action in mediating thymic atrophy
[62] as well as suppression of LTT [63]. Isoflavones can over-
regulate and bind ERs especially ERα that exerts a potential
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Figure 3: A photomicrograph of a section from tibia bone showing estrogen receptor–α expression. (a) OVX/casein group, (b) OVX/soy
group, (c) sham/casein group, and (d) a bar chart showing a comparison of the three groups in the estrogen receptor-α IHC-stained
area % (IHC stain, scale bar: 50μm).
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restricting role to T-lymphocytes proliferation [64]. Soy
genistein can also inhibit protein tyrosine kinases that subse-
quently suppress several white blood cells signaling cascades
especially IL-2. These signaling cascades are involved in thy-
mocytes and T-lymphocytes differentiation as well as their
proliferation [65].

The dietary soy isoflavones significantly increased TLC
with lymphocytosis at the expense of neutrophils than
casein-fed rats. Current results were parallel to records of
Jenkins et al. [66] and Cheng et al. [67]. Soy isoflavones mim-
icked estrogen in this group, therefore causing downregula-
tion of adhesion molecules and chemokines that altered
leukocytes recruitment and chemotaxis and thus exerting
their anti-inflammatory action [68]. The elevation of lym-
phocytes percent on expense of neutrophils augmented the
compensative effect of soy isoflavones to oxidative stress
induced by gonadal removal. The relation between neutro-
phils and lymphocytes was used as indicator for inflamma-
tion [69], oxidative stress [70], and cortisol production [71].
The eosinopenia that happened in the soy-treated group
was suggestive for the antiallergic effect of isoflavones.
Administration of dietary soy isoflavones seemed to resemble
estrogen action that could regulate eosinophils recruitment
and cause their degranulation [72].

Ovariectomy accelerated oxidative stress that is demon-
strated by increased NO, as an oxidative stress biomarker,
and lipid peroxidation (MDA) with reduction in TAC that
was normalized to the sham group level in the soy group.
Our results were similar to those ofWang andWu [73], Tang
et al. [74], and Onuegbu et al. [75]. Oxidative stress is a casual
factor for several metabolic and immunological disorders
[76]. Lipid profile abnormalities observed in G1 could be the
principle cause for lipid peroxidation and generation of excess
reactive oxygen species (ROS) [9]. Soy isoflavone phenolic
rings can act directly via free radical scavenging or indirectly
via modulation of the pro- and antioxidant intracellular
enzyme expression [77]. Furthermore, soy isoflavones can
reduce inducible NO synthase enzyme and hence affect all
physiological pathways that NO is involved in [78]. One of
these pathways is leukocyte chemotactic response [79] which
is manifested here by increased TLC in soy-treated rats.

Moreover, the function of NO as an intracellular mes-
senger in chemokine signaling pathways [80] decreased
and was manifested by decreasing levels of TNF-α and IL-2
in the soy OVX group to a level comparable to sham ones.
These decrements were in accordance with results of Shalaby
and Elgawish [81], Azadbakht et al. [26], andGaffer et al. [35].
The scavenging effect of soy isoflavones to ROS which was
demonstrated by restoration of TAC as well as reduction in
MDA could entangle ROS-mediated NF-κB/TNF-α signaling
activation [82]. In addition, soy isoflavones could promote ER
expression that has a reciprocal antagonism NF-κB activity
[83]. The latter promotes TNF-α production [82]. Moreover,
ER promotion by soy isoflavones [65] could inhibit protein
tyrosine kinase and topoisomerase II [63, 84]. These two
enzymes are essential for IL-2 production. These results
could briefly explain the decrease in LTT values where
IL-2 plays a substantial role in T-cell proliferation in an
autocrine manner [65, 85].

Our study demonstrated a significant reduction in serum
resistin level in the soy-fed OVX group to a level around to
that of sham-operated rats. Current results were harmonized
with those of Chen et al. [86] and Zhang et al. [87]. Resistin is
produced from adipose tissue and induces an inflammatory
activation, with the production of TNF-α by macrophages
through the NF-κB pathway [88]. These findings augmented
the idea that resistin level is regulated and correlated to the
level of TNF-α [89] as well as its pro-inflammatory potential
[90]. This decrease in resistin levels could be implied for the
effect of soy isoflavones on peroxisome proliferator-activated
receptors (PPARs) in endothelial and mononuclear cells [91].
PPAR is a major factor involved in de novo fatty acid synthe-
sis, adipocyte differentiation, and lipid accumulation [92].
Furthermore, PPARs cause resistin repression through direct
binding to the resistin promoter [93]. The normalization of
ovariectomy-induced resistin elevation by soy feeding was
augmented with the reduction of body weight gain in such
group. This was suggestive for the restoration of low abdom-
inal fat mass, normal glucose metabolism, and insulin sensi-
tivity that were impaired after ovariectomy (data not shown).
The resistin hormone had a positive correlation with CRP
level that is considered an inflammatory biomarker [94];
thus, CRP was significantly reduced in the soy OVX group
than in the casein-fed OVX one. Decreased body weight gain
was also attributed to CRP reduction due to a strong correla-
tion between these two parameters [95]. The antioxidant
potential of soy isoflavone polyphenolic ring had a negative
influence on serum CRP as antioxidants negatively influence
CRP production [96]. Furthermore, it is logic to find the
downregulation of CRP level together with reduced TNF-α
and IL-2 where CRP is produced by hepatic cells in response
to such cytokines [97]. The decrement in CRP after soy iso-
flavone treatment was in harmony with results of Fanti
et al. [98] and Jin et al. [99].

COX-2 is a critical proinflammatory enzyme that con-
verts arachidonic acid to prostaglandins that have been
implicated in pain and inflammation [100]. The reduction
in COX-2 level in G2 could explain the anti-inflammatory
effect of soy isoflavones in OVX rats. These results were gen-
erally consistent with those reported by Hooshmand et al.
[101], Valles et al. [102], and Khan et al. [103]. Isoflavone
modulation to estrogen receptors, as SERM, is involved in
regulation of COX-2 production and its bioactivity [104].
Isoflavones especially genistein had a repressing action on
NF-κB that in turn represses COX-2 genesis [101, 105].
Moreover, the antioxidant power of soy isoflavones has an
inhibitory effect on the activation of protein kinase C [106]
and activator protein-1 [107] that play a role in COX-2 pro-
moter activity [100].

Ovariectomy hastens bone turnover, manifested by
increased levels of ionized Ca2+ and phosphorous while
decreased ALP activity denoted osteoblast activity. It also
reduced chondroblastic cell proliferation with fewer and
thinner trabeculae as well as resorption in the zone of carti-
lage ossification. These changes were also accompanied with
reduced calcitonin hormone level that is known to be
decreased in gonadal hormone deficiency [108]. The reduc-
tion in bone mass was attributed to depletion of ovarian
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estrogen and its bone receptors as observed in IHC. Soy feed-
ing to OVX females promoted an IHC-stained area % of ERα,
which decreased osteoclast activity while promoting osteo-
blast activity [109] through upregulation of calcitonin hor-
mone level [20]. Therefore, they decreased serum-ionized
Ca2+ and phosphorous levels favoring their deposition in
the bone matrix as well as elevated ALP activity [110] to a
level near the sham group. Elevated ALP activity may indi-
cate active bone formation, as it is a byproduct of osteoblast
activity [111]. In addition, the reduction in ghrelin level in
G2 could be related to the decreased bone density as it
directly influenced osteoblast function or indirectly via the
growth hormone insulin-like growth factor axis [112]. Our
results concerning bone restoration, calcitonin, ionized
Ca2+, phosphorous, and ALP activity were in agreement with
Zhong and Yamaguchi [113], Lee et al. [114], Wafay et al.
[115], Nurrochmad et al. [116], and Hassan et al. [117]. Both
TNF-α and IL-2 are present in the bone microenvironment,
and their levels are indicative for bone health. Elevation of
such cytokines led to progression of bone turnover and
resorption [118]. The secretion of such cytokines was inhib-
ited through the estrogenic influence of soy isoflavones. Their
estrogenic action is attributed to reduction in bone turnover
and increased osteoblastic activity [119] of OVX females in
order to restore estrogen depletion. The estrogenic effect of
soy isoflavones seemed to be overlapped with its ROS scav-
enging effect at the bone level. The antioxidant power of iso-
flavone polyphenols was able to scavenge excessive nitric
oxide and MDA as well as promotion of TAC. These effects
neutralized the ovariectomy of ROS that incriminated in
the pathogenesis of bone loss excessive activity of osteoclasts
and bone mineralization [120]. Therefore, a histopathologi-
cal picture of the Soy/OVX group showed ossification
improvements by presenting a well-developed epiphyseal
plate that contained proliferative chondroblasts, besides the
presence of newly formed woven bone and well-developed
bone trabeculae.

5. Conclusion

Ovariectomy as a model for estrogen depletion resulted in a
myriad of metabolic alterations and bone turnover that were
promoted by excessive ROS production. Feeding soy isofla-
vones improved the lipid profile and subsequently the anti-
oxidant reserve that exerted an anti-inflammatory effect
and improved bone mineralization via the calcitonin hor-
mone. Moreover, soy feeding restored ER deficiency that is
implicated in appetite promotion, proinflammation, and
bone loss, thus overcoming these deleterious effects.
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Antioxidants are abundant in natural dietary sources, and the consumption of antioxidants has a lot of potential health benefits.
However, there has been no literature analysis on this topic to evaluate its scientific impact in terms of citations. This study is
aimed at identifying and analysing the antioxidant publications in the existing scientific literature. In this context, a literature
search was performed with the Web of Science database. Full records and cited references of the 299,602 identified manuscripts
were imported into VOSviewer for bibliometric analysis. Most of the manuscripts were published since 1991. The publications
were mainly related to the categories biochemistry/molecular biology, food science technology, and pharmacology/pharmacy.
These topics have been prolific since 1990 and before. Polymer science was prolific before, but its publication share declined in
the recent two decades. Brazil, China, India, and South Korea have emerged as upcoming major contributors besides USA. Most
prolific journals were Food Chemistry, Journal of Agricultural and Food Chemistry, Free Radical Biology and Medicine, and PLOS
One. Clinical conditions with high citations included Alzheimer’s disease, cancer, cardiovascular disease, and Parkinson’s
disease. Chemical terms and structures with high citations included alpha-tocopherol, anthocyanin, ascorbate, beta-carotene,
carotenoid, curcumin, cysteine, flavonoid, flavonol, hydrogen peroxide, kaempferol, N-acetylcysteine, nitric oxide, phenolic acid,
uric acid, vitamin C, vitamin E, selenium, and resveratrol. Citation patterns temporal analysis revealed a transition of the
scientific interest from research focused on antioxidant vitamins and minerals into stronger attention focus on antioxidant
phytochemicals (plant secondary metabolites).

1. Introduction

Antioxidants existed in many dietary natural sources such as
vegetables, fruits, and beverages and dietary antioxidants
such as flavonoids may help reduce the risk of mortality

from coronary heart disease and incidence of myocardial
infarction [1, 2]. Furthermore, epidemiological studies and
meta-analyses have suggested that the long-term consump-
tion of plant polyphenols can protect us against a range of
diseases, such as cancers, cardiovascular diseases, diabetes,
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osteoporosis, and neurodegenerative diseases (e.g., Alzhei-
mer’s disease) [3–7]. With the aging population and only
a small proportion of the population has consumed daily
the recommended amount of fruits and vegetables, there
are great opportunities in improving the general health
and against the degenerative diseases of aging by improving
the diet [8, 9].

To show the overall impact of the antioxidant research, a
bibliometric analysis of the antioxidant research field may
allow a deep understanding of the changes in the field in
terms of contributors and hot topics and their citation per-
formance [10–13]. To the best of our knowledge, no such
literature analysis has been published for antioxidant
research. Therefore, the aim of this study is to identify and
analyse the antioxidant-related publications in the existing
scientific literature. The primary objectives are as follows:

(1) To understand the relevant key research categories in
antioxidant research

(2) To identify the countries and journals having a major
contribution to this research and to evaluate their
citation performances during different time periods

(3) To reveal which chemicals/pharmaceuticals have had
high citation counts during different time periods

2. Materials and Methods

2.1. Data Source. In May 2018, a literature search was
performed with the multidisciplinary Web of Science
(WoS) online database (Clarivate Analytics, Philadelphia,
PA, USA) to identify papers with the following search
strategy: TOPIC= (“antioxida∗” OR “anti-oxida∗”). This
strategy searched for papers that contain the word antioxi-
dant/antioxidant and its derivatives in their title, abstract,
or keywords. No restrictions were imposed on the publica-
tion year, publication type (e.g., original article, review, and
editorial), or publication language.

2.2. Data Extraction. The manuscripts resulted from the liter-
ature search were evaluated and recorded for (1) publication
year, (2) journal title, (3) total citation count, (4) authorship,
(5) WoS category, and (6) manuscript type. The full records
and cited references of these manuscripts were imported
into VOSviewer (CWTS, Leiden University, Leiden, The
Netherlands) for bibliometric analyses, such as citation per-
formances of institutions, countries/regions, and journals.

VOSviewer extracts and analyses the words in the titles
and abstracts of the publications, relates them to citation
counts, and finally visualizes the results as a bubble map
[14]. Four such bubble maps were generated, one each for
1990 and before, 1991–2000, 2001–2010, and 2011–2018.
Each bubble represents a word or a phrase. We excluded
the top 5000 common words from the Corpus of Contempo-
rary American English (the list of words was obtained from
https://www.wordfrequency.info/free.asp?s=y). Supplemen-
tary data sheets in an Excel file (Data File S1) are all the terms
remained after the exclusion of the 5000 common words and
their citations per publication, per each of the four survey

periods. Bubble size indicates the frequency of occurrence
of the words (multiple appearances in a single publication
count as one). Bubble color indicates the averaged citation
count received by publications containing the word in their
titles or abstracts. Two bubbles are in closer proximity if
the two words had more frequent cooccurrence. The term
map visualizes terms that appeared in at least 500 of the
included publications during the specific survey period
(except for 1990 and before, for which the threshold was set
at 10 due to the small number of publications). Similarly,
bubble maps were generated to visualize journal perfor-
mances during the four survey periods. Two bubbles are in
closer proximity if the two journals cite each other more fre-
quently. For journal maps, only journals that have published
at least 100 papers during the specific survey period were
included (except for 1990 and before, for which the threshold
was set at 10 due to the small number of publications).

3. Results and Discussion

3.1. General Results. There were 299,602 publications identi-
fied and analysed. The first publication was published in
1957. It was a publication on studies with antioxidants
related to the reduction of serum lipids in humans and
rabbits [15]. The first year with more than 100 publications
on this topic was 1977, and the first year with more than
1000 publications was 1991. The annual publication trend
started to increase steadily since then (Figure 1). Another
pivotal point was the year 2007, starting from that year the
annual publication count has always exceeded 10,000. In
2017, 28,682 papers related to antioxidants were published.
Based on the observed trend, it is reasonable to expect that
over 30,000 papers will be published in 2018 alone.

In overall, there were 258,450 (86.3%) original articles
and 20,616 (6.9%) reviews in the analysed literature set.
The remaining 6.8% of the publications included meeting
abstracts, proceedings paper, and editorial material. Most
of the publications were written in English (292,778;
97.7%). The publications were mainly classified into the
WoS categories of biochemistry/molecular biology (45,691;
15.3%), food science technology (45,374; 15.1%), and phar-
macology/pharmacy (35,343; 11.8%). Four most prolific
institutions have each accounted for 1% or nearly 1% of total
publications, namely, the University of California (4183;
1.4%), Chinese Academy of Sciences (3746; 1.3%), Spanish
National Research Council (CSIC, 3483; 1.2%), and Council
of Scientific and Industrial Research (CSIR India, 2881;
1.0%). Consistently, USA (52,387; 17.5%), China (39,632;
13.2%), and India (24,958; 8.3%) were the leading countries
in publishing antioxidant-related papers. Meanwhile, the
most prolific journals that have each accounted for 1% or
nearly 1% of total publications were Food Chemistry (5818;
1.9%), Journal of Agricultural and Food Chemistry (5531;
1.8%), Free Radical Biology and Medicine (4332; 1.4%), and
PLOS One (2854; 1.0%).

In order to perform a systematic analysis and to better
evaluate the importance of the research area for the scientific
community worldwide, all the 299,602 identified publica-
tions were divided into four time periods/decades depending
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on their publication year, as follows: (i) 1990 and before,
(ii) 1991–2000, (iii) 2001–2010, and (iv) 2011–2018.

3.2. 1990 and before. There were 4176 publications. In this
earliest survey period, the publications were more evenly
distributed into different WoS categories, with the five major
categories being the biochemistry/molecular biology (513;
12.3% of 4176), food science technology (507; 12.1%), polymer
science (414; 9.9%), pharmacology/pharmacy (332; 8.0%), and
chemistry, applied (331, 7.9%). The five most prolific coun-
tries/regions were USA (942 publications; 22.6% of 4176;
39.6 citations per publication), USSR (248; 5.9%; 6.2), Japan
(165; 4.0%; 35.4), England (145; 3.5%; 51.9), and Canada
(90; 2.2%; 69.3). The five most prolific journals were Journal
of the American Oil Chemists’ Society (153; 3.7%; 23.7), Bulle-
tin of Experimental Biology and Medicine (123; 2.9%; 0.3),
Federation Proceedings (87; 2.1%; 3.9), Abstracts of Papers
of the American Chemical Society (82; 2.0%; 0.01), and Poly-
mer Degradation and Stability (82; 2.0%; 11.2). Figure S1

shows the citation network of the most prolific journals,
with existing agglomeration of polymer science journals
on the upper right corner, implying that they have cited
each other frequently but infrequently cited healthcare
and food science journals.

Topics with high citations included carcinogenesis (45
publications; 71.9 citations per publication) and lipid perox-
idation (197; 44.4) (Figure 2). The most cited terms associ-
ated with the chemical structures of antioxidants were uric
acid (12; 212.1), beta-carotene (12; 189.3), flavonoid (15;
176.5), ascorbate (14; 175.7), vitamin C (22; 69.8), vitamin
E (121; 62.7), and selenium (35; 56.3). The chemical struc-
tures of all most cited antioxidants or the respective simplest
representatives of the related substance classes are illustrated
in Table 1.

3.3. 1991–2000. There were 30,530 publications. During this
period, the WoS category of biochemistry/molecular biology
has accounted for a larger share of publications (6974;
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Figure 2: Term map for 1990 or before. The bubble map visualizes 155 terms (excluding the top 5000 common words from the Corpus of
Contemporary American English) that appeared in at least 10 of the included publications published in 1990 or before. Bubble size
indicates the frequency of occurrence of the words (multiple appearances in a single publication count as one). Bubble color indicates the
averaged citation count received by publications containing the word in their titles or abstracts. Two bubbles are in closer proximity if the
two words had more frequent cooccurrence.
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Table 1: Most cited antioxidants in the last several decades.

Time period Chemical structure and name
Chemical term

(number of publications; citations per publication)

1990 and before

Uric acid

N
H

N
O

O
O

H

N
H

HN
Uric acid (12; 212.1)

�훽-Carotene

Beta-carotene (12; 189.3)

O

O
Flavone1

2-Phenyl-4H-chromen-4-one

Flavonoid (15; 176.5)

HO

HO

OH

OOH

+Na −O

Sodium L-ascorbate2

Ascorbate (14; 175.7)

OHHO

OOH
HO

HO

Ascorbic acid3/vitamin C

Vitamin C (22; 69.8)

CH3

CH3 CH3

CH3 CH3 CH3

CH3H3C

HO

O

Vitamin E4/�훼-tocopherol

Vitamin E (121; 62.7)

Selenium

Se
Selenium (35; 56.3)

1991–2000
HO

OH
OH

OH
OH

O

O

Quercetin5

Flavonoid (623; 167.3)
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Table 1: Continued.

Time period Chemical structure and name
Chemical term

(number of publications; citations per publication)

H

�훼-Carotene6

Carotenoid (683; 112.3)

H2O2

Hydrogen peroxide
Hydrogen peroxide (1430; 89.4)

O N

Nitric oxide
Nitrogen(II) oxide

Nitric oxide (826; 88.1)

O O

OHHO

HO

HO H

Ascorbic acid3/vitamin C

Vitamin C (1160; 82.4)

O

CH3HN
HO

O SH
N-Acetylcysteine
Acetyl-L-cysteine

N-Acetylcysteine (639; 77.4)

HO

HO H O O

OH+Na −O

Sodium L-ascorbate2

Ascorbate (1171; 77.3)

�훽-Carotene

Beta-carotene (1317; 69.1)

Vitamin E4/�훼-tocopherol

CH3

O

HO

H3C
CH3 CH3

CH3 CH3 CH3

CH3
Vitamin E (2869; 65.5)

Alpha-tocopherol (2335; 65.2)

2001–2010 HO
O

O O

Curcumin

O
OH

H3C CH3

Curcumin (915; 75.4)
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Table 1: Continued.

Time period Chemical structure and name
Chemical term

(number of publications; citations per publication)

O

O
OH

Flavonol7
3-Hydroxy-2-phenyl-4H-chromen-4-one

Flavonol (677; 70.5)

O

HO

OH

p-Hydroxybenzoic acid8

4-Hydroxybenzoic acid

Phenolic acid (935; 64.4)

OH

OH

Cyanidin9

O+

OH

HO

OH

Anthocyanin (1560; 60.9)

Resveratrol

HO

OH

OH

Resveratrol (1159; 60.1)

OH

OH
OH

HO

Kaempferol

O

O

Kaempferol (635; 58.8)

2011–2018
Curcumin

HO

H3C CH3
O

OH
O

O O

Curcumin (2131; 14.3)

Resveratrol

HO

OH

OH

Resveratrol (2141; 13.9)
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22.8% of 30,530). The four other major categories were
pharmacology/pharmacy (3168; 10.4%), endocrinology/meta-
bolism (2258; 7.4%), food science technology (2245; 7.4%), and
cell biology (2065; 6.8%). Polymer science (547; 1.8%) and
chemistry, applied (1333; 4.4%) had much reduced share.
The five most prolific countries/regions were USA (8837
publications; 28.9% of 30,530; 72.8 citations per publication),
Japan (2482; 8.1%; 47.1), Germany (1649; 5.4%; 62.3),
England (1534; 5.0%; 76.0), and Italy (1499; 4.9%; 57.9).
Russia (570; 1.9%; 13.5) has much reduced share (as com-
pared to USSR in the previous analysed period) whereas
Canada (1016; 3.3%; 62.5) retained its share. The five most
prolific journals were Free Radical Biology and Medicine
(1017; 3.3%; 103.9), Journal of Agricultural and Food Chem-
istry (510; 1.7%; 122.7), FASEB Journal (470; 1.5%; 32.4), Free
Radical Research (354; 1.2%; 53.6), and Biochemical Pharma-
cology (324; 1.1%; 63.9). Figure S2 shows the citation network
of the most prolific journals, apparently centred on food
science, nutrition, and medicine journals.

Topics with high citations included cell death (965 publi-
cations; 87.1 citations per publication) and atherosclerosis
(1062; 86.1) (Figure 3). Some notable highly cited chemical
terms included flavonoid (623; 167.3), carotenoid (683;
112.3), hydrogen peroxide (1430; 89.4), nitric oxide (826;
88.1), vitamin C (1160; 82.4), N-acetylcysteine (639; 77.4),
ascorbate (1171; 77.3), beta-carotene (1317; 69.1), vitamin E
(2869; 65.5), and alpha-tocopherol (2335; 65.2) (Table 1).

3.4. 2001–2010. There were 95,627 publications. Compared
to the 1990s, the WoS category of biochemistry/molecular
biology has accounted for a smaller share of publications
(16,554; 17.3% of 95,627). The four other major categories
were food science technology (13,424; 14.0%), pharmacology/-
pharmacy (12,253; 12.8%), nutrition/dietetics (7214; 7.5%),
and chemistry, applied (7030; 7.4%). Chemistry, applied has
regained its share compared to the previous decade. Mean-
while, polymer science (878; 0.9%) continued to have a
reduced share. The five most prolific countries/regions were
USA (20,504 publications; 21.4% of 95,627; 57.9 citations
per publication), China (7458; 7.8%; 32.5), Japan (6944;
7.3%; 37.5), India (6829; 7.1%; 30.8), and Italy (5860; 6.1%;
42.9). The five most prolific journals were Journal of Agricul-
tural and Food Chemistry (2907; 3.0%; 67.0), Free Radical
Biology and Medicine (1927; 2.0%; 50.1), Food Chemistry

(1866; 2.0%; 70.9), Free Radical Research (1014; 1.1%; 24.8),
and Food and Chemical Toxicology (750; 0.8%; 49.0).
Figure S3 shows the citation network of the most prolific
journals. Food Chemistry began to become comparable with
Journal of Agricultural and Food Chemistry with regard to
publication count and citations per publication.

Topics with high citations included nuclear factor
erythroid 2-related factor 2 (Nrf2, 1126 publications; 100.7
citations per publication) (Figure 4), Alzheimer’s disease
(1477; 77.0), Parkinson’s disease (977; 76.7), and cardiovas-
cular disease (2305; 66.9). The most cited chemical terms
related to antioxidants were curcumin (915; 75.4), flavonol
(677; 70.5), phenolic acid (935; 64.4), anthocyanin (1560;
60.9), resveratrol (1159; 60.1), and kaempferol (635; 58.8)
(Table 1). Interestingly, all of these are phytochemicals (plant
secondary metabolites), as compared to the previous ana-
lysed periods, which have featured a higher share of studies
focused on antioxidant vitamins and minerals.

3.5. 2011–2018. There were 169,269 publications. For the
first time in history, food science technology (29,216; 17.3%
of 169,269) has overtaken biochemistry/molecular biology
(21,711; 12.8%) as the largest WoS category for antioxidant
papers. Pharmacology/pharmacy (19,611; 11.6%) and chemis-
try, applied (12,346; 7.3%) had similar share relative to the
2000s. Plant sciences have an uprising trend (1.3% for 1990
and before, 3.3% for 1991–2000, 6.1% for 2001–2010, and
7.0% for 2011–2018) to take up the fifth spot in terms of
the largest share of publications during 2011–2018. On the
other hand, polymer science, once one of the five most prolific
categories in 1990 and before, has maintained a small share
in recent decades (9.9% for 1990 and before, 1.8% for
1991–2000, 0.9% for 2001–2010, and 1.6% for 2011–2018).

China (31,508 publications; 18.6% of 169,269; 8.5 cita-
tions per publication) has overtaken USA (19,997; 11.8%;
15.0) as the most prolific country. The rest of the five most
prolific countries/regions were India (16,838; 9.9%; 7.5),
Brazil (9322; 5.5%; 7.2), and South Korea (9069; 5.4%; 8.3).
The five most prolific journals were Food Chemistry (3810;
2.3%; 17.2), PLOS One (2704; 1.6%; 12.5), Journal of Agricul-
tural and Food Chemistry (2085; 1.2%; 15.1), Molecules
(1646; 1.0%; 9.6), and Free Radical Biology and Medicine
(1335; 0.8%; 18.7). Figure S4 shows the citation network of
the most prolific journals. Food Chemistry has finally

Table 1: Continued.

Time period Chemical structure and name
Chemical term

(number of publications; citations per publication)

Cysteine
L-Cysteine

O

OH
NH2

HS
Cysteine (2410; 13.0)

1Flavone backbone of flavonoids. 2The most common ascorbate. 3Ascorbic acid is one form “vitamer” of vitamin C. 4α-Tocopherol is the most active form of
vitamin E (includes also other tocopherols and tocotrienols). 5An example as the most common flavonoid. 6It is the second most common form of carotene.
7Backbone of a flavonol. 8An example as the most common phenolic acid. 9The most common frequently occurring in the nature anthocyanin.
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overtaken Journal of Agricultural and Food Chemistry as the
largest journal in terms of publication count of antioxidant
papers. Also, notable is the rise of PLOS One and Scientific
Reports (908; 0.5%; 4.2), two multidisciplinary journals that
have published considerable number of antioxidant papers
during this decade.

Topics with high citations included autophagy (1091
publications; 18.3 citations per publication), Parkinson’s dis-
ease (1466; 15.5), atherosclerosis (1958; 15.3), carcinogenesis
(1086; 15.1), and Alzheimer’s disease (2658; 15.1) (Figure 5).
The most highly cited chemicals included curcumin (2131;
14.3), resveratrol (2141; 13.9), and cysteine (2410; 13.0)
(Table 1). A previous literature analysis has reported that it
takes about 3–7 years for scientific publications to reach the
peak of citations per year during their citation life [16].
Therefore, it is reasonable to see that the general citations
per publication during 2011–2018 were lower than those
from the 2001–2010.

3.6. General Discussion. In overall, we have analysed nearly
300,000 publications on antioxidants that spanned over half

a century. The results presented above have highlighted
two polyphenols, curcumin and resveratrol, with high
citations in the recent two decades. The potential health
benefits of dietary curcumin and resveratrol have been
discussed by the literature with a relevance to the control
of redox signalling, inflammation, and autophagy [17, 18]
and thus treatment of cancers including leukaemia [19–22].
Besides, polyphenols have also been demonstrated to have
neuroprotective effects and beneficial effects against cardio-
vascular disease, diabetes, and aging [2, 3, 5, 9, 23]. Dietary
polyphenols, together with vitamin E, which had high
citations before 2000, can exert protective effect against
Alzheimer’s and Parkinson’s diseases by modulating the
overproduction of reactive oxygen species (ROS) that give
rise to oxidative stress which in turn damages the neurons
[24, 25]. The increased publication share of food science
technology journals, with a leading example being Food
Chemistry, has reflected that the attention is shifting
towards dietary antioxidants.

Manuscript related to the nuclear factor erythroid
2-related factor 2 (Nrf2) also attracted high citations. Nrf2

50
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Figure 3: Term map for 1991–2000. The bubble map visualizes 99 terms (excluding the top 5000 common words from the Corpus of
Contemporary American English) that appeared in at least 500 of the included manuscripts published during 1991–2000. Bubble size
indicates the frequency of occurrence of the words (multiple appearances in a single publication count as one). Bubble color indicates the
averaged citation count received by publications containing the word in their titles or abstracts. Two bubbles are in closer proximity if the
two words had more frequent cooccurrence.
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is a transcription factor essential for regulating homeostasis,
cytoprotection, and innate immunity and plays an important
role in activating the protective genes that are antioxidant
and anti-inflammatory [26].

The antioxidant research field has witnessed the increased
publication share from China, India, and South Korea since
the 2000s. Similar to the recently analysed ethnopharmacol-
ogy and natural products publication fields, the contributions
fromAsian countries have been large, which could be partially
explained by the notion that antioxidant assays require rela-
tively less sophisticated equipment so that emerging research
powers can also contribute comparable research volumes as
traditionally established top research countries [27, 28].

4. Conclusions

There were 299,602 publications identified and analysed. The
majority of them (295,426) were published after 1991. Article
to review ratio was 12.5 : 1. The publications were mainly

related to the categories biochemistry/molecular biology, food
science technology, and pharmacology/pharmacy. Brazil,
China, India, and South Korea have emerged as upcoming
major contributors to antioxidant research besides USA,
which has been dominating the field for half a century. Most
prolific journals were Food Chemistry, Journal of Agricultural
and Food Chemistry, Free Radical Biology and Medicine, and
PLOS One. Clinical conditions with high citations included
Alzheimer’s disease, cancer, cardiovascular disease, and
Parkinson’s disease. Chemicals with high citations included
alpha-tocopherol, anthocyanin, ascorbate, beta-carotene,
carotenoid, curcumin, cysteine, flavonoid, flavonol, hydro-
gen peroxide, kaempferol, N-acetylcysteine, nitric oxide,
phenolic acid, uric acid, vitamin C, vitamin E, selenium,
and resveratrol (Table 1). In respect to antioxidant chemicals,
a transition of the scientific interest has been observed, from
research focused on antioxidant vitamins and minerals into
more research attention focused on antioxidant phytochem-
icals (plant secondary metabolites).

30

40

50

60

Figure 4: Term map for 2001–2010. The bubble map visualizes 503 terms (excluding the top 5000 common words from the Corpus of
Contemporary American English) that appeared in at least 500 of the included publications published during 2001–2010. Bubble size
indicates the frequency of occurrence of the words (multiple appearances in a single publication count as one). Bubble color indicates the
averaged citation count received by publications containing the word in their titles or abstracts. Two bubbles are in closer proximity if the
two words had more frequent cooccurrence.
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Supplementary Materials

Data File S1: supplementary data sheets of all the terms
remained after the exclusion of the 5000 common words
and their citations per publication, per each of the four sur-
vey periods. Figure S1: journal citation network for 1990 or
before. The bubble map visualizes 90 journals that published
at least 10 of the included publications published in 1990 or
before. Bubble size indicates the number of publications of
the journal. Bubble color indicates the averaged citation
count received by publications of the journal. Two bubbles
are in closer proximity if the two journals cited each other
more frequently. The lines indicate the 500 strongest citation
links. Figure S2: journal citation network for 1991–2000. The
bubble map visualizes 45 journals that published at least 100
of the included publications published during 1991–2000.
Bubble size indicates the number of publications of the

journal. Bubble color indicates the averaged citation count
received by publications of the journal. Two bubbles are in
closer proximity if the two journals cited each other more
frequently. The lines indicate the 500 strongest citation links.
Figure S3: journal citation network for 2001–2010. The
bubble map visualizes 190 journals that published at least
100 of the included publications published during 2001–
2010. Bubble size indicates the number of publications of
the journal. Bubble color indicates the averaged citation
count received by publications of the journal. Two bubbles
are in closer proximity if the two journals cited each other
more frequently. The lines indicate the 500 strongest citation
links. Figure S4: journal citation network for 2011–2018. The
bubble map visualizes 327 journals that published at least 100
of the included publications published during 2001–2010.
Bubble size indicates the number of publications of the
journal. Bubble color indicates the averaged citation count
received by publications of the journal. Two bubbles are in
closer proximity if the two journals cited each other more fre-
quently. The lines indicate the 500 strongest citation links.
(Supplementary Materials)
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Background. Accumulative evidence showed that gut microbiota was important in regulating the development of nonalcoholic fatty
liver disease (NAFLD). Hugan Qingzhi tablet (HQT), a lipid-lowering and anti-inflammatory medicinal formula, has been used to
prevent and treat NAFLD. However, its mechanism of action is unknown. The aim of this study was to confirm whether HQT
reversed the gut microbiota dysbiosis in NAFLD rats. Methods. We established an NAFLD model of rats fed with a high-fat diet
(HFD), which was given different interventions, and measured the level of liver biochemical indices and inflammatory factors.
Liver tissues were stained with hematoxylin-eosin and oil red O. Changes in the gut microbiota composition were analyzed
using 16S rRNA sequencing. Results. The hepatic histology and biochemical data displayed that HQT exhibited protective
effects on HFD-induced rats. Moreover, HQT also reduced the abundance of the Firmicutes/Bacteroidetes ratio in HFD-fed
rats and modified the gut microbial species at the genus level, increasing the abundances of gut microbiota which were
reported to have an effect on relieving NAFLD, such as Ruminococcaceae, Bacteroidales_S24-7_group, Bifidobacteria,
Alistipes, and Anaeroplasma, and significantly inhibiting the relative abundance of Enterobacteriaceae, Streptococcus,
Holdemanella, Allobaculum, and Blautia, which were reported to be potentially related to NAFLD. Spearman’s correlation
analysis found that [Ruminococcus]_gauvreauii_group, Lachnoclostridium, Blautia, Allobaculum, and Holdemanella exhibited
significant (p < 0 001) positive correlations with triglyceride, cholesterol, low-density lipoprotein cholesterol, interleukin-6,
interleukin-1β, tumor necrosis factor-α, and body weight and negative correlations with high-density lipoprotein cholesterol
(p < 0 001). The norank_f__Bacteroidales_S24-7_group and Alistipes showed an opposite trend. Moreover, the HQT could
promote flavonoid biosynthesis compared with the HFD group. Conclusion. In summary, the HQT has potential applications in
the prevention and treatment of NAFLD, which may be closely related to its modulatory effect on the gut microbiota.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a common,
multifactorial, and poorly understood liver disease with an
increasing incidence globally [1]. Risk factors for NAFLD
include a high-fat diet (HFD), a sedentary lifestyle, insulin

resistance, and metabolic syndromes, such as obesity, dyslip-
idemia, and type 2 diabetes [2]. When treatment is delayed,
NAFLD will progress to nonalcoholic steatohepatitis and
even liver failure [3].

There are almost 1014 species of bacteria in the human
intestinal tract. Gut microbiota of various types and high
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density has vital influences on gut health and is involved in
the processes of food digestion, the defense for mucosal sur-
faces, and crosstalk with the host immune system.

The abundance and structure of the gut microbiota are
significantly altered in patients with chronic liver diseases,
such as nonalcoholic steatohepatitis [4, 5]. Additionally, the
“gut-liver axis” theory has recently been proposed as an inno-
vative concept contributing to NAFLD pathogenesis [6].
Patients with NAFLD usually have small intestinal bacterial
overgrowth [7, 8], which can increase intestinal permeability
and plasma levels of inflammatory markers, such as tumor
necrosis factor- (TNF-) α and interleukin- (IL-) 8. Therefore,
the gut microbiota may be a new potential therapeutic target
for microbiota-related diseases.

The most common ways to regulate the gut microbiota
include prebiotics, synbiotic supplements, and probiotics,
or even traditional Chinese medicines (TCMs) [9, 10]. The
gut microbiota is capable of performing a wide variety of
metabolic transformations, such as giving the host the ability
to digest phytochemical compounds [11]. The majority of
TCMs contain phytochemical ingredients, such as flavo-
noids, alkaloids, polysaccharides, and saponins, which are
not only easily metabolized by gut microbiota but also often
administered orally [12, 13], suggesting that these medi-
cines can directly act on gut microbiota and restore its
homeostasis. For example, berberine, a clinically effective
drug treatment for NAFLD that contains isoquinoline alka-
loid, has recently been shown to exert its actions by modulat-
ing the gut microbiota [14]. Tea polyphenols and saponins
could increase the diversity of gut microbiota and altered its
structure [15, 16].

The Hugan Qingzhi tablet (HQT) has a long history of
use in alleviating NAFLD in clinical practice. In our previ-
ous in vitro and in vivo studies, it was confirmed that the
HQT exerted lipid-lowering and anti-inflammatory effects
on NAFLD [17, 18]. However, the relevant mechanism
involved in its effect on ameliorating NAFLD requires further
investigation. In our isobaric tags for relative and absolute
quantitation-based proteomics experiments on livers from
NAFLD rats, a Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis showed that the gut
microbiota is closely related to the pathogenesis of NAFLD
[19]. The major Chinese medicines in the HQT are Rhizoma
Alismatis, Fructus Crataegi, Pollen Typhae, Folium Nelum-
binis, and Radix Notoginseng (Additional files 1: Table 1).
Among them, Fructus Crataegi and Pollen Typhae contain
large amounts of flavonoids, such as quercetin and rutin
[20, 21]. Flavonoids are metabolized by the enzymes pro-
duced by the gut microbiota, thus affecting the bioavailability
of flavonoids in the human body [22], suggesting that the
HQT may interact with the gut microbiota and contribute
to NAFLD. However, direct evidence for the effects of the
HQT on modulating the gut microbiota is still lacking.
Therefore, the 16S rRNA gene sequencing technique is used
in this research to compare the structural changes of gut
microbiota caused by HQT in HFD-driven NAFLD rats. This
research would offer a solid basis for the regulation of gut
microbiota structure by HQT therapies, which will help
researchers to further comprehend the interaction between

the host and microorganisms during the therapeutical pro-
cess of NAFLD and the mechanism of action of HQT in
this process.

2. Materials and Methods

2.1. Plant Material and Preparation of the HQT. HQTs were
provided by Zhujiang Hospital, Southern Medical University
(SMU) (Guangzhou, China). 70% ethanol (1 : 6,m/v) was uti-
lized to impregnate 30% Rhizoma Alismatis, 30% Fructus
Crataegi, 20% Folium Nelumbinis, and 15% Pollen Typhae
for about 1.5 hours, and then the measure of reflux was used
to extract those materials for 2 hours; this process was
repeated three times. It was estimated that the productivity
of dried extracts is about 14.45% (m/m). After that, 5% of
Panax notoginseng was squashed and screened and then
mixed with the dried extracts to generate HQT. In previous
studies, we have stated the approach for carefully identifying
and quantifying the main components of HQT [18, 23].

2.2. Analysis of HQT by UHPLC-QqQ-MS. HQT (0.50 g) was
precisely weighed and put into extraction by an ultrasonic
water bath (30°C) with 50mL of methanol-water solution
(1 : 1, v/v) for 30 minutes. Next, filtration of the extract was
performed using a 0.22μm syringe filter. The extracted
filtrate was utilized as an experimental solution and analyzed
by ultra-high-performance liquid chromatography-triple-
quadrupole mass spectrometry (UHPLC-QqQ-MS).

Chromatographic analyses were carried out under the
Agilent 1290-6460 series UHPLC system (Agilent Technolo-
gies, Santa Clara, USA). The chromatographic fractionation
was carried out using 0.1% formic acid and water as mobile
phase A and acetonitrile as mobile phase B in a gradient
manner at a temperature of 30°C using a Waters ACQUITY
UPLC C18 column (2.1× 100mm, 1.7μm) (Waters, Milford,
MA, USA). The gradient elution program was as follows:
0–6min, 18–20% B; 6–7min, 20–25% B; 7–7.01min, 25–
50% B; 7.01–10min, 50–90% B; and 10–12min, 90–90%
B. The sample injection size was 2μL, and the flow rate
was 0.35mL/min. The mass spectrometry analysis was per-
formed on an Agilent 6460 QqQ-MS (Agilent Technologies,
Santa Clara, USA) equipped with an electrospray ionization
(ESI) source. Then, the ESI source was operated in positive
and negative ionization modes. The MS and MS/MS spectra
of the 12 compounds were attained by immediately infusing
every normalized solution.

2.3. Animals and Treatment. Animal testing mentioned in
this research was conducted at the animal facilities of the
Animal Ethics Committee of SMU which is consistent with
references in the Guide for the Care and Use of Laboratory
Animals of China. Male Sprague–Dawley (SD) rats (180–
220 g) were supplied by the SMU Animal Experiment Center
(Guangzhou, China, quality certificate number: SCXK (Yue)
2011-0015). All endeavors were made to minimize the suf-
ferings of the animals involved in the experiment. After
one-week acclimation, 24 male SD rats (8 weeks old, specific
pathogen-free) were stochastically divided into 3 groups of
8 each. One group of rats was conventionally raised with a

2 Oxidative Medicine and Cellular Longevity



normal-fat diet (NFD), one group was fed a HFD, and
another group was fed a HFD plus the HQT in a 1.08 g/kg
BW HQT suspension [18]. The food intake of each group is
at the same level. The group of rats that were fed a HFD
was offered with chow containing 1.2% cholesterol, 15% lard,
20% sucrose, 0.2% sodium cholate, 0.6% dicalcium phos-
phate, 0.4% limestone, 10% casein, and 0.4% premix mixed
with the NFD. Each group was given the appropriate therapy
daily, and body weight (BW) was recorded once a week. Sam-
ples were collected weekly from the feces of 15 rats from the
NFD, HFD, and HQT groups before they were sacrificed.
Unluckily, the feces gathered from the other three animals
were inadequate, so the gut microbiota of these three animals
was no longer analyzed.

2.4. Liver Histology and Serum Analysis. At the end of the
12-week trial, all three groups of rats were executed and
their livers were taken out and kept at −80°C for subsequent
histological and lipid analysis, including hematoxylin-eosin
(HE) and oil red O staining and triglyceride (TG), cholesterol
(CHOL), low-density lipoprotein cholesterol (LDL-C), and
high-density lipoprotein cholesterol (HDL-C) tests. Mor-
phological and pathological analyses of HE staining in rat
liver were conducted, and statistical evaluation was made
regarding the NAFLD activity score (NAS) [24]. The
Olympus Image-Pro Plus 6.0 software was used to conduct
the quantitative analysis and calculate the oil red O stain-
ing areas. Additionally, concentrations of proinflammatory
cytokines, including interleukin-6 (IL-6), tumor necrosis
factor-α (TNF-α), and IL-1β, in hepatic homogenates were
quantified utilizing enzyme-linked immunosorbent assay
kits, under the instructions of the producer (Mutisciences,
Hangzhou, China).

2.5. DNA Extraction, PCR Amplification, and Illumina MiSeq
Sequencing. E.Z.N.A.® Stool DNA Kit (Omega Bio-Tek, Nor-
cross, GA, USA) was utilized to extract microbial DNA from
fecal samples. The V3-V4 region of the bacterial 16S rRNA
was intensified by PCR (95°C for 2min, followed by 25 cycles
at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s and a final
extension at 72°C for 5min) using primers [25] 5′-ACTC
CTACGGGAGGCAGCAG-3′ for 338F and 5′-GGAC
TACHVGGGTWTCTAAT-3′ for 806R. The PCR reaction
was implemented in a 20μL blend comprising 4μL of 5× Fas-
tPfu buffer, 2μL of 2.5mM dNTPs, 0.8μL of each primer
(5μM), 0.4μL of FastPfu polymerase, and 10ng of template
DNA. The amplicon was extracted from 2% agarose gel and
purified by the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA), and QuantiFluor™-ST
(QuantiFluor) was used for quantification. The purified
amplifier was merged at the same molar concentration,
and paired-end sequencing (2× 300) was performed on the
Illumina MiSeq platform using the standard protocol. PE
amplicon libraries were established, and sequencing was
conducted utilizing the Illumina MiSeq platform at Major-
bio Bio-Pharm Technology Co. Ltd., Shanghai, China. Raw
fastq files were demultiplexed and quality-filtered utilizing
FLASH and Trimmomatic.

2.6. Bioinformatics and Statistical Analysis. The operational
taxonomic units (OTUs) that reached a 97% nucleotide sim-
ilarity level were subjected to alpha-diversity analyses using
mothur software [26]. Beta-diversity measurements were
calculated as previously described [27], and principal coordi-
nate analyses (PCoA) on the basis of OTU abundance and
distance were verified. R package was utilized for the visuali-
zation of bacterial community classification and distribution.
For linear discriminant analysis effect size (LEfSe) [28],
biological relevance and statistical significance were taken
into account, and identification was performed to differen-
tially represent the level of classification among the three
groups. Microbial functions were forecasted utilizing phy-
logenetic investigation of communities by reconstruction
of unobserved state (PICRUSt) [29]. The predicted genes
and their functions are in line with the KEGG database
and compared to the STAMP software (http://kiwi.cs.dal.ca/
Software/STAMP) [30].

2.7. Statistical Analysis. All the results are presented as
means± SD. Benjamini-Hochberg FDR (p < 0 05) correction
and two-sided Welch’s test were utilized in the examination
of differences in microbial functions between two groups.
The one-way analysis of variance (ANOVA) was used to
analyze the mean values in the three groups. GraphPad
Prism software (version 6.02) was used to perform the sta-
tistical analysis. After the comparison with the control
group, it is obvious that all the consequences are considered
to be statistically significant at p < 0 05.

3. Results

3.1. The UHPLC-QqQ-MS Analysis of the HQT. UHPLC-
QqQ-MS spectrometry was used to characterize the chemical
HQT composition. The total ion current chromatograms
of the HQT are shown in Figure 1. Twelve major com-
pounds were identified and quantified by a comparison
with reference standards. Their chemical names are epicat-
echin (S1), nuciferine (S2), typhaneoside (S3), rutin (S4),
heterosine lisu-3-o-new hesperidin (S5), hyperoside (S6),
isoquercetin (S7), notoginsenoside R1 (S8), quercetin (S9),
isorhamnetin (S10), alisol A 24-acetate (S11), and 23-O-
acetylalisol B (S12).

3.2. The HQT Attenuates HFD-Induced NAFLD. After a
12-week intervention period, rats in the HFD group weighed
significantly more than rats in the NFD group (Figure 2(a)).
As shown in Figure 2(b), the liver TG and CHOL levels in
the HQT group were much lower than those in the HFD
group. The liver HDL-C level exhibited the opposite trend to
the TG and CHOL levels, which were significantly increased.
HFD-fed rats displayed a higher liver LDL-C level than
the NFD group, which was significantly reduced after the
treatment with the HQT. Compared with the NFD group
(Figure 2(c)), IL-6, IL-1β, and TNF-α levels were drastically
elevated in the HFD group (p < 0 01), and the levels observed
in the HQT group were significantly decreased compared
with those in the HFD group (p < 0 01).
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As shown in Figure 2(d), extensive micro/macrovesicu-
lar steatosis was detected in the hepatocytes of HFD rats,
and we also observed macrovesicular steatosis, steatohepa-
titis changes, inflammation, and massive infiltration of
inflammatory cells around the central vein of hepatocytes
in the HFD rats. In contrast, the HQT ameliorated these
morphological changes. The analysis of the NAFLD activity
score showed that in HFD rats the score was significantly
increased (Figure 2(f)). However, HQT treatment could sig-
nificantly inhibit such increase. Moreover, hepatocyte lipid
accumulation was significantly decreased in the HQT group
compared with the HFD group (Figure 2(e)). Quantification
of oil red O staining showed that lipid deposition occurred in
nearly 41.87% in HFD rats’ liver tissue, and HQT treatment
significantly reduced HFD-induced liver lipid deposition
(Figure 2(g)). It is clear that HQT significantly prevented
rats’ liver lipid deposition caused by HFD feeding for up
to 12 weeks. Based on these results, the HQT exerted a pro-
tective effect on HFD-fed rats by lowering the levels and
inhibiting inflammation.

3.3. Response of the Gut Microbiota Structure to the HQT
in HFD-Fed Rats. 16S rRNA gene sequencing was used
to investigate whether HQT had an effect on the structure
of gut microbiota in HFD-fed rats. Good’s coverage beyond
99.5% demonstrated an adequate sequencing depth for all
samples (Additional files 2: Table 2). With quality control,
1,663,537 reads (average of 36,967 sequences per sample)
were delineated into 794 OTUs. Rarefaction and Shannon
index analyses showed that most of the diversity and rare
new phylotypes could be covered by the sequencing depth
(Additional files 3: Figure 1).

As shown in the community heatmap diagram, the abun-
dance of 39 genera was significantly different among the
three groups (Figure 3(a)). The HFD group exhibited higher
abundances ofMoryella, [Eubacterium]_hallii_group, Collin-
sella, and Ruminococcaceae_UCG-008 than the NFD and
HQT groups. In addition, the HFD group displayed lower
abundances of the genera Ruminiclostridium_6, Tyzzerella,
norank_o_Mollicutes_RF9, and Candidatus Saccharimonas
than the NFD and HQT groups. On the basis of the
unweighted UniFrac distance calculation, the PCoA of β-
diversity in the gut microbiota (Figure 3(b)) did not reveal
a significant difference in the gut microflora among the three

groups before the experiment started (at week 0). After
administering the HFD and HQT interventions, the gut
microbiota of the HFD and the HQT groups gradually sepa-
rated from that of the NFD rats in the middle of the experi-
ment (at week 6). At the end of the experiment (at week
12), the gut microbiota of rats in the HFD group was
completely separated from that of the NFD group while the
gut microbiota of the HFD and HQT groups was separated,
and the distance of the gut microbiota between the HQT
group and the NFD group was shorter. Therefore, we specu-
lated that after the HFD and HQT interventions, the gut struc-
ture in the three groups of rats became significantly different.

The composition of the gut microbiota at both the phy-
lum and genus levels was analyzed to determine which types
of bacteria were affected by HFD and HQT intake. At the
phylum level, Bacteroides, Firmicutes, and Proteobacteria
were the main components of the gut microbiota in the rat
feces (Figure 4(a)). Compared with the NFD group, an
increase in Firmicutes and a decrease in Bacteroidetes were
observed in the HFD rats. Compared with the HFD group,
the abundance of Firmicutes was decreased in the HQT
group but the abundance of Bacteroidetes was increased
(Figure 4(b)). However, based on the importance of the Fir-
micutes-to-Bacteroidetes (F/B) ratio, a significantly higher
ratio was observed in the HFD group (p < 0 01) than in the
NFD group and a lower ratio was observed in the HQT group
(p < 0 05) than in the HFD group. As shown in the results of
the genus-level analyses (Figure 4(c)), compared with the
NFD group, reduced abundance of Prevotella_9, norank_f_-
Bacteroidales_S24-7_group, Bacteroides, and Ruminococ-
cus_1 and increased abundance of Allobaculum, Blautia,
[Ruminococcus]_gauvreauii_group, and Holdemanella were
observed in the HFD group. Compared with the HFD
group, norank_f_Bacteroidales_S24-7_group, Turicibacter,
Lachnospiraceae_NK4A136_group, and Ruminococcus_1
were increased, but Blautia, Prevotella_9, and Holdemanella
were reduced in the HQT group.

3.4. Key Phylotypes of Gut Microbiota Modulated by the HQT.
Based on the linear discriminant analysis (LDA) values of 4
(Figure 5) and 2 (Additional files 4: Figure 2), the NFD,
HFD, and NFD groups were statistically analyzed by using
the LEfSe method to further examine the differences in the
abundance of bacterial species in each group.
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Figure 1: The UHPLC-QqQ-MS analysis of the HQT. (a) The UHPLC-QqQ-MS analysis of standard reference materials. Epicatechin (S1),
nuciferine (S2), typhaneoside (S3), rutin (S4), heterosine lisu-3-o-new hesperidin (S5), hyperoside (S6), isoquercetin (S7), notoginsenoside
R1 (S8), quercetin (S9), isorhamnetin (S10), alisol A 24-acetate (S11), and 23-O-acetylalisol B (S12). (b) The UHPLC-QqQ-MS analysis
of the HQT.
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As shown in the taxonomic cladograms, the LEfSe
analysis demonstrated the modulatory effects of the HQT
on different taxonomic levels of the gut microbiota in rats
fed with the HFD (Figure 5 and Additional files 4: Figure 2).
Compared with the NFD group, the abundances of Bac-
teroides, norank_f__Bacteroidales_S24_7_group, Butyrici-
monas, Parabacteroides, Alloprevotella, Prevotella_9, and
unclassified_o__Bacteroidales belonging to the Bacteroidetes
phylum were decreased in the HFD group. Additionally,
the HFD restrained the growth of Anaerotruncus, Rumi-
niclostridium, Ruminiclostridium_5, Ruminiclostridium_6,
Ruminococcaceae_UCG_007, Ruminococcaceae_UCG_009,
Ruminococcus_1, unclassified_f__Ruminococcaceae, and

uncultured_f__Ruminococcaceae, which belong to the family
Ruminococcaceae. In addition, the abundance of Cronobac-
ter, which belongs to the family Enterobacteriaceae, was
obviously increased in the HFD group compared with
the NFD group.

Compared with the HFD group, the abundance of
norank_f__Bacteroidales_S24_7_group, Alistipes, and Cro-
nobacter was increased in the HQT group. Additionally,
compared with the HFD group, the HQT increased the
growth of Anaerotruncus, Ruminiclostridium, Ruminiclos-
tridium_5, Ruminiclostridium_6, Ruminococcaceae_UCG_
007, Ruminococcaceae_UCG_009, Ruminococcus_1, unclas-
sified_f__Ruminococcaceae, and uncultured_f__Ruminoco-
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Figure 2: Effects of the HQT on the BW (a); hepatic TG, CHOL, HDL-C, and LDL-C levels (b); hepatic IL-6, IL-1β, and TNF-α levels (c); the
HE-stained liver tissue (d); oil red O-stained liver tissue (e) from rats in the NFD, HFD, and HQT groups the results of the NAFLD activity
score of liver HE staining (f); and the quantitative results of the oil red O staining (g). n = 8 rats per group. Values are presented as the means
± SD for each group. ∗p < 0 01, ∗∗p < 0 01 compared with the HFD group. #p < 0 01, ##p < 0 01 compared with the NFD group.
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ccaceae, which belong to the family Ruminococcaceae.
Additionally, the abundances of the genera Staphylococcus,
Streptococcus, and unclassified_o__Lactobacillales, which
belong to Bacilli, were decreased, while the abundances of
Anaeroplasma, Bilophila, Desulfovibrio, and Bifidobacterium
were increased in the HQT group compared with the
HFD group.

Based on these results, the HQT could modulate the
gut microbiota of HFD-fed rats, resulting in a microbiota
composition similar to that of NFD rats.

3.5. Associations between the Gut Microbiota Composition
and NAFLD Phenotypes. The correlations between the rela-
tive abundance of the gut microbial community and impor-
tant metabolic parameters associated with NAFLD were
presented in Spearman’s correlation heatmap. Pearson’s

correlation analysis was used to determine the correlation
of each microbial level. At the phylum level (Figure 6(a)),
significant correlations were observed between the param-
eters tested and the relative abundances of Firmicutes, Bac-
teroidetes, Actinobacteria, Tenericutes, and Cyanobacteria.
However, both Bacteroidetes and Cyanobacteria exhibited a
definite negative correlation with TG, CHOL, LDL-C, IL-6,
IL-1β, TNF-α, and BW and a positive correlation with
HDL-C while Firmicutes showed a positive correlation with
TG, CHOL, LDL-C, IL-6, IL-1β, TNF-α, and BW and a neg-
ative correlation with HDL-C.

At the genus level (Figure 6(b)), [Ruminococcus]_gauv-
reauii_group, Lachnoclostridium, Blautia, Allobaculum, and
Holdemanella exhibited significant (p < 0 001) positive cor-
relations with TG, CHOL, LDL-C, IL-6, IL-1β, TNF-α,
and BW and negative correlations with HDL-C. The
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Figure 3: The community heatmap of the NFD, HFD, and HQT groups at week 12 (a). The PCoA analyses performed at weeks 0, 6, and 12 in
the NFD, HFD, and HQT groups (b). P = prophase; M=metaphase; A = anaphase. n = 5 rats per group.
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Figure 4: Bacterial composition of the different communities at the phylum level in the NFD, HFD, and HQT groups at week 12 (a). The
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norank_f__Bacteroidales_S24-7_group and Alistipes showed
significant (p < 0 001) negative correlations with TG, CHOL,
LDL-C, IL-6, IL-1β, TNF-α, and BW and positive correla-
tions with HDL-C. Bacteroides displayed the same trend,
except for the IL-1β index.

3.6. Predictions of Gut Microbiota Functions in the NFD,
HFD, and HQT Groups. The mechanism by which gut
microbes exert their biological effects is closely related to
the function of the genes encoded in the gut microbiome.
Therefore, we predicted corresponding changes in gene
abundance and metabolic pathways using PICRUSt and

calculated the changes in functional pathways between
groups using STAMP software.

In the comparison of the HFD and NFD groups, the
microbiota in the former comprised more functions involved
in metabolic pathways involving ATP-binding cassette (ABC)
transporters, primary bile acid synthesis, and secondary bile
acid synthesis than the microbiota in the latter. In contrast,
the NFD group included functions involved in the tricar-
boxylic acid (TCA) cycle, flagellar assembly, other glycan
degradation, two-component system, and lipopolysaccharide
biosynthesis (Figure 7(a)). Regarding the comparison of the
HFD and HQT groups, the microbiota in the HFD group
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displayed more functions in porphyrin and chlorophyll
metabolism, alanine aspartate and glutamate metabolism,
and carbon fixation in photosynthetic organisms than the
microbiota in the HQT group. However, similar to the
NFD group, the HQT group had a greater number of
functions in the TCA cycle, flagellar assembly, other glycan
degradation, two-component system, lipopolysaccharide
biosynthesis, and flavonoid biosynthesis (Figure 7(b)).

4. Discussion

In this study, rats fed with a HFD gained significantly
more weight than rats fed with a NFD. Additionally, patho-
logical indicators of NAFLD and liver biochemical markers
and inflammatory factor indexes confirmed the validity of
the model. The HQT sufficiently reduced the accumulation
of lipids, such as TG, CHOL, HDL-C, and LDL-C, and
inflammation indicators, such as TNF-α, IL-6, and IL-1β
levels, indicating its lipid-lowering and anti-inflammatory
effects on alleviating NAFLD progression.

According to the UHPLC-QqQ-MS analysis, the HQT
contained flavonoids, such as typhaneoside, rutin, quercetin,
heterosine lisu-3-o-new hesperidin, hyperoside, and isoquer-
cetin, which were mainly obtained from Pollen Typhae and
Fructus Crataegi [20, 21]. Orally administered flavonoids,
such as rutin, are not detectable in blood, but the aglycone
form quercetin has been observed in blood [31]. In fact,
the quercetin glucoside or quercetin has been reported to
be directly absorbed by the small intestine [31]. Likewise,

other flavonoids, such as hesperidin, also share similar meta-
bolic fates in the human body [32]. The detection of these
components also implied that the HQT may treat NAFLD
by regulating the gut microbiota.

Concomitant with the improved clinical index of
NAFLD, we observed an altered microbial composition
induced by the HQT and HFD. Based on the PCoA, the
consumption of HFD for up to 12 weeks shifted the gut
microbiota structure in NAFLD rats. The HQT showed to
reverse the HFD-induced structural variations.

Certain studies [33, 34] have observed a close correlation
between obesity and an increase in the intestinal Firmicutes-
to-Bacteroidetes (F/B) ratio in both mouse experiments and
clinical trials. In this study, the F/B ratio was significantly
elevated in the HFD group compared with the NFD group,
while the F/B ratio was significantly decreased in the HQT
group compared with the HFD group.

Compared with the HFD group, norank_f__Bacteroi-
dales_S24_7_group, Anaeroplasma, Bifidobacterium, Bilo-
phila, Desulfovibrio, and most of the genera belonging
to family Ruminococcaceae, such as Anaerotruncus, Rumi-
niclostridium, Ruminiclostridium_5, Ruminiclostridium_6,
Ruminococcaceae_UCG_007, Ruminococcaceae_UCG_009,
Ruminococcus_1, unclassified_f__Ruminococcaceae, and
uncultured_f__Ruminococcaceae, were markedly enriched
after HQT treatment. The norank_f__Bacteroidales_S24_
7_group and Ruminococcaceae are butyrate-producing bacte-
ria. Butyrate is a short-chain fatty acid produced from resis-
tant starch, dietary fiber, and low-digestible polysaccharides
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Figure 6: The correlations between the relative abundance of the gut microbial community at the phylum level and vital metabolic
parameters linked to NAFLD in the NFD, HFD, and HQT groups at week 12 (a). The correlations between the relative abundance of the
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by the microbiota in the colon and distal small intestine via
fermentation [35–37]. As shown in the study by Endo et al.
[38], butyrate-producing probiotics reduce NAFLD pro-
gression in rats. Zhou et al. [35] also verified that sodium
butyrate attenuates HFD-induced steatohepatitis in mice by
improving the gut microbiota and gastrointestinal barrier.
These findings suggest an important role for the butyrate-
producing bacteria in the efficacies of the HQT.

In 1998, the concept of an “intestine-liver axis” was
proposed, suggesting that intestinal barrier function is dam-
aged after the intestinal tract is injured. Large quantities of

bacteria and endotoxins from the intestine subsequently
enter the liver through the portal venous system to activate
Kupffer cells and liver cells that release a series of inflam-
matory cytokines, such as TNF-α, IL-1β, and IL-6, further
damaging the liver [6]. In our experiments, the abundance
of some intestinal endotoxin- (LPS) rich bacteria was sig-
nificantly increased in the HFD group, and the HQT
reversed this trend. LPS is the main ingredient of the outer
membrane of Gram-negative bacteria, and it is the endo-
toxin that goes into the circulation causing inflammation
[39]. According to the research of Cani et al. [40], mice
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fed with a HFD for as short term as 2 to 4 weeks exhibited
a significant increase in plasma LPS. LPS derived from the
members of the families Enterobacteriaceae and Desulfovi-
brionaceae, in the phylum Proteobacteria, exhibits a 1000-
fold increase in endotoxin activity compared to LPS derived
from the family Bacteroidaceae, in the phylum Bacteroidetes
[41]. In our experiments, the abundance of Cronobacter,
which belongs to the family Enterobacteriaceae, was signifi-
cantly increased in the HFD group compared with the
HQT group. The abundances of Desulfovibrio and Bilophila
which belong to the family Desulfovibrionaceae were
increased in the HQT group, which was unexpected, and this
result indicated that the HQT might selectively alter the
abundance of some bacteria associated with inflammation.

In our studies, the HQT group exhibited an increase in
the abundance of Bifidobacterium, and the abundance of this
genus was significantly decreased in the HFD group. This
finding is consistent with the results of a previous study
[40], showing that a HFD decreases the abundance of Bifido-
bacteria in mice and increases the levels of LPS, TNF-α, IL-1,
and IL-6, leading to intestinal mucosa infiltration. It is also
reported by Nobili et al. [42] that Bifidobacteria seem to have
a protective effect on the development of NAFLD and obesity
in the gut microbiome of NAFLD children. In those studies,
Bifidobacteria reduced LPS levels in mice and improved
mucosal barrier function [43, 44]. Our results showed that
the HQT group excreted significantly higher proportions of
Bifidobacterium than the HFD group (p < 0 05) and this
may relate to its protective role in NAFLD.

In addition, the genera Alistipes and Anaeroplasma in the
HQT group were also more abundant than those in the HFD
group. It is worth noting that Alistipes belongs to the family
Rikenellaceae, which was also decreased in patients with
NAFLD in a recent study [45]. Clarke [46] reported a signif-
icant decrease in the abundance of Anaeroplasma in obese
mice compared with lean mice.

The abundances of Streptococcus which belong to Bacilli
were significantly increased in the HFD group compared
with the HQT group. Compared with healthy subjects,
NAFLD patients show an increase in the percentage of bac-
teria from the pathogenic Streptococcus, which may induce
persistent inflammation of the intestinal mucosa and is asso-
ciated with inflammatory bowel disease [47, 48]. In our
experiments, it is also found that some genera such as Holde-
manella and Allobaculum were higher in the HFD group
than in the HQT group. Furthermore, the genera Holdema-
nella and Allobaculum exhibited significant (p < 0 001)
positive correlations with TG, CHOL, LDL-C, IL-6, IL-1β,
TNF-α, and BW and negative correlations with HDL-C.
Brahe et al. [49] reported that Holdemanella is associated
with an unhealthy fasting serum lipid level. In our experi-
ments, the abundance of Holdemanella was extremely low
in the NFD and HQT groups but was substantially increased
in the HFD group, thus suggesting that the high abun-
dance of Holdemanella may be an important cause of
NAFLD. Low-dose penicillin causes weight gain in infant
mice because it can alter the proportions of dominant bacte-
ria, such as reducing the abundance of Allobaculum, in new-
born or infant mice. Thus, researchers postulate that the

increased abundance of Allobaculum can help infant mice
resist the development of obesity [50]. However, in our
experiment, the abundance of Allobaculum was substantially
increased in the HFD group compared to the HQT group,
which may be related to the use of adult rats in the present
study. In addition, the genus Blautia exhibited significant
(p < 0 001) positive correlations with TG, CHOL, LDL-C,
IL-6, IL-1β, TNF-α, and BW and a negative correlation with
HDL-C. Several studies have observed a correlation between
Blautia and obesity. For example, Goffredo et al. reported a
positive correlation between the abundance of Blautia and
obesity in American youth and verified that the level of ace-
tate, which is the product of Blautia, is associated with body
fat partitioning and hepatic lipogenesis [51].

The expression of genes encoding ABC transporters is
reportedly increased in the fecal microbiome of mice fed with
a HFD compared to mice fed with standard chow or a low-fat
diet [52, 53]. In our experiment, the levels of the ABC trans-
porter genes were significantly increased in the HFD group
compared with the NFD group. Interestingly, the HFD group
also displayed a significant increase in the levels of the genes
involved in primary bile acid synthesis and secondary bile
acid synthesis compared with NFD rats. HFD-induced bile
acid secretion was originally thought to be a driving force
affecting the composition of obesity-related gut microbiota
[54], and rats fed with cholic acid (CA) experienced an
increase in phylum Firmicutes, accompanied by a reduction
of Bacteroides; the resulting altered microbial characteristics
are analogous to the obesity-related gut microbiome. In our
experiments, the F/B ratio was raised in the HFD group and
down in the HQT group, and this alternating trend may be
due to the excessive production of bile acids for the feeding
of HFD. Besides, the genus Blautia was abundant in the
HFD group and few in the HQT and NFD groups. Blautia
could produce large amounts of antimicrobial secondary bile
acids (BAs) from primary BAs with its 7a-dehydroxylating
activity [55]. Therefore, the rich abundance of Blautia in
the HFD group may play an important role as a compensa-
tory response to the presence of increasing amounts of BAs
in the gut [56–59]. According to the PICRUSt analysis, met-
abolic pathways, such as the TCA cycle, flagellar assembly,
other glycan degradation, two-component system, and lipo-
polysaccharide biosynthesis, were enriched in the HQT
group compared with the HFD group. These results were
similar to the comparison between the NFD group and
the HFD group. Moreover, the HQT promoted the activity
of the flavonoid biosynthesis pathway. As mentioned
above, the HQT contains a variety of flavonoids, such as
typhaneoside, rutin, quercetin, heterosine lisu-3-o-new hes-
peridin, hyperoside, and isoquercetin, which must be trans-
formed in the intestine to exert better biological activity.
Thus, this result may be the key point for HQT to change
the gut microbiota in NAFLD rats and can be a target for fur-
ther studies.

5. Conclusions

In conclusion, gut dysbiosis occurs in HFD-induced NAFLD
rats, and the HQT decreases lipid levels and inflammation
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in these NAFLD rats, together with beneficial modulation
of the gut microbiota. In particular, HQT could modulate a
wide range of gut microbiota, including norank_f__Bacteroi-
dales_S24_7_group, Ruminococcaceae, Enterobacteriaceae,
Bifidobacterium, Alistipes, Anaeroplasma, Streptococcus,
Holdemanella, Allobaculum, and Blautia. Spearman’s cor-
relation analysis also identified that [Ruminococcus]_gauv-
reauii_group, Lachnoclostridium, Blautia, Allobaculum, and
Holdemanella exhibited significant (p < 0 001) positive cor-
relations with TG, CHOL, LDL-C, IL-6, IL-1β, TNF-α, and
BW and negative correlations with HDL-C (p < 0 001). The
norank_f__Bacteroidales_S24-7_group and Alistipes showed
an opposite trend. Besides, according to the UHPLC-QqQ-
MS analysis, the HQT contained flavonoids, such as typha-
neoside, rutin, quercetin, heterosine lisu-3-o-new hesperi-
din, hyperoside, and isoquercetin. Interestingly, the HQT
increased the KEGG pathway of flavonoid biosynthesis in
fecal samples, which may be the manner in which the
HQT changes the gut microbiota in NAFLD rats.

Together, these findings indicated that the effects of the
HQT on NAFLD might depend on its modulatory effect on
the gut microbiota.
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It is common for food to be made more palatable through the use of the flavour enhancer monosodium glutamate, also known as
vetsin powder. The purpose of the study described in this paper was to explore how vetsin-induced hepatic toxicity, DNA
fragmentation, damage, and oxidative stress modifications could be mitigated with moringa leaf extract (MLE). To that end, 40
male rats were separated into four groups: normal control, positive control or MLE, vetsin, and vetsin combined with MLE.
Results indicated that, compared to the control group, the levels of serum alanine aminotransferase (ALT), aminotransferase
(AST), alkaline phosphatase (ALP), gamma-glutamyl transferase (GGT), liver malondialdehyde (MDA), DNA damage, injury,
PCNA, and P53 expressions were significantly enhanced by the administration of vetsin (P < 0 05). However, the vetsin group
had significantly reduced levels of albumin, globulin, total protein, liver glutathione (GSH), superoxide dismutase enzyme
(SOD), catalase, and glutathione S-transferase (GST) enzyme activities (P < 0 05) by comparison to control. Meanwhile,
modifications in liver functions, oxidative stress, DNA damage, liver injury, and PCNA expression were alleviated when vetsin
was administered alongside MLE. The authors conclude that vetsin may have many side effects and that MLE can ameliorate
biochemical changes, oxidative stress, hepatic injury, PCNA, and P53 alterations induced by vetsin administration.

1. Introduction

Vetsin (monosodium glutamate) is derived from amino
acids, or glutamate, and is a popular flavour enhancer used
to generate a savoury or umami taste in a variety of foods
worldwide. Vetsin is commonly found in Asian cuisine and
thus often associated with Chinese restaurants, but it is now
frequently found in the Western diet, too [1].

From a structural perspective, there is no difference
between the glutamate molecules disseminated from the
gastrointestinal tract to the circulation, irrespective of the
type of food from which they derive [2]. The distinctive
flavour it imparts makes numerous foods, often prepared

on an industrial scale, appealing to consumers; conse-
quently, food or food ingredients with its umami taste
and flavour enhancement receive a great deal of attention
in the food industry. Flavouring agents can promote con-
sumption of foods that naturally lack flavour; thus, they
are of nutritional significance [1]. Vetsin (monosodium
glutamate) has been proven toxic for both humans and
experimental animals [3]. For example, El-Atrash et al. [4]
reported that monosodium glutamate induced liver toxicity
and oxidative stress in rats.

The edible tree Moringa oleifera can be found in the
Asian and African tropical and subtropical regions and is
valuable not only nutritionally but also pharmacologically
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[5–7]. Traditional medicine throughout the world has
extensively employed various parts of moringa, including
leaves, roots, bark, fruit flowers, immature pods, and seeds,
to prevent and treat a wide range of afflictions, such as
inflammation, infectious diseases, and cardiovascular, gas-
trointestinal, haematological, and hepatorenal disorders
[7–9]. Moringa leaves contain natural antioxidants, com-
prising a number of phytochemicals of medicinal impor-
tance, such as the tumour-targeting glucosinolates and
isothiocyanates [5, 9–12]. The ability of moringa leaf extract
(MLE) to alleviate vetsin-triggered liver toxicity, apoptosis,
damage, and oxidative stress changes therefore constituted
the focus of our study.

2. Materials and Method

2.1. Chemicals and Drug. One kilogram of monosodium
glutamate (vetsin) powder was obtained from Qingdao
HuifengheMSG Co. Ltd., China. For the MLE, freshMoringa
oleifera leaves were purchased between May and June from
farmers in Riyadh. The leaves were air-dried in a laboratory
for five days and ground into fine particles using a simple
hammer mill. The MLE was prepared by mixing one gram
dried and powdered leaves with 10ml boiling water for five
minutes, according to Berkovich et al. [13].

2.2. Experiment Set-up and Rat Categorisation. Forty male
albino rats were sourced from the animal house of the Col-
lege of Food and Agriculture Sciences, King Saud University,
Riyadh, Saudi Arabia, each with a weight of between 110 and
130 g and aged 9-10 weeks. The rats were kept in cages in
suitable environmental conditions (22–24°C, 12-hour light/
dark cycle) and were put on a diet of commercial pellet, with-
out water restrictions. All of the experiments were conducted
in compliance with the guiding principles for the care and use
of laboratory animals of King Saud University in Riyadh,
Saudi Arabia. The experiments were initiated 14 days after
the animals were procured to allow them to become accus-
tomed to the laboratory setting.

The male rats were separated into four groups with ten
rats in each, and over the four weeks of the experiments, all
rats were given the same amount of food. The first group
was the control group, which did not undergo any treatment.
The second group was subjected to intragastrical administra-
tion of 200mg/kg body weight of MLE over the course of four
weeks. The third group was subjected to intragastrical
administration of 5mg/kg body weight vetsin powder over
the course of four weeks. The fourth group was subjected to
intragastrical administration of 5mg/kg body weight vetsin
powder combined with 200mg/kg body weight MLE over
the course of four weeks.

When the experimental work was completed, the rats
were subjected to overnight fasting. For the purposes of clin-
ical chemistry, the rats were euthanized at the end of the
fourteenth week, to permit the sampling of blood via retro-
orbital puncture with the use of blood capillary tubes without
heparin, in keeping with specifications. Following 10-minute
incubation at room temperature, the blood samples were
allowed to coagulate before being subjected to 15-minute

centrifugation at 3000 rpm. After collection, the serum was
isolated and stored in clean stopper plastic vials at −80°C in
preparation for the examination of the serum parameters.

All experimental procedures were performed in accor-
dance with King Saud University’s ethical standards for
experiments involving animals.

2.3. Determination of Serum Enzymes. The approach pro-
posed by Schumann and Klauke [14] was adopted to analyse
the activities of serum aspartate transaminase (AST) and ala-
nine transaminase (ALT) with the use of a commercial kit
(Human, Germany). The same kit was employed to analyse
the activity of serum alkaline phosphatase (ALP) in keeping
with the approach of Moss and Henderson [15]. The
approach proposed by Doumas et al. [16] was followed to
measure the levels of serum albumin and globulin with a com-
mercial kit (Diamond, Egypt). Furthermore, the approach
suggested by Szasz and Persijn [17] was used for approxima-
tion of GGT activity.

2.4. Preparation of Tissue. At the end of the experimental
period, rats from each group were euthanized and subjected
to a complete necropsy after 10–12 hr of fasting. Liver tissues
were weighed, cut, and homogenized (10% w/v) separately in
ice-cold 1.15% KCl 0.01mol/l sodium potassium phosphate
buffer (pH 7.4) in a Potter-Elvehjem type homogenizer.
The homogenate was centrifuged at 10,000 g for 20min at
4°C and the resultant supernatant was used for different
enzyme assays.

2.5. Determination of the Biomarkers of Liver Oxidative
Stress. The approach proposed by Mesbah et al. [18] was
adopted to identify the composition of hepatic malondialde-
hyde (MDA). The approaches proposed by Aebi [19], Misra
and Fridovich [20], and Habig et al. [21] were, respectively,
used to identify catalase (CAT; EC 1.11.1.6) enzyme activity,
superoxide dismutase (SOD; EC 1.15.1.1) enzyme activity,
and glutathione S-transferase (GST; EC 2.5.1.18) enzyme
activity in hepatic homogenate. Furthermore, the approach
proposed by Ellman [22] helped to determine reduced gluta-
thione (GSH) content in hepatic homogenate.

2.6. Analysis of Genotoxicity and DNA Damage in Hepatic
Tissue. DNA damage analysis and quantification were con-
ducted with the comet assay (single cell gel electrophoresis)
method. 100mg samples of liver were obtained from every
experimental group and subjected to mincing in a chilled
homogenising buffer consisting of 0.075M NaCl and
0.024M Na2EDTA, before undergoing gentle homogenisa-
tion with the use of a homogenizer (Ikemoto Scientific Tech-
nology Company Ltd., Japan) in ice. A suspension of cells
was subjected to a 10-minute 700× g centrifugation at 4°C,
followed by resuspension in cold buffer. An epifluorescence
microscope permitted visualisation of the slides. The DNA
migration length (comet tail length) caused by genotoxicity
was established by scanning digital images in an image analy-
ser in the case of the control andMSG groups. Observation of
at least 505 arbitrarily chosen cells per sample allowed the
determination of tail length (TL), representing the distance
between the comet head and the final signal in the tail that
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could be seen, the DNA tail intensity (TI), representing the
DNA fraction in the tail divided by the DNA quantity in
the nucleus multiplied by 100, and the DNA tail moment
(TM), representing the product of the DNA quantity in the
tail and TL. Every assay was carried out three times and con-
trasted with control.

2.7. Histopathological Examination. Liver tissue samples
were fixed with 10% formalin solution for 48 hours and then
processed for paraffin sectioning. Sections were stained with
Ehrlich’s haematoxylin and counterstaining with eosin was
applied for histopathological examination according to
Bancroft and Stevens [23].

2.8. Proliferating Cell Nuclear Antigen (PCNA) Expression.As
proposed by Tousson et al. [24], an Avidin–Biotin–Peroxi-
dase immunohistochemical method (Elite–ABC, Vector Lab-
oratories, CA, USA) was applied to analyse PCNA-stained
nuclei in 7μm deparaffinised sections, with rat antibodies

PCNA monoclonal antibody (dilution 1 : 100; DAKO Japan
Co., Tokyo, Japan).

2.9. Immunohistochemical Detection of P53 Proteins. P53
proteins in the liver tissues were detected using the Avidin–
Biotin Complex (ABC) method according to Tousson et al.
[25] and the stained cells were extracted by colour threshold-
ing using an Image J program to extract the brown colour for
quantitation [25].

2.10. Statistical Analysis. To determine whether the exper-
imental groups had any differences of significance, one-
way ANOVA was employed for statistical analysis, with
expression of data in the form of mean values± SE. In
the case of biochemical data, statistical significance was
established, to be indicated by P < 0 05. The SPSS software
(version 21, SPSS® Inc., USA) was used to conduct every
statistical analysis.
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Figure 1: The alterations in the levels of serum AST, ALT, ALP, and GGT in the four groups, each consisting of ten rats; expression of values
takes the form of means SE; # and ∗ denote significantly different from the vetsin group and from control, respectively.
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3. Results

3.1. Toxicity. Rats that were treated with the dose of MLE
appeared healthy and did not show any clinical signs of
disease and no mortality was recorded during the experi-
ment duration. Neither was any mortality recorded during
the experiment duration in treated rats with vetsin or with
vetsin plus MLE; however, yellowish body hair and faint-
ness were observed.

3.2. Markers of Liver Damage. By comparison to control, the
vetsin group displayed significantly elevated levels of serum
ALT, AST, ALP, and GGT (P < 0 05) (Figure 1) but signifi-
cantly reduced levels of serum albumin, globulin, and total
protein (P < 0 05) (Figure 2). In contrast, improvement in
alterations in hepatic function parameters was observed in
the vetsin +MLE group (Figures 1 and 2).

3.3. Oxidative Stress Markers. By comparison to the control
group and the MLE group, the vetsin group exhibited signif-
icantly elevated levels of hepatic MDA (P < 0 05) (Figure 3)
but significantly reduced levels of hepatic GSH, SOD, cata-
lase, and GST (P < 0 05) (Figures 3 and 4). Improvement in
such changes in oxidative stress markers was revealed by
the vetsin +MLE group (Figures 3 and 4).

3.4. DNA Damage. DNA damage in hepatic tissues was ana-
lysed via a comet assay. The control and MLE groups did not
differ significantly in terms of DNA damage (tail length) in
hepatic tissues. In contrast, the vetsin group differed from
the MLE group in that it exhibited increased tail length, tail
DNA%, and tail moment, which reflected that DNA damage
was significant (P < 0 05). As can be seen in Table 1 and
Figure 5, such extensive DNA damage was attenuated in
the vetsin +MLE group by comparison to the vetsin group.
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Figure 2: The alterations in the levels of serum albumin, globulin, and total proteins in the four groups, each consisting of ten rats; expression
of values takes the form of means± SE; # and ∗ denote significantly different from the vetsin group and from control, respectively.
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3.5. Effect of MLE Seed on Liver Histopathology. As can be
seen in Figures 6(a) and 6(b), hepatic sections from the
control and MLE groups (G1 and G2, respectively) exhib-
ited normal polygonal cells of large size and presenting
protuberant spherical nuclei and eosinophilic cytoplasm,
with a couple of spaced hepatic sinusoids interspersed
among the hepatic cords with fine Kupffer cell organisation.
However, hepatic sections from the vetsin group exhibited
hepatotoxicity, as reflected in moderate hepatocyte deterio-
ration, numerous apoptotic cell foci, hepatocyte cytoplasmic
vacuolisation, prominent necrosis, and scattered formation of
Kupffer cells among hepatocytes and encircling the portal
area, as well as significant blockage of blood sinusoids
(Figure 6(c)). Meanwhile, hepatic sections from the vet-
sin +MLE group showed hepatocytes that had undergone
mild vacuolisation, a large number of apoptotic hepatocytes,
relative cellular infiltration, and relative blockage in the cen-
tral and portal veins (Figure 6(d)).

3.6. PCNA Expression Changes in the Liver. As Figures 7(a)
and 7(b) reveal, hepatic sections from the control and MLE
groups exhibited slight positive response to PCNA expres-
sion in the nuclei of hepatocytes. Contrastingly, the vetsin
group exhibited moderate positive response to PCNA
expression in the nuclei of hepatocytes (Figure 7(c)). By
comparison to control, the vetsin group showed consider-
ably more intense PCNA expression; however, by contrast
to the vetsin group, the vetsin +MLE group had significantly
less intense PCNA expression in hepatic sections. The latter
displayed mild positive response to PCNA expression, as is
obvious in Figure 7(d).

3.7. P53 Expression Changes in the Liver. Negative expres-
sions for P53 in liver sections in the control group and the
MLE group were observed (Figures 8(a) and 8(b)). On the
other hand, strong P53expressions were observed in liver
sections in rats treated with vetsin (Figure 8(c)). Hepatic

sections from the vetsin +MLE group showed mild positive
expressions for P53 (Figure 8(d)).

4. Discussion

The aim of this study was to investigate whether vetsin-
triggered hepatic toxicity, apoptosis, damage, and oxidative
stress changes could be alleviated with moringa leaf extract
(MLE). The results of the experiments conducted revealed
that, unlike the control group, rats given vetsin exhibited,
on the one hand, higher levels of ALT, AST, ALP, and
GGT, which might suggest cellular leakage and functional
impairment of hepatic cell membranes [26, 27], and on the
other hand, decreased levels of albumin, globulin, and total
proteins. Such results were consistent with those obtained
by Oscar et al. [28], who concluded the occurrence of hepato-
cellular damage based on MSG-induced elevation in the
levels of ALT and AST.

There is also agreement between the present study and
those by Farombi and Onyema [29] and Onyema et al. [30]
with regard to the fact that rats administered with MSG
had higher serum ALT levels, most likely based on the obser-
vation that hepatic oxidative stress was caused by MSG.

In a similar way, Ortiz et al. [31] found that rats injected
with MSG displayed increased GOT and GPT levels accom-
panied by hepatocyte deterioration. Indeed, the majority of
cases of liver conditions are associated with increased GGT
levels [32]. Hence, in this study, oxidative stress triggered
by vetsin was the cause of liver damage, which in turn could
have led to heightened serum GGT activity. As suggested by
several authors, a number of factors might explain the dis-
ruption in hepatic enzymes, including hepatic damage,
changes in cell membrane permeability, or aminotransferase
heightened production or reduced catabolism [33, 34].

The alterations observed in the hepatic enzymes ALT,
AST, ALP, GGT, albumin, globulin, and total protein can
be reversed with MLE, which has a protective effect on

50

40

30

10

20

0

# #

#

⁎
M

D
A

 (n
m

ol
e/

g 
tis

su
e)

C
on

tro
l

M
LE

Ve
tsi

n

Ve
tsi

n 
+ 

M
LE

(a)

#
#

#⁎

⁎

G
SH

 (m
m

ol
/m

g 
pr

ot
ei

n)

C
on

tro
l

M
LE

Ve
tsi

n

Ve
tsi

n 
+ 

M
LE

4

3

2

1

0

(b)

Figure 3: The alterations in the levels of hepatic MDA and GSH in the four groups, each consisting of ten rats; expression of values takes the
form of means± SE; # and ∗ denote significantly different from the vetsin group and from control, respectively.
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membrane permeability because it targets oxidants and can
function as a free radical scavenger [26, 35, 36], as has been
proven in previous research [35, 36]. Meanwhile, this study
found that alterations in hepatic function parameters were
alleviated through the administration of vetsin alongside
MLE, corroborating the findings of other studies [37–40].

Various pathologies are associated with involvement of
free radicals, which are targeted by antioxidants, and thus
help in disease prevention. Lipid peroxidation may be the
reason for the cellular toxicity of vetsin. This study reported
that, by comparison to control, the vetsin group had signifi-
cantly higher liver MDA levels (P < 0 05) and significantly

80

40

60

20

0

#
#

#⁎

⁎

CA
T 

(U
/m

g 
pr

ot
ei

n)

C
on

tro
l

M
LE

Ve
tsi

n

Ve
tsi

n 
+ 

M
LE

(a)

100

60

80

20

40

0

#
#

#⁎

⁎

SO
D

 (U
/m

g 
pr

ot
ei

n)

C
on

tro
l

M
LE

Ve
tsi

n

Ve
tsi

n 
+ 

M
LE

(b)

3

2

1

0

#

#

#⁎

⁎

G
ST

 (�휇
m

ol
/h

r/
m

g 
pr

ot
ei

n)

C
on

tro
l

M
LE

Ve
tsi

n

Ve
tsi

n 
+ 

M
LE

(c)

Figure 4: The alterations in the levels of hepatic catalase, superoxide dismutase (SOD), and glutathione S-transferase (GST) activities in the
four groups, each consisting of ten rats; expression of values takes the form of means± SE; # and ∗ denote significantly different from the
vetsin group and from control, respectively.

Table 1: The parameters of comet assay were derived via image analysis performed on cells from every group upon experiment completion.
# and ∗, respectively, denote significant difference from vetsin and control.

Group Tailed (%) Untailed (%) Tail length (μm) Tail DNA% Tail moment

Control 1.5 98.5 1.31± 0.17# 1.45 1.91#

MLE 2 98 1.24± 0.20# 1.36 1.74#

Vetsin 7 93 3.63± 0.26∗ 3.16 10.22∗

Vetsin +MLE 5 95 2.49± 0.18#∗ 2.04 6.55#∗
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(a) (b)

(c) (d)

Figure 5: Photomicrograph illustration of hepatic DNA damage detected in various groups via comet assay.

(a) (b)

(c) (d)

Figure 6: Photomicrographs of liver sections in the different groups stained with haematoxylin and eosin. (a, b) Liver sections in the control
and MLE groups revealed normal structure of hepatocytes (Hp) and central vein (cv). (c) Liver sections in treated rats with vetsin revealed
moderate atrophied, degeneration in the hepatocytes (white arrows), marked necrosis, diffuse Kupffer cell proliferation in between some
hepatocytes and surrounding the portal area (black arrows). (d) Liver sections from the vetsin +MLE group revealed mild vacuolated
hepatocytes (Hp), diffuse Kupffer cell proliferation in between some hepatocytes (black arrows).
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lower levels of GSH, SOD, GST, and catalase (P < 0 05).
Thus, it could be deduced that high levels of lipid peroxida-
tion are damaging to hepatic tissue and impair the ability of
antioxidants to eliminate excess ROS production [41]. The
results of this study were consistent with those of Onyema
et al. [30], who observed that MSG led to a reduction in the
levels of glutathione, transferase, catalase, and superoxide
dismutase, lending support to the claim made by Hazar
et al. [42] that liver fibrosis and deterioration occur with
the involvement of oxidative stress.

The abovementioned cellular transformations were atten-
uated byMLE, which heightened the levels of both enzymatic
(SOD, CAT) and nonenzymatic antioxidants (GSH, GST),
whilst decreasing the activity of MDA in hepatic tissues. The
results obtained in this study are consistent with those of
Uma et al. [38], who found that Moringa oleifera increased
the activity of antioxidant enzymes, thus improving hepatic
antioxidant status, whilst neutralising the hepatotoxic effect
triggered by paracetamol. Our study is also consistent with
Sharifudin et al. [36], who used rat models to investigate
whether the hepatotoxic effects of acetaminophen could be
neutralisedbyMoringaoleifera extract.Thepresent studycon-
cluded that a period of fourweeks of coadministration enabled
reversal of the oxidative harm associatedwith vetsin-triggered
liver deterioration by MLE acting as ROS scavenger.

This study conducted experiments on rats to investigate
the extent to which vetsin-triggered oxidative stress and gen-
otoxicity could be counteracted by Moringa oleifera extract.

The quantitative assessment of genotoxicity caused by vetsin
was based on its strong ability to cause DNA damage; the
study results revealed that, by comparison to the vetsin
group, the vetsin +MLE group reduced DNA damage in
hepatocytes. Similarly, Farombi and Onyema [29] reported
that ROS production and the ensuing oxidative stress were
the primary determinants of the toxic effect of monoso-
dium glutamate.

The vetsin experimental group in this study exhibited
hepatocyte deterioration, significant necrosis, and scattered
growth of Kupffer cells among certain hepatocytes and
around the portal area, significant blockage of blood sinu-
soids, and elevated hepatic expression of PCNA and P53.
Such observations corroborated the findings by Eweka and
Om’Iniabohs [43], who found that, unlike controls, the cen-
tral hepatic vein dilated under the influence of MSG. The
impact of the cytotoxic substance on the liver could explain
the atrophy and deterioration observed in that study. This
is consistent with the current study, which observed that,
unlike the control group, the central hepatic vein containing
lysed red blood cells dilated as a result of vetsin.

Our observations indicate that monosodium glutamate
induces necrosis in rat hepatic tissues, corroborating earlier
studies by Oscar et al. [28] and Ortiz et al. [31], which indi-
cated that liver necrosis and apoptosis were caused by MSG
administration. Likewise, Eweka et al. [44] identified MSG
cytotoxicity as the reason for the observed hepatic atrophy
and deterioration. Furthermore, this study corroborated the

(a) (b)

(c) (d)

Figure 7: Photomicrographs showing PCNA staining of hepatic sections of rats from various groups. (a, b) Control and MLE groups
exhibited slight positive response (arrows) to PCNA expression. (c) Liver section in the vetsin group exhibited moderate positive response
(arrows) to PCNA expression, as indicated by the arrows. (d) Liver section in the vetsin +MLE group exhibited mild positive response
(arrows) to PCNA expression, as indicated by the arrows.
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finding of Eweka and Om’Iniabohs [43] regarding the fact
that, unlike controls, MSG induced dilation of the central
hepatic vein containing lysed red blood cells.

This study noted that vetsin elevated the expression of
PCNA and P53 in the liver, which was suggestive of inten-
sified proliferation and apoptosis. However, Egbuonu et al.
[45] found indications that MSG triggered biliary prolifer-
ation, peribiliary fibrosis, and hepatocyte deterioration in
experimental rat models. The current study identified ele-
vated malondialdehyde (MDA) activity and reduced gluta-
thione peroxidase synthesis in hepatic cells as the reasons
for the observed liver fibrosis. Meanwhile, MSG adminis-
tered orally to adult Wister rats was reported by Eweka
and Om’Iniabohs [43] to cause haemolysis of red blood
cells in the central vein, centrilobular haemorrhagic necro-
sis, loss of hepatic architectural integrity, and deterioration
and hypertrophy of hepatocytes.

Such effects, and its antioxidant property, mean that MLE
plays an important role in the treatment of iatrogenic and
toxic liver disorders [46]. Treatment with vetsin plus MLE
succeeded inmodulating these observed abnormalities result-
ing from vetsin, as indicated by the reduction of enzyme activ-
ity and the pronounced improvement of the investigated
biochemical, antioxidant parameters, oxidative stress, hepatic
injury, and PCNA alterations. Thus, based on such results, it
can be concluded that use of vetsin is accompanied by side-
effects and that the vetsin-triggered biochemical alterations,
oxidative stress, liver damage, apoptosis, andPCNAmodifica-
tions can be attenuated with MLE.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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Maternal high levels of the redox active amino acid homocysteine—called hyperhomocysteinemia (hHCY)—can affect the health
state of the progeny. The effects of hydrogen sulfide (H2S) treatment on rats with maternal hHCY remain unknown. In the present
study, we characterized the physical development, reflex ontogeny, locomotion and exploratory activity, muscle strength, motor
coordination, and brain redox state of pups with maternal hHCY and tested potential beneficial action of the H2S
donor—sodium hydrosulfide (NaHS)—on these parameters. Our results indicate a significant decrease in litter size and body
weight of pups from dams fed with methionine-rich diet. In hHCY pups, a delay in the formation of sensory-motor reflexes was
observed. Locomotor activity tested in the open field by head rearings, crossed squares, and rearings of hHCY pups at all
studied ages (P8, P16, and P26) was diminished. Exploratory activity was decreased, and emotionality was higher in rats with
hHCY. Prenatal hHCY resulted in reduced muscle strength and motor coordination assessed by the paw grip endurance test
and rotarod test. Remarkably, administration of NaHS to pregnant rats with hHCY prevented the observed deleterious effects of
high homocysteine on fetus development. In rats with prenatal hHCY, the endogenous generation of H2S brain tissues was
lower compared to control and NaHS administration restored the H2S level to control values. Moreover, using redox signaling
assays, we found an increased level of malondialdehyde (MDA), the end product of lipid peroxidation, and decreased activity of
antioxidant enzymes such as superoxide dismutase (SOD) and glutathione peroxidase (GPx) in the brain tissues of rats of the
hHCY group. Notably, NaHS treatment restored the level of MDA and the activity of SOD and GPx. Our data suggest that H2S
has neuroprotective/antioxidant effects against homocysteine-induced neurotoxicity providing a potential strategy for the
prevention of developmental impairments in newborns.

1. Introduction

Homocysteine, a sulfur-containing amino acid, is an interme-
diate product of the methionine metabolism. The concentra-
tion of homocysteine is regulated by remethylation back to
methionine by methionine synthase, using 5-methyl tetrahy-
drofolate as cosubstrate that requires folic acid, or it can be
catabolized by cystathionine β-synthase (CBS), a vitamin
B6-dependent enzyme, to form cysteine and hydrogen
sulfide (H2S) [1]. In humans, an increase of total plasma
homocysteine to a level more than 15μM is defined as

hyperhomocysteinemia (hHCY). According to the total
plasma homocysteine level, it is classified as mild (15–
25μM), moderate (25–50μM), or severe (50–500μM) hHCY
[2]. hHCY may be induced by an increase of methionine in
the diet, vitamin deficiency (folate, B12, or B6), mutations
of genes encoding methylene tetrahydrofolate reductase
(MTHFR), limiting the cells methylating capacity, or CBS
[3]. hHCY is a risk factor of cardiovascular diseases, associ-
ated with cognitive impairments, increased risk of Alzhei-
mer’s disease, vascular dementia, or cerebrovascular stroke
[4]. An elevated level of homocysteine is associated with
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common pregnancy complications such as pregnancy-
induced hypertension, placenta abruptio, thromboembolic
events, neural tube defects, and intrauterine growth restric-
tion. Infants born from mothers with hHCY exhibit mental
and physical retardation [1, 5]. In animal models, maternal
hHCYinducedoxidative stress andapoptosis in the fetal brain,
resulting in postnatal neurodevelopmental deficits [6–10].

H2S is a one of the metabolites of homocysteine pro-
duced by CBS and cystathionine γ-lyase (CSE), enzymes
of the transulfuration pathway of methionine metabolism
[11]. In addition to the role of H2S as an important neu-
romodulator [12–14], H2S elicits neuroprotection against
oxidative stress, neuroinflammation, apoptosis, and neuro-
degeneration caused by several pathophysiological condi-
tions [15–17]. H2S donors attenuated lipopolysaccharide-
or stress-induced learning and memory impairments in
rats and prevented hippocampal long-term depression
(LTD) [18, 19].

Altered H2S signaling was suggested to contribute in
homocysteine-induced neurotoxicity [20, 21]. Indeed, intra-
cerebroventricular administration of homocysteine decreased
CBS expression and endogenous H2S generation in the hip-
pocampus of rats along with learning and memory dysfunc-
tions [22, 23, 24]. The results indicate that H2S is effective
in providing protection against neurodegeneration and cog-
nitive dysfunctions in homocysteine exposed rats. Never-
theless, the effects of H2S treatment on rats with maternal
hHCY remain unknown. Current therapies for hHCY are
limited to vitamin supplements, which serve as cofactors
in the pathways of homocysteine metabolism. These thera-
pies lower the level of homocysteine but generally do not
alter disease consequences [11]. In the present study, we
(1) evaluated the developmental consequences of maternal
hHCY in rats; (2) assessed the effects of treatment with
the H2S donor during pregnancy on physical parameters,
neurobehavioral reflexes, muscle strength, and motor bal-
ance of the offspring; (3) evaluated the level of H2S and
the rate of H2S generation in brain tissues of rats from con-
trol, hHCY, and NaHS-treated groups; (4) compared the
oxidative stress level in brain tissues of pups born from
the dams of control, hHCY, and NaHS-treated groups by
measuring the concentrations of malondialdehyde (MDA),
the end product of lipid peroxidation, and the activity of
the antioxidant enzymes—superoxide dismutase (SOD)
and glutathione peroxidase (GPx).

2. Materials and Methods

2.1. Experimental Animals and the Model of hHCY. Experi-
ments were carried out on Wistar rats in accordance
with EU Directive 2010/63/EU for animal experiments and
the Local Ethical committee KFU (protocol no. 8 from
5.05.2015). Animals were housed in polypropylene cages
(32× 40× 18 cm) under controlled temperature (22–24°C),
with a 12 : 12 L/D light schedule (lights on at 6:00 a.m.) and
free access to food and water. Pregnant rats were divided into
four groups as follows. One group was fed ad libitum with a
control diet (n = 7); the second group (n = 11) received daily
methionine (7.7 g/kg body weight) with food starting 3 weeks

prior to and during pregnancy [10, 25]. The third group
(n = 4) received NaHS three weeks before and throughout
pregnancy according the following protocol: 7 days of injec-
tions alternated with 7 days of adaptation. Rats of the fourth
group (n = 4) received daily methionine and injections of
NaHS according the abovementioned protocols. NaHS was
used as the H2S donor and was diluted in sterilized saline
and injected subcutaneously (i.s.c.) at a dose 3mg/kg.

The offspring was divided into the following groups
according to maternal diet: (1) control diet group (n = 61
pups/7 dams/7 litters), (2) methionine diet group (Hcy,
n = 85 pups/11 dams/11 litters), (3) control diet group
receiving NaHS (H2S, n = 54 pups/4 dams/4 litters), and (4)
methionine diet group receiving NaHS (HcyH2S, n = 54
pups/4 dams/4 litters).

2.2. Maturation of Physical Features. After delivery, the litter
size, total litter weight, and weight of each pup were assessed.
Body weight was measured daily using an electronic balance
(Vibra, model AJ-1200CE, Japan). Mortality was calculated
as percent of dead pups against all pups in a litter during
the observation period (P2–P28). The analysis of the physical
development and reflex ontogeny was started at P2 and was
carried out daily between 12 and 17 p.m. until P28 according
to the previous studies [10, 26, 27]. The following physical
features were observed: eye opening, ear unfolding, incisor
eruption, and hair appearance. The maturation age of a par-
ticular feature was defined as the day on which that features
were observed for the first time.

2.3. Reflex Testing. The time of appearance of each reflex was
defined as the first day of its occurrence (Table 1) [27]. The
following reflexes were scored: negative geotaxis, head shake,
righting, cliff avoidance, acoustic startle reflex, cliff avoidance
caused by visual stimulus, free-fall righting, and olfactory dis-
crimination [10, 27].

2.4. Open Field Test. Rats were subjected to an open field test
at P8, P16, and P26. The apparatus used to measure locomo-
tion and exploratory activity was a round arena 0.3m in
diameter for P8 pups and 0.6m for P16 and P26 pups with
a floor divided into 36 parts and walls 0.1 and 0.2m high, cor-
respondingly (Open Science, Moscow, Russia). P8 animals
were placed in the middle of the open field for 1min and
P16 and P26 animals for 3min. The following parameters
were evaluated: the number of crossings, head rearings, rear-
ings, exploratory activity, grooming episodes, and defecation
scores. After each experimental session, the arena was
cleaned with a 0.5% ethanol solution.

2.5. Muscle Endurance. Muscle endurance was assessed by
the paw grip endurance (PaGE) test [28] at P4, P14, and
P26. Rats were placed on a wire grid and gently shaken to
prompt the rat to grip the grid. The lid was turned upside
down over a housing cage and held at ~0.45m above an open
cage bottom. The time (s) spent on the grid before falling was
assessed. The largest value from three individual trials was
used for analysis.
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2.6. The Rotarod Test. The rotarod test was used to assess the
motor coordination of fore and hind limbs and balance at
P16, P21, and P26 [29] using rotarod (Neurobotix, Russia).
Each rat was placed on the rotating rod with a rotation speed
of 5 rotations per min (rpm), and the time to fall off and the
running distance were measured. Animals are subjected to
three consecutive test sessions (trials) with an interval of
20–30min. The best of the latency to fall off the rotating
rod was recorded [30].

2.7. Assay for Homocysteine Concentration and H2S synthesis.
The total homocysteine level in plasma was determined by
voltammetric measurements of products of the reaction with
о-quinone [10, 31].

H2S synthesis assay was carried out using the N,N-
dimethyl-p-phenylenediamine sulphate (NNDPD) method
[32]. Brain tissues of rats (P28) were homogenized in
ice-cold 0.15M NaCl with phosphate buffer. The homoge-
nate (10%, 860μl) was mixed with zinc acetate (1%, 500μl)
and saline (140μl) at room temperature. Trichloroacetic
acid (10%, 500μl) was added to precipitate proteins and
stop the reaction. NNDPD (20mM, 266μl) in 7.2M HCl
and FeCl3 (30mM, 266μl) in 1.2M HCl were added to the
mixture, and absorbance of resulting solution (600μl) was
measured by a spectrophotometer at 670nm (PE-5300VI,
ECOHIM, Russia).

H2S generation rate was measured in a mixture contain-
ing homogenate (10%, 860μl), L-cysteine (10mM, 40μl),
pyridoxal 5′-phosphate (2mM, 40μl), and saline (60μl).
After incubation at 37°C for 60min, zinc acetate (1%,
500μl) was injected to trap the produced H2S followed by

trichloroacetic acid (10%, 500μl) addition. Then, NNDPD
(20mM, 266μl) in 7.2M HCl and FeCl3 (30mM, 266μl) in
1.2M HCl were added, and absorbance of aliquots of the
resulting solution (600μl) was measured at 670nm by a spec-
trophotometer. H2S concentration was calculated against a
calibration curve of NaHS, and H2S synthesizing activity is
expressed as μM H2S produced by 1 g tissue per minute
(μM/min/g).

2.8. Lipid Peroxidation and the Activity of SOD and GPx.
Malondialdehyde (MDA) was measured using a spectropho-
tometer according to the method of Ohkawa et al. [33].
Samples of brain tissue were fixed in liquid nitrogen, then
homogenized and mixed at a ratio 1 : 1 with 0.3% Triton Х-
100, 0.1М НС1, and 0.03М 2-thiobarbituric acid (ТBA).
The mixture was heated for 45min at 95°C and centrifuged
for 10min at 10,000g. Under this condition, MDA readily
participates in a nucleophilic addition reaction with 2-
thiobarbituric acid (TBA), generating a red, fluorescent 1 : 2
MDA adduct. The absorbance of the supernatant was moni-
tored at 532nm and at 560 nm (εTBA-MDA=1.55mM−1 cm−1).
MDA levels were expressed as μg/g of tissues.

The antioxidant potential was determined by measuring
activities of glutathione peroxidase (GPx) and superoxide
dismutase (SOD). Samples of brain tissue were fixed in liquid
nitrogen, homogenized in cold buffer solution (0.1MMES at
pH6.0, ratio 1 : 10), and centrifuged for 10 minutes at
10,000g. SOD activity (Cu/Zn superoxide dismutase) was
determined according to Weyder and Cullen [34]. Applying
this method, a xanthine/xanthine oxidase system was used
to generate O2

⋅− and nitroblue tetrazolium (NBT) reduction

Table 1: The effects of NaHS treatment on the development of neurobehavioral reflexes of pups with prenatal hHCY.

Parameters Control Hcy H2S HcyH2S

Negative geotaxis (day of appearance)
6 (5–7)
n = 55

6 (6–8)∗

n = 65
6 (6–6)#

n = 51
6 (5–7)#

n = 47

Head shake reflex (number of the head rotations per min at Р8)
7 (5–11)
n = 53

2 (1–4)∗

n = 60
9 (4–14)#

n = 51
4 (2–6)∗ ,#

n = 47

Righting reflex (day of appearance)
6 (4–7)
n = 55

6 (6–8)∗

n = 65
6 (3–6)∗ ,#

n = 51
4 (4–5)∗ ,#

n = 49

Righting reflex (time (s) at P6)
1 (1–2)
n = 55

2 (2–4)∗

n = 65
1 (1–0.75)#

n = 51
1 (1–1.5)#

n = 49

Cliff avoidance test (day of appearance)
6 (5–7)
n = 55

7 (6–8)∗

n = 60
6 (5–6)#

n = 51
4 (4–4)∗ ,#

n = 49

Acoustic startle reflex (day of appearance)
10 (8–10)
n = 53

10 (9–11)∗

n = 55
8 (6–10)∗ ,#

n = 51
9 (8–12)#

n = 47

Cliff avoidance caused by visual stimulus (day of appearance)
14 (12–15)
n = 53

16 (16–17)∗

n = 53
14 (13–16)#

n = 50
14 (14–15)#

n = 46

Free-fall righting (day of appearance)
12 (12–16)
n = 53

19 (16–19)∗

n = 53
14 (13–14)#

n = 50
14 (13–14)#

n = 46

Test olfactory discrimination (day of appearance)
14 (12–15)
n = 53

16 (14–19)∗

n = 53
14 (14–16)#

n = 50
14 (13–15)#

n = 46
Data are expressed as median (Q1–Q3). Statistical significance between medians was calculated using the nonparametric ANOVA Kruskal-Wallis test,
Kolmogorov-Smirnov normality test, and Mann-Whitney. ∗,#p < 0 05. ∗ compared to the control group, # compared to the Hcy group. n: number of animals.
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was used as an indicator of O2
⋅− production. SOD competes

with NBT for O2
⋅−. The percent inhibition of NBT reduction

reflects the amount of SOD which is assayed using a spectro-
photometer at 560nm. The reaction mixture contained
100mM Na2HPO4 buffer (pH10.2), 0.1mM EDTA, 1M
cytochrome c, 1mM xanthine, 0.04mM NBT, and 150μl of
the sample. The reaction was initiated by the addition of
0.05 unit of xanthine oxidase. The inhibition of the produced
chromogen is proportional to the activity of the SOD present
in the sample. A 50% inhibition is defined as 1 unit of SOD,
and specific activity is expressed as units per milligram of
protein (USOD/min/mg).

GPx activity was also determined according to Weyder
and Cullen [34]. GPx catalyzes the oxidation of glutathione
by cumene hydroperoxide. In the presence of glutathione
reductase and NADPH, the oxidized glutathione (GSSG) is
quickly converted to the reduced form with a concomitant
oxidation of NADPH to NADP+. The decrease in absorbance
was monitored with a spectrophotometer at 340 nm. The
reaction mixture consisted of 50mM Na2HPO4 buffer
(pH7.2), 1mM reduction glutathione (GSH), 0.5 unit of
glutathione reductase, 0.15mM NADPH, 1mM EDTA, and
150μl of the sample. One GPx unit is defined as 1μmol of
GSH consumed per minute, and the specific activity is
reported as units per mg of protein (UPOX/min/mg).

Protein content was measured using Bradford’s assay
[35] employing bovine serum albumin as standard. A volume
of 20μl of the sample or standard was mixed with a 1ml
Bradford reagent, and the absorbance was assessed by a spec-
trophotometer at 595nm after 5min.

2.9. Statistical Analysis. Normality of the sample data was
evaluated with the Shapiro-Wilk test (sample size less than
25) or Kolmogorov-Smirnov test (sample size more than
25) for equal variances using F-test Origin Pro software (Ori-
ginLab Corp., Northampton, MA, USA). Data are expressed
as median (Q1–Q3) or mean± SEM. Statistical significance
between medians was calculated using the nonparametric
ANOVA Kruskal-Wallis test and Mann-Whitney test in
Origin Pro 2015 (OriginLab Corp., USA). Statistical signifi-
cance between means was calculated using parametric one-
way ANOVA followed by the Bonferroni test in Origin Pro
2015 (OriginLab Corp., USA). Differences were considered
as statistically significant at p < 0 05 (for parametric test)
and Pu< 0.05 (for nonparametric test); n indicates the num-
ber of animals.

3. Results

3.1. Maturation of Physical Features. The average litter size
of control and Hcy groups at P0 did not differ significantly
(8.6± 1.2 vs. 8.4± 1.6 pups in the Hcy group, Pu> 0.05).
However, in H2S and HcyH2S groups, the average litter size
was significantly higher (13.3± 1.5 and 13.5± 1.0, corre-
spondingly, Pu< 0.05) (Figure 1(a)). At the same time the
total litter weight was significantly lower in the Hcy group
due to the low body weight of the pups (Figure 1(a)). In
H2S and HcyH2S groups, the total litter weight was higher
compared to the control and Hcy groups due to larger litter

sizes (Figure 1(a)). Substantial growth retardation of pups
from the Hcy group was recorded during all observation
periods (P0–P28) (Figure 1(c)).

At P28, body weight was reduced from 79.9± 0.8 g in
controls to 66.1± 2.1 g (n = 53) in deficient animals (n = 53,
p < 0 05). The average body weight of pups in the Hcy and
HcyH2S groups at P2 was significantly lower than in the
control and H2S groups. However, beginning from P8, the
weight gain of Hcy pups was lower compared to all other
groups during the observation period (Figure 1(c)). The
mortality of pups in the Hcy group was higher (48%) com-
pared to the control group (16%). The mortality of pups in
the H2S and HcyH2S groups did not differ from the control
(Figure 1(b)). Other parameters of physical maturation
such as ear unfolding, the primary hair appearance, incisor
eruption, and eye opening were not different in all experi-
mental groups.

3.2. Reflex Testing. We studied reflex ontogeny (righting
reflex, negative geotaxis, cliff avoidance, head shake, acoustic
startle reflex, free-fall righting, cliff avoidance caused by
visual stimulus, and olfactory discrimination) reflecting brain
maturation and integrity of sensorimotor development [26]
(Table 1). Almost all reflexes were impaired in the Hcy group.
Namely, negative geotaxis formation was delayed in the Hcy
group (Table 1). The head shake reflex started at P8 in rat
pups of all groups, but the number of head rotations per
min was significantly lower in the Hcy group compared to
the control, H2S, and HcyH2S groups (Table 1). In the Hcy
group, the onset of the righting reflex was delayed and the
time necessary to come back to a quadruped position was sig-
nificantly increased compared to other groups (Table 1). In
the pups of the Hcy group, the cliff avoidance reflex was
formed later (at P7) compared to the control, H2S, and
HcyH2S groups (Table 1). The delay of the reflex onset was
also observed in pups of the Hcy group in other sensorimotor
tests (Table 1).

3.3. Locomotion and Exploratory Activity in the Open Field
Test. The locomotor and exploratory activity was studied in
the open field test at the ages P8, P16, and P26. Head rearing
was analyzed in pups of P8 and P16. At P8 and P16, the
number of head rearings in pups of the Hcy group was
decreased compared to that in control, and in the H2S
and HcyH2S groups, this parameter did not differ from
the control (Figure 2(a)).

Horizontal activity was significantly lower in the Hcy
group compared to the control group at all studied ages
(Figure 2(b)). Administration of NaHS increased this param-
eter in pups with prenatal hHCY compared to the Hcy group.
The number of crossed squares of pups from the H2S group
was not different from the control group at all ages
(Figure 2(b)). Rearings or vertical activity of pups from the
Hcy group was significantly lower compared to the control.
Activity of pups from the H2S and HcyH2S groups was higher
compared to pups from the Hcy group (Figure 2(c)). Explor-
atory activity was assessed by the number of head dips at P26
(Figure 3(a)). The number of head dips from the Hcy group
was significantly lower than in the control, the H2S, and
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HcyH2S groups (Figure 3(a)). Grooming behavior and defe-
cation scores were used as a measure of emotionality of ani-
mals [30, 36]. No significant intergroup difference was
found in scores of defecation, but in animals of the Hcy
group, higher numbers of grooming episodes were observed
at P16 and P26 and were significantly decreased at P8, prob-
ably reflecting the deficit of motor coordination and locomo-
tor activity (Figure 3(b)).

3.4. Rotarod Test and the Paw Grip Endurance (PaGE).
Motor coordination was assessed using the rotarod test,
where the time to fall off and running distance were mea-
sured [29]. A significant reduction of the time spent on the
rotarod was observed in the Hcy group at all age groups com-
pared to the control (Figure 4(a)). Similar changes were also
observed for the rotarod distance during experimental ses-
sions for all studied ages (Figure 4(b)). NaHS treatment
restored both parameters of the Hcy groups to control values.

In the control group, the time rats were able to stay on
the grid increased with aging from 2.63± 0.36 s at P4 to
107.12± 7.46 s at P26 (Figure 4(c)). Rats from the Hcy
group exhibited a deficit in the PaGE task as indicated

by the reduction of time spent on the grid relatively to control
rats (Figure 4(c)). NaHS treatment increased the time spent
on the grid in pups of the Hcy group (Figure 4(c)).

3.5. Plasma Hcy Level. The concentration of homocysteine
in the plasma in control females was 8.16± 0.29μM (n = 7)
and in females fed with methionine-containing diet was
31.75± 2.18μM (n = 11). The concentration of homocyste-
ine in the plasma of pups born from control animals was
6.23± 0.42μM (n = 32) and from females fed with
methionine-containing diet was 22.07± 2.60μM (n = 32).
These results indicate the development of hHCY in dams
and their offspring. NaHS treatment did not induce any
changes of homocysteine levels in dams (9.3± 0.6μM, n = 4)
and pups (6.5± 0.3μM, n = 16) of the control group, however,
significantly reduced concentration of homocysteine in
dams with hHCY (17.4± 1.4μM, n = 4) and their offspring
(17.1± 2.5μM, n = 16).

3.6. H2S Generation in Brain Tissues. It was shown previously
that an exposure to homocysteine decreased the endogenous
generation H2S in different tissues [21, 22, 24, 37]. In our
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Figure 1: Effects of maternal hyperhomocysteinemia and NaHS treatment on the litter size, litter weight, mortality, and weight gain of the
offspring. (a) Box plots reflecting the litter size (white boxes) and litter weight (grey boxes) in the control, Hcy, H2S, and HcyH2S groups.
(b) Mortality of pups during period P2–P28 in the control, H2S, Hcy, and HcyH2S groups. White part—alive pups, grey part—dead
pups in % relatively the litter size. (c) Body weights of rat dams during the period P2–P28 from the control, H2S, Hcy, and
HcyH2S groups. ∗p < 0 05 compared to the control group; #p < 0 05 compared to the Hcy group.
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experiments, H2S concentration, measured in brain tissues
of control animals, was 12.76± 0.72 μM (n = 7). In rats of
the Hcy group, we observed the decrease of H2S concen-
tration to 7.97± 0.87 μM (n = 7, p < 0 05), which was ele-
vated to 11.35± 2.01 μM by NaHS administration in the
HcyH2S group (n = 7). The activity of H2S-producing
enzymes in the brain was measured as the rate of
endogenous H2S generation when a high concentration
of cysteine and pyridoxal 5′-phospate was added to brain
homogenates. It was shown that the rate of H2S produc-
tion decreased from 8.86± 1.24 μM/min/g in the control
(n = 7) to 2.84± 1.09 μM/min/g in the Hcy group (n = 7,
p < 0 05) and 2.25± 0.98 μM/min/g in the HcyH2S group
(n = 7, p < 0 05). Our data indicate that in rats with pre-
natal hHCY, the rate of endogenous generation of H2S
brain tissues was lower than in control conditions and

administration of NaHS to dams with hHCY increased
the H2S level to the control values but did not restore
the activity of H2S-producing enzymes.

3.7. Lipid Peroxidation and Antioxidant Enzymes Activity in
Brain Tissues. Severe oxidative stress during the prenatal
period induces neuroinflammation and apoptosis followed
by retardation of fetal growth and developmental impair-
ments in postnatal life [8]. In order to estimate the extent
of the oxidative stress in rats with prenatal hHCY, the level
ofMDAwasmeasured in brain tissues of P13 andP28 animals
from the control, Hcy, H2S, and HcyH2S groups. At P13, the
MDA level increased almost twice in the Hcy group which
indicates a higher production of the reactive oxygen species
(ROS) in rat brains with prenatal hHCY (Figure 5(a)). In rats
of the HcyH2S group, the MDA level was significantly lower
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Figure 2: Effects of maternal hyperhomocysteinemia and NaHS treatment on locomotion in the open field test. Head rearings (a), the number
of crossed squares (b), rearings (c) of pups from the control Hcy, H2S, and HcyH2S groups. Data are expressed as mean± SEM. ∗p < 0 05
compared to the control group; #p < 0 05 compared to the Hcy group.
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Figure 3: Effects of maternal hyperhomocysteinemia and NaHS treatment on the exploratory activity and emotionality in the open field test.
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and did not differ from the control group (Figure 5(a)). In
rats of the H2S group, the MDA level was not different
from the control level (Figure 5(a)). Similar values were
observed in P28 rats (Figure 5(a)).

It is well known that homocysteine induces oxidative
stress by the production of intracellular superoxide radicals
but also impairs the activity of antioxidant enzymes [38, 39].
Therefore, we analyzed the enzymatic activities of SOD and
GPx in brain tissues from the control, Hcy, H2S, and HcyH2S
groups. We found that the activity of SOD that converts
superoxide anions into H2O2 was significantly lower in
the group of P13 and P28 Hcy rats (Figure 5(b)). Namely,
at P13, the SOD activity decreased the Hcy groups. In rats
from the HcyH2S group, the SOD activity significantly
increased and was not different from the control. Interest-
ingly, in the H2S group, SOD activity was higher than both
in the control and Hcy groups (n = 7, p < 0 05). At P28, the
level of SOD activity in the Hcy group was almost half of

the control group and NaHS treatment restored its activity
(Figure 5(b)). Similarly, decreased activity of GPx which
reduces peroxides was observed in the Hcy group of P13
and P28 animals and NaHS treatment restored its activity
to control values (Figure 5(c)). Evidently, the imbalance of
prooxidant and antioxidant systems during chronic exposure
of the fetus to high concentrations of homocysteine caused
an oxidative stress and functional disability in the postnatal
period. At the same time, low doses of NaHS during preg-
nancy provided antioxidant protection during prenatal and
early postnatal development.

4. Discussion

During pregnancy, several complications have been associ-
ated with elevated homocysteine levels including preeclamp-
sia, placental abruption, intrauterine growth retardation, or
neural tube defects [40]. Several studies demonstrated that
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maternal hHCY resulted in a deficit of learning and memory
in the offspring due to delayed brain maturation [6–9]. In
most of the previous studies, the analysis of behavior was per-
formed with offspring at almost adult level [7], whereas the
present study focused on the detailed analysis of the physical
development and reflex ontogeny, exploratory activity, and
motor coordination of pups during the first 3 weeks of devel-
opment. Our results indicate a significant decrease in litter
size and body weight and delay in the formation of sensori-
motor reflexes of pups with maternal hHCY. Locomotor
and exploratory activity tested in the open field was dimin-
ished in the pups of the Hcy group. Prenatal hHCY also
resulted in reduced muscle strength and motor coordination
deficits assessed by the paw grip endurance test and the
rotarod test. Simultaneously, we observed an increased level
of oxidative stress and decreased activity of the antioxidant
enzymes—SOD and GPx—in brain tissues of pups with
hHCY. In rats with prenatal hHCY, the endogenous genera-
tion of H2S brain tissues was lower than in control condi-
tions. Administration of the H2S donor—NaHS—to dams
with hHCY during pregnancy prevented the deleterious
effects of high homocysteine levels on fetus development,
lowered oxidative stress, increased the H2S level in brain tis-
sues, and restored the activity of SOD and GPx indicating its
antioxidant potential.

4.1. H2S Prevents Oxidative Stress and Decreases H2S Level in
Brain Tissues of Rats with Prenatal hHCY. In the model of
prenatal hHCY used in our study, female rats received high
methionine diet before and during pregnancy which induced
an elevation of the plasma homocysteine level four times
compared to control values. High blood plasma levels of
homocysteine were not only observed in dams with hHCY
but also in their offspring according to previous data
[41]. Indeed, homocysteine can be transferred successfully
through the placental exchange barrier and fetal cord homo-
cysteine concentrations related to the maternal level [41, 42,
43]. In fetal brain, homocysteine can be produced from
methionine or can be transported through the blood-brain
barrier [44]. Under these circumstances, the fetal develop-
ment occurs in hHCY conditions, which results in high
mortality, low litter size, and low body weight of the offspring
as was shown in our present and several previous studies
[6–10].

Placental pathology due to endothelial dysfunctions,
impaired NO synthesis, oxidative stress, and inflammation
underlies adverse pregnancy outcome during hHCY condi-
tions [45]. Oxidative stress is one of the main mechanisms
of homocysteine-induced neurotoxicity as during prenatal
period ROS highly affect embryo and fetus due to the lack
of adequate antioxidant protection [46, 47]. Homocysteine
itself can undergo autooxidation of its free thiol groups
binding via a disulfide bridges with plasma proteins, low
molecular thiols, or with a second homocysteine molecule
[39]. Indirect oxidative effects of hHCY include the gener-
ation of superoxide from xanthine oxidase or uncoupled
endothelial nitric oxide synthase, downregulation of anti-
oxidant enzymes, or depletion of intracellular glutathione
[39, 48, 49]. ROS, produced in these reactions, further

oxidize various functionally important proteins, lipids, and
nucleic acids [50]. Indeed, in our experiments, we observed
an increased level of MDA, reflecting a higher level of oxida-
tive stress in rats with prenatal hHCY similar to previous
data [6–9]. Moreover, we found decreased activity of the
antioxidant enzymes—SOD and GPx—in brain tissues of
rats with prenatal hHCY which results in augmented accu-
mulation of ROS during hHCY conditions. The altered activ-
ity/expression of SOD and GPx was also shown in vitro and
in vivo studies [51, 52] including brain samples of rats with
hHCY [6, 7, 9, 36, 39].

Recent data indicate the contribution of endogenous H2S
for healthy placental vasculature which provides placental
perfusion and optimal oxygen and nutrient diffusion [53,
54]. Moreover, inhibition of CSE reduced placental growth
factor production, induced hypertension, promoted abnor-
mal labyrinth vascularization in the placenta, and decreased
fetal growth [53]. At the same time, H2S donor treatment
prevented these changes and improved pregnancy outcome
[54]. In addition, an insufficient H2S level has been suggested
to be one of the potential causes of oxidative stress [55] which
in turn results in the reduction of placental CSE activity,
decreased H2S production, and intrauterine fetal growth
restriction [54]. Worth noting, low level of H2S and dimin-
ished rate of endogenous H2S generation in brain tissues of
rats with prenatal hHCY were shown in our experiments.
Interestingly, that administration of the H2S donor before
and during pregnancy increased the concentration of H2S
without affecting the activity of H2S-producing enzymes.
H2S treatment not only restored the litter size and total lit-
ter weight of the offspring with maternal hHCY but even
increased these parameters in control animals which
appeared related to the improvement of placental blood
supply and prevention of oxidative stress. Indeed, using
spectrophotometric assays, we found that treatment with
NaHS significantly lowered lipid peroxidation levels and
restored the activity of SOD and GPx in brain tissues of
rats with prenatal hHCY and even increased the activity
of SOD and GPx in control animals. Positive effects of
H2S were also shown in hHCY mice and rats where NaHS
treatment attenuated oxidative stress, neurodegeneration,
and neuroinflammation and restored the altered expression
of synaptic proteins in hippocampal neurons and H2S level
in brain tissues [16, 17, 23, 24]. Indeed, H2S with its reducing
ability shows a high capacity to scavenge ROS [55]. H2S can
react directly with superoxide anion (O2

−), peroxynitrite,
and other ROS [56]. Moreover, it was suggested that H2S
can trigger antioxidant signaling pathways apart from its
direct chemical reductant effect. Namely, H2S increases the
level of two nonenzymatic antioxidants in animal cells,
including intracellular reduced glutathione (GSH) and thior-
edoxin (Trx-1) [55, 57–59]. Mechanisms of H2S effects
include the activation of the nuclear factor (erythroid-
derived 2-) like 2 (Nrf2) and a transcription factor that regu-
lates a wide variety of gene expression. Under oxidative stress
conditions, Nrf2 is translocated into the nucleus and binds to
promoters containing the antioxidant response element
(ARE) sequence and inducing ARE-dependent gene expres-
sion such as Trx-1 and glutathione reductase [60–62].
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H2S also increases the activity of enzymatic antioxidants
like SOD, catalase, and GPx which is likely mediated by an
upregulation of NF-κB transcription factor [55, 63-65] or
Nrf2 signaling cascade [66]. Moreover, H2S can directly
bind at the catalytic Cu2+ center of SOD as a substrate,
increases the rate of superoxide anion scavenging [63], and
directly stimulates the activity of GPx in vitro and in vivo
studies [55, 67].

4.2. H2S Accelerates the Development of Neurobehavioral
Maturation, Improves Exploratory Behavior, and Decreases
Anxiety of Rats with Prenatal hHCY. In rats, the period of
two weeks after birth represents a critical phase in neurobe-
havioral maturation with rapid brain growth which corre-
sponds to the last months of human fetal brain growth
[26]. In our study, the development of the main parameters
of physical maturation like eye opening, ear unfolding, inci-
sor eruption, and hair appearance was not significantly dif-
ferent in all groups of animals. However, the development
of sensorimotor reflexes important for the establishment of
appropriate behavioral responses [68] was delayed in rats
with prenatal hHCY. The day of appearance of negative geo-
taxis, righting reflex, cliff avoidance, and acoustic startle
reflexes measured before P10 was slightly but significantly
delayed in rats of the Hcy group. Reflexes which developed
later and involved more complicated motor functions and
different sensory systems were significantly delayed com-
pared to the control group. Free-fall righting reflexes medi-
ated by the visual, vestibular system, surface body senses,
and proprioceptive senses appeared only at P19 (in control,
at P12). The same delay was observed for cliff avoidance
caused by visual stimuli and test olfactory discrimination,
indicating variable development of different sensory systems.
Similar observations were found in pups with gestational
vitamin B deficiency where the implementation time of the
negative geotaxis reflex was increased [8].

NaHS treatment not only improved the development of
neurobehavioral reflexes in the Hcy group but even acceler-
ated the appearance of the righting reflex and acoustic startle
reflex in the control group which may be explained by the
antioxidant properties of H2S and its contribution for healthy
placental vasculature [53, 54]. Therefore, NaHS administra-
tion may accelerate the development of reflexes, as shown
for the antioxidant agent Mexidol which administration dur-
ing neonatal period facilitated learning processes of rats [69].

Exploratory behavior is typically assessed in an open field
where the inner conflict of the animals to avoid potentially
dangerous environments and eagerness to explore it deter-
mines their locomotion [70]. In our experimental approach,
head rearing, number of crossed squares, rearings, and head
dips in the open field test were significantly decreased in
the Hcy group, indicating reduced exploratory behavior.
Self-grooming behavior reflects the reaction of animals to a
stressful environment [71]. Pups from the Hcy group showed
an increase of grooming acts in the open field arena, which
indicates higher stress susceptibility of animals. Most impres-
sively, NaHS treatment restored all parameters recorded in
the open field to the control level. Decreased exploratory
behavior and high level of grooming in rats with prenatal

hHCY observed in our experiments indicate on the depres-
sion and anxiety associated with hHCY conditions. These
changes can be explained by decreased dopamine, serotonin,
and norepinephrine levels and increased activity of mono-
amine oxidases in brain tissues [24, 72]. NaHS administra-
tion improved grooming and head dips in rats of the hHCY
group, indicated its anxiolytic-like effect. Antidepressant
and anxiolytic-like effects of H2S were previously shown in
forced swimming and tail suspension tests of mice and
rats—constituting behavioral models of depression and anx-
iety [73, 74]. In line with our results, H2S donor increased
head dips and lowered the number of grooming of rats
in the open field and elevated plus maze [75]. Possible
mechanisms of H2S action include the inhibition of the
corticotropin-releasing factor secreting from the hypothala-
mus under stress conditions [76, 77]. Recently, it was shown
that H2S inhibits monoamine oxidase activity and restores
concentrations of catecholamine and serotonin in the brain
of rats with hHCY [24].

Hyperactivation of NMDA receptors with subsequent
desensitization impacts on the impairments of brain matura-
tion in prenatal hHCY [7, 8, 78, 79]. In addition, homocyste-
ine increased activity of maxi Ca2+-activated K+ channels of
rat pituitary tumor cells (GH3) and decreased growth hor-
mone release necessary for growth and development [80].
H2S may prevent excitotoxicity associated with hyperactiva-
tion of NMDA receptors [39] as indicated by its inhibitory
effects on GluN1/2B receptors, mainly expressed during the
neonatal period preventing enhanced neuronal excitability
typical for early hippocampal networks [81].

4.3. H2S Improves Motor Coordination and Muscle Strength
of Rats with Prenatal hHCY. The paw grip endurance (PaGE)
test demonstrated that at all tested ages (P4, P14, and P26),
the time spent on the grid was lower in hHCY pups indicat-
ing diminished muscle strength. Moreover, the decreased
latency to fall from the rotating cylinder and shorter rotarod
distance indicated impaired fore and hind limb motor coor-
dination and balance which may result from cerebellar dys-
function [82]. Also motor cortex, hippocampus, and basal
ganglia play important roles in the performance of this task
[83]. These brain areas accumulates homocysteine which
induces oxidative stress with subsequent DNA damage and
accelerated neuronal apoptosis in fetal brain [7, 84]. It was
reported that hHCY conditions in CBS+/− mice were detri-
mental to muscle force generation and responsible for muscle
fatigability [85] via oxidative/endoplasmic reticulum (ER)
stress [86]. Treatment of hHCY dams with H2S donor
restored muscle strength, motor coordination, and balance
of pups to control levels which may allude to the importance
of endogenous production of H2S in rat skeletal muscle. Ben-
eficial effects of H2S may be explained by the reduction of
oxidative and ER stress responses in affected skeletal muscles
[38, 86]. In addition, deleterious effects of homocysteine were
shown at the level of the neuromuscular junction. Namely, it
was shown recently that homocysteine depressed quantal
content and largely increases the inhibitory effect of ROS
on transmitter release, via NMDA receptors activation
[87, 88]. Simultaneously, H2S increased quantal transmitter
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release in the mammalian neuromuscular junction [14].
Thus, a deficit of H2S production may be a plausible reason
of muscle weakness observed in our study together with oxi-
dative stress induced by hHCY.

5. Conclusions

We have shown that homocysteine-evoked oxidative stress
during the prenatal period caused delayed brain maturation
of the offspring and decreased H2S levels in brain tissues.
Treatment of dams during pregnancy with H2S reversed the
observed developmental impairments, restored muscle
strength and coordination, and prevented oxidative stress
of the brain tissue. Our data are supported by results
obtained in models of acute hHCY in adult animals, where
H2S obliterated homocysteine-induced endoplasmic reticu-
lum stress as well as learning and memory deficits [22], ame-
liorated cognitive dysfunction, inhibited reactive aldehyde
generation, and upregulated glutathione in the hippocampus
[23]. Moreover, it was shown that endogenous H2S is
required for healthy placental vasculature to support fetal
development and that a decrease in CSE/H2S activity may
contribute to the pathogenesis of preeclampsia [53]. Our
findings suggest that H2S is effective in protection against
developmental impairments in prenatal hHCY and has a
promising potential role in facilitating a novel strategy to pre-
vent homocysteine/oxidative stress-induced neurotoxicity.
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Retinal pigment epithelium (RPE) dysfunction due to accumulation of reactive oxygen species and oxidative damage is a key event
in the development of age-related macular degeneration (AMD). Here, we examine the therapeutic potential of ZLN005, a selective
PGC-1α transcriptional regulator, in protecting RPE from cytotoxic oxidative damage. Gene expression analysis on ARPE-19 cells
treated with ZLN005 shows robust upregulation of PGC-1α and its associated transcription factors, antioxidant enzymes, and
mitochondrial genes. Energetic profiling shows that ZLN005 treatment enhances RPE mitochondrial function by increasing
basal and maximal respiration rates, and spare respiratory capacity. In addition, ZLN005 robustly protects ARPE-19 cells from
cell death caused by H2O2, ox-LDL, and NaIO3 without exhibiting any cytotoxicity under basal conditions. ZLN005 protection
against H2O2-mediated cell death was lost in PGC-1α-silenced cells. Our data indicates that ZLN005 efficiently protects RPE
cells from oxidative damage through selective induction of PGC-1α and its target antioxidant enzymes. ZLN005 may serve as a
novel therapeutic agent for retinal diseases associated with RPE dystrophies.

1. Introduction

Age-related macular degeneration (AMD) is a multifactorial
degenerative disease of the retina, retinal pigment epithe-
lium (RPE), Bruch’s membrane, and choroidal capillaries
in the central, posterior region of the eye called the macula.
Affecting 8.7% of the world, AMD is the third leading cause
of vision loss in the geriatric population [1]. Risk factors of
AMD [1] include age, smoking, and genetic variants.

These risk factors implicate increased oxidative stress as
a key pathological process in the development of AMD [2].
The RPE, a polarized monolayer of pigmented cells,
possesses important antioxidant enzymes and compounds
to reduce oxidative stress and maintain retinal homeostasis
[3]. Lying between the choroidal vasculature and the retina,
the RPE plays a critical role in visual function by recycling
the visual pigment, shuttling ions, metabolites, and macro-
molecules between the blood and retina and maintaining

the composition of the subretinal space [4]. The RPE is
exposed to high levels of reactive oxygen species (ROS),
produced endogenously in the respiratory electron transport
chain (ETC) [5] and through its function in phagocytosis and
digestion of shed photoreceptor outer segments (POS) [6],
and present exogenously in its location between the retina
and choroid. To protect themselves from oxidative damage,
the RPE employ antioxidant enzymes, such as superoxide dis-
mutase (SOD1 and SOD2), catalase (CAT), and glutathione
peroxidase (GPX), which are controlled by the nuclear respi-
ratory factor 2 (NRF2 or NRE2L2) transcription factor [7].

However, with age, this balance between ROS generation
and removal can be disrupted. Autofluorescent granules,
called lipofuscin, are a byproduct of photoreceptor phagocy-
tosis and begin occupying large volumes in the RPE with
age. Irradiation of lipofuscin deposits break down its bisreti-
noid, lipid, and protein components causing photooxidative
damage to the RPE [8]. The age-related loss of antioxidant
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enzymes decreases the RPE’s defense against oxidative stress
[9]. This loss plays a significant role in AMD pathogenesis as
animal models with antioxidant enzyme knockouts have
shown development of several AMD features [10, 11].
Smoking, a major AMD risk factor, induces further oxida-
tive stress through the addition of ROS and free radicals
[12]. This rising oxidative stress causes mitochondrial
damage [13, 14] which leads to significant RPE dysfunction,
inducing choroidal neovascularization or geographic
atrophy observed in wet and dry AMD, respectively.

Peroxisome proliferator-activated receptor gamma coac-
tivator 1-alpha (PGC-1α) and -beta (PGC-1β) are transcrip-
tional coactivators that regulate mitochondrial function and
metabolism in many tissues [15], including the retina [16–
18]. To mediate their functions, the PGC-1 isoforms interact
with transcription factors, such as estrogen-related receptor
alpha (ESRRA) and nuclear respiratory factors 1 and 2
(NRF1 and NRF2) to control respiration, mitochondrial
biogenesis, and expression of antioxidants [19].

So far, PGC-1α has been found to regulate expression
of VEGF, control phagocytic and lysosomal function,
enhance respiration and mitochondrial biogenesis, upregu-
late antioxidant genes in the RPE, and protect RPE from
oxidative stress [16, 19, 20]. Due to its impact on oxidative
stress, PGC-1α is being investigated as a therapeutic for
numerous degenerative diseases, including AMD. A novel
compound, ZLN005, was found to upregulate PGC-1α
and its associated factors in the skeletal muscle [21]. Since
ZLN005’s effects in RPE have not been evaluated, this
study focused on examining the impact of ZLN005 on
RPE metabolism and antioxidant capacity.

2. Methods

2.1. Cell Culture. The human retinal pigment epithelia ARPE-
19 cell line was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). ARPE-19 cells were
expanded in growth medium, consisting of Dulbecco’s
Modified Eagle Medium: Nutrient Mixture F-12 media
(DMEM/F12, Thermo Fisher Scientific, Wilmington, DE,
USA) supplemented with 10% fetal bovine serum (FBS,
Atlanta Biologicals, Lawrenceville, GA), and 1% penicillin
and streptomycin (PenStrep, Lonza, Walkersville, MD,
USA), at 37°C and 10% CO2. Once cells reached confluency,
they were maintained for five days in differentiation medium
consisting of DMEM/F12, 1% FBS, and 1% PenStrep to allow
for epithelial differentiation and polarization. A stock solu-
tion of 20mM ZLN005 (Cayman Chemicals, Ann Arbor,
MI, USA) was prepared in dimethyl sulfoxide (DMSO,
D8418-Sigma, St. Louis, MO, USA) and diluted immediately
before use in serum-free DMEM/F12. Cells were treated for
up to 48 hours with 5–20μM ZLN005, and 0.05% DMSO in
DMEM/F12 was used as the vehicle (veh) control.

2.2. RNA Collection and Quantitative PCR. Total RNA was
collected using RNA-Bee (AMSbio, Lake Forest, CA, USA)
and resuspended in distilled water. The concentration and
purity of each sample was measured using the NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific). Reverse

transcription was performed with 1μg of RNA to produce
the associated complimentary DNA (cDNA) using the IV
Vilo Master Mix with ezDNase (Thermo Fisher Scientific).
To measure the changes in gene expression, a quantitative
polymerase chain reaction (qPCR) was performed using
3μl of cDNA template and the Power SYBR Green Master
Mix (Thermo Fisher Scientific) on the LightCycler 480
(Roche Life Sciences, Indianapolis, IN, USA). Data was
normalized to the mean expression of housekeeping genes
(CRYAB, PPIH, β-ACTIN, and HPRT1) and quantified
using the 2−ΔΔCT method. The primer sequences used are
listed in Table 1.

2.3. Protein Collection and Western Blot Analysis. Protein
lysates were collected on ice using 1x sample lysis buffer
(5mM EDTA (pH7), 2% SDS, 500mM DTT, 10% sucrose,
100mM Tris HCl (pH6.8), 0.1% BPB) containing 2mM
phenylmethanesulfonyl fluoride (PMSF). Electrophoresis
was carried out on 10% Mini-PROTEAN® TGX gels (Bio-
Rad Laboratories, Hercules, CA, USA) with 40μl of protein
and transferred to Immobilon-FL polyvinylidene difluoride
membranes (EMD Millipore, Billerica, MA, USA). Dilutions
of primary antibodies were made in 5% nonfat dry milk pre-
pared in phospho-buffed saline, 0.1% (vol/vol) Tween-20
(PBS-T) or Tris-buffed saline, and 0.1% (vol/vol) Tween-20
(TBS-T). The membranes were incubated overnight at 4°C
with mouse anti-human PGC-1α (1 : 250, EMD Millipore)
and mouse anti-human α-tubulin (1 : 1000, Cell Signaling,
Danvers, MA, USA). Following washes in PBS-T or TBS-T,
the membranes were incubated with the secondary antibody
(goat anti-mouse IgG20-HRP: 1 : 1000, Santa Cruz Biotech-
nology, Dallas, TX, USA) at room temperature for 1 hour.
Membranes were exposed to the SuperSignal™ West Pico
PLUS Chemiluminescent Substrate (Thermo Fisher Scien-
tific) and developed on X-ray films (Kodak, Rochester, NY,
USA). In each lane, the signal density of the PGC-1α band
was measured using ImageJ [22] and normalized to the asso-
ciated α-tubulin band signal density.

2.4. High-Resolution Respirometry. ARPE-19 were plated at
50,000 cells per well in V7-PS microplates (Seahorse Biosci-
ences, Billerica, MA, USA) and cultured as described above.
Following treatment, the media was replaced with the assay
media: minimal DMEM containing 2mM glutamine, 1mM
pyruvate, and 25mM glucose (Seahorse Biosciences).
Oxygen consumption rates (OCR) were measured using a
XF-24 Extracellular Flux Analyzer (Seahorse Biosciences)
under basal conditions and following the addition of the
mitochondrial inhibitors from the XF Cell Mito Stress Kit
(Seahorse Biosciences) at the following concentrations:
2.5μM oligomycin, 500 nM carbonyl cyanide-4-(trifluoro-
methoxy) phenylhydrazone (FCCP), and 2μM rotenone/
antimycin A. All measured OCR were normalized to the
number of cells quantified by DAPI staining at the end of
the experiment, and the bioenergetics parameters were
expressed as pmoles/min/cell.

2.5. MitoTracker Staining and Analysis. Cells were stained
with 100 nM MitoTracker Orange CMTMRos (Thermo

2 Oxidative Medicine and Cellular Longevity



Fisher Scientific) in Hank’s Balanced Salt Solution (HBSS,
Thermo Fisher Scientific) for 30minutes at 37°C, 10% CO2.
Then, cells were washed with HBSS twice, fixed with 4%
paraformaldehyde (VWR, Radnor, PA, USA), and perme-
abilized with 0.01% Triton X-100 (Sigma) for 5min in
PBS. Cell nuclei were counterstained with 1μg/ml of 4′
,6-diamidino-2-phenylindole (DAPI, Sigma) before mount-
ing. Fluorescent images were acquired on the Axioskop 2
mot plus microscope (Carl Zeiss Microscopy, Thornwood,
NY, USA) with the AxioVision 4.8 software (Carl Zeiss
Microscopy) at a set exposure of 600ms. Median fluores-
cence intensity (MFI) for each image was quantified using

the Adobe Photoshop CS6 software and normalized to
total area of image in mm2.

2.6. Quantification of Mitochondria Superoxide Production.
Cells were washed with HBSS and detached using Trypsin-
EDTA. They were then resuspended at a concentration of
300,000 cells in 1.8ml of 5μM MitoSox Red mitochondrial
superoxide indicator (Thermo Fisher) in HBSS and incu-
bated at 37°C, 5% CO2 for 30minutes. The suspended cells
are plated in a 96-well plate, and the associated fluorescence
was measured as a function of superoxide levels produced by
the mitochondria.

Table 1: Primer sequences used for gene expression experiments.

Gene
symbol

Gene name Forward sequence (5′–3′) Reverse sequence (5′–3′)

CRYAB Crystallin alpha B GTTCTTCGGAGAGCACCTGTT GAGAGTGCAGTGTCAAACCAG

PPIH Peptidylprolyl isomerase H CCCCAACAATAAGCCCAAG CACCACCAAGAAGAAGGGAA

HPRT1
Hypoxanthine

phosphoribosyltransferase 1
CCTGGCGTCGTGATTAGTGAT AGACGTTCAGTCCTGTCCATAA

β-Actin Beta-actin CTGTCTGGCGGCACCACCAT GCAACTAAGTCATAGTCCGC

PGC-1α
Peroxisome proliferator-activated
receptor gamma coactivator 1 alpha

GTCACCACCCAAATCCTTAT ATCTACTGCCTGGAGACCTT

PGC-1β
Peroxisome proliferator-activated
receptor gamma coactivator 1 beta

CCACATCCTACCCAACATCAAG CACAAGGCCGTTGACTTTTAGA

ESRRA Estrogen-related receptor alpha TATGGTGTGGCATCCTGTG GTCTCCGCTTGGTGATCTC

FOXO1 Forkhead box O1 AAGAGCGTGCCCTACTTCAA GCACACGAATGAACTTGCTG

FOXO3 Forkhead box O3 CTTCAAGGATAAGGGCGACA AGTTCCCTCATTCTGGACCC

NRF1 Nuclear respiratory factor 1 GCTGATGAAGACTCGCCTTCT TACATGAGGCCGTTTCCGTTT

NRF2 Nuclear factor, erythroid 2 like 2 TCCAGTCAGAAACCAGTGGAT GAATGTCTGCGCCAAAAGCTG

PPARα
Peroxisome proliferator-activated

receptor alpha
ATCGAATGTAGAATCTGCGGG TCGCACTTGTCATACACCAG

ATP5O ATP synthase subunit O, mitochondrial TTTGAATCCCTATGTGAAGCGTT CCTTGGGTATTGCTTAATCGACC

COX4I1 Cytochrome c oxidase subunit 4 isoform 1 GCACTGAAGGAGAAGGAGAAG AACCGTCTTCCACTCGTTC

COX5B Cytochrome c oxidase subunit 5B GGAAGACCCTAATTTAGTCCCCT CCAGCTTGTAATGGGCTCCAC

NDUFB5
NADH-ubiquinone oxidoreductase

subunit B5
CACTCGCCTCGGATTTGG CGCCTGTCATAGAATCTAGAAGG

CAT Catalase ACTTTGAGGTCACACATGACATT CTGAACCCGATTCTCCAGCA

GPX1 Glutathione peroxidase 1 CCAGTCGGTGTATGCCTTCTC GAGGGACGCCACATTCTCG

TXN2 Thioredoxin 2 TGATGACCACACAGACCTCG ATCCTTGATGCCCACAAACT

SOD1 Superoxide dismutase 1 AGGGCATCATCAATTTCGAGC GCCCACCGTGTTTTCTGGA

SOD2 Superoxide dismutase 2 CAGACCTGCCTTACGACTATGG CGTTCAGGTTGTTCACGTAGG

PRDX3 Peroxiredoxin 3 GATTTCCCGAGACTACGGTG GACGCTCAAATGCTTGATGA

PRDX5 Peroxiredoxin 5 AGTGAAGGAGAGTGGGCGTC TTCAAACACCTCCACTGCTG

MFN1 Mitofusin 1 TGCCCTTCACATGGACAAAG CTCTGTAGTGACATCTGTGCC

FIS1 Fission 1 TGACATCCGTAAAGGCATCG CTTCTCGTATTCCTTGAGCCG

TFAM
Transcription factor A,

mitochondrial
CCATATTTAAAGCTCAGAACCCAG CTCCGCCCTATAAGCATCTTG

POLG DNA polymerase gamma GAAGGACATTCGTGAGAACTTCC GTGGGGACACCTCTCCAAG

MITF
Microphthalmia-associated

transcription factor
AGCCATGCAGTCCGAAT ACTGCTGCTCTTCAGCG

BEST1 Bestrophin 1 GAATTTGCAGGTGTCCCTGT ATCCTCCTCGTCCTCCTGAT

RLBP1 Retinaldehyde-binding protein 1 CACGCTGCCCAAGTATGATG CCAGGACAGTTGAGGAGAGG
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2.7. Cell-Death Assay. Cells were pretreated with 10μM
ZLN005 prepared in serum-free, phenol-free DMEM for 24
hours before treatment with 500–1000μM hydrogen perox-
ide (H2O2, Sigma, 18 hours), 2–3mg/ml sodium iodate
(NaIO3, Sigma, 24 hours), or 100μg/ml oxidized low-
density lipoprotein (ox-LDL, Alfa-Aesar, Haverhill, MA,
USA, 48 hours). The supernatant media was collected and
centrifuged to remove cells and debris. Cell death was quan-
tified by the release of lactate dehydrogenase (LDH) from the
cytoplasm of damaged cells into the media using the CytoTox
96® Non-Radioactive Cytotoxicity Assay (Promega Corp.,
Madison, WI, USA), which quantifies LDH levels as an
optical density (OD) at 490nm. Background levels of LDH
present in the medium alone were measured, averaged, and
subtracted from all other samples. Basal levels of LDH (0%
cell death), measured in the supernatant of vehicle only
treated cells, and maximal levels of LDH (100% cell death,
total kill), measured by inducing complete cell death with
1x lysis buffer (Promega Corp.), were averaged and used to
calculate percentage cell death using the following equation:

%cell death =
OD490sample −OD490basal LDH

OD490maximal LDH
× 100 1

2.8. Statistical Analysis. Statistical analysis was carried out by
GraphPad Prism 5 software (GraphPad Software Inc., La
Jolla, CA, USA). Data is presented as mean± SEM. Student’s
t-test was used to calculate statistical significance between
2 groups. For more than 2 groups, one-way ANOVA
followed by Dunnet’s multiple comparison test was used. Sta-
tistical significance is denoted by the following: ns P > 0 05,
∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001, and ∗∗∗∗P < 0 0001.

3. Results

3.1. ZLN005 Upregulates PGC-1α in Human RPE and
Enhances RPE-Specific Genes and Mitochondrial Genes.
ZLN005 upregulates PGC-1α in skeletal muscle myotubes,
but not in hepatocytes [21]. Because ZLN005’s action appears
cell-specific, the effect of ZLN005 on ARPE-19 cells was
investigated. Differentiated ARPE-19 cells were treated with
10μM of ZLN005 for 48 hours, and a significant increase in
both PGC-1α mRNA (Figure 1(a)) and protein levels
(Figures 1(b) and 1(c)) was observed. Maturing ARPE-19
induce expression of RPE-specific genes and allow for cell
polarization which aid the in vitro culture in acquiring
characteristic RPE phenotype and functions [19, 23]. Upon
treatment with ZLN005, expression of the RPE-specific
genes, BEST1 and RLBP1, were increased (Figure 1(d)),
indicating that ZLN005 treatment not only does not
interfere with RPE morphology and function but also may
improve RPE specification.

PGC-1α upregulation has been found to induce mito-
chondrial genes and to promote mitochondrial biogenesis
in numerous cell types, including RPE [19]. As expected,
ZLN005 increases expression of the mitochondrial dynamic
gene, MFN1, and replication genes, TFAM and POLG
(Figure 1(e)). To determine if this increase affected
mitochondrial morphology, the cells were stained using

MitoTracker CMTMRos and the images were quantified as
median fluorescence intensity (MFI) per unit area (mm2).
There was no significant difference noted in mitochondrial
morphology (Figure 1(f)) and MFI/mm2 (Figure 1(g)),
indicating that although mitochondrial replication genes are
induced, mitochondrial mass was not significantly increased.

3.2. ZLN005 Enhances Oxidative Phosphorylation through
Upregulation of OXPHOS Genes. We have previously shown
that PGC-1α overexpression in human RPE cells promotes
mitochondrial function [19]. Therefore, we examined the
effect of ZLN005 on ARPE-19 mitochondrial respiration
and its associated gene targets. A representative OCR of
ARPE-19 cells treated with 10μM ZLN005 shows enhanced
oxidative respiration (Figure 2(a)). Quantification of the
OCR for cells treated with 5–20μM ZLN005 for 24 hours
showed an increase in the basal and maximal respiration
rate. Most importantly, treatment with 5 and 10μM
ZLN005 increases the spare respiration capacity, which
allows cells to overcome unexpected and sudden changes
in energy demand (Figure 2(b)). Based on this finding,
we examined expression of respiratory gene targets, which
have been found to be strongly induced with PGC-1α
upregulation [19]. As expected, expression of OXPHOS
genes, ATP50, COX4, COX5b, and NDUFB5, were robustly
increased (Figure 2(c)). While expression of their com-
monly recognized upstream modulators, ESRRA, NRF1,
and GABPA, were not found to be significantly increased
(Figure 2(d)), metabolic modulators, FOXO1 and PPARα,
were upregulated with treatment. It is also interesting to
note that ZLN005 increases expression of PGC-1β
(Figure 2(d)), an isoform of PGC-1α that is usually
suppressed in differentiated ARPE-19 [19].

3.3. ZLN005 Increases Expression of Antioxidant Enzymes
and Reduces Prooxidant-Induced Cell Death in a PGC-1α-
Dependent Manner. Consistent with antioxidant upregula-
tion by PGC-1α [19], ZLN005 treatment induced the key
antioxidant enzymes, SOD1, SOD2, and TXN2 (Figure 3(a)).
A decrease in basal mitochondrial superoxide production
was also observed (Figure 3(b)). Reduced superoxide pro-
duction combined with increased SOD2 is likely to reduce
endogenous hydrogen peroxide levels which may explain
the slight inhibition of GPX1 expression observed [24]
(Figure 3(a)). Together, this suggests that ZLN005 could effi-
ciently protect RPE cells from pathological oxidative dam-
age. To investigate this further, cells were exposed to three
biologically relevant prooxidants: hydrogen peroxide
(H2O2), oxidized low-density lipoprotein (ox-LDL), and
sodium iodate (NaIO3). H2O2 is produced endogenously in
RPE through respiration [5] and outer segment phagocytosis
[6]. The pathological lipid, ox-LDL, increases with age and is
found in AMD drusen [25, 26]. NaIO3, an oxidizing agent
specifically toxic to RPE, is commonly used to replicate
RPE dysfunction seen in geographic atrophy [27] by
inducing mitochondrial oxidative damage [28].

First, we confirmed the lack of cytotoxic effect of
treatment with 10μM ZLN005 by measuring LDH release
under basal conditions (Figure 3(c)). Next, cells pretreated
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with 10μM ZLN005 for 24 hours were exposed to highly
cytotoxic doses of AMD-associated prooxidant, and cell
death was quantified. Our results demonstrate that, in all
tested conditions, ZLN005 treatment significantly protected
RPE cells from oxidant-induced cell death (Figures 3(d)
and 3(f)), with an average decrease of 20% in H2O2 and
ox-LDL-mediated cell death (Figures 3(d) and 3(e)), and a
70% decrease in NaIO3-mediated cell death (Figure 3(f)).

To determine if this protection against oxidative stress is
dependent on ZLN005’s upregulation of PGC-1α, ARPE-19
cells silenced for PGC-1α (shPGC-1α) and the associated
control (shControl), previously generated by the lab (Rosales
MAB et al. IOVS 2017; 58: ARVO Abstract 3014), were
exposed to 1000μM H2O2. Pretreatment with ZLN005 was

not able to protect shPGC-1α cells from H2O2-mediated
cytotoxicity but caused a 24% decrease in shControl cell
death (Figure 3(g)), indicating that PGC-1α is required for
ZLN005 antioxidant function.

4. Discussion

Our results demonstrated that the small molecule ZLN005
stimulates the upregulation of the PGC-1α gene and protein
in RPE. An associated increase in several downstream respi-
ratory and mitochondrial gene targets were observed, leading
to enhanced oxidative respiration. Furthermore, ZLN005
treatment increased the expression of antioxidant enzymes,
decreased mitochondrial superoxide production, and
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Figure 1: ZLN005 upregulates PGC-1α and its downstreammitochondrial gene targets in ARPE-19 cells. (a) Relative gene expression (RE) of
PGC-1α in ARPE-19 treated for 48 hours with 10μM ZLN005 (ZLN, n = 5) compared to vehicle (veh, n = 4). (b) Representative protein blot
of PGC-1α and α-tubulin bands and (c) quantification showed upregulation of PGC-1α protein expression with ZLN005 treatment (all
conditions, n = 4). (d) RPE-specific genes, BEST1 and RLBP1, are upregulated with ZLN005 treatment (veh, n = 4 for all genes; ZLN, n = 5
for all genes). (e) Treatment with 10 μM ZLN005 increases the mitochondrial dynamic gene, MFN1, and replication genes, TFAM and
POLG (veh, n = 4 for all genes; ZLN, n = 5 for all genes). (f, g) These changes do not impact mitochondrial morphology, as observed
through (f) MitoTracker imaging (red) and (g) quantification in median fluorescence intensity (MFI) per mm2 (Unt, n = 3; veh, n = 2;
ZLN, n = 3). All gene expression data were analyzed using Student’s t-test. Statistical significance is represented as follows: nsP > 0 05,
∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001, and ∗∗∗∗P < 0 0001.
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conferred protection against prooxidant-induced cell death.
This protective effect was found to be dependent on
ZLN005 induction of PGC-1α, as protection was lost in cells
lacking PGC-1α when exposed to H2O2.

While we show that ZLN005 cytoprotection depends
on PGC-1α, the molecular mechanism of such induction
is unclear. In other tissues, ZLN005 has been found to
increase AMP-kinase activity [21] and SIRT1 expression
[29], two known regulators of PGC-1α function. Further-
more, blockade of AMP-kinase activity was able to blunt
ZLN005-dependent PGC-1α induction, suggesting AMP-
kinase as the primary target of ZLN005, at least in L6
myotubes [21]. Whether ZLN005 transcriptional activity
in RPE is also dependent on AMP-kinase remains to be
determined, but nonetheless, we have established that
PGC-1α is critical in inducing the downstream therapeutic
effects of ZLN005.

ZLN005 also increased expression of PGC-1α gene
targets that promote mitochondrial biogenesis and function.
No changes in the mitochondrial structure and network
were apparent at the time points studied. However, as

mitochondrial turnover takes days, it is possible that
following longer exposure, ZLN005 may increase mitochon-
drial mass. On the other hand, PGC-1α is known to promote
mitophagy [30], and FOXO1, seen to be upregulated with
ZLN005 treatment, has been found to target damaged mito-
chondria and induce mitophagy [31]. Therefore, it is also
possible that ZLN005-dependent mitobiogenesis is offset
by concomitant recycling, causing no change in mitochon-
drial mass, but enhancing mitochondrial function. ZLN005
treatment improved mitochondrial respiration measures by
significantly increasing the basal and maximal respiratory
rates. Most important, the spare respiratory capacity of
RPE cells was increased with ZLN005 treatment. The spare
respiratory capacity is a measure of the respiratory potential
of a cell which allows cell survival during sudden changes in
energy demands [32], such as energy deprivation induced by
oxidative stress. An increased spare respiratory capacity has
been associated with better protection against such fluctua-
tions leading to decreased cell death [32, 33].

When examining potential upstream transcription factor
expression responsible for these changes, FOXO1 and
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Figure 2: ZLN005 enhances mitochondrial respiration and upregulates OXPHOS targets. (a) Oxygen consumption rate (OCR) of ARPE-19
treated with 10μMZLN005 measured by the Seahorse Bioanalyzer. Oligomycin (Oligo, 1mM), FCCP (500 nM), and rotenone and antimycin
A (RA, 2mM) were injected at the marked intervals. (b) Bioenergetics profiling confirmed that 5–20 μM ZLN005 efficiently increases basal
and maximal RPE respiration. RPE spare capacity was significantly increased with 5 and 10μMZLN005 (veh, n = 3; 5μM, n = 4, 10 μM, n = 3,
20μM, n = 4, ANOVA). (c) OXPHOS genes,ATP50, COX4, COX5b, andNDUFB5, are significantly upregulated (veh, n = 4 for all genes; ZLN,
n = 5 for all genes). (d) Relative expression of PGC-1β, FOXO1, and PPARα increase (veh, n = 4 for all genes; ZLN, n = 5 for all genes). All gene
expression data was analyzed using Student’s t-test. Statistical significance is represented as follows: ∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001,
and ∗∗∗∗P < 0 0001.
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PPARα were found to be upregulated with treatment. How-
ever, common transcription factors, such as ESRRA and
GABPA, which were found to increase with PGC-1α overex-
pression [19], did not experience any change in expression
with ZLN005 treatment. Indeed, these transcriptional factors
were upregulated with exposure to high and potentially
super-physiological levels of PGC-1α, whereas ZLN005
treatment induces only a 4-fold change of endogenous levels.
The inability of this change to enhance expression of these
common transcription factors could indicate a more com-
plex interaction in place, and future work with ZLN005
could help elucidate these pathways more thoroughly.

Evaluating antioxidant activity, ZLN005 was found to
upregulate several antioxidant enzymes and decrease mito-
chondrial superoxide production. These changes conferred
protection against prooxidant-induced cell death. This study
confirmed PGC-1α as the central mediator of ZLN005 anti-
oxidant activity, as PGC-1α silencing led to a loss of

ZLN005-induced protection against prooxidant-induced cell
death. Upon exposure to NaIO3, ZLN005 pretreated cells
had a dramatic reduction in LDH release. With 2 and
2.5mg/ml, this reduction was associated with a negative per-
centage cell death, indicating that ZLN005 had diminished
LDH release below the basal levels. NaIO3 has been found
to induce mitochondrial superoxide levels [34] and mito-
chondrial network fragmentation [35], while decreasing
mitochondrial membrane potential [36]. As shown in this
study, ZLN005 decreases basal mitochondrial superoxide
levels, upregulates OXPHOS targets that help maintain
mitochondrial membrane potential and spare respiratory
capacity, and increases mitochondrial gene levels. These
mitochondrial specific effects of ZLN005 could lead to the
enhanced protection observed against NaIO3. While similar
processes are induced by H2O2 and ox-LDL, these oxidants
also induce other nonmitochondrial cell-death mechanisms.
For example, ox-LDL promotes NLPR3-caspase1 activation
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Figure 3: ZLN005 protects ARPE-19 cells from prooxidant-induced cell death through the upregulation of PGC-1α. (a) Treatment with
10μM ZLN005 increases mitochondrial antioxidant enzymes, TXN2 and SOD2. Expression of the cytoplasmic enzyme, SOD1, is also
enhanced, while GPX1 is downregulated (veh, n = 4 for all genes; ZLN, n = 5 for all genes). (b) Accordingly, mitochondrial superoxide
production is decreased after 24-hour treatment with ZLN005 (veh, n = 4 for all genes; ZLN, n = 5 for all genes). (c) 48 hours of exposure
to 10μM ZLN005 (n = 6) does not increase LDH levels, measured as OD490, compared to untreated cells (UNT, n = 6) and vehicle only
treatment (veh, n = 6). Total kill (TK, n = 6) of cells is achieved by treatment with 1x lysis buffer for 30min. (d) Cell death induced by 18-
hour exposure to 500 μM and 1000μM H2O2 decreases significantly with pretreatment with 10 μM ZLN005 (n = 6 for all conditions). (e)
ZLN005 protects cells from cytotoxicity mediated by 100 μg/ml ox-LDL (n = 6 for all conditions). (f) 24-hour pretreatment with 10 μM
ZLN005 protects against NaIO3-induced cell death in the differentiated ARPE-19. ZLN005 protection decreased LDH levels in prooxidant
conditions below basal LDH levels when exposed to 2 and 2.5mg/ml NaIO3 (veh, n = 5; ZLN, n = 6). (g) Cells lacking PGC-1α (shPGC-
1α, n = 6) show a loss of the protective effect of 10μM ZLN005 upon exposure to 1000 μM H2O2, while the effect is maintained in the
associated control cells (shControl, n = 12).
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[26] and exogenous H2O2, while mimicking the effects of
endogenous H2O2, will diffuse and drive multiple oxidant-
dependent pathways in many cellular compartments [37].
This could explain the reduced protective effect of ZLN005
on H2O2- and ox-LDL-induced RPE cell death. The poten-
tial synergistic effects of ZLN005 with compounds that tar-
get different pathways could be investigated to elucidate
mechanisms involved in RPE dysfunction and diminish
prooxidant-induced cell death.

Due to its effects on antioxidant function and respiration,
therapeutics that cause a gain of function in PGC-1α are
being investigated for several diseases involving oxidative
damage [21, 38]. Methods currently in use to overexpress
PGC-1α, such as adenovirus, induce super-physiological
expression of PGC-1α in tissue, which can sometimes lead
to cell death [39]. Therefore, there is a need for a pharmaceu-
tical that induces expression at physiologically relevant levels.
The ability of ZLN005 to induce a physiological increase
in PGC-1α protein levels (2 folds) and robustly enhance
the cell antioxidant capacity makes this compound highly
promising. While further study involving in vivo testing
of ZLN005 in the eye is necessary, this current study has
introduced ZLN005 as a potential therapeutic against
AMD pathogenesis.

5. Conclusions

In summary, our study has shown that the small molecule
ZLN005 increases PGC-1α expression in the human RPE.
An induction of downstream respiratory, mitochondrial,
antioxidant, and transcription factor targets was observed.
ZLN005 treatment protected cells from cell death induced
by three biologically relevant prooxidants. Most importantly,
we have established PGC-1α as the critical mediator of
ZLN005 antioxidant effects. Oxidative stress is a major cause
of RPE dysfunction in AMD and there is a current need for
therapeutics to combat this rise in oxidative damage.
ZLN005’s cytoprotective effects against AMD-relevant
prooxidants suggest that this compound could be a potential
therapeutic for ocular diseases, such as AMD.
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Glucose absorption from the gut and glucose uptake into muscles are vital for the regulation of glucose homeostasis. In the current
study, we determined if gossypol (GSP) reduces postprandial hyperglycemia or enhances glucose uptake; we also investigated
the molecular mechanisms underlying those processes in vitro and in vivo. GSP strongly and concentration dependently
inhibited α-glucosidase by functioning as a competitive inhibitor with IC50 value of 0.67± 0.44. GSP activated the insulin
receptor substrate 1 (IRS-1)/protein kinase B (Akt) signaling pathways and enhanced glucose uptake through the translocation
of glucose transporter 4 (GLUT4) into plasma membrane in C2C12 myotubes. Pretreatment with a specific inhibitor attenuated
the in vitro effects of GSP. We used a streptozotocin-induced diabetic mouse model to assess the antidiabetic potential of GSP.
Consistent with the in vitro study, a higher dose of GSP (2.5mg/kg−1) dramatically decreased the postprandial blood glucose
levels associated with the upregulated expressions of GLUT4 and the IRS-1/Akt-mediated signaling cascade in skeletal muscle.
GSP treatment also significantly boosted antioxidant enzyme expression and mitigated gluconeogenesis in the liver. Collectively,
these data imply that GSP has the potential in managing and preventing diabetes by ameliorating glucose uptake and improving
glucose homeostasis.

1. Introduction

Gossypol (GSP) is a lipid-soluble polyphenolic bis-sesquiter-
pene. It is extracted from cottonseeds as a racemic mixture
owing to hampered rotation around the binaphthyl bond
(Figure 1, Supplementary Figure S1). GSP acts as nonsteroi-
dal contraceptive by inhibiting energy metabolism-related
enzymes in sperm and spermatogenic cells, which suppresses
the production and motility of sperm [1, 2]. It also has anti-
viral [3], antiparasitic [4], and inflammation-inhibitory
properties [5] and has been shown to obstruct rat liver
microsomal peroxidation and prevent damage to super-
coiled plasmid DNA induced by the Fenton reaction [6].

Furthermore, (−)-gossypol is more cytotoxic than (+)-gos-
sypol and/or racemic gossypol at lower concentrations in
various cancer cells [7]. GSP suppresses the key nuclear
enzymes involved in DNA replication and repair and
induces apoptosis by activating caspase pathways or sup-
pressing NF-κB activity [8–10].

Diabetes mellitus (DM) is a complex, polygenic meta-
bolic disease. It appears either when the pancreas is incapable
of producing the optimal level of insulin or when the body
develops insulin resistance, resulting in elevated blood glu-
cose levels [11]. It is predicted that, globally, the number of
DM patients are evoked to 439 million by 2030 and among
them type 2 diabetes mellitus (T2-DM) will reach 90%. It is
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well known that the production of low insulin or the develop-
ment of insulin resistance owing to alteration of genetic and/
or epigenetic factors is intimately associated with the devel-
opment of T2-DM [12]. Insulin resistance is a pivotal feature
of T2-DM and is initiated by reduced glucose uptake into
skeletal muscles and adipose tissues. Approximately 75% of
glucose is absorbed by insulin-stimulated skeletal muscles,
and glucose transport is viewed as the rate-limiting step in
primary glucose disposal and utilization [13, 14]. It is thought
that insulin aids to translocate glucose by glucose transporter
4 (GLUT4) into the cell membrane of skeletal muscle and
enhance the postprandial glucose uptake. Reduced intracel-
lular GLUT4 traffic into the cell membrane is one of the
major causes of T2-DM [13].

However, the enhancement of glucose uptake in skeletal
muscle is regulated by two major signaling pathways. One is
recognized as an insulin-dependent pathway, which implies
the activation of insulin receptor (IR) by insulin, and initiates
signaling pathways such as IR substrate (IRS), phosphoinosi-
tide 3-kinase (PI3K), Akt, atypical protein kinase C (aPKC),
and GLUT4 translocation, resulting in enhanced glucose
uptake by skeletalmuscle [15]. Consequently, glucose homeo-
stasis is closely associated with optimal insulin production in
β-cells and its sensitivity in skeletal muscle or adipose tissue.
On the other hand, insulin-independent pathway, which is
arbitrated by 5′-adenosine monophosphate-activated protein
kinase (AMPK), plays a focal function in metabolic regula-
tion and the homeostasis of cellular energy balance [16].

The escalating number of diabetics in the world necessi-
tates the development of new and effective therapy options.
Insulin therapy is currently among the best solutions avail-
able for the treatment of both types of diabetes (types 1 and
2). Accumulating research suggested that natural products
and some small synthetic molecules can activate the insulin
signaling pathway and boost glucose uptake in cultured cells
and in animal diabetic models [17]. There is a rising trend
towards natural plant remedies in modern clinical medicine
for treating T2-DM due to having acceptable efficacy and
limited reverse effects. Such remedies are receiving increasing
interest because they are safe [18].

During screening for antidiabetic agents from natural
products, in the current study, we scrutinized the antidiabetic

capability of GSP on glucose uptake in C2C12 myotubes and
attempted to elucidate the core molecular mechanism. We
also determined whether GSP has the potential to improve
glucose homeostasis in mice with streptozotocin- (STZ-)
induced diabetes.

2. Materials and Methods

2.1. α-Glucosidase Inhibitory Assay. The α-glucosidase inhib-
itory activity of GSP was measured according to the method
defined by Zhao et al. [16]. Briefly, 2μL aliquots of predeter-
mined concentration of GSP was mixed with 0.2U/mL α-glu-
cosidase in 0.1M sodium phosphate buffer (pH7.0).
Subsequently, pNPG (2mM), acting as a substrate, was
added to the solution to start enzyme-substrate reactions,
which were allowed to proceed for 30min at 37°C. The α-glu-
cosidase inhibition activity was calculated spectrophotomet-
rically at 405nm using a 96-well plate on a microplate
reader (PerkinElmer Wallac Victor3, MA, USA). Acarbose
served as a positive control, and following equation was
adopted to evaluate the percent inhibition:

α −Glucosidase inhibitory activity % of inhibition

=
Abscontrol −Abssample

Abscontrol
× 100

1

The inhibition kinetics of GSP on α-glucosidase was
determined by preparing a series of sample solutions with
various concentrations of substrate and GSP. The mode of
inhibition of GSP was deduced from a Lineweaver–Burk plot
and computed the Km (dissociation constant) and Vmax
(maximum reaction velocity) of the enzyme [19].

2.2. Cell Culture, Cell Differentiation, and Glucose Uptake
Assay. C2C12 cells (American Type Culture Collection,
Manassas, VA, USA) were cultured at 37°C in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and streptomycin-penicillin
(100μg/mL and 100U/mL, respectively; HyClone, Mordial-
loc, VIC, Australia) in a humidified 5% CO2 atmosphere.
The cells were grown in 96-well plates (1× 105 cells/mL) with
DMEM containing 10% FBS and 1% penicillin/streptomycin
at 37°C in the CO2 incubator. When the cells reached con-
fluence, they were subjected to differentiation in DMEM
supplemented with 2% horse serum for 5 days. They were
then starved in low-glucose serum-free DMEM for 24 h.
Subsequently, we carried out a 2-(N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl) amino)-2-deoxyglucose (2-NBDG) assay to
evaluate glucose uptake [20]. Briefly, the cells were pretreated
with advised concentrations of GSP and insulin (100 nM) for
the indicated time interval, followed by 20μM of 2-NBDG
for 1 h. After incubation, the cells were rinsed twice with cold
phosphate-buffered saline (PBS), and 2-NBDG uptake was
measured using a fluorometer (PerkinElmer, Wallac Victor3,
MA, USA) at excitation and emission wavelengths of 490 and
535 nm, respectively.

2.3. Extraction of Cell Membrane Protein. The cells were
rinsed with cold PBS and harvested. A cell membrane protein
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Figure 1: Chemical structure of gossypol (GSP) in cottonseed
extracts.
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isolation kit (Invent Biotechnologies Inc., Eden Prairie, MN,
USA) was used to extract membrane protein from the cellu-
lar components (nuclei, cytosol, and organelles) allowing
to the manufacturer’s instructions. A BCA Protein Assay
Reagent (Pierce, Rockford, IL, USA) was applied to calcu-
late the protein content.

2.4. Animal Experiments and STZ-Induced Diabetes.We used
six-week-old male BALB/c mice (Samtako, Osan, Republic of
Korea). The mice were housed in an organized room at 22
± 10°C and 55± 5% humidity with a 12 h light/dark cycle
and had ad libitum access to food and water. Each mouse
was isolated and adapted to the laboratory environment for
at least 1 week prior to the experiment, according to the
guidelines specified by the Committee on Laboratory Animal
Ethics, Kyungpook National University (KNU 2017-0049,
Daegu, Republic of Korea). The mice were randomly divided
into 5 groups, each comprising 5 animals: a normal control
group (G1), an STZ-induced diabetic control group (G2),
an STZ-induced diabetic plus rosiglitazone group (10mg/kg
bodyweight (b.w.)) (G3), an STZ-induced diabetic plus low-
dose GSP group (1mg/kg b.w.) (G4), and an STZ-induced
diabetic plus high-dose GSP group (2.5mg/kg b.w.) (G5).
Diabetes was induced by intraperitoneally injecting the dia-
betic group with STZ dissolved in 50mM citrate buffer
(pH4.5) at 75mg/kg for 3 successive days. The G1 group
was introduced with an equivalent amount of citrate buffer.
After 4 days, fasting blood glucose (FBG) levels were calcu-
lated, and mice with levels ≥ 200mg/dL were chosen for the
experiment.

2.5. Oral Glucose Tolerance Test (OGTT). We accomplished
an OGTT after fasting the mice overnight to resolve the
effects of GSP on glucose tolerance. To complete this test,
we orally administered a single dose of glucose solution
(1 g/kg) and GSP (1 and 2.5mg/kg) to each mouse and mea-
sured the subsequent blood glucose levels using an ACCU-
CHEK® Active glucometer (Roche Diagnostics, Mannheim,
Germany) at 0, 30, 60, 90, 120, 150, and 180min after admin-
istering the glucose solution [21].

2.6. Biochemical and Histological Analysis. At the end of the
experimental period, the mice were sacrificed and blood sam-
ples were then gathered for biochemical estimations. We
carefully harvested the major organs such as the pancreas,
liver, and skeletal muscle. Parts of the liver and skeletal mus-
cle were immediately submerged in TRIzol solution for
reverse transcription-polymerase chain reaction (RT-PCR)
analysis, and the residual tissue was kept in liquid nitrogen
for Western blotting. The pancreases were stored in 10% for-
malin solution, embedded in paraffin, and stained with
hematoxylin–eosin for histochemical examination.

2.7. Reverse Transcription-Polymerase Chain Reaction (RT-
PCR). Total RNA was isolated from the C2C12 cells using
TRIzol (Ambion, Austin, TX, USA), consistent with the
manufacturer’s instructions. To prepare a cDNA, 2μg of
total RNAwas mixed with an RT-& GOMastermix (MP Bio-
medicals, Seoul, Republic of Korea) and used as the PCR
template. RT-PCR was performed using a PCR Thermal

Cycler (Dice TP600, Takara Bio Inc., Otsu, Japan) by the var-
ious primer sequences (Supplementary Table S1). A 2%
agarose gel in Tris-acetate-EDTA (TAE) buffer was used to
separate the PCR products and visualized by ethidium
bromide staining, and band intensity was analyzed by
Image Lab™ software (version 5.2.1).

2.8. Preparation of Cell Lysates and Western Blotting. After
treatment, the C2C12 myotubes were rinsed twice in ice-cold
PBS and lysed using ice-cold radio-immunoprecipitation
assay (RIPA) buffer with a phosphatase and protease inhibi-
tor cocktail (Sigma-Aldrich, St. Louis, MO, USA). The skele-
tal muscle tissue was homogenized in ice-cold RIPA buffer
containing protease inhibitors. The cell lysates and tissue
homogenates were centrifuged at 3000×g for 10min at 4°C
to discard insoluble materials. Protein content was measured
using BCA protein assay kit (Pierce, Rockford, IL, USA).
Protein (20μg) was subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE; 10%), trans-
ferred to nitrocellulose membranes (Whatman, Dassel,
Germany), blocked with 5% nonfat milk in TBST buffer (a
mixture of Tris-buffered saline and Tween 20), and blotted
with each primary antibody (1 : 1000) and with the corre-
sponding secondary antibody (1 : 5000). Protein bands were
identified using a SuperSignal West Femto maximum sensi-
tivity substrate (Thermo Fisher Scientific, Rockford, IL,
USA), and bands were analyzed by Image Lab™ software
(version 5.2.1).

2.9. Statistical Analysis. The data were subjected to one-
way analysis of variance (ANOVA) and are presented as
means± SDs. The analysis was executed using GraphPad
Prism 7 (GraphPad Software, La Jolla, CA, USA), and sta-
tistical significance was approved for p values of p < 0 01
or <0.05, as denoted.

3. Results

3.1. Kinetic Studies and Evaluation of α-Glucosidase
Inhibition. GSP inhibited α-glucosidase in a concentration-
dependent fashion; the half maximal inhibitory concentra-
tion (IC50) was 0.67± 0.44μM. We used acarbose, a compet-
itive α-glucosidase inhibitor, as a positive control (with an
IC50 value of 46.97± 0.71) (Figure 2(a)). We also carried
out kinetic analyses to confirm the nature of the interaction
between GSP and α-glucosidase. Lineweaver–Burk plots were
fabricated using various concentrations of GSP. Figure 2(b)
indicates that GSP exhibited typical reversible competitive-
ness, with a series of lines with various slopes intersecting
the y-axis. The calculated Km and Vmax are represented in
Table 1.

3.2. GSP Stimulated Basal- and Insulin-Mediated Glucose
Uptake in C2C12 Myotubes. To observe the potential of GSP
on glucose uptake in vitro, C2C12myotubes (insulin-sensitive
mouse skeletal muscle cells) were treated with GSP at the des-
ignated time-points. As shown in Figure 3(a), 2μM GSP
evoked basal- or insulin-activated glucose uptake from 0.5 h,
which peaked at 1 h then gradually decreased. Therefore, we
used the 1 h time-point for GSP treatment in the subsequent
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Figure 2: Effects of gossypol (GSP) on α-glucosidase activity. (a) Various concentrations of GSP or acarbose were incubated with the same
units of α-glucosidase, and the degree of production of p-nitrophenol was measured spectrophotometrically at 405 nm. ∗p < 0 05, ∗∗p < 0 01,
versus nontreated controls. (b) Lineweaver–Burk plot of α-glucosidase with GSP. Results are shown as mean values of 1/V, as inverses of
increases in absorbance at 405 nm/min (ΔA405 per min), and as the means of three independent tests at various PNPG concentrations.

Table 1: Kinetic parameters of α-glucosidase in the presence of gossypol (GSP).

Compound Concentration (mM) Km (mM) Vmax (ΔA405 per min) Mode of inhibition

None — 2.26× 10−4 14.26× 10−3

GSP

1× 10−3 3.04× 10−4 14.11× 10−3

Competitive
2× 10−3 4.15× 10−4 14.26× 10−3

3× 10−3 6.00× 10−4 14.31× 10−3

4× 10−3 9.28× 10−4 14.29× 10−3
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Figure 3: Effects of gossypol (GSP) on glucose uptake in C2C12 myotubes. (a) Time course of the effect of GSP on glucose uptake in C2C12
myotubes. Cells were treated with GSP (2 μM) alone or GSP (2 μM), followed by insulin (100 nM) for 30min, and then incubated for the
time periods indicated. (b) The dose-response relationship of the effects of GSP on glucose uptake on C2C12 myotubes. Cells were
incubated with GSP for 2 h. Rosiglitazone (20 μM) was used as a positive control. The data denote means± SEM of three independent
experiments. ∗p < 0 05 and ∗∗p < 0 01, versus basal glucose uptake (no insulin stimulation); #p < 0 05 and ##p < 0 01, versus insulin-activated
glucose uptake. Rosi: rosiglitazone.
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experiments. Figure 3(b) shows that basal- or insulin-
induced glucose uptake increased in a concentration-
dependent fashion without any toxic effects (Supplementary
Figure S2). At the highest concentration of GSP (2μM), the
basal- and insulin-activated glucose uptake levels
augmented significantly by 42.11± 0.21% and 58.40
± 0.25%, respectively. Rosiglitazone—a well-known
thiazolidinedione-class antidiabetic agent, used here as a
positive control—also significantly amplified the basal- and
insulin-induced glucose uptake levels by 28.41± 2.2% and
51.43± 4.0%, respectively.

3.3. GSP Promoted the Translocation of GLUT4 in C2C12
Cells. We used RT-PCR and Western blotting to determine
whether the ability of GSP to increase glucose transport in
C2C12 myotubes is associated with enhanced GLUT4 trans-
location, GLUT4 mRNA levels, and the amount of GLUT4 in
the cell membrane and post-cell membrane fractions in the
absence and presence of GSP and insulin. GSP meaningfully
augmented the level of GLUT4 mRNA in a concentration-
reliable fashion (Figure 4(a)). The immunoblot data
(Figure 4(b)) also revealed that GSP increased GLUT4 trans-
location in both basal- and insulin-induced conditions. Fur-
thermore, GSP treatment boosted GLUT4 translocation in
the PM in a concentration-dependent manner (Figure 4(c)).

3.4. GSP Mimicked Insulin Signaling in C2C12 Cells.We used
RT-PCR andWestern blotting analysis to determine whether
GSP increases glucose uptake by activating insulin signaling
and the expression of insulin receptor (IRβ), insulin receptor
substrate (IRS-1), and 3-phosphoinositide-dependent pro-
tein kinase 1 (PDK1). As expected, insulin stimulation aug-
mented the transcriptional and translational levels of IRβ,
IRS-1, and PDK-1 (Figures 5(a) and 5(b)). GSP treatment
also significantly enlarged the transcriptional and transla-
tional levels of IRS-1 and PDK1 in a concentration-
dependent manner (Figures 5(a) and 5(b)). However, GSP
alone did not affect the level of IRβ phosphorylation
(Figure 5(b)). The relative degrees of IRβ, IRS-1, and PDK1
phosphorylation are presented in Figure 5(c). Moreover, to
determine whether GSP treatment also enhances the activa-
tion of AKT, a key signaling molecule in insulin-stimulated
GLUT4 translocation, we used immunoblotting to measure
time-dependent and concentration-dependent AKT phos-
phorylation levels. As shown in Figure 6(a), GSP treatment
augmented AKT phosphorylation at 30min. Furthermore,
GSP significantly enhanced AKT phosphorylation in a
concentration-dependent fashion (Figure 6(b)), whereas
GSP treatment did not affect on the phosphorylation of
AMPK (Supplementary Figure S3). Taken together, the
results indicate that GSP significantly activates IRS-1 in the
absence of the activation of insulin receptor, resulting in
enhanced GLUT4 translocation and glucose uptake.

We used LY294002 (a selective AKT inhibitor) to ascer-
tain whether the phosphorylation of AKT by GSP is partici-
pating in the augmentation of GLUT4 translocation to the
cell membrane, resulting in activated glucose uptake.
LY294002 significantly prevented the phosphorylation of
AKT, even subsequent GSP treatment with or without

insulin (Figure 6(c)). Furthermore, GLUT4 translocation
induced by GSP treatment with or without insulin was signif-
icantly attenuated when AKT was blocked in C2C12 myo-
tubes (Figure 6(d)). LY294002 also significantly suppressed
the aptitude of GSP to increase glucose uptake. Both basal-
and insulin-mediated glucose uptake levels were increased
by 2μM GSP, but were significantly attenuated by
LY294002 treatment (by 18.1% and 25.4%, respectively)
(Figure 6(e)). The above data advocate that the AKT signal
pathway is vital for higher glucose uptake activated by GSP.

3.5. In Vivo Antidiabetic Activity of GSP in STZ-Stimulated
Mice. Having determined that GSP significantly increases
glucose uptake in C2C12 cells, we examined its effects on
the control of hyperglycemia in STZ-induced diabetic mice.
The GSP treatment groups (G4 and G5) exhibited signifi-
cantly reduced blood glucose levels post glucose load (1 g/
kg) in the STZ-induced diabetic mice (Figure 7(a)). Histo-
pathological examinations revealed normal acini and normal
cellularity in the islets of Langerhans of the control pan-
creases (G1, Figure 7(b)). There was extensive damage to
the islets of Langerhans and a reduced number of islet cells
in the diabetic control group (G2, Figure 7(b)). Diabetic ani-
mals treated with 2.5mg/kg GSP (G5, Figure 7(b)) had islet
cells, normal acini cells, and few pancreatic β cell regenera-
tion foci. We used Western blotting to investigate in vivo
GSP insulin mimicry by examining Irs-1 phosphorylation
and Akt expression. As expected, there was significant IRS-
1 expression and activation of the downstream Akt signaling
pathways in the GSP treatment group (Figure 7(c)). Western
blotting analysis also revealed the expected expression of
GLUT4 (Figure 7(d)), validating our in vitro findings.

GSP can also mitigate oxidative stress in STZ-induced
diabetic animal models. Interestingly, antioxidant enzyme
expression was completely mitigated in the STZ-induced dia-
betic control group G2, whereas GSP treatment boosted the
expression of both phase I and phase II antioxidant enzymes
in the livers of the STZ-induced diabetic animal models (Sup-
plementary Figure S4). These results recommended that the
antioxidant capacity of GSP may aid the uptake of glucose
by skeletal muscles and lessen blood glucose levels in STZ-
induced diabetic models. We also scrutinized the mRNA
and protein expression levels of phosphoenolpyruvate
carboxykinase (PEPCK) and glucose 6-phosphatase
(G6Pase) in the mouse livers to assess the effects of GSP on
gluconeogenesis in STZ-induced diabetic mice. PEPCK and
G6Pase mRNA and protein expression levels increased in
the GSP treatment groups, whereas they were strongly
mitigated in the STZ-induced diabetic groups (Figure 7(e);
Supplementary Figure S5). This suggests that GSP helped to
ameliorate hyperglycemia by abolishing gluconeogenesis in
the STZ-induced diabetic mice.

4. Discussion

DM is a perplexing metabolic disease that has serious health
implications. Insulin, insulin secretagogues, insulin sensi-
tizers, and prandial glucose regulators are used both individ-
ually and in combination to attain better glycemic regulation.
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However, many of these drugs can retain severe adverse
effects in patients with indigent tolerance [17]. Therefore,
more active hypoglycemic agents with fewer side effects are
needed. Mounting evidence suggests that many natural prod-
ucts are potentially useful for treating DM, and they are con-
sidered an important resource in the development of DM
therapies [18, 22, 23]. In the present study, we discovered that
gossypol (GSP) significantly inhibited α-glucosidase activity
in a reversible, competitive, concentration-dependent man-
ner. Furthermore, GSP treatment enhanced glucose uptake
by activating insulin-mediated signaling and augmented
GLUT4 translocation, both in vitro and in vivo. This suggests
that GSP has a potential in controlling glucose homeostasis
as a novel hypoglycemic agent for the treatment of T2-DM.

α-Glucosidase is a strategic enzyme that metabolizes non-
absorbable oligosaccharides into absorbablemonosaccharides

in the small intestine. Suppression of this enzyme can inter-
rupt the conversion of oligosaccharides and disaccharides
into monosaccharides, lessening glucose absorption and sub-
sequently dropping postprandial hyperglycemia. Therefore,
α-glucosidase inhibition is a useful strategy for investigating
the effects of nutraceuticals on T2-DM [24–26]. However,
there is very little in-depth information about the mecha-
nisms by which α-glucosidase is inhibited. In the present
study, Lineweaver–Burk plots revealed that GSP inhibited
α-glucosidase in a competitive manner; at 4μM, the Km
was 9.28× 10−4mM and the Vmax was 14.29× 10−2 (ΔA405
per min).

GLUT4 is one of the 14-member GLUT/SLC2A family of
facilitative transmembrane hexose transporters and is widely
distributed in skeletal muscle, the myocardium, fatty tissue,
the kidney, and the brain. GLUT4, which is transferred from
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Figure 4: Increase of glucose uptake through the translocation of GLUT4 in C2C12 myotubes by gossypol (GSP). (a) RT-PCR analysis was
carried out to measure the mRNA levels. (b, c) Subcellular membrane fractions were separated and subjected to immunoblot analysis with
the indicated antibodies. Statistical data are represented in the adjacent figure. Values are shown as means± SEM in independent triplicate.
∗∗p < 0 01 versus no treatment. Ins: insulin, Rosi: rosiglitazone.
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Figure 5: Improvement of glucose uptake via the activation of IRS-1 and its downstream signaling pathways in C2C12 myotubes by gossypol
(GSP). (a) mRNA expression was analyzed by RT-PCR. (b) Total cell lysates were extracted and subjected to Western blot analysis with the
designated antibodies. (c) The immunoblotting signals were quantified using densitometer. Data are shown as means± SEM, ∗p < 0 05 and
∗∗p < 0 01, versus no treatment. Rosi: rosiglitazone.
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GLUT4 vesicles in the cytoplasm to the cell membrane by the
action of insulin or muscle contraction, plays a linchpin role
in the transport of glucose into the cells [27, 28]. The reduc-
tion of GLUT4 translocation is one of the most substantial
causes of insulin resistance in T2-DM [29]. In the present
study, we uncovered that GSP drastically amplified glucose
uptake through augmentation of GLUT4 expression and
translocation in C2C12 cells (Figure 4). GSP may be effective
at alleviating insulin resistance in T2-DM.

We sought to ascertain the molecular mechanism under-
lying the augmentation of GLUT4 expression and transloca-
tion. There is accumulating studies suggesting that GLUT4
expression and translocation are induced by insulin or exer-
cise, leading to the promotion of glucose uptake [22]. In the
insulin pathway, the activated form of InsR by insulin causes
the phosphorylation of IRS tyrosine residues, and PDK1,
guiding to the activation of PI3K and its downstream mole-
cules such as AKT, which stimulate GLUT4 translocation
[30]. AICAR and metformin (muscle contraction and/or
the AMPK activators) activate the AMPK pathway by elevat-
ing the AMP to ATP ratio in skeletal muscle [31]. In this

study, we discovered that GSP activated the phosphorylation
of IRS-1, PDK1, and AKT, but did not affect IRβ or AMPK.
Furthermore, to confirm whether GSP enhances glucose
uptake through the activation of AKT signaling, we used
LY294002, a specific AKT inhibitor. As shown in Figure 6,
LY294002 significantly abolished the translocation of
GLUT4 and the phosphorylation of the AKT molecule.
LY294002 treatment also strongly attenuated basal- and
insulin-stimulated glucose uptake, indicating that AKT and
IRS-1 downstream molecules are involved in GSP-induced
insulin signaling. However, unlike insulin, GSP stimulated
IRS-1 independently of insulin receptor activation. This
result suggests that IR inhibition does not significantly alter
GSP-induced glucose transport, but further research is
needed to reveal how GSP activates the IRS-1/AKT pathway.
Although insulin binds with IRs and stimulates the insulin
signaling pathway, the action of insulin can be mimicked
without the activation of IRs [32]. Dehydroepiandrosterone
(DHEA) has been shown to augment glucose transport via
stimulation of the translocation of GLUT4 through the acti-
vation of the IRS-1/Akt signaling pathway in adipocytes,
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Figure 6: Involvement of the Akt-signaling pathway in gossypol- (GSP-) induced stimulation of glucose uptake. (a) Time course of the effect
of GSP on AKT phosphorylation in C2C12 myotubes. Pretreatment of cells with GSP (2 μM) and then incubated with indicated time periods.
Cell lysates were prepared, and immunoblotting was performed. Statistical data are represented in the adjacent figure. Values denote means
± SEM of three independent experiments. ∗∗p < 0 01 versus no treatment. (b) C2C12 myotubes were incubated with different concentrations
of GSP alone for 2 h, or GSP (2 μM) for 2 h followed by insulin (100 nM) for 30min. Cell lysates were separated by SDS-PAGE, and
immunoblotting was carried out. Statistical data are represented in the adjacent figure. Values denote means± SEM of three independent
experiments. ∗∗p < 0 01 versus no treatment. (c) Effects of Akt inhibitor LY294002 on Akt-signaling pathway. (d) Effects of LY294002 on
the translocations of GLUT4 induced by GSP in C2C12 myotubes. Subcellular membrane fractions were extracted and subjected to
immunoblot analysis. (e) Effect of GSP on glucose uptake in LY294002-pretreated C2C12 myotubes. Values denote means± SEM in
independent triplicate. ∗∗p < 0 01 versus basal glucose uptake (no stimulation by insulin); #p < 0 05 versus compound-treated basal
glucose uptake; $p < 0 01 versus compound-treated insulin-induced glucose uptake.
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without activating IRs. The authors speculated that DHEA
binds to specific G-protein receptors on the cell surface to
activate the IRS-1/PI3K pathway [33, 34]. A racemic mixture
of GSP can also exist in various symmetrical or asymmetrical
tautomeric forms, resulting in varying lipid solubility. More-
over, GSP can form a Schiff base when its aldehyde groups
react with the amino groups of the lysine residues on enzymes,
or via H-bond formation with the catechol hydroxyls, which
alters enzyme function [2]. Therefore, we hypothesize that
GSP may initiate the insulin signaling pathway by activating
the IRS-1/Akt pathway, boosting the translocation of GLUT4
by activating other membrane receptors. This requires fur-
ther investigation.

Diabetes is associated with oxidative stress/damage,
which can lead to the glycation of tissue proteins and glucose
auto-oxidation. This results in the generation of reactive

oxygen species (ROS) and protein-reactive ketoaldehydes,
which leads to increased lipid peroxidation and oxidative
DNA damage [35]. Moreover, the formation of advanced gly-
cation end products (AGEs) activates transcription factor
nuclear factor kappa B (NF-κB) and its various downstream
gene targets, leading to the overproduction of nitric oxide
(NO), which is believed to be mediator of β-cell damage
[18]. Thus, antioxidants can provide defense against oxida-
tive stress and have beneficial implications for diabetes man-
agement. In the present study, phase I antioxidant enzymes
such as CAT, GPx1, and SOD1 and phase II antioxidant
enzymes such as HO-1 were mitigated in the G2 group com-
pared to the G1 group, possibly owing to enhanced glucose
oxidation, AGE-mediated free radical generation, or the
action of STZ as an NO donor [36]. The oral administration
of GSP boosted CAT, GPx1, HO-1, and SOD1 protein
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Figure 7: Analysis of glucose homeostasis in STZ-induced diabetic mice by gossypol (GSP). (a) STZ-induced diabetic mice were treated with
GSP (1mg/kg and 2.5mg/kg) or rosiglitazone at 10mg/kg, subjected to an oral glucose tolerance test and monitored after an oral load of
glucose (1mg/kg) at different time intervals. (b) Typical photomicrographs of the hematoxylin and eosin-stained pancreases of STZ-
induced diabetic mice. (c, d) After the treatment, skeletal muscle tissues were excised and Western blotting analysis was performed.
Statistical data are represented in the adjacent figure. Values are shown as means± SEM in triplicate. ∗∗p < 0 01 versus no treatment (G1),
#p < 0 05 versus STZ-control (G2). (e) Effect of GSP on gluconeogenesis enzymes. After the treatment, liver tissues were excised and
Western blotting analysis for gluconeogenesis enzymes was performed.
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expressions in diabetic mice livers (Supplementary
Figure S4). This suggests that GSP has strong antioxidant
activity and can quench free radicals and is therefore able
to prevent the complications associated with diabetes.

Hepatic gluconeogenesis is required to maintain the
homeostasis of blood glucose during fasting and is the
main contributor to postprandial and fasting hyperglyce-
mia in diabetes [37]. It is worth noting that the abandoned
expression and activity of gluconeogenic enzymes increases
gluconeogenesis in diabetes. Normally, insulin can mitigate
gluconeogenesis through multiple mechanisms. One such
mechanism is the direct inhibition of the transcription of
key gluconeogenic genes, such as PEPCK and G6Pase, by
blocking the recruitment of the transcriptional coactivators
PGC-1α and CREB-binding protein to the promoters of the
PEPCK and G6Pase genes [38]. In the current study, GSP
reduced the expressions of PEPCK and G6Pase in the liver
compared to the STZ-induced diabetic control group
(Figure 7(e)). These findings also revealed that GSP has
strong insulin mimetic activity and decreases the blood glu-
cose level. It also enhances the translocation of GLUT4 and
mitigates gluconeogenesis in the livers of diabetic mice, pos-
sibly through the activation of AKT, but further research on
the mechanism involved is required.

5. Conclusion

The present study revealed that GSP strongly inhibits α-glu-
cosidase activity in a competitive manner. GSP also acceler-
ates glucose transport in C2C12 myotubes by inducing the
translocation of GLUT4 via an insulin-mimicking signaling
pathway. In an in vivo study, GSP significantly amended oral
glucose tolerance in an STZ-induced diabetic mouse model.

GSP treatment boosted GLUT4 expression through the
phosphorylation of AKT in muscle tissue and attenuated
the gluconeogenesis pathway by downregulating glucose-6-
phosphatase (G6Pase) and phosphoenolpyruvate carboxyki-
nase (PEPCK) in the liver (Figure 8). These findings may
improve our understanding of the hypoglycemic and antidi-
abetic effects of GSP.
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Aims. The goal of this study was to evaluate the effects of long-term (16 weeks) administration of angiotensin (1–7) [A(1–7)] on
kidney function in db/db mice and to identify the protective mechanisms of this therapy. Methods. db/db mice and heterozygous
controls were treated with A(1–7) or vehicle daily, subcutaneously for up to 16 weeks. Kidney injury was assessed by measuring
blood flow in renal arteries, plasma creatinine levels, and proteinuria. Effects of treatment on oxidative stress were evaluated by
histological staining and gene expression. Results. 16 weeks of daily administration of A(1–7) to a mouse model of severe type 2
diabetes (db/db) prevented the progression of kidney damage. Treatment with A(1–7) improved blood flow in the renal arteries,
as well as decreased plasma creatinine levels and proteinuria in diabetic mice. Reduction of oxidative stress was identified as one
of the mechanisms of the renoprotective action of A(1–7). Treatment prevented formation of nitrotyrosine residues, a marker of
oxidative stress damage. A(1–7) also reduced the expression of two enzymes involved in formation of nitrotyrosine, namely,
eNOS and NOX-4. A(1–7) regulated the phosphorylation pattern of eNOS to enhance production of NO in diabetic animals,
possibly through the Akt pathway. However, these elevated levels of NO did not result in increased nitrosylation, possibly due to
reduced NOX-4 levels. Conclusions. Long-term administration of A(1–7) improved kidney function and reduced oxidative stress
damage in db/db mice.

1. Introduction

Over 100,000 US citizens are diagnosed with kidney failure
yearly and 44% of them are due to diabetes [1]. A central
therapeutic strategy to prevent complications in patients with
T2D is to reduce the activity of the pathological arm of the
renin-angiotensin system (RAS), namely, levels and actions
of angiotensin II (Ang-II). Ang-II has been implicated as a
key factor in T2D pathology; however, the exact mechanism
is not fully understood. Nonetheless, Ang-II has been shown
to cause hypertension [2, 3], inflammation [4, 5], and oxida-
tive stress [3, 6, 7] and contribute to insulin resistance [8, 9].
Thus, the current treatment for diabetic nephropathy focuses
on angiotensin-converting enzyme inhibitors (ACEi), which
reduce the production of Ang-II, and angiotensin receptor

blockers (ARBs), which block the actions of Ang-II through
its cognate receptor, AT1. However, both therapies are asso-
ciated with adverse effects, are not safe to use during preg-
nancy [10, 11], and do not completely eliminate kidney
damage. It is hypothesized that angiotensin (1–7) [A(1–7)],
another member of the RAS, can ameliorate diabetic
nephropathy without the side effects of ACEi or ARBs.
A(1–7) has been shown to decrease hypertension and oppose
pathological actions of Ang-II [12, 13]. Here, we demonstrate
that long-term administration of A(1–7) to db/db mice, a
model of severe T2D, acts renoprotective, at least in part,
through the amelioration of oxidative stress.

Hyperglycemia, as well as high levels of cytokines and
other growth factors, contributes to increased oxidative
stress, which leads to numerous diabetic complications
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including nephropathy. Elevated levels of reactive oxygen
species (ROS) may result in promotion of fibrosis, inflamma-
tion, and endothelial dysfunction in diabetic kidneys [14–
17]. Studies show increased circulating levels of ROS in
diabetes in both animals and patients [15, 18]. The main
source of ROS in diabetic kidneys is thought to be NOX-4,
a member of the NADPH oxidase family. Superoxide pro-
duced by this enzyme, when combined with nitric oxide
(NO), results in the formation of peroxynitrite—a very
potent ROS that has the capability to modify proteins to form
nitrotyrosine (N-Tyr). Addition of the nitrate groups to the
proteins changes their structure and function and may result
in pathologies [19, 20].

Studies also show that A(1–7) [21] as well as its receptor
Mas [22] are expressed in renal tissue in relatively high
amounts and the peptide can be detected in urine [23]. This
suggests that A(1–7) may play a role in kidney homeostasis.
A(1–7) acts renoprotective in several models of kidney dys-
function [24, 25]. Studies of renal biopsies from patients with
diabetic nephropathy also show an increased ACE/ACE2
ratio, which suggests increased production of Ang-II and
decreased production of A(1–7). However, some studies
show progression of kidney disease with A(1–7) treatment.
For example, in streptozotocin-diabetic rats and in a nondia-
betic model of unilateral ureteral obstruction [26], treatment
with A(1–7) was not beneficial. These controversies have still
not been fully explained; however, some of the discrepancies
are being ascribed to dosage and route of administration. It is
therefore crucial to further study the effects of A(1–7) on dia-
betic nephropathy to elucidate the mechanisms of possible
protective action of this treatment.

2. Materials and Methods

2.1. Animal Procedures. We followed the methods of
Papinska et al. [27].

All animal procedures were carried out in accordance
with the Guide for the Care and Use of Laboratory Animals
as adopted and promulgated by the US National Institutes
of Health.

Eight-week-old male BKS.Cg-Dock7m +/+ Leprdb/J
(db/db) mice and age-matched heterozygous controls (non-
diabetic) were purchased from Jackson Laboratories (Bar
Harbor, ME, USA). Mice were randomized based on the ini-
tial body weight into four treatment groups (n = 6/group).
Animals were kept on a 12 h light/dark cycle and food and
water were available ad libitum.

Animals were administered either vehicle (saline) or
A(1–7) (0.5mg/kg/day) subcutaneously, daily for 16, 12, or
4 weeks. Previous dose finding studies performed in this lab-
oratory revealed that 0.5mg/kg/day, once daily, is the opti-
mal dosing regimen, with no further benefit at 1mg/kg/day
[28, 29]. Pharmaceutical grade A(1–7) was purchased from
Bachem (Torrance, CA, USA). At the necropsy, animals
were overdosed with ketamine and xylazine cocktail followed
by thoracotomy.

2.2. Ultrasonographic Assessment of Blood Flow Velocity in
Renal Artery. Blood flow velocity in the renal arteries was

assessed noninvasively using a high-frequency, high-
resolution ultrasound system consisting of a Vivid 7 Dimen-
sion ultrasound machine equipped with a 6–13MHz linear
transducer (GE Healthcare, Little Chalfont, UK) after 16
weeks of treatment. Fur from the abdomen was removed
using a hair removal cream. Anesthesia was induced with
3% isoflurane in an induction chamber. The mouse was
then placed in a supine position on a heating pad to main-
tain body temperature at 36.5–37°C. Anesthesia was main-
tained through a nosecone and adjusted to maintain the
heart rate at 450–550 beats per minute. The probe was posi-
tioned on the side of the abdomen to allow visualization of
the cross section of the right kidney. Peak systolic blood
flow velocity was measured using pulsed-wave Doppler in
the renal artery just before it enters the kidney, as described
previously [30]. Doppler measurements were than analyzed
by a blinded observer.

2.3. Plasma and Urine Creatinine Concentration. Blood was
collected from each animal at the necropsy through a cardiac
puncture into EDTA-coated tubes. Immediately after collec-
tion, plasma was isolated by centrifugation and stored at
−80°C until analysis. Urine samples were collected in the
morning of the day preceding the necropsy. Creatinine con-
centration in the plasma and urine samples was measured
using a Mouse Creatinine Kit (Crystal Chem, Downers
Grove, IL) per the manufacturer’s instructions.

2.4. Urine Protein Concentration. Protein concentration in
urine samples was assessed using standard Bradford assay.
BSA was used as a standard. The samples were incubated
with Bradford reagent (Bio-Rad, Hercules, CA) for 10min
at room temperature and spectrophotometrically analyzed
using a BioTek Synergy H1 Hybrid plate reader (BioTek,
Winooski, VT). Protein concentration was normalized to
urine creatinine levels.

2.5. Glomerular Hypertrophy andMesangial Expansion.After
16 weeks of treatment, the kidneys were isolated, formalin-
fixed, paraffin-embedded, and cut at 5μm. To assess glomer-
ular hypertrophy and mesangial expansion, the sections were
stained using the periodic acid-Schiff (PAS) method. Twenty
images of random cortical glomeruli were obtained at 40x
magnification. The images were analyzed in a blinded fash-
ion using ImageJ (1.47v, NIH, USA). Glomerular area was
measured using a free-hand selection tool, and staining was
assessed using color-deconvolution plugin and threshold
function. The mesangial expansion was expressed as percent-
age of glomerular area stained with PAS.

2.6. Immunohistochemistry for N-Tyr, p-eNOS, and NOX-4.
Kidney sections were treated using a standard heat-induced
antigen retrieval procedure. The slides were incubated with
(a) rabbit polyclonal antibody directed against nitrated tyro-
sine residues (EMD Millipore, Billerica, MA) at 1 : 250 dilu-
tion, (b) rabbit polyclonal antibody to p-eNOS Ser1177
(GeneTex Inc., Irvine, CA) at 1 : 100 dilution, (c) rabbit poly-
clonal antibody to p-eNOS Thr495 (Bioss Inc., Woburn,
MA) at 1 : 100 dilution, and (d) rabbit polyclonal antibody
to NOX-4 (EMD Millipore, Billerica, MA) at 1 : 200 dilution.
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After incubation with a proper secondary antibody, an
avidin-biotin complex method of detection was used.
Twenty random images of renal cortex at 40x were evalu-
ated for the extent of staining in a blinded fashion using
ImageJ (1.47v, NIH, USA) and expressed as percentage of
area positively stained.

2.7. Gene Expression. At the necropsy, left kidneys were
isolated and stored in RNAlater (Thermo Fisher Scientific,
Waltham, MA) at −20°C until use. qRT-PCR was performed
as described previously [28]. Briefly, RNA was isolated using
TRIzol reagent (Invitrogen by Thermo Fisher Scientific,
Waltham, MA) and reverse-transcribed, and real-time PCR
was performed using SYBR Green PCRMaster Mix (Applied
Biosystems by Life Technologies, Thermo Fisher Scientific,
Waltham, MA). Relative expression of each of the genes
of interest was evaluated using an ABI 7300 instrument
(Applied Biosystems by Life Technologies, Thermo Fisher
Scientific). Abundance of targeted mRNA was normalized
against 29S mRNA.

2.8. Statistical Analysis. We followed the methods of
Papinska et al. [27].

GraphPad Prism version 6.0c for Mac OS X (GraphPad
Software, San Diego, CA, USA) was used to analyze the
data. One-way ANOVA followed by Dunnett’s multiple-
comparison test were used to compare data. The level of sta-
tistical significance was set at 5%. Data are expressed as mean
value ± standard error of the mean (SEM).

3. Results

3.1. 16 Weeks of A(1–7) Administration Reduces Shear
Stress and Improves Kidney Function and Glomerular
Structure in Diabetic Mice. The blood flow velocity in the
renal artery was measured using ultrasonography. Treatment
with A(1–7) reduced the blood flow velocity in renal arteries
of diabetic mice (Figure 1(a)). db/dbmice also had decreased
kidney function as measured by creatinine levels in plasma
and protein/creatinine ratio in urine (Figures 1(a) and
1(c)). Both of these parameters were decreased after treat-
ment with A(1–7).

The glomerular structure was assessed by measuring
glomerular hypertrophy and mesangial expansion. Both
glomerular hypertrophy and the mesangial expansion were
increased in kidneys from diabetic animals. A(1–7) reduced
glomerular remodeling in db/db mice (Figure 1(d)–1(f)).
No significant differences were seen between heterozygous
(nondiabetic) groups [treated with A(1–7) or vehicle],
which is also true for all the other parameters presented in
this study.

3.2. Oxidative Stress Damage in Diabetic Kidneys Was
Decreased after Administration of A(1–7). NADPH oxidase,
one of the main sources of superoxide anion in diabetic kid-
ney, is directly activated by Ang-II. We evaluated oxidative
stress-induced damage in the kidney sections using an anti-
nitrotyrosine- (N-Tyr-) directed antibody. The extent of
staining in the kidneys from diabetic mice treated with pla-
cebo was increased compared to nondiabetic animals

(Figure 2). Administration of A(1–7) significantly reduced
the presence of this marker, which suggests decreased oxida-
tive stress damage in the kidneys.

3.3. Administration of A(1–7) Altered Gene Expression of
eNOS and NADPH Oxidase. eNOS is one of the main sources
of NO in the kidneys. N-Tyr is formed due to increased levels
of peroxynitrite, which is produced through reaction of
NO with superoxide anion (Figure 3). We evaluated the
expression of the two main enzymes that produce these
molecules—eNOS and p22-phox (subunit of NADPH oxi-
dase). Gene expression was performed on tissues collected
from animals treated for either 4 or 12 weeks. Even
though we did not observe any changes in the expression
of these enzymes after 12 weeks of treatment (Figures 4(c)
and 4(d)), there was a significantly increased expression
of both eNOS and p22-phox in the kidneys of diabetic
animals treated with the vehicle for 4 weeks compared to
heterozygous mice (Figures 4(a) and 4(b)). Administration
of A(1–7) reduced the gene expression of both of these
enzymes in diabetic mice.

3.4. A(1–7) Alters the Phosphorylation Pattern of eNOS and
Reduces Levels of NOX-4. eNOS can be activated or deacti-
vated through modification of the two main phosphorylation
sites: phosphorylation of eNOS on Ser1177 and dephos-
phorylation on Thr495 activate eNOS to produce NO. We
evaluated effects of A(1–7) on the eNOS phosphorylation
pattern using immunohistochemistry. The phosphorylation
on Ser1177 was increased in both db/db groups [treated
with vehicle or A-(1–7)] (Figures 5(a) and 5(b)), whereas
the phosphorylation on Thr495 was increased in diabetic ani-
mals treated with saline and reduced after treatment with
A(1–7) (Figures 5(a) and 5(c)).

NOX-4 is the most prevalent form of NADPH oxidase
in the kidneys and the main source of superoxide [31].
We evaluated the levels of NOX-4 in the kidney sections
collected from animals treated for 16 weeks. Expression
of NOX-4 was increased in the kidneys from diabetic ani-
mals treated with the vehicle as compared to heterozygous
mice (Figures 5(a) and 5(d)). A(1–7) reduced the extent of
staining for NOX-4 in db/db mice.

4. Discussion

Here, we show that the long-term administration of A(1–7)
is effective in preventing oxidative stress damage and renal
dysfunction in db/db mice. It is important to note that, so
far, ACEi and ARBs even though able to slow down the pro-
gression of diabetic nephropathy are not recommended for
prevention of kidney disease. As demonstrated previously,
the treatment regimen presented in this article does not have
any effects on blood glucose levels or body weight in this
mouse model [27]. Thus, the effects of A(1–7) on the kid-
ney’s health occurred independently of blood glucose or
obesity control.

In this study, A(1–7) reduced the blood flow velocity
through the renal artery, which may have contributed to
decreased shear stress in the kidneys and improved renal
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function. The increased levels of creatinine in plasma from
diabetic animals treated with saline suggest impaired filtra-
tion function of the kidneys, whereas increased protein/cre-
atinine ratio in the urine implies structural changes in the
glomeruli. Treatment with A(1–7) reduced both of these

parameters in the diabetic mice. Benter and colleagues
showed similar results of Ang(1–7) treatment on renal func-
tion in streptozotocin-induced diabetes in rats [32, 33]. In
this study, Ang(1–7) as well as its nonpeptide analog
AVE0991 reduced proteinuria and improved vascular
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Figure 1: Physiological kidney function and glomerular structure in the animals treated for 16 weeks. The peak systolic blood velocity was
increased in the renal arteries of diabetic animals. Treatment with A(1–7) reduced this measurement (a). Plasma creatinine and urine
protein/creatinine ratio was assessed after 16 weeks of treatment to determine kidney function. Both parameters were increased in diabetic
mice treated with saline and reduced after administration of A(1–7) (b, c). Glomerular health was assessed by measuring the glomerular
area (e) and mesangial expansion (f). Mesangial expansion is expressed as percentage of glomerular area stained for extracellular matrix.
Both glomerular hypertrophy and extent of fibrosis were increased in the diabetic animals treated with saline. Glomerular dysfunction was
prevented by a 16-week treatment with A(1–7). Representative images of glomeruli stained using the periodic acid-Schiff method taken at
40x magnification are shown in (d). (hzg: heterozygous; n = 6 animals per group; ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗∗p < 0 0001) Calculated
using one-way ANOVA; plotted as mean with SEM.
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responsiveness of isolated ring segments from renal arteries.
Mesangial expansion is another highlight of renal pathology
in T2D. Mesangial cells produce excessive amounts of
extracellular matrix, which reduces flexibility of the glomer-
uli and decreases surface area available for filtration. A(1–7)
decreased mesangial expansion and glomerular hypertrophy,
which might have contributed to enhancement of kidney
function in diabetic animals.

Oxidative stress can be caused by both hyperglycemia
and activation of the pathological arm of the RAS. Since per-
oxynitrite is one of the most potent oxidants, increased pro-
duction of this molecule can lead to formation of N-Tyr and
result in structural and functional changes to the proteins.
Both NO and superoxide are needed to produce N-Tyr. We
observed increased mRNA expression of both eNOS and

p22-phox, a subunit of NADPH oxidase, in the kidneys from
diabetic animals treated for 4 weeks but not in the kidneys
from animals treated for 12 weeks. We hypothesize that the
reason for this discrepancy is that the gene expression
changes are an acute response to the stimuli. As anticipated,
A(1–7) reduced the gene expression of both of these markers
after 4 weeks of treatment, suggesting decreased production
of both NO and superoxide at this time point. No significant
changes after 16 weeks of treatment were anticipated, and
therefore, this analysis was not performed.

The activation of eNOS is controlled through posttrans-
lational changes such as phosphorylation. Increased phos-
phorylation of eNOS on Ser1177 in both diabetic groups
suggests enhanced production of NO in these animals. We
hypothesize that increased phosphorylation of eNOS on
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Figure 2: Oxidative stress damage in the kidneys from animals treated for 16 weeks. Damage due to oxidative stress was assessed using
sections immunostained for nitrotyrosine residues. Representative images of kidney cortex taken at 10x magnification are shown in (a).
Significantly, more staining was observed in the kidneys from diabetic animals treated with saline than in nondiabetic groups. 16 weeks
of A(1–7) administration to db/db mice reduced oxidative stress damage in the kidneys (b). (hzg: heterozygous; n = 6 animals per group;
∗∗∗p < 0 001 and ∗∗∗∗p < 0 0001) Calculated using one-way ANOVA; plotted as mean with SEM.
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Figure 3: Formation of nitrotyrosine residues and involvement of eNOS and NADPH oxidase. Ang-II can directly activate NADPH oxidase
to produce superoxide. A(1–7) is known to increase production of NO through activation of eNOS. Superoxide and NO react with each other
to form peroxynitrite—a potent oxidant. Elevated levels of peroxynitrite cause nitration of proteins resulting in formation of nitrotyrosine
residues that change the structure and function of proteins.
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Thr495 observed in the diabetic group given the vehicle is
associated with a defense mechanism that acts against the
overproduction of ROS. In addition, phosphorylation on
Ser1177 is known to be primarily associated with activation
of the Akt pathway, which is involved in insulin signaling
and is known to have a protective role in T2D [34, 35]. In
contrast, activation of the PKC pathway, which is detrimental
in diabetes [36], has been described as the main source of
phosphorylation on Thr495. Increased phosphorylation on
Thr495 in db/db mice from the placebo group may be there-
fore associated with increased activation of the PKC pathway.
Further, reduction of the levels of phosphorylation at this
amino acid suggests reduction in PKC activity in diabetic
animals treated with A(1–7). High blood glucose is known
to activate the PKC pathway, which is associated with overex-
pression of TGF-β, fibronectin, and collagen type IV; over
time, this causes mesangial expansion [37].

In addition to enhanced activation of eNOS, kidneys
from diabetic animals also showed increased expression of
NOX-4, the most predominant type of NADPH oxidase in
the kidneys, an enzyme responsible for cytosolic production

of superoxide anion [31]. NADPH oxidase was initially
discovered to be present in neutrophils and play a role in
response to pathogens by producing high levels of ROS. In
the kidneys, this enzyme is also located in nonphagocytic cell
types such as mesangial cells, proximal tubules, vascular
smooth muscle cells, endothelium, and fibroblasts [38]. It is
thought that the primary role of ROS produced by the
NADPH oxidase in the kidneys is to act as a secondary
messenger. However, in pathological states, such as T2D,
NADPH oxidase produces highly excessive amounts of
ROS. Thus, NADPH oxidase contributes to oxidative stress
damage in various renal pathologies including diabetic
nephropathy [16, 39]. Overexpression of both p22-phox
and NOX-4 subunits has been previously associated with
diabetic nephropathy [40, 41]. In addition, inhibition of
NADPH oxidase with apocynin was shown to reduce kidney
damage and mesangial expansion in diabetic nephropathy
[16, 40, 42]. In db/db mice, NOX-4 is involved in molecular
mechanisms underlying renal fibrosis through increased
TGF-beta and fibronectin production [38]. NADPH oxidase
can also be activated via phosphorylation of PKC in diabetic
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Figure 4: Gene expression of eNOS and NADPH oxidase in the kidneys from animals treated for 4 or 12 weeks. Gene expression of both
eNOS and p22-phox (subunit of NADPH oxidase) was increased in diabetic animals after 4 weeks of treatment (animals were 12 weeks
old) (a, b). Treatment with A(1–7) reduced the expression of both of these markers. No significant differences in gene expression of eNOS
and p22-phox were detected in animals treated for 12 weeks (20 weeks old). (hzg: heterozygous; n = 6 animals per group; ∗p < 0 05 and
∗∗p < 0 01) Calculated using one-way ANOVA; plotted as mean with SEM.
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kidneys [16]. Even though intracellular ROS may come from
various sources, NOX-4 is thought to be a source of superox-
ide in the diabetic kidneys [31, 43]. NOX-4 has been recently
shown to constitutively produce hydrogen peroxide in con-
trast to other forms of NOX that primarily produce super-
oxide; however, research showed that NOX-4 is in fact
capable of releasing both hydrogen peroxide and superoxide
[44]. Because treatment with A(1–7) reduced the levels of
NOX-4 and decreased tyrosine nitration, we hypothesize that
this is one of the major pathways that contribute to decreased
oxidative stress damage in the kidneys. These findings are

also consistent with work published by Benter and col-
leagues, who showed that A(1–7) administration to a rat
model of streptozotocin-induced diabetes reduced activity
of renal NADPH oxidase and decreased expression of
NOX-4 [33]. Similarly, Dhaunsi et al. showed that Ang(1–
7) can be effective in reducing NADPH oxidase activity in
diabetic kidney [40].

Our findings are consistent with several recent studies in
the field. Mori and colleagues showed that constant infusion
of A(1–7) via implanted micro-osmotic pumps reduced renal
hypertrophy and reduced mesangial expansion in older (5-6
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Figure 5: eNOS phosphorylation and NOX-4 expression in the kidneys from animals treated for 16 weeks. Levels of eNOS phosphorylated on
Ser1177 (activating phosphorylation) and eNOS phosphorylated on Thr495 (deactivating phosphorylation), and NOX-4, a member of
NADPH oxidase family, were assessed using immunohistochemistry in animals treated for 16 weeks. Representative images of kidney
cortex taken at 40x magnification are shown in (a). Levels of both phosphorylation forms were increased in db/db mice from the control
group. The extent of phosphorylation on Ser1177 was also increased in the diabetic animals treated with A(1–7) (b), whereas levels of
phosphorylation on Thr495 were decreased in this group (c). The extent of staining for NOX-4 was increased in the diabetic animals from
the control group compared to nondiabetic mice. Treatment with A(1–7) reduced the levels of NOX-4 in the kidneys of diabetic mice (d).
(hzg: heterozygous; n = 6 animals per group; ∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001, and ∗∗∗∗p < 0 0001) Calculated using one-way ANOVA;
plotted as mean with SEM.
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months old) db/db mice [45]. The authors associated reno-
protective effects of A(1–7) to reduction in oxidative stress,
inflammation, fibrosis, and lipotoxicity. Giani and colleagues
also demonstrated improved renal health in Zucker diabetic
fatty rats treated with A(1–7) through a micro-osmotic pump
for 2 weeks [46]. In this study, administration of Ang(1–7)
reduced renal fibrosis, triglyceridemia, and proteinuria and
improved creatinine clearance through reduction of blood
pressure, oxidative stress, and inflammation.

Overall, A(1–7) may represent a novel, safer treatment
for diabetic nephropathy. In contrast to ACEi and ARBs,
A(1–7) activates the protective arm of the RAS. A(1–7) was
shown to have positive effects on kidney cells even in the
absence of a hemodynamic factor [47, 48]. Here, we confirm
that long-term administration of A(1–7) in a severe model of
T2D results in prevention of kidney damage and improved
filtration function. One of the mechanisms involved in this
renoprotective action is the amelioration of oxidative stress.
We have also shown that administration of A(1–7) to healthy
mice has virtually no effects on the kidneys. Clinical studies
showed that A(1–7) is also safe in patients [49]. This allows
for the rapid translation of our preclinical results into poten-
tial clinical evaluation.
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High intakes of vegetables have been associated with a lower incidence of cardiovascular diseases (CVD). However, the effect of
vegetables on immune function and antioxidant status in human studies have provided contrasting results. In the present study,
after a week of run-in period, 38 subjects at risk of CVD were randomly assigned to one of the following 4-week interventions:
low vegetable consumption (800 g of vegetables/week) or high vegetable consumption (4200 g of vegetables/week). Vegetables
included carrots, topinambur (Jerusalem artichoke, Helianthus tuberosus), tomatoes, red cabbage, and sweet peppers. Blood and
salivary samples were collected before and after intervention periods. In addition to clinical, immunological, and antioxidant
markers, leukocyte and lymphocyte expression of the gut-homing β7 integrin was evaluated. No significant changes were
detected in clinical, immunological, and antioxidant markers in biological samples, except for an increase in white blood cell
count for the low vegetable consumption group (p < 0 05). The study provides additional evidence about the uncertainty of
providing a clear evidence for vegetables in modulating markers of immune function and antioxidant status. Further studies are
needed in order to unravel the mechanism of effect of vegetable consumption in cardiovascular prevention.

1. Introduction

High intakes of fruits and vegetables have been associated
with a lower incidence of cardiovascular diseases (CVD),
due to their antioxidant and anti-inflammatory properties
[1]. Data from a meta-analysis reported that the plant-
derived food category, such as chocolate, fruits, and vege-
tables, showed a clear antioxidant response after acute
ingestion, whereas only vegetables were able to increase
plasma antioxidant capacity after chronic intervention trials
[2]. However, some studies did not find improvement of oxi-
dative DNA damage [3, 4] and lipid peroxidation markers
[4] after the consumption of 600–800 g/d of fruits and
vegetables for 24/28 days in healthy nonsmokers. In healthy
subjects, results are conflicting when both antioxidant and

inflammatory markers were measured in the same study after
consumption of carrot juice [5], tomato juice [6], and Lyc-o-
Mato in the form of drink [7] or supplement [8, 9]. In healthy
nonsmoking men, 8 servings/d of carotenoid-rich vegetables
and fruit for 4wk did not change immunologic markers,
including the number and activity of natural killer cells,
secretion of cytokines, and lymphocyte proliferation [10]
However, it must be taken into account that some of the
intervention studies with vegetable-derived products (includ-
ing juices and extracts) were not controlled for placebo and/
or were conducted on healthy subjects [11]. In this context, it
must be taken into account that both antioxidant [2] and
anti-inflammatory [12] effects are more evident in subjects
with CVD risk factors when compared with healthy subjects
[2]. Therefore, the aim of this study was to evaluate the effects
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of high consumption of vegetables in subjects with risk fac-
tors for CVD on clinical, immunological, and antioxidant
markers. For the intervention study, we selected topinambur
for the previous observed improvement of glucose metabo-
lism [13] and tomato, red cabbage, and/or carrot for the lipid
lowering, anti-hypertensive, anti-coagulant, antioxidant,
anti-inflammatory, and immunomodulating activities
[14–22]. Immunomodulation has been reported in vitro
also for pectin from sweet pepper [23], whereas red cab-
bage anthocyanins have been proposed as inhibitors of
lipopolysaccharide-induced oxidative stress in blood plate-
lets, indirectly by their antioxidant properties and directly
by binding with Toll-like receptors (TLR) [24]. From that,
in addition to commonly used clinical, immunological,
and antioxidant markers, for the first time, we evaluated
the effect of high vegetable consumption on the leukocyte
and lymphocyte expression of the gut-homing β7 integrin,
being a clinical relevant target for treatment [25].

2. Materials and Methods

2.1. Recruitment and Selection of the Subjects. Italian subjects
were recruited by advertisements. Adult individuals (n = 60,
30 men and 30 women) aged between 26 and 65 years were
selected (for women, a proven absence of menopause was
required, being postmenopausal status an independent risk
factors for CVD [26]) on the basis of the following criteria.
Exclusion criteria: any pathology (including allergies and
gastrointestinal disorders that reduce or alter nutrient
absorption), use of drugs or supplements and special diet
regimens (vegetarian or vegan). Inclusion criteria: at least
one of the following risk factors for CVD: waist circumfer-
ence> 102 cm (men) and 88 cm (women) and/or waist/hip
circumference ratio> 0.95 (men) and 0.8 (women); total
cholesterol> 200mg/dl and/or HDL< 35 (men) and 40
(women) mg/dl and/or triglycerides> 150mg/dl; smoking
habit; sedentary lifestyle; and low fruit and vegetable con-
sumption (maximum 4 portions/week).

Frequency of fruit and vegetable intake assessed by the
validated 14-item questionnaire [27] and physical activity
was evaluated according to the “Guidelines for Data Process-
ing and Analysis of the International Physical Activity Ques-
tionnaire” (IPAQ) [28, 29]. Of the 60 selected subjects with a
low consumption of fruit and vegetables, 38 subjects agreed
to participate in the study and were recruited (Figure 1), 3
subjects left the study for personal reasons (1 of group low
and 2 of group high), and 5 subjects (3 group low and 2 group
high) reported symptoms of viral influence during the study;
for this reason, they have been excluded. At the end of the fol-
low-up, 30 compliant subjects (15 for each group) were
included (Figure 1). All subjects had low physical activity
level and had a low consumption of fruit and vegetables at
baseline. Percentage of smokers and dyslipidaemic subjects
and macronutrient intakes in the two groups after randomi-
zation are described in Table 1.

2.2. Vegetables. In order to standardize the vegetables con-
sumed between subjects, carrots, topinambur, tomatoes, red
cabbage, and sweet peppers were purchased by an organic
farming company and were delivered weekly (Biobox S.r.l.,
Italy) to subjects’ homes. During the study period, 4 different

38 subjects
(fruit and vegetables consumption

< 4 portions / week)
Run-in: 1 week

High T0
5 men / 14 women (age: 51.05 ± 10.53)

Low T0
3 men / 16 women (age: 46.47 ± 10.81)

Low T4
1 men / 14 women (age: 46.20 ± 11.37) 

High T4
3 men / 12 women (age: 49.73 ± 10.35)

Dropout: 2
Excluded: 2

Dropout: 1
Excluded: 3

Intervention: 4 weeks
High (vegetables 4200g/week)
Low (vegetables 800g/week)

Figure 1: Flow chart of study.

Table 1: Baseline characteristics and dietary intakes of included
subjects.

High (n = 15) Low (n = 15)
BMI (kg/m2) 26.61± 4.09 24.56± 4.39
Smokers (n) 60% (9/15) 60% (9/15)

Dyslipidaemic subjects (n) 67% (10/15) 53% (8/15)

Kcal/day 1959± 239 1873± 702
Carbohydrates (g/day) 236± 51 218± 76
Protein (g/day) 70± 13 72± 27
Lipid (g/day) 75± 11 76± 27
High (4200 g/week) or low (800 g/week) vegetable consumption. BMI: body
mass index. Data are expressed as mean ± SD.
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samples of vegetables were collected and analysed in tripli-
cate for their antioxidant and phenolic content. Extracts
containing the medium polar compounds (ANFI-Ex) and
the water extracts (W-Ex) of vegetables were obtained as
previously described [30]. The ferric-reducing antioxidant
power (FRAP) assay was utilized to measure the antioxidant
capacity of vegetables and the total phenol content (TPC)
was measured using the Folin Ciocalteu assay, as previously
described [31].

2.3. Study Design and Intervention. After a week of run-in
period (Figure 1), in a parallel design, the subjects (n = 38)
were randomly assigned to one of the following 4-week
interventions:

(i) Low (control, n = 19) vegetable consumption: ≈800 g
of vegetables/week (152 g carrots, 152 g topinambur,
152 g tomatoes, 152 g red cabbage, and 190 g sweet
peppers)

(ii) High (increased consumption of vegetables, n = 19):
4200 g of vegetables/week (800 g carrots, 800 g topi-
nambur, 800 g tomatoes, 800 g red cabbage, and
1000 g sweet peppers). Compliance to dietary
instructions was evaluated by 3-day food diaries.
During the 4-week intervention, apart from the con-
sumption of vegetables, subjects did not change die-
tary and lifestyle habits and at the end of the
intervention intrasubject BMI did not change com-
pared to baseline level

2.4. Collection and Analysis of Samples. On subjects fasting
for at least 12 hours, venous blood samples were taken,
according to the good clinical practice at Ospedale San
Raffaele Pisana, Rome, and samples of saliva (Salivette,
Sarstedt) were collected.

Clinical markers (glucose, insulin, total cholesterol: TC,
low-density lipoproteins: LDL, high density lipoproteins:
HDL, triglycerides: TG, proteins, uric acid: UA, and direct,
indirect, and total bilirubin: dir-BR, ind-BR, and BR), plasma
immunoglobulins, markers of thrombotic risk (fibrinogen
and D-dimer), and complete blood count, including mean
platelet volume (MPV) and platelet distribution width
(PDW), were measured according to the good clinical prac-
tice at Ospedale San Raffaele Pisana, Rome [32–34].

Salivary UA levels were measured by colorimetric kits
provided by Sentinel CH. SpA. HOMA-IR was calculated
from glucose and insulin values. Salivary immunoglobu-
lins A (IgAs) (LS bio), plasma transforming growth factor-
(TGF-) β (RayBiotech) and interleukin- (IL-) 17 (RaybBio-
tech) were measured with ELISA kits. Plasma IL-2, IL-4,
IL-6, IL-10, interferon- (INF-) γ, and tumor necrosis fac-
tor- (TNF-) α were measured with CBA kit (BD).

Immunophenotype was analysed on a Coulter Epics XL-
MCL (Beckman Coulter), using monoclonal antibodies
labelled with four fluorescent dyes, fluorescein isothiocyanate
(FITC: CD16by R&D systems and CD45RA andCD127 by
BD), phycoerythrin (PE: CD8, CD19, and CD25 all by R&D
systems), phycoerythrin-Texas Red (ECD: CD3, CD4, and
CD14 all by Beckman Coulter), and PhycoerythrinCyanin

5 (PC5: integrin β-7 by BD). Forward scatter (FSC) and side
scatter (SSC) were acquired on a linear scale and fluores-
cence was acquired on a logarithmic scale. The percentage
of leukocytes expressing the gut homing β-7 integrin was eval-
uated in the gated regions of granulocytes (FSClowSSChigh),
monocytes (CD14+CD4dim), natural killer cells (NK,
CD3−CD8dimCD16+), B lymphocytes (CD19+), T lympho-
cytes (CD3+), T-cytotoxic lymphocytes (CD3+CD8+), T-
helpers (CD4+), naïve (CD45RA+) and memory (CD45RA−)
T cells, and T-helpers with different expression of IL-2 recep-
tor (CD25−, CD25dim, CD25bright) including regulatory T cells
(Treg CD4+CD25brightCD127−).

For platelet-rich plasma (PRP), blood was collected in
citrate tubes (BD Vacutainer), centrifuged at 180 g for
15 minutes, and washed platelets were obtained as previously
described [35]. Platelets were activated with 0.5mM arachi-
donic acid (Sigma) for 10 minutes at 37°C and labelled with
antibody CD61-PE (R&D systems) and PAC-1-FITC (BD)
for GpIIbIIIa analysis. For PAC-1, platelets were fixed with
paraformaldehyde as previously described [35]. Samples
were acquired on a BD FACSCalibur cytometer. In order to
avoid artefacts in fluorescence signal due to platelets’ dimen-
sion and aggregation [36, 37], platelets were divided in two
populations (R1 and R2) according to their FSC and CD61
staining. CD61 negative events, imputable to debris, were
excluded from the analysis. R1 and R2 PAC-1 level has been
expressed as mean fluorescence intensity.

For antioxidant evaluation, plasma in EDTA tubes (BD
Vacutainer) was separated after centrifugation (at 1300 g at
48°C for 15min) and stored at −80°C. Determination of sulf-
hydryl groups (SH) was performed using 5,50-dithiobis(2-
nitrobenzoic acid) and the total radical-trapping antioxidant
parameter (TRAP) and the FRAP were measured as previ-
ously described [31].

2.5. Statistical Analysis. Results showing a normal pattern
were analysed by analysis of variance (ANOVA), others
by Kruskal-Wallis one-way analysis of variance on ranks.
The significance of the differences between treatments
within the same time and those between the different times
within the same treatment group were evaluated using the
Student-Newman-Keuls method.

3. Results

3.1. Analysis of Vegetables. The TPC and the FRAP of the
ANFI-Ex andW-Ex of the vegetables supplied to the subjects
are shown in Table 2.

The higher average content of TPC and the greater FRAP
was found in the W-Ex of the pepper (Table 2). On the other
hand, although ANFI-Ex had lower TPC and FRAP, within
them, red cabbage had the higher TPC and FRAP (Table 2).

3.2. Clinical, Immunological, and Antioxidant Markers. In
Table 3 are described clinical parameters (glucose, insulin,
TC, LDL, HDL, TG, BR, dir-BR, ind-BR, and proteins),
markers of thrombotic risk (fibrinogen and D-dimer),
platelet count, MPV, PDW, and ex vivo platelets’ activation.
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No significant differences were found between all the
markers analysed.

In particular, the analysis of the platelets’ ex vivo stimula-
tion with AA revealed that high vegetable consumption did
not affect significantly PAC-1 expression. A nonsignificant
decrease after high consumption of vegetables was observed
for PAC-1 R2 AA (Table 3). Although this effect was accom-
panied by nonsignificant decreases in Pt counts and D-dimer
concentrations, a trend of increase in fibrinogen has been
observed and no differences were found in the in vivo
markers of platelet activation MPV and PDW.

Dietary intervention did not affect red blood cell count
(RBC 10^9/ml median (25%–75%): 4.6 (4.4–4.9) high T0,
4.7 (4.5–4.9) high T4; 4.7 (4.5–4.8) low T0, 4.6 (4.4–4.9)
low T4), mean corpuscular volume (MCV fL median (25%–

75%): 92.6 (88.5–94.4) high T0, 92.3 (88.5–94.5) high T4;
90.5 (85.4–92.9) low T0, 91.1 (85.4–92.9) low T4), and hae-
moglobin (Hb g/dl mean± SD: 14.1± 1.3 high T0, 14.1± 1.4
high T4; 13.5± 1.2 low T0, 13.5± 1.4 low T4).

On the other hand, white blood cells (WBC) were sig-
nificantly higher (p < 0 05) after 4 weeks of low intake of
vegetables (low T4) compared to the high consumption
(high T4) (Figure 2).

Moreover, due to the high variability within subjects, no
significant differences were found in the counts of the differ-
ent leukocyte populations (neutrophils 10^6/ml median
(25%–75%): 3.8 (3.1–4.6) high T0, 3.9 (2.6–4.5) high T4;
4.0 (3.6–5.4) low T0, 4.3 (3.4–6.1) low T4; basophils 10^6/
ml median (25%–75%): 0.0 (0–0.1) high T0, 0.0 (0–0.1) high
T4; 0.0 (0–0.1) low T0, 0.0 (0–0.1) low T4; eosinophils 10^6/

Table 3: Clinical markers, thrombotic risk, and platelet activation.

High T0 High T4 Low T0 Low T4

Glucose mg/dl 90.3± 5.5 94.0± 7.4 89.6± 4.3 90.6± 6.8
Insulin μUI/ml 8.1 (5.4–11.8) 8.1 (5.0–9.4) 6.8 (5.0–9.4) 7.9 (5.3–10.5)

HOMA-IR 1.7 (1.1-2.6) 1.8 (1.1-2.1) 1.4 (1.0-1.9) 1.6 (1.1-2.3)

TC mg/dl 217.1± 35.8 217.3± 38.3 207.9± 41.0 204.8± 40.3
LDL mg/dl 140.1± 27.0 137.7± 28.9 127.9± 35.1 125.4± 33.7
HDL mg/dl 58.9± 8.1 60.5± 7.7 58.3± 8.5 57.3± 9.3
TG mg/dl 88 (65–104) 86 (73–100) 110 (64–161) 84 (69–176)

BR mg/dl 0.5 (0.4–0.6) 0.5 (0.4–0.7) 0.6 (0.3–0.7) 0.5 (0.3–0.6)

dir-BR mg/dl 0.12 (0.11–0.15) 0.12 (0.11–0.16) 0.14 (0.09–0.17) 0.13 (0.10–0.16)

ind-BR mg/dl 0.38 (0.29–0.49) 0.38 (0.31–0.54) 0.45 (0.21–0.55) 0.37 (0.23–0.47)

Proteins g/dl 6.8± 0.3 6.9± 0.1 6.8± 0.5 7.0± 0.4
Fibrinogen mg/dl 336.9± 39.7 340.9± 43.9 319.3± 43.3 325.2± 46.9
D-dimer ng/ml 323.7 (251.6–412.3) 288.5 (234.7–397.6) 277.3 (213.5–427.9) 320.2 (228.1–414.3)

Pt 10^3/microL 262 (223–288) 244 (212–293) 248 (219–301) 245 (220–336)

MPV fL 8.6± 0.9 8.6± 0.9 8.5± 0.7 8.4± 0.7
PDW % 16.3± 0.4 16.3± 0.4 16.3± 0.5 16.4± 0.5
PAC-1 R1 140.5 (49.1–226.3) 156.2 (135.7–187.8) 122.6 (98.5–255.1) 199.8 (151.1–291.1)

PAC-1 R1 AA 159.4 (48.8–174.4) 155.7 (147.1–212.7) 151.8 (62.9–193.2) 206.2 (129.9–256.0)

PAC-1 R2 234.2 (34.9–373.7) 138.2 (99.8–187.5) 277.5 (68.2–411.8) 260.1 (183.1–296.8)

PAC-1 R2 AA 213.8± 150.7 132.5± 78.3 215.6± 124.2 169.0± 98.9
Values at baseline (high T0 and low T0) and 4 weeks after high (4200 g/week) or low (800 g/week) vegetable consumption. Data are expressed as mean ± SD
(normality test passed; ANOVA applied) or median (25%, 75%) (normality test failed; Kruskal-Wallis ANOVA on ranks applied). Pt: platelets; MPV: mean
platelet volume; PDW: platelet distribution width; PAC-1 expression was measured after ex-vivo platelets’ activation (AA: arachidonic acid; R1 and R2 gates
are depicted in Figure 2); TC: total cholesterol; TG: triglycerides; UA: uric acid.

Table 2: Antioxidant capacity and flavonoid content of vegetables provided for the study.

W-Ex ANFI-Ex
FRAP μM TPC μg GAE/g FRAP μM TPC μg GAE/g

Carrot 0.00 11.46± 2.62 22.70± 27.10 12.41± 5.69
Red cabbage 250.52± 108.69 37.01± 22.81 361.85± 214.89 48.71± 14.73
Pepper 737.29± 261.93 59.05± 12.77 229.21± 76.01 26.36± 3.81
Tomato 110.15± 70.70 13.24± 1.41 0.00 8.32± 3.37
Topinambur 0.00 10.47± 0.91 0.00 13.85± 4.08
FRAP: ferric-reducing antioxidant power; TPC: total phenol content; GAE: gallic acid equivalents; ANFI-Ex: extracts containing the medium polar compounds;
W-Ex: water extracts. The data are the mean ± SD of 4 different samples collected during the study analysed in triplicate.
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ml median (25%–75%): 0.2 (0.1–0.3) high T0, 0.2 (0.1–0.4)
high T4, 0.2 (0.1–0.2) low T0, 0.20 (0.1–0.3) low T4; mono-
cytes 10^6/ml mean± SD: 0.50± 0.18 high T0, 0.49± 0.14
high T4; 0.50±0.15 low T0, 0.54±0.19 low T4; lymphocytes
10^6/ml median (25%–75%): 1.9 (1.4–2.3) high T0, 2.0
(1.50–2.2) high T4; 2.0 (1.5–2.4) low T0, 2.1 (1.9–2.7) low T4).

Low percentages (≤10%) of granulocytes, monocytes, and
Treg expressed β-7 integrin (Table 4). The latter was present
on about 20% of NK and CD4, with higher expression on
CD4 naïve (28-29%), whereas percentages higher than 30
were found in B and CD8 populations (Table 4).

Neither lymphocyte subsets nor expression of β-7
integrin on leukocytes changed significantly after both low
and high vegetable consumption (Table 4). Salivary IgA
(IgAs) as well as plasma immunoglobulins and cytokines
did not change significantly after both dietary interventions
(Table 5). No significant differences in plasma and salivary
antioxidants were observed (Table 6).

4. Discussion

In the present study, nonsignificant differences were
found in antioxidant, inflammatory, and immune status,
as well as in metabolic markers, after a 4-week high veg-
etable consumption.

Despite the small sample sizes could led to ineffective
randomization and potential confounding, other crossover
[38, 39] or larger [40, 41] trials, with high fruit and/or vege-
table intakes [40] or high dietary total antioxidant capacity
(TAC) diets [38, 39], did not observe significant effects on
markers of glucose metabolism [38–41], TG [38, 39], TC
[38, 39], FRAP [38, 39], leukocyte count [39], and inflamma-
tory markers [40, 41]. Moreover, Valtueña et al. observed
an unexpected decrease in plasma malondialdehyde after
a diet with low TAC but not after the high-TAC diet [39].
This result reflects the difficulty of monitoring potential
confounding during nutritional interventions in humans.

In the present study, despite the exclusion of 5 subjects
who reported symptoms of viral influence during the
study, we cannot exclude nonreported events that could
account of the observed increase in WBC count after low
vegetable consumption.

Moreover, the evaluation of the effects of plant foods in
humans presents many difficulties, including the healthy sta-
tus of the selected subjects and the portion size of treatment
and control groups. We used 3 servings of the portion size
for vegetables (200 g) suggested by IV Revision of LARN
(Intake Levels of Reference of Nutrients and energy for Ital-
ian population http://www.sinu.it/public/20141111_LARN_
Porzioni.pdf), thus we compared 600 g/d (3 portions) versus
114 g/d of vegetables, including organic carrots, topinambur,
tomatoes, red cabbage, and sweet peppers. Despite the high
portion size of vegetables and the CVD risk factors of sub-
jects in our study, we did not observe significant changes
in any marker and our results are in line with that of Crane
et al. [42]. In a crossover design overweight, postmenopausal
women consumed for 3 weeks: 130 g, 287 g, and 614 g serv-
ings/d of fresh, greenhouse-grown vegetables, including
baby carrots, baby leaf lettuce green mix, red bell peppers,
and tomatoes [42]. Urinary 8-isoprostane F2α and serum
high sensitivity C-reactive protein (CRP) were unchanged,
despite the dose-response increase in plasma total caroten-
oids [42]. Moreover, in the study of Briviba et al. [4], vegeta-
ble intake (4.3± 0.6, 1 serving = 100 g, 430 g/d) included
broccoli, brussels sprouts, cabbage, carrots, cauliflower, corn,
cucumber, fennel, green beans, kohlrabi, lettuce, peas, rad-
ish, red cabbage, spinach, tomato, and zucchini. Authors
did not observe differences in markers of DNA damage, lipid
peroxidation (malondialdehyde and 8-iso-prostaglandin-
F2alpha), and plasma trolox-equivalent antioxidant capacity,
between 430 g/d and 100 g/d of vegetables [4]. However,
Briviba et al. [4] evaluated the effect of the increase of both
fruit and vegetable consumption (fruit 1 versus 3.5 serv-
ings/d, one serving =100 g fruit or 200ml juice).

In a recent meta-analysis [43], intervention studies with
fruit and vegetable (including juices and extracts) intake
decreased circulating levels of C-reactive protein and TNF-
α but not IL-6. However, concerning the 8 trials that evalu-
ated the anti-inflammatory effect of vegetable intake, only 3
observed decreases in CRP, TNF-α, and IL-6, two of which
involve supplements (garlic or tomato extract) [43]. More-
over, the significant increase in the γδ-T cell population
(mean difference: 1.68; p = 0 02), that have a role at the level
of epithelial barriers (including bowel) [44], came from only
3 studies (93 treatments and 89 controls), of which 2 inter-
ventions with supplements (garlic extract and capsules of
fruit and vegetable concentrate juice) and one with grape
juice [43]. In our study, the gut-homing β7 integrin was
not affected by high vegetable consumption. Therefore, no
conclusive data are available on the effect of plant foods on
gut-associated lymphocytes.

5. Conclusion

The study provides additional evidence about the uncertainty
of providing a clear evidence for vegetables in modulating
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Figure 2: White blood cell count after interventions. Values at
baseline (high T0 and low T0) and 4 weeks after high (4200 g/week)
or low (800 g/week) vegetable consumption. Data are expressed as
mean± SEM (normality test passed; ANOVA applied, followed by
Student-Newman-Keuls). High T4 versus low T4 ∗p < 0 05.
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Table 4: Percentages of leukocytes and lymphocytes’ subsets expressing β7 integrin.

% High T0 High T4 Low T0 Low T4

Granulocytes β7+ 0.8 (0.4–1.1) 0.7 (0.5–1.0) 0.6 (0.5–0.8) 0.7 (0.4–0.9)

Monocytes β7+ 6.1± 2.1 5.9± 2.1 6.8± 1.9 6.5± 2.7
NK 7.8 (5.9–14.2) 10.2 (9.0–15.4) 8.2 (5.0–13.3) 10.9 (6.1–12.2)

NK β7+ 18.3± 7.2 22.2± 5.6 19.4± 6.7 22.2± 6.9
B 6.8 (5.9–9.4) 8.8 (3.7–10.9) 9.8 (6.8–14.7) 8.3 (5.9–11.5)

B β7+ 47.7± 11.5 48.9± 11.4 44.6± 17.9 47.6± 13.7
T 83.0± 5.3 79.4± 5.4 80.1± 5.3 80.8± 5.2
T β7+ 30.4± 4.6 30.3± 6.7 31.1± 5.4 32.2± 7.0
CD8 26.7 (24.3–29.1) 27.0 (24.4–29.0 28.3 (24.4–33.3) 27.8 (22.5–34.5)

CD8 β7+ 45.5± 9.0 45.5± 11.5 44.7± 10.2 45.5± 11.3
CD8 naïve 36.1± 12.0 35.7± 10.1 40.4± 15.9 39.6± 13.8
CD8 naïve β7+ 46.4± 8.7 45.4± 10.3 45.0± 8.6 45.7± 8.5
CD8 memory 63.9± 12.0 64.3± 10.1 59.6± 15.9 60.3± 13.8
CD8 memory β7+ 44.6± 9.9 45.4± 12.8 43.9± 11.4 45.5± 12.9
CD4 73.3 (70.9–75.7) 73.0 (71.0–75.6) 71.7 (66.6–75.6) 72.2 (65.5–77.5)

CD4 β7+ 22.0± 3.7 21.7± 4.7 22.6± 4.8 23.3± 5.2
CD4 naïve 58.4± 12.4 55.4± 13.6 55.2± 10.0 52.7± 9.5
CD4 naïve β7+ 28.4± 3.5 28.3± 5.7 28.7± 4.7 29.7± 6.7
CD4 memory 41.6± 12.4 44.6± 13.6 44.8± 10.0 47.3± 9.4
CD4 memory β7+ 21.3± 5.5 21.7± 6.0 21.0± 6.6 23.0± 5.9
CD4CD25− 49.6± 7.3 49.2± 9.0 53.9± 8.6 52.0± 6.6
CD4CD25− β7+ 21.6± 4.7 20.5± 5.1 21.2± 5.7 21.8± 5.7
CD4CD25dim 44.4± 6.3 45.3± 7.9 40.9± 7.8 43.0± 6.3
CD4CD25dim β7+ 19.8± 4.0 19.8± 4.9 21.6± 5.2 22.6± 5.3
Treg 5.9± 1.3 5.5± 1.6 5.5± 0.7 5.1± 1.3
Tregβ7+ 10.9± 2.3 9.2± 3.4 10.5± 3.1 9.2± 2.8
Values at baseline (low T0 and high T0) and 4 weeks after low (800 g/week) or high (4200 g/week) vegetable consumption. Data are expressed as mean ± SD
(normality test passed; ANOVA applied) or median (25%, 75%) (normality test failed; Kruskal-Wallis ANOVA on ranks applied).

Table 5: Immunoglobulins and cytokines.

High T0 High T4 Low T0 Low T4

IgAsμg/dl 1.0± 0.4 1.3± 0.7 0.6± 0.4 1.1± 0.7
IgA ml/dl 147.0 (125.0–203.0) 156.0 (118.0–203.0) 166.0 (118.7–204.2) 157.0 (121.5–185.0)

IgE IU/ml 45.5 (21.5–157.5) 48.5 (19.5–125.5) 18.0 (2.0–53.0) 26.0 (6.0–69.0)

IgG ml/dl 1049.1± 110.1 997.0± 133.4 1039.6± 170.5 1009.2± 170.0
IgM ml/dl 107.0 (65.0–155.0) 105.0 (73.0–163.0) 142.5 (74.0–192.7) 141.0 (70.7–186.5)

TGF-βpg/ml 1.2± 0.7 1.3± 0.7 1.3± 0.6 1.3± 0.5

IL-17 pg/ml 2.4 (0.3–3.5) 2.7 (0.6–3.0) 0.8 (0.4–2.5) 1.6 (0.5–2.2)

TNF-αpg/ml 8.3 (8.2–9.0) 8.3 (7.9–8.5) 8.6 (8.2–9.0) 8.6 (8.1–9.0)

IL-6 pg/ml 7.9 (7.7-8.8) 8.5 (7.7–9.2) 8.8 (8.0–9.6) 8.4 (7.9–9.4)

IL-10 pg/ml 8.3 (8.1–9.0) 8.7 (8.3–9.1) 8.7 (8.3–9.2) 8.7 (8.4–8.9)

IL-4 pg/ml 7.4 (7.2–7.6) 7.5 (7.1–8.4) 7.9 (7.3–8.1) 7.7 (7.5–8.2)

IL-2 pg/ml 7.0 (6.9–7.6) 7.4 (7.1–7.7) 7.7 (7.3–7.9) 7.6 (7.4–7.7)

IFN-γpg/ml 8.1± 0.5 8.1± 0.5 8.3± 0.7 8.2± 0.5
Values at baseline (high T0 and low T0) and 4 weeks after high (4200 g/week) or low (800 g/week) vegetable consumption. Data are expressed as mean ± SD
(normality test passed; ANOVA applied) or median (25%, 75%) (normality test failed; Kruskal-Wallis ANOVA on ranks applied). IL: interleukin; INF:
interferon; Ig: immunoglobulins; salivary IgA: IgAs; TGF: transforming growth factor; TNF: tumor necrosis factor.
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markers of immune function and antioxidant status. Further
studies, including also the evaluation of potential changes in
the human gut microbiota [45], are need in order to unravel
the mechanism of effect of vegetable consumption in cardio-
vascular prevention.
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Age-related macular degeneration (AMD) affects the retinal macula and results in loss of vision, and AMD is the primary cause of
blindness and severe visual impairment among elderly people worldwide. AMD is characterized by the accumulation of drusen in
the Bruch’s membrane and dysfunction of retinal pigment epithelial (RPE) cells and photoreceptors. The pathogenesis of AMD
remains unclear, and no effective treatment exists. Accumulating evidence indicates that oxidative stress plays a critical role in
RPE cell degeneration and AMD. Melatonin is an antioxidant that scavenges free radicals, and it has anti-inflammatory,
antitumor, and antiangiogenic effects. This study investigated the antioxidative, antiapoptotic, and autophagic effects of
melatonin on oxidative damage to RPE cells. We used hydrogen peroxide (H2O2) to stimulate reactive oxygen species
production to cause cell apoptosis in ARPE-19 cell lines. Our findings revealed that treatment with melatonin significantly
inhibited H2O2-induced RPE cell damage, decreased the apoptotic rate, increased the mitochondrial membrane potential, and
increased the autophagy effect. Furthermore, melatonin reduced the Bax/Bcl-2 ratio and the expression levels of the apoptosis-
associated proteins cytochrome c and caspase 7. Additionally, melatonin upregulated the expression of the autophagy-related
proteins LC3-II and Beclin-1 and downregulated the expression of p62. Thus, melatonin’s effects on autophagy and apoptosis
can protect against H2O2-induced oxidative damage in human RPE cells. Melatonin may have multiple protective effects on
human RPE cells against H2O2-induced oxidative damage.

1. Introduction

Age-relatedmacular degeneration (AMD) is the leading cause
of vision loss among elderly people in developed countries [1].

Approximately 50 million people experience AMD symp-
toms, and 14 million people are visually impaired because of
AMD [2]; the prevalence of AMD is also increasing [3].
Abnormalities in retinal pigment epithelial (RPE) cells cause
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vision loss in patients with AMD, and impairment of normal
physiological function in RPE cells is an early pathogenesis of
AMD [4].

A growing body of evidence indicates that oxidative
stress plays a critical role in RPE degeneration in AMD [5].
RPE cells are particularly vulnerable to oxidative stress
caused by reactive oxygen species (ROS) [6] such as superox-
ide anion radicals, hydroxyl radicals, singlet oxygen, and
hydrogen peroxide (H2O2) [7, 8]. Research has revealed that
several antioxidants and zinc-containing supplements can
inhibit AMD progression and preserve vision [7, 9]. There-
fore, protecting RPE cells by limiting oxidative stress may
represent an effective approach to slowing or possibly revers-
ing vision loss in patients with AMD.

In cellular systems, ROS are detrimental to cell survival;
however, they are essential for cell signaling and regulation
of cell proliferation, migration, differentiation, and gene
expression [10, 11]. Inhibiting ROS-induced RPE cell dam-
age may inhibit AMD progression [12, 13]. Catalase, super-
oxide dismutase (SOD), and glutathione peroxidase (GPx)
are major enzymes that protect RPE cells through increased
expression by effectively scavenging ROS and attenuating
oxidative damage [14, 15]. Malondialdehyde (MDA) is a
product of lipid peroxidation, and its expression is gener-
ally used as a marker of lipid peroxidation and oxidative
damage [16].

Apoptosis is a form of programmed cell death, and path-
ological apoptosis is associated with AMD [17, 18]. A previ-
ous study reported that the antiapoptotic Bcl-2 family
proteins and apoptotic Bax proteins play important roles in
mitochondrion-dependent extrinsic and intrinsic cell death
pathways [19, 20]. Bax could release cytochrome c from the
mitochondria into the cytosol to active caspase result in
apoptosis [19, 20]. Moreover, caspase 7, Bax, Bcl-2, and cyto-
chrome c are apoptotic markers in apoptosis.

Autophagy removes damaged organelles and protein
aggregates of RPE cells, which is a crucial function because
these cells are exposed to oxidative stress [21]. Studies have
reported that autophagy occurs in RPE cells [22, 23]. How-
ever, failure or impairment of autophagy in RPE cells may
cause an accumulation of aggregation-prone proteins, cellu-
lar degeneration, and finally the induction of cell death, all
of which have been related to the pathogenesis of AMD
[21, 23, 24]. In addition, research revealed that the preserva-
tion of autophagic activity is vital for preventing detrimental
intracellular accumulation of damaged molecules [23]. Nev-
ertheless, whether the autophagic pathway has a protective
effect on RPE cells remains unclear; moreover, the relation-
ship between oxidative stress and autophagy and how their
interaction influences RPE cells require further clarification.

Melatonin (N-acetyl-5-methoxytryptamine) is a
tryptophan-derived neurohormone that performs critical
functions in the regulation of many physiological systems
and processes including the circadian rhythm, immune sys-
tem, cardiovascular system, and aging process [25, 26]. A
previous study mentions that the person to receive 250mg
melatonin every 6 h for 25–30 days shows no toxic effects
[27]. A study reported that the level of urinary melatonin
was relatively low in patients with AMD [28]. Therefore,

studying the relationship between the effects of melatonin
and AMD may be constructive. Melatonin is mainly synthe-
sized and secreted by the pineal gland [25]; however, studies
have demonstrated other points of origin, including the gut,
lens, and retina [29, 30]. Melatonin is a strong antioxidant
that scavenges ROS, decreases MDA, and stimulates the syn-
thesis of antioxidant enzymes [31]. Furthermore, melatonin
can protect cultured retinal pigment cells (ARPE-19) from
oxidative damage and cell death induced by ischemia and
H2O2 [32, 33]. The protective effect of melatonin on cells
against oxidative stress may result from its scavenging of free
radicals and the stimulation of the activity of antioxidant
defense mechanisms [34, 35]. It is also possible to activate
the melatonin membrane receptors MT1 and MT2, which
can stimulate the production of a variety of antioxidative
enzymes through several signaling pathways [34, 36]. How-
ever, the molecular mechanism underlying the effect of
melatonin on H2O2-induced oxidative damage and whether
melatonin could induce the autophagic pathway to confer
protective effects on RPE cells against damage remain
unclear. The aim of this study was to investigate whether
melatonin could protect ARPE-19 cells from H2O2-induced
oxidative damage through antioxidative, antiapoptotic,
and autophagic mechanisms and to investigate the molec-
ular mechanism underlying the effects of melatonin on
ARPE-19 cells.

2. Materials and Methods

2.1. Reagents and Antibodies. In this study, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), mela-
tonin, luzindole, paraformaldehyde, bovine serum albumin
(BSA), H2O2, and sodium bicarbonate were obtained from
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). The cell
culture reagents were purchased from Gibco (Grand Island,
NY, USA). Primary antibodies against apoptosis-related pro-
teins (Bax, Bcl-2, Cyt c, cleavage-caspase 7, and caspase 7) and
autophagy-related proteins (LC3, Beclin-1, mTOR, p-mTOR,
ULK1, and p-ULK1) were obtained from Cell Signaling
Technology (Danvers, MA, USA). Anti-p62 was obtained
from Abcam (Cambridge, UK). Anti-GAPDH, β-actin, and
rabbit/mouse IgG-horseradish peroxidase antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

2.2. Cell Culture. The ARPE-19 human RPE cell line was pur-
chased from the American Type Culture Collection (USA).
The cells were cultured in Dulbecco’s modified Eagle’s
medium/Ham’s F-12 (Corning, Tewksbury, USA) supple-
mented with 10% fetal bovine serum, 100μg/mL streptomy-
cin, and 100U/mL penicillin at 37°C in an atmosphere
containing 5% CO2. The cells were passaged every 3 days
once they grew to approximately 90% confluence.

2.3. Cell Viability Assay. Cell survival was tested using the
MTT assay. ARPE-19 cells were seeded in 96-well plates at
a density of 5× 103 cells/well for a 24 h incubation process.
The cells were treated with vehicle (ethanol) or melatonin
at indicated concentrations for 48 h, and they were then
treated with 300 μM H2O2 for 24h [34, 37] (Figure S1). For
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the luzindole (melatonin receptor antagonist) test, the RPE
cells were seeded as previously detailed. Luzindole was added
to the culture medium at a final concentration of 50 μM [34].
One hour later, melatonin was added to the culture medium
followed by culturing for 48 h, and H2O2 was then added
followed by culturing for 24h. Cell viability was evaluated
using the MTT assay. Briefly, the culture medium was then
removed, and 100μL of phosphate-buffered saline (PBS)
containing 0.5mg/mL MTT was added, followed by incuba-
tion at 37°C for 3 h in the dark. Next, the crystals were
dissolved with 100μL of dimethyl sulfoxide. The absorbance
of each well was measured using an Epoch Microplate
Spectrophotometer (BioTek, VT, USA) at a test wavelength
of 570nm with a reference wavelength of 630nm. The rela-
tive cell viability is presented as a percentage of cells treated
with melatonin compared with those treated with the vehicle.

2.4. Lactate Dehydrogenase Release Assay. Cytotoxicity was
measured through the lactate dehydrogenase (LDH) [38]
release assay conducted using a commercial LDH assay kit
(Cayman Chemical, Michigan, USA). In this assay, LDH
reduces nicotinamide adenine dinucleotide (NAD) to
NADH, which then interacts with a specific probe to produce
a color (optical density max= 450nm).

2.5. Thiobarbituric Acid-Reactive Substance Assay. To
measure intracellular MDA levels, the ARPE-19 cells were
cultured in a 10 cm dish (5× 105 cells) for a 24h incubation
process. The cells were then added to different concentra-
tions of melatonin for 48 h, after which they were exposed
to H2O2 (300μM) for 24 h. Thiobarbituric acid-reactive
substances (TBARS) were quantified through comparing
the absorption result with the standard curve of MDA
equivalents generated through acid-catalyzed hydrolysis of
1,1,3,3-tetramethoxypropane.

2.6. Apoptosis Assay. Cell apoptosis was measured using an
FITC Annexin V Apoptosis Detection Kit (BD Biosciences,
Franklin Lakes, USA). Briefly, after treatment, the cells were
washed with PBS and incubated in 400μL of binding buffer
containing 2μL of annexin V-FITC and 2μL of propidium
iodide in the dark for 15min at room temperature. The
stained samples were then analyzed on a FACSCalibur flow
cytometry, and the results were analyzed using CellQuest.

2.7. ROS Assay. ROS production was determined using a
2′,7′-dichlorodihydrofluorescin diacetate (DCFH2–DA) stain-
ing assay (Abcam, Cambridge, UK). After melatonin treat-
ment for 48 h, the ARPE-19 cells were incubated with
20μM DCFH2–DA at 37°C for 30min and then added to
300μM H2O2 for 4 h. The ARPE-19 cells were then resus-
pended in PBS and analyzed through flow cytometry. The
percentage of fluorescence-positive cells was recorded on a
FACSCalibur flow cytometer using excitation and emission
filters of 485 and 530 nm, respectively.

2.8. Western Blot Analysis. To determine their protein
concentration, the ARPE-19 cells were lysed in immunopre-
cipitation assay buffer containing a phosphatase inhibitor
cocktail tablet and a protease inhibitor mixture (Roche

Diagnostics, Basel, Switzerland). The protein concentration
was assayed using a bicinchoninic acid assay kit (T-Pro
Biotechnology, New Taipei County, Taiwan). Quantified
protein lysates (30μg) were analyzed through sodiumdodecyl
sulfate-polyacrylamide gel electrophoresis, resolved on
7%–15% polyacrylamide gels. The proteins were then trans-
ferred into polyvinylidene difluoride membranes. Eachmem-
brane was blocked in 5% BSA for 1.5 h and individually
incubated with different primary antibodies against caspase
7, cleavage-caspase 7, Bax, Bcl-2, Cyt c, mTOR, p-mTOR
(Ser2448), p-ULK1 (Ser757), ULK1, p62, LC3, Beclin-1,
GAPDH, and β-actin at 4°C overnight. After being washed
three times with Tris-buffered saline mixed with 0.05%
Tween-20 (TBST), themembranewas incubatedwith second-
ary antimouse or antirabbit antibodies (1 : 10,000; Cell Signal-
ing Technology, MA, USA) for 1 h at room temperature. The
signals were detected using a luminescent image analyzer: the
Amersham Imager 600 (GE Healthcare Life Sciences, MA,
USA). Signal intensities were then quantified using ImageJ.

2.9. Immunocytochemistry. ARPE-19 cells were washed three
times with PBS and fixed with 4% paraformaldehyde for
30min at room temperature. The ARPE-19 cells were then
washed with PBS and permeabilized with PBS containing
0.025% Triton X-100 for 15min. The cells were blocked with
blocking solution (5% (w/v) BSA in 1X TBST). After block-
ing, the antibodies—including anti-LC3 and p62 at a 1 : 250
dilution—were applied, and the cells were incubated at 4°C
overnight. Alexa Fluor 594-conjugated rabbit antimouse
secondary antibody was prepared in blocking buffer,
followed by incubation with the ARPE-19 cells at room
temperature for 1 h. After washing, the cells were mounted
with 4′,6-diamidino-2-phenylindole-containing mounting
medium and analyzed using a fluorescence microscope.

MitoView 633 is a far-red fluorescent dye that stains the
mitochondria. The dye is membrane permeable and becomes
brightly fluorescent on accumulation in the mitochondrial
membrane. After treatment, the medium was removed and
added to a prewarmed medium containing diluted MitoView
633. The cells were pelleted and resuspended in medium con-
taining diluted MitoView 633. We conducted the tests at a
staining concentration of 200nM. The cells were visualized
using a Zeiss LSM700 confocal microscope.

2.10. Statistical Analysis. Each experiment was repeated at
least three times, the mean value of the repetitions was calcu-
lated, and this value was used in the statistical analysis. The
data are presented as the means± standard deviations (SD).
Statistical analyses were performed using one-way analysis
of variance (ANOVA) analysis, followed by Tukey’s post
hoc test which was used to determine the differences between
two groups or in multiple groups (GraphPad Prism 6.0;
Systat Software, CA, USA). Statistical significance was
selected to be p < 0 05.

3. Results

3.1. Melatonin Protects ARPE-19 Cells from H2O2-Induced
Oxidative Damage. To examine the cytotoxic effect of

3Oxidative Medicine and Cellular Longevity



melatonin and H2O2 in cultured RPE cells, the cells were
exposed either to 50 or 100μM melatonin for 48 h or to var-
ious concentrations of H2O2 (200, 250, 300, or 500μM) for
24 h. The results are presented in Figures 1(a) and 1(b). The
viability of the RPE cells was assessed using the MTT assay.
As illustrated in Figure 1(a), melatonin at the tested concen-
trations (50 and 100μM) was generally safe for the ARPE-19
cells (Figure 1(a)). Treatment of the ARPE-19 cells with
H2O2-reduced RPE cell viability is a dose-dependent
manner. Exposure to 300μM H2O2 induced approximately
50% cell viability loss (Figure 1(b)). Thus, this concentration
(50 and 100μM melatonin; 300μM H2O2) was selected for
the subsequent experiments. The ARPE-19 cells were further
subjected to melatonin (50 and 100μM) for 24 h and were
then exposed to 300μMH2O2 for an additional 24 h to inves-
tigate the protective effects ofmelatonin on theARPE-19 cells.
Statistically, melatonin significantly attenuated the reduction
inARPE-19 viability caused byH2O2 (Figure 1(c)).Moreover,
in order to evaluate the protective effect of melatonin on
H2O2-induced oxidative damage, the study measured LDH
release in the ARPE-19 cells following melatonin pretreat-
ment and H2O2 exposure, and the results showed that H2O2
treatment induced LDH release, an indicator of cytotoxicity,
which was dramatically inhibited by melatonin pretreatment

(Figure 1(d)). These results demonstrate that melatonin pro-
tects ARPE-19 cells from H2O2-induced oxidative damage.

3.2. Luzindole Decreases Protective Effects of Melatonin on
RPE Cells against H2O2 Damage. We evaluate whether the
protective effect of melatonin on H2O2-induced oxidative
damage through the melatonin membrane receptor. Next,
the cell cultures were challenged with or without luzindole,
a melatonin membrane-receptor antagonist, to determine
the direct antioxidant versus receptor-mediated effects of
melatonin. Luzindole was added to the culture medium at a
final concentration of 50μM. One hour later, melatonin
was added to the culture medium followed by culturing for
48 h, and H2O2 was then added followed by culturing for
24 h. The ARPE-19 cells cultured with 300μM H2O2, to
which 50μM luzindole was added before melatonin, exhib-
ited a statistically significant decrease in viability compared
with cells treated with melatonin alone; luzindole blocked
the protective effects of melatonin (Figure 1(e)).

3.3. Melatonin Inhibits H2O2-Induced Oxidative Stress in
ARPE-19 Cells. To evaluate the effect of melatonin on MDA
formation, we examined the level of lipid peroxidation by
using the TBARS assay. Treatment with H2O2 resulted in a
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Figure 1: Melatonin protects RPE cells from H2O2 damage. ARPE-19 cells were treated with different concentrations of melatonin, luzindole
(melatonin receptor antagonist), and/or H2O2. MTT assay was preformed to measure the viability of ARPE-19 cells after melatonin exposed
for 48 h (a). MTT assay was preformed to measure the viability of ARPE-19 cells after H2O2 exposed for 24 h (b). MTT assay was preformed to
measure the viability of ARPE-19 cells which pretreatment melatonin for 48 h and then H2O2 exposed for 24 h (c). Cell cytotoxicity was
determined using the LDH release assay (d). MTT assay was preformed to measure the viability of ARPE-19 cells after luzindole exposed
for 1 h (e). Lipid peroxidation was measured using the TBARS assay (f). Values are the mean± SD. ∗p < 0 05 versus the control group,
†p < 0 05 comparison between cells treated with and without luzindole, and #p < 0 05 versus H2O2-treated cells.
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significant increase in MDA levels, which was decreased
with melatonin pretreatment (Figure 1(f)). As illustrated
in Figures 2(a) and 2(b), H2O2 increased the ROS level in
the ARPE-19 cells and melatonin exhibited a statistically
significant inhibitory effect on H2O2-induced ROS produc-
tion. Thus, melatonin is shown to suppress lipid peroxida-
tion and ROS generation, and this might account for its
protective effect.

3.4. Melatonin Protects ARPE-19 Cells from H2O2-Induced
Apoptosis. To further investigate whether melatonin protects

against H2O2-induced cell death through an antiapoptotic
effect, ARPE-19 cell apoptosis was detected using annexin
V/PI. As shown in Figures 2(c) and 2(d), the proportion of
PI-positive (dead) cells exhibited a statistically significant
increase in the ARPE-19 cultures treated with 300μM
H2O2 for 24 h alone compared with the untreated control
cultures. The pretreatment of ARPE-19 cell cultures with 50
and 100μM melatonin for 48 h before H2O2 exposure
engendered a statistically significant reduction of the propor-
tion of PI-positive (dead) cells compared with cultures
exposed toH2O2 alone. Pretreatment withmelatonin reduced
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Figure 2: Melatonin inhibits H2O2-induced ROS production and apoptosis in RPE cells. RPE cells were pretreated with different
concentrations of melatonin (50 and 100 μM) for 48 h and exposed to 300 μM H2O2 for 4 h/24 h. ROS production was determined using
the DCFDA assay (a, b). Cell apoptosis was analyzed with PI and annexin V (c, d). Values are the mean± SD. ∗p < 0 05 versus the control
group and #p < 0 05 versus H2O2-treated cells.
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H2O2-induced apoptosis; both concentrations of melatonin
had a statistically significant effect (Figure 2(d)). Thus, pre-
treatment with melatonin can protect ARPE-19 cells from
H2O2-induced cell death. The inhibitory effect of melatonin
on ARPE-19 cell apoptosis was further confirmed through
testing with MitoView 633. As depicted in Figure 3, the mito-
chondrial membrane potential increased in the ARPE-19 cells
treated with 300μM H2O2 for 24 h alone compared with the
untreated control cultures. This result suggests that the intrin-
sic pathway is involved in H2O2-induced apoptotic cell death.
However, the ARPE-19 cells pretreated with 50 and 100μM
melatonin for 48 h before H2O2 exposure for 24h exhibited
an increased mitochondrial membrane potential compared
with the H2O2 group. This result suggests that melatonin
could inhibit H2O2-induced cell apoptosis in ARPE-19 cells.

The expression of apoptotic protein results demonstrated
that 50 and 100μM melatonin inhibited H2O2-induced cas-
pase 7 cleavage in the ARPE-19 cells (Figures 4(a) and 4(b)).
We also measured the protein expression of Bcl-2 and Bax
to determine whether H2O2 and melatonin administration
engendered any changes. The Bax/Bcl-2 ratio exhibited a sta-
tistically significant increase after H2O2 treatment compared
with the control (Figures 4(a) and 4(c)), whereas melatonin

achieved a statistically significant reduction of the H2O2-
induced increase in the Bax/Bcl-2 ratio. The Bax/Bcl-2 ratio
is critical for regulating the release of cytochrome c from the
mitochondria. Therefore, we assessed the level of cytochrome
c in the mitochondria and cytoplasm of the ARPE-19 cells.
H2O2 induced a statistically significant increase in cyto-
chrome c levels in the cytoplasm but reduced them in the
mitochondria (Figures 4(d)–4(f)). By contrast, melatonin
reduced cytochrome c levels in the cytoplasm compared with
H2O2 alone. These results indicate that melatonin protects
ARPE-19 cells from H2O2-induced damage through the anti-
apoptotic signaling pathway.

3.5. Melatonin Activates Autophagic Process in ARPE-19
Cells. A possible protective function of RPE cells against
oxidative stress may involve autophagy, which is the major
mechanism for renewing all cytoplasmic parts of postmito-
tic cells; we thus tested for the effect of autophagy. LC3
processing is a classical autophagic marker, and the ratio
of conversion from LC3-I to LC3-II is closely correlated
with the extent of autophagosome formation. We evalu-
ated the expression of LC3-II autophagic markers. In
Figures 5(a)–5(c), it was indicated that pretreatment
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Figure 3: Melatonin inhibits H2O2-induced apoptosis in RPE cells. RPE cells were pretreated with different concentrations of melatonin
(50 and 100μM) for 48 h and exposed to 300μMH2O2 for 24 h. Cell apoptosis was analyzed with MitoView dye. Apoptotic cells were stained
red in mitochondria because of the mitochondrial membrane potential changing (scale bars are 200μm).
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with 50 and 100μM melatonin for 48 h before H2O2
exposure for 24h in the ARPE-19 cells increased the
expression of LC3-II and the LC3-II/LC3-I ratio,
thereby providing evidence that melatonin enhances
the autophagic process in H2O2-treated ARPE-19 cells.
In the cotreated H2O2 and melatonin groups, LC3-II levels
exhibited a statistically significant increase compared with
theH2O2-treated group (Figure 5(b)).Moreover, Beclin-1 also
plays an important role in autophagosome formation and it is
therefore considered an autophagic marker for the activation
of autophagosomes. We evaluated the expression of the
Beclin-1. Beclin-1 levels exhibited a statistically significant
decrease in the cells treatedwith 300μMH2O2. Cells cotreated
with H2O2 and melatonin demonstrated a statistically signifi-
cant increase in Beclin-1 levels compared with H2O2-treated
cells (Figures 5(a) and 5(d)). As displayed in Figure 5(a), mel-
atonin also downregulated the expression of the autophagy-

related protein p62 expression. Melatonin caused a statisti-
cally significant decrease in p62 levels compared with the
control group (Figures 5(e) and 5(f)). As shown in
Figure 5(g), the treatment concomitantly reduced mTOR
phosphorylation. Cells cotreated with H2O2 and melatonin
demonstrated a statistically significant decreased mTOR
phosphorylation levels compared with H2O2-treated cells.
However, melatonin did not cause a statistically significant
decrease in ULK-1 phosphorylation levels compared with
the H2O2-treated cells (Figure 5(h)). These findings indicated
melatonin pretreatment can increase the autophagic pro-
cess in ARPE-19 and decrease H2O2-induced cell death.

4. Discussion

Accumulating evidence reveals that the oxidative stress of
RPE cells is a crucial aspect of the pathophysiology of AMD
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Figure 4: Melatonin inhibits H2O2-induced apoptosis-related protein expression in RPE cells. ARPE-19 cells were pretreated with the
different concentrations of melatonin (50 and 100 μM) for 48 h and exposed to 300 μM H2O2 for 24 h. Expression levels of apoptosis-
related proteins (caspase 7, cleavage-caspase 7, Bcl-2, Bax, and Cyt c) are displayed in (a–f). Protein expression was calculated from
densitometry absorbance values of three separate experiments after they were corrected for GAPDH/β-actin expression to obtain equal
loading. Values are the mean± SD. ∗p < 0 05 versus the control group and #p < 0 05 versus H2O2-treated cells.
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[39]. Therefore, studies have focused on designing approaches
to protect RPE cells from oxidative stress as therapeutic
options for AMD. Exposure to H2O2 is used as a common
model to convey the oxidative stress susceptibility and antiox-
idant activity of RPE cells [16, 32, 34]. Abundant natural
products, particularly flavonoids, confer adaptive survival

responses under various adverse environmental conditions
through inhibiting oxidative stress [40] [41, 42]. In this
study, we observed that the viability of ARPE-19 cells that
were exposed to 300μM H2O2 decreased by approximately
30%, but melatonin pretreatment significantly inhibited
H2O2-induced damage and increased cell viability. However,
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Figure 5: Melatonin increases autophagy in RPE cells. ARPE-19 cells were pretreated with melatonin (50 and 100μM) for 48 h and exposed
to 300 μMH2O2 for 24 h. Expression levels of proteins are presented in (a–h). Expression levels of LC3 (a, b). LC3 was determined using ICC
in ARPE-19 cells (magnification, ×40) (c). Expression levels of Beclin-1 (d). Expression levels of p62 (e). p62 was determined using ICC in
ARPE-19 cells (magnification, ×40) (f). Expression levels of mTOR and p-mTOR (Ser2448) (g). Expression levels of ULK1 and p-ULK1
(Ser757) (h). Protein expression was calculated from densitometry absorbance values after correction for GAPDH expression to obtain
equal loading. Values are the mean± SD. ∗p < 0 05 versus the control group and #p < 0 05 versus H2O2-treated cells (scale bars are 100 μm).

8 Oxidative Medicine and Cellular Longevity



MDA reflects oxidative damage in RPE cells. Therefore, to
slow the progress and development of early AMD resulting
from oxidative damage, it is critical to protect RPE cells by
reducing ROS and MDA formation [43–45]. The current
study indicated that the exposure of ARPE-19 cells to
H2O2 resulted in increases in ROS and MDA generation,
but these effects were significantly ameliorated by treatment
with melatonin.

Previous research also reported that secretion levels of
melatonin decrease with age, and a particularly demonstrable
decrease in circulating melatonin was reported in patients
with AMD [28]. Previous studies have demonstrated that
melatonin protects RPE cells against blue light and H2O2
damage in vitro and against oxidative stress [32, 34, 35].
Melatonin is a well-known antioxidant and endogenous
ROS scavenger and has a higher antioxidant capacity than
that of other antioxidants such as vitamin E [30, 46] It may
also have protective effects on different types of retinal cells
including RPE cells and photoreceptors [46]. In a diabetes
study, researchers determined that endogenous and exoge-
nous melatonin may influence metabolic disturbances not
only by regulating insulin secretion but also by providing
protection against ROS [47]. In the present work, melatonin
provides protection against H2O2-induced ROS. H2O2-
induced RPE cell apoptosis was a well-known study model
for drug discovery [16, 48–50]. In the present work, our
results demonstrate that H2O2 can lead to cell apoptosis
through increasing apoptosis-related proteins (Bax, Cyt c,
and caspase 7) in ARPE-19 cells, but this process was signif-
icantly reduced by melatonin. These results suggest that mel-
atonin prevents H2O2-stimulated cell apoptosis in ARPE-19

cells, which may be strongly related to the antiapoptotic
and antioxidative effects of melatonin.

One novel and major finding of this study is that melato-
nin could reduce H2O2-induced RPE damage through
autophagy. The increased autophagy significantly reduced
apoptotic cytotoxicity, suggesting that ROS-activated autoph-
agy was cytoprotective against apoptosis [51]. Autophagy is
crucial for the maintenance of homeostasis of RPE cells
because it removes dysfunctional organelles and proteins
[52–54]. Insufficient digestion because of impaired autophagy
in the retinal pigment epithelium causes an accumulation of
damaged organelles and toxic proteins, which can contribute
to RPE dysfunction and has been associated with the patho-
genesis of AMD [55, 56]. Autophagy is regulated by multiple
signaling pathways, in which AMPK-mTOR one of the path-
ways plays an important role in the regulatory process. The
mTOR signaling is a negative regulator of autophagy [57].
The level of conversion of LC3-I to LC3-II can be used as an
indicator for autophagic activity. The p62 protein is selectively
incorporated into autophagosomes through direct binding to
LC3-II and efficiently degraded in the autolysosome. Accord-
ingly, the total p62 expression level is negatively correlated
with autophagy [58]. Beclin-1 acts during the initiation stage
of autophagy by forming the isolation membrane, a double-
membrane structure that engulfs cytoplasmic material to
form the autophagosome [58]. A previous study indicates a
potential function of melatonin in autophagy regulation
during oxidative stress [59]. In this study, we determined that
melatonin inhibited mTOR and increased autophagic
markers (LC3-II and Beclin-1) in unison and promoted
autophagy.Thisfinding implies thatROSregulated autophagy
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Figure 6: Summary of effects of melatonin against H2O2-induced oxidative damage in RPE cells. Melatonin inhibits H2O2-induced RPE cell
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pathway in ARPE-19 cells.
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in the ARPE-19 cells by downregulating mTOR and upregu-
lating LC3-II and Beclin-1, which increased the potency of
melatonin for protecting ARPE-19 cells from oxidative
stress-induced cell death. Therefore, melatonin uptake may
be beneficial for protecting RPE cells from H2O2-induced
oxidative damage associated with retinal diseases.

We discovered that melatonin mediated autophagy and
inhibited H2O2-induced ROS accumulation and lipid perox-
idation in ARPE-19 cells, which could explain the significant
protective effect of melatonin on RPE cells. In addition, we
discovered these effects of melatonin were blocked by luzin-
dole. Thus, cytoprotection of melatonin might be associated
with melatonin receptor-mediated effects, which is consistent
with the findings of previous research [34].

5. Conclusion

In conclusion, melatonin has protective effects against H2O2-
induced retinal cell death. Melatonin inhibits H2O2-induced
RPE cell damage, decreases the apoptosis rate, increases
mitochondrial membrane potential, decreases caspase activa-
tion, and mediates the autophagy pathway in ARPE-19 cells
(Figure 6). These findings have therapeutic implications for
AMD and related inflammatory diseases.
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Benign prostatic hyperplasia (BPH) is a common disorder in the male population. 2-Methoxyestradiol (2ME) is an end metabolite
of estrogens with pleiotropic pharmacological properties. This study aimed to explore the potential ameliorative effects of 2ME
against testosterone-induced BPH in rats. 2-Methoxyestradiol (50 and 100mg/kg, dissolved in DMSO) prevented the rise in
prostatic index and weight in comparison to testosterone-alone-treated animals for 2 weeks. Histological examination indicated
that 2ME ameliorated pathological changes in prostate architecture. This was confirmed by the ability of 2ME to decrease the
glandular epithelial height when compared to the testosterone group. Also, 2ME improved testosterone-induced oxidative stress
as it inhibited the rise in lipid peroxide content and the exhaustion of superoxide dismutase (SOD) activity. The beneficial
effects of 2ME against the development of BPH were substantiated by assessing proliferation markers, preventing the rise in
cyclin D1 protein expression and enhancing Bax/Bcl2 mRNA ratio. It significantly reduced prostate content of tumor necrosis
factor α (TNF-α), interleukin-1β (IL-1β), nuclear factor κB (NF-κB), and transforming growth factor β (TGF-β). In addition,
2ME reduced hypoxia-inducible factor 1-α (HIF-1α) and phospho-Smad2 (p-Smad2) protein expression compared to the
testosterone group. In conclusion, 2ME attenuates experimentally induced BPH by testosterone in rats through, at least partly,
inhibition of HIF-1α/TGF-β/Smad2 axis.

1. Introduction

Benign prostatic hyperplasia (BPH), which is characterized
by increased proliferation of prostatic epithelial and stromal
cells, is a common disorder in the male population [1]. It
has been reported that the incidence of BPH increases with
advancing age [2]. It is estimated that about a half of men
aged 60 years experience symptoms of BPH. This number
increases to 90% in men aged 85 years, as reported by the
American Urological Association [3]. Prostatic tissue over-
growth is accompanied by a poor glandular elasticity that
may lead to urethral opening constriction. Men suffering

from BPH commonly exhibit a range of lower urinary tract
symptoms (LUTS) including frequent and urgent urination,
nocturia, urinary hesitancy, and a weakened urination. The
molecular events leading to the development of BPH are
not fully revealed. A number of overlapping risk factors have
been suggested including ageing, oxidative stress, direct
infection, urinary reflux, inflammation, and androgens which
are somewhat intertwined [1, 4].

2-Methoxyestradiol (2ME) is a natural end metabolite
of estrogens. It is produced by the oxidation of 17β-estra-
diol by the enzyme, cytochrome P450, and subsequently by
O-methylation by catechol-O-methyltransferase (COMT).
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Yet, 2ME has a very low or almost no estrogenic activity [5].
Interestingly, 2ME has pleiotropic pharmacological actions
including inhibition of tumor cell growth [6], metastasis
[7], and angiogenesis [8]. In the same time, only trivial side
effects were reported. The most frequent toxicities were
fatigue, nausea, hypophosphatemia, cough, and abdominal
bloating [9]. All trials have indicated that 2ME was well tol-
erated and exhibited excellent safety profile with no serious
toxic effects [9–11].

Benign prostatic hyperplasia (BPH) patients show con-
stant estradiol levels, whereas dihydrotestosterone declines
with age. This suggests a role for estrogen and/or its metabo-
lites in the pathogenesis of prostate disorders [12, 13]. 2-
Methoxyestradiol selectively blocks hypoxia-inducible factor
1-alpha (HIF-1α) [14]. The latter has been implicated in the
pathogenesis of BPH as it enhances androgen receptor sig-
naling and together with tumor survival factors promotes
prostate cell proliferation [15, 16]. HIF-1α and aromatic
hydrocarbon (AH) receptor are components of a signaling
network that supports resistance to cancer chemotherapy.
AH receptors are degraded by the E3 ligase CHIP. Previous
work demonstrated that 2ME induces phosphorylation of
the E3 ligase CHIP and degradation of AH receptor and
HIF-1α [17]. To the best of our knowledge, 2ME has not been
tried yet against BPH. The aim of the present study was to exam-
ine the potential attenuating effects of 2ME in testosterone-
induced BPH and elucidate underlying mechanisms.

2. Materials and Methods

2.1. Chemicals. 2-Methoxyestradiol was purchased from Fra-
ken Biochem Co. Ltd. (Qingdao, China) with purity more
than 98%. Testosterone enanthate (STEROIDS.p.A., Cologno
Monzese, Italy) was provided by Chemical Industries Devel-
opment Co. (CID), Giza, Egypt. Other chemicals were of the
highest analytical grade available commercially.

2.2. Animals. All animal procedures were ethically approved
by the Research Ethics Committee, Faculty of Pharmacy,
King Abdulaziz University, number 1438-101. In addition,
all methods were performed in accordance with US gov-
ernment guidelines for utilization and care of vertebrate ani-
mals used in testing, research, and training. Ten-week-old
male Wistar rats (220–250 g) were obtained from King Fahd
Medical Research Center, King Abdulaziz University. Rats
were kept on a half-day light/dark cycle in air conditioning.
A standard food pellet diet ad libitum and water were freely
available to the animals. Animals’ acclimatization was
extended for one week before the study.

2.3. Experimental Design. Rats were randomly alienated into
4 groups (8 rats each) and treated 5 days/week, for 2 consec-
utive weeks. Group 1 (control group) was given 2.5ml/kg
DMSO (50%), the vehicle of 2ME IP and 1ml/kg olive oil
SC, and the vehicle of testosterone enanthate. Group 2 was
given DMSO IP and 3mg/kg testosterone SC for induction
of BPH. Groups 3 and 4 were given 50 and 100mg/kg 2ME
(dissolved in 50% DMSO in a dosing volume of 2.5ml/kg) IP,
respectively, 1h before testosterone enanthate administration.

At 72 hours after the last testosterone dose, rats were
sacrificed and the prostatic tissues were dissected out. Por-
tions of the prostatic ventral lobes were kept in 10% neutral
buffered formalin for histological and immunohistochemi-
cal processing. One-half of the remaining prostate tissues
was stored for real-time polymerase chain reaction (RT-
PCR) as provided in RNeasy Mini Kit (Qiagen, Hilden,
Germany), and the other half was stored at −80°C for
subsequent biochemical experiments.

2.4. Prostate Weight and Prostate Index. The prostate of each
rat was rapidly dissected out and weighed. The prostate index
was calculated for each rat by dividing the prostate weight by
the body weight (mg/g).

2.5. Histopathology. Briefly, the fixed prostatic tissues from
different groups were processed by paraffin technique to
prepare sections of 4μm thickness. This was followed by
deparaffinization, rehydration, and staining with hematox-
ylin and eosin (H&E). At least three of the stained sections
were photographed and used to assess prostate glandular
epithelial height using the image analysis software ImageJ,
1.46a, NIH, USA.

2.6. Determination of Markers of Oxidative Stress. Portions of
the prostatic tissues were subjected to homogenization using
ice-cooled phosphate-buffered saline (50mM potassium
phosphate, pH7.5). The malondialdehyde (MDA) content
was used to measure lipid peroxidation spectrophotometri-
cally via the thiobarbituric acid reactive substance method,
as previously described [18]. In addition, we determined the
reduced glutathione (GSH) content and assessed the catalase
(CAT) and superoxide dismutase (SOD) activities in prostate
tissue homogenates using a commercially available kit (Bio-
diagnostic, Giza, Egypt). BCA protein assay kit (Biovision®
Inc., CA, USA) was used to determine the protein content.

2.7. Cyclin D1 Detection by Immunohistochemistry. Tissue
sections were dried using autoclave, deparaffinized, and rehy-
drated using ethanol. Then, they were boiled in citrate buffer
(pH6.0) for ten minutes. Afterwards, the sections were incu-
bated in 5% bovine serum albumin (BSA) in tris-buffered
saline (TBS) for two hours followed by immersion overnight
at 4°C with the primary antibodies (1μg/ml), rabbit poly-
clonal anti-cyclin D1 antibody (ABCAM, Cambridge, UK).
TBS was used to flush the slides which were then incubated
with the biotinylated secondary antibody using Cell and Tis-
sue Staining Kit (R&D Systems, MN, USA). Image analysis
was performed for at least three sections per rat, recorded,
and quantified by ImageJ analysis software (ImageJ, 1.46a,
NIH, USA).

2.8. Analysis of Bax and Bcl-2 by Real-Time Polymerase Chain
Reaction (RT-PCR)

2.8.1. RNA Extraction and cDNA Synthesis. RNA extraction
was carried out on prostatic tissues using the RNeasy mini
kit (Qiagen) as per manufacturer’s instructions. RNA
integrity was checked by electrophoresis on 2% agarose gel.
A NanoDrop was utilized to determine the purity and
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concentration of the extracted RNA. A SuperScript III first
strand cDNA synthesis kit (Thermo Fisher Scientific) was
used for cDNA synthesis in a 20μl reaction mixture as previ-
ously described [19].

2.8.2. Primer Design. Primers were designed using Gene Run-
ner software and synthesized by Macrogen (Korea). Primer
sequence homology and total gene specificity were deter-
mined with BLAST analysis (http://www.ncbi.nlm.nih.gov/
blast). Primers comprised sequences of different exons with
spanning and flanking the introns, to avoid the amplification
of genomic DNA (gDNA). Nucleotide sequences of the
primers used are shown in Table 1.

2.8.3. Quantitative RT-PCR. Relative expression of Bax and
Bcl-2 genes was performed using 1μl synthesized cDNA
(10ng/μl) as the template in 5μl PowerUp SYBR Green
PCR Master Mix and 1μl each primer using 7500 Fast real-
time PCR system (Applied Biosystems). The thermal cycle
consisted of an initial uracil-DNA glycosylase activation of
2min at 50°C, the DNA polymerase activation of 2min at
95°C, followed by 40 cycles of 3 s at 95°C, and 30 s at 60°C.
B2m was used as endogenous control gene, and triplicates
were carried out for each data point. The specificity of qPCR
reaction was confirmed by melt curve analysis. The quantifi-
cation method selected to validate microarray results was the
relative quantification (ΔΔCt) method [20]. Normalization
was performed with the mean of B2m for the mean of the
triplicate run per gene of interest.

2.9. Determination of IL 1β, TNF-α, TGF-β, and NF-κB (p65).
Prostate homogenates were used to determine rat IL-1β,
TNF-α, and TGF-β using ELISA kits according to the proto-
cols provided by the manufacturers (ABCAM, Cambridge,
UK). Prostate homogenates were used to prepare nuclear
extracts using EpiQuik™ nuclear extraction kit (OP-0002,
EpiGentek, NY, USA). Protein contents in the nuclear
extracts were determined, and a fixed amount (100μg) was
used in determining NF-κB levels. Then, the nuclear fraction
was used to assess NF-κB using ABCAM’s NF-κB (p65)

transcription factor assay kit (Cambridge, UK). Values of
NF-κB (p65) were expressed as fold change of the control
group with reference of the recorded optical density.

2.10.Western Blot for HIF-α and p-Smad2 Protein Expression.
Prostatic tissue lysate was prepared using ice-cold RIPA lysis
buffer (ABCAM, Cambridge, MA, USA) supplemented with
protease and phosphatase inhibitor cocktails, by sonicating
the samples 5 times (10 seconds each time) on ice, keeping
them in ice for half an hour, and followed by centrifuga-
tion for 10 minutes at 4°C and 14000 rpm. BCA protein
assay kit (Biovision Inc., CA, USA) was used to determine
supernatant protein. Protein samples (100μg) were loaded
per well of SDS-PAGE gel (10% gel concentration) using
electrophoresis buffer consisting of glycine (0.192M), Tris
(25mM), and SDS (0.1%). Subsequent to electrophoresis,
the gel was moved onto a PVDF membrane (Bio-Rad Lab-
oratories, Hercules, CA, USA) using transfer buffer formed of
glycine (0.192M), Tris (25mM), SDS (0.025%), and methanol
(10%). Then, 5% milk in TBST was used to block the mem-
brane followed by cutting into 2 pieces at molecular weight of
75kDa. The membrane slice containing proteins higher than
75kDa was incubated overnight with the primary rabbit
polyclonal anti-HIF-1α antibody at 1 : 500 (sc-10790, Santa
Cruz Biotechnology, CA, USA). Then, it was washed with
0.5% Tween-20 in Tris-buffered saline and incubated with
HRP-conjugated anti-rabbit secondary antibody (1 : 5000).
Thereafter, the membrane was developed by Enhanced
Chemiluminescence (ECL) Western blotting kit (Licor®, NE,
USA) and scanned on Licor C-Digit Blot Scanner (Model
3600, NE, USA). The other membrane slice (<75kDa) was
probed with rabbit monoclonal anti-phospho-Smad2 anti-
body at 1 : 1000 (ab-188334, ABCAM, Cambridge, UK).
Subsequently, the slice was stripped, followed by reprobing
with rabbit monoclonal anti-β-tubulin antibody (ab-179513,
ABCAM, Cambridge, UK) as a loading control.

2.11. Statistical Analysis. Results are shown as mean± SD.
One-way ANOVA followed by Tukey as a post hoc test was
used to conduct multiple comparisons to assess the statistical

Table 1: Nucleotide sequence of primers used for gene expression of Bax, Bcl2, and B2m.

Gene Forward Reverse

Bax AGA GGA TGG CTG GGG AGA CAC TCC ACA TCA GCA ATC ATC CTC TG

Bcl-2 TCT TTG AGT TCG GTG GGG TCA GTT CCA CAA AGG CAT CCC AGC

B2m GAT GTC AGA TCT GTC CTT CAG CA GTC TCG GTC CCA GGT GAC G

Table 2: Effect of 2-methoxyestradiol (2ME) on prostate weight and prostate index (prostate weight/body weight ratio) in testosterone-
induced BPH in rats.

Rat weight (g) Prostate weight (mg) Prostate index (×103)
Control 283± 42.0 0.471± 0.048 1.54± 0.063
Testosterone (test) 295± 18.9 0.830a ± 0.058 2.97a ± 0.326

Test + 2ME 50mg/kg 233a,b ± 13.6 0.552a,b ± 0.067 2.45a,b ± 0.271
Test + 2ME 100mg/kg 235a,b ± 17.8 0.397a,b ± 0.051 1.57b ± 0.162
Data are expressed as mean ± SD. a or b: statistically significant from control or testosterone group, respectively, at P < 0 05 using one-way ANOVA followed by
Tukey’s post hoc test.
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Figure 1: Histological examination of hematoxylin-eosin sections of rat prostates. (a) Section taken from control rats showing normal
histoarchitecture of the ventral prostates. (b) Section taken from the ventral prostate of testosterone-treated group exhibiting hypertrophy
with increased epithelial thickness and intraluminar projections. (c) Section taken from the ventral prostate of the testosterone group
cotreated with 50mg/kg 2ME showing mild reduction in hypertrophy and hyperplasia. (d) Section taken from the ventral prostates of
testosterone groups cotreated with 100mg/kg 2ME showing obvious reduction in prostate hypertrophy and hyperplasia. (e) A graph
showing the effect of 2ME cotreatment on prostate glandular epithelial height. Scale bar (50 μm). Data are expressed as mean± SD (n = 6).
a or b: statistically significant from control or testosterone group, respectively, at P < 0 05 using one-way ANOVA followed by Tukey’s
post hoc test.
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significance in the response between different groups. Differ-
ences between means were considered significant at p < 0 05.
GraphPad Instat software version 3 was used for carrying out
statistical analysis.

3. Results

3.1. Prostate Weight and Index. Primarily, 2ME was tolerated
at all doses as treated animals showed no mortality or any
signs of toxicity. Prostate weight and index were significantly
increased by 76% and 93% in rats injected with testosterone
enanthate, respectively, when compared to the control group
(Table 2). Cotreatment with 2ME at the doses of 50 and
100mg/kg caused a marked drop in the prostate weight by
34% and 52% and the prostate index by 18% and 47%,
respectively, when compared to the testosterone-alone
group. It was noted that treatment of rats with the used doses
of 2ME for 2 weeks significantly decreased the body weight
by 18% compared to control animals.

3.2. Histopathological Examination. Microscopic examina-
tion of H&E-stained sections of prostatic tissues taken from
control rats showed normal structure in the formof numerous
acini of different sizes and shapes containing homogenous
acidophilic material. The lining epithelium of the acini was
composed of two distinct cell types, namely, basal and acinar
or principal cells. The acinar cells were columnar, extending
from the basal lamina to the lumen of the duct. They were
characterized by esinophilic granular cytoplasm and spheri-
cal or oval nuclei invariably located in the lower half of the
cytoplasm (Figure 1(a)). Conversely, prostates obtained
from testosterone enanthate-treated rats displayed an obvi-
ous disruption of the histoarchitecture of the prostatic tissue
shown as marked hyperplasia, irregular acinar folding with
intraluminar projections, and congestion (Figure 1(b)). 2-
Methoxyestradiol at doses of 50 and 100mg/kg was efficient
in ameliorating hypertrophy, hyperplasia, and the intralumi-
nar projections detected in the testosterone group, restoring
almost normal histological structure (Figures 1(c) and 1(d)).
These data were confirmed by assessing the height of glandu-
lar epithelia. 2-Methoxyestradiol significantly decreased the
height by 56 and 74% at dose levels of 50 and 100mg/kg,
respectively (Figure 1(e)).

3.3. Oxidative StressMarkers.The data in Table 3 indicate that
testosterone treatment caused a significant elevation of the
lipid peroxidation marker MDA to almost 4 folds and

decreased SOD activity by 30% compared to the correspond-
ing control values. However, therewere no significant changes
in GSH content or CAT activity. Treatment with 2ME (50 and
100mg/kg) significantly ameliorated testosterone-induced
rise in lipid peroxidation by 30 and 59%. Also, 2ME signifi-
cantly prevented SOD exhaustion and even normalized its
values by the high dose.

3.4. Antiproliferative Activities of 2ME

3.4.1. Assessment of the Proliferation Marker Cyclin D1. The
proliferation marker cyclin D1 protein expression was assessed
immunohistochemically and showed moderate number of
stained cells in the control group (Figure 2(a)). However, in
the group which received testosterone, an increment of
stained cells was noted, suggesting an elevation of the prolifer-
ation rate (Figure 2(b)). Cotreatment with 2ME was capable of
significantly lowering the number of cyclin D1-positive cells,
in comparison to the testosterone-treated group (Figures 2(c)
and 2(d)). Cyclin D1-positive cells were quantified densito-
metrically. The data in Figure 2(e) indicated that 2ME (50
and 100mg/kg) decreased cyclin D1 expression by 26 and
39%, respectively.

3.4.2. Assessment of Bax and Bcl-2mRNA Expression. The
data in Figure 3 showed that testosterone enanthate signifi-
cantly reduced Bax/Bcl-2 ratio by 83.5% relative to the
controls. However, 2ME (50 and 100m/kg) significantly pro-
tected against testosterone-induced reduction of mRNA
expression Bax/Bcl-2 ratio by values amounting to 36 and
90% of the control value, respectively.

3.5. Evaluation of Prostate Content of IL-1β, TNF-α, NF-κB
(p65), and TGF-β1. IL-1β, TNF-α, NF-κB (p65), and TGF-
β1 levels were significantly higher in the prostate tissues of
testosterone-treated animals compared to controls. Treat-
ment with 2ME (50 and 100mg/kg) significantly lowered
IL-1β by 38 and 62%, TNF-α by 27 and 40%, NF-κB (p65)
by 19 and 50%, and TGF-β1 by 18 and 32%. There was no
statistical difference on the tissue levels of TGF-β1 between
animals receiving 100mg/kg 2ME and control group
(Figures 4(a)–4(d)).

3.6. Assessment of HIF-1α and Phospho-Smad2. The expres-
sion levels of HIF-1α in prostate tissue homogenates were
investigated by Western blot (Figure 5). Testosterone
increasedHIF-1α andp-Smad2protein expression in compar-
ison to control rats. 2-Methoxyestradiol (50 and 100mg/kg)

Table 3: Effect of 2-methoxyestradiol (2ME) on MDA and GSH content and SOD and CAT activities in prostate tissues of testosterone-
induced BPH in rats.

MDA (nmol/mg protein) GSH (mmol/mg protein) SOD (U/mg protein) CAT (U/mg protein)

Control 0.259± 0.043 0.158± 0.008 40.6± 2.40 0.56± 0.034
Testosterone (test) 1.05a ± 0.164 0.164± 0.004 28.2a ± 2.56 0.52± 0.038
Test + 2ME 50mg/kg 0.726a,b ± 0.077 0.156± 0.004 33.7a,b ± 1.65 0.52± 0.045
Test + 2ME 100mg/kg 0.439a,b ± 0.66 0.155± 0.002 38.4b ± 1.22 0.54± 0.051
Data are expressed as mean ± SD. a or b: statistically significant from control or testosterone group, respectively, at P < 0 05 using one-way ANOVA followed by
Tukey’s post hoc test.

5Oxidative Medicine and Cellular Longevity



(a) (b)

(c) (d)

0.0

0.1

0.2

0.3

0.4

0.5

0.6
a

a, b

b, c

Control
Testosterone (test)

Test + ME 50 mg/kg
Test + ME 100 mg/kg

O
pt

ic
al

 d
en

sit
y

of
 cy

cl
in

 D
1-

po
sit

iv
e c

el
ls

(e)

Figure 2: Immunohistochemistry photomicrographs of prostate sections showing the influence of 2ME on testosterone-induced hyperplasia
of prostate expression of cyclin D1. (a) Section taken from control rats. (b) Section taken from the prostate of testosterone-treated group. (c)
Section taken from the ventral prostate of the testosterone group cotreated with 50mg/kg 2ME. (d) Section taken from the ventral prostates of
testosterone groups cotreated with 100mg/kg 2ME. (e) A graph showing the effect of 2ME cotreatment on prostate expression of cyclin D1.
Scale bar (50 μm). Data are expressed as mean± SD (n = 6). a or b: statistically significant from control or testosterone group, respectively, at
P < 0 05 using one-way ANOVA followed by Tukey’s post hoc test.
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significantly loweredprotein expressionofHIF-1αby12%and
60% and p-Smad2 by 18 and 56% (Figure 5).

4. Discussion

In males, BPH is the most widespread benign tumor exhibit-
ing an age-related incidence [21]. Imbalance between cell
proliferation and cell apoptosis, oxidative stress, and inflam-
mation are the key players in BPH development [22–24]. The
annoying effects of BPH negatively affect men’s quality of life.
The main pharmacological approaches for the management
of BPH embrace the use of 5-α reductase and adrenergic
α-1 inhibitors [25]. However, these are associated with a
variety of side effects [26, 27]. 2-Methoxyestradiol is the end
metabolite of estrogens. It is produced by the oxidation of
17β-estradiol by the enzyme, cytochrome P450, and subse-
quently by the O-methylation by catechol-o-methyl transfer-
ase (COMT) (5). COMT gene polymorphism has been
reported to associate with BPH [28]. 2-Methoxyestradiol has
antiproliferative [6], antioxidant [29], and anti-inflammatory
[30] properties. Our goal was to explore the ability of 2ME to
inhibit the testosterone-induced BPH in rats.

Treatment of animals with 2ME (50 and 100mg/kg) for 2
weeks ameliorated testosterone-induced increases in prostate
weight and index. Further, histopathological investigation
confirmed these findings as 2ME almost preserved the normal
histological architecture of prostatic tissue and statistically
prevented the increase in glandular epithelial height. This is
in accordance with the known antiproliferative properties of
2ME [31] that made it a very promising candidate drug in
phase II study in patients with castrate-resistant prostate can-
cer [10].Many reports highlighted a role for oxidative stress in
testosterone-induced BPH [32]. Our data indicate that 2ME
exhibited antioxidant properties as it ameliorated the increase
in prostate content of lipid peroxides and the exhaustion of
SOD. However, values of GSH content and CAT activity were
not significantly altered. This may be due to limitations of the
analytical methods used. These findings are in accordance
withmany reports that attributed the preventive effects of sev-
eral agents to their antioxidants properties [33–35].

Testosterone treatment resulted in disturbing the balance
between prostatic proliferation and apoptosis in favor for
proliferation and cell cycle advancement. This was evidenced
by the decrease in Bax/Bcl2 ratio and increase in cyclin D1
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Figure 3: Effects of 2ME treatment on prostatic mRNA levels of Bax (a) and Bcl-2 (b) expressed as relative quantification (RQ) compared to
the control group. (c) Bax/Bcl-2 ratio. Data are presented as the mean± SD (n = 3). a or b: significantly different from control or testosterone-
treated groups, respectively, at p < 0 05 using one-way ANOVA followed by Tukey’s post hoc test.
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Figure 4: Effect of 2ME on prostate content of IL-1β (a), TNF-α (b), NF-κB (c), and TGF-β (d) in testosterone-treated rats. Data are
expressed as mean± SD (n = 3). a or b: statistically significant from control or testosterone group, respectively, at P < 0 05 using one-way
ANOVA followed by Tukey’s post hoc test.
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Figure 5: (a) Western blot analysis of HIF-1α and p-Smad2 expression in prostate tissues. I: untreated control; II: testosterone-induced BPH
group (3mg/kg, 5 days/week for 2 weeks, S.C.); III: testosterone-induced BPH treated with 2ME (50mg/kg); IV: testosterone-induced BPH
treated with 2ME (100mg/kg). (b) Densitometric quantitation of HIF-1α. (c) Densitometric quantitation of p-Smad2. Data are expressed as
mean± SD (n = 3). a or b: statistically significant from control or testosterone group, respectively, at P < 0 05 using one-way ANOVA
followed by Tukey’s post hoc test.
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expression. This is in line with our previous study on chrysin
against testosterone-induced BPH [36]. 2-Methoxyestradiol
in both dose levels significantly enhanced Bax/Bcl2 ratio
and mitigated the increase in cyclin D1 expression. This is
supported by the notion that 2ME enhances Bax and inhibits
Bcl2 expression in prostate and other cell lines [37–39]. Also,
the ability of 2ME to inhibit cyclin-D1 in different cell types
has been previously reported [40, 41].

Prostatic inflammation represents an important factor in
influencing the development of BPH [42]. In BPH patients,
prostate volume and symptom score were significantly higher
in patients with high-grade prostatic inflammation [43].
Experimentally, several reports indicated that testosterone-
induced BPH is mediated by inflammation and protective
agents were shown to have anti-inflammatory properties
[44, 45]. In the current study, testosterone significantly ele-
vated prostatic content of IL-1β and TNF-α. However, 2ME
at both doses decreased such inflammatory mediators. This
concurs with reports demonstrating the ability of 2ME to
inhibit IL-1β and TNF-α expression in renal tissues [46].
Also, our data indicate that testosterone-mediated inflamma-
tion and hyperplasia are mediated by elevated NF-κB and
TGF-β signalling. This gives an additional explanation for
the observed decrease in prostatic Bax/Bcl2 ratio [47].

The protective effects of 2ME against the rise in NF-κB
can be also linked to its antioxidant activity as oxidative stress
can also persuade inflammatory responses via redox-sensitive
transcription factor activation includingNF-κB [48].NF-κB is
a transcription factor consisting ofp65andp50 subunits that is
retained within the cytoplasm in an inactive form. Upon acti-
vation, it is transported into the nucleus [49] and controls the
expression of several proinflammatory mediators as TNF-α
[50]. This justifies the detected elevation of IL-1β and TNF-α

in testosterone-treated animals and is in line with their known
role in promoting prostate cell proliferation [51]. Our results
gain support by the previous findings that 2ME causes func-
tional repression of TGF-β signaling in uterine fibroid cells [52].

The ability of 2ME to target TGF-β in prostatic tissues
was further explored by assessing upstream HIF-1α and the
downstream p-Smad2. In the present work, testosterone
significantly enhanced HIF-1α protein expression in rat
prostates. This is consistent with previous findings that tissue
hypoxia and HIF-1α are implicated in testosterone-
stimulated growth of the rat prostate [53]. On the other hand,
2ME significantly hampered HIF-1α expression when com-
pared to testosterone alone-treated animals. It has been pre-
viously reported that the antiproliferative activity of 2ME
involves inhibition of HIF-1α [54, 55]. In addition, inhibition
of HIF-1α has been reported to inhibit inflammatory cyto-
kines and TNF-α [56, 57]. Thus, the pathogenic role of
HIF-1α in prostatic hyperplasia gains extra support by the
observed elevation of TNF-α and IL-1β by testosterone [58].

The proposition that 2ME beneficial effects are mediated
by inhibiting HIF-1α-TGF-β was confirmed by the finding
that p-Smad2 protein expression was significantly decreased
in the treated animals. This finding is in accordance with the
notion that Smad proteins are implicated in the cellular
response to hypoxia [59]. Also, inhibition of TGF-β-Smad
signaling was reported to decrease prostate cancer cell prolif-
eration [60]. Besides, our data are supported by the reported
ability of 2ME to inhibit TGF-β-Smad in uterine fibroid cells
[52]. Our suggested mechanisms of the 2ME protection
against testosterone-induced hyperplasia are summarized in
Figure 6. In brief, 2ME exerts antioxidant activity that leads
to inhibition of NF-κB activation and nuclear translocation,
which eventually leads to decreased release of inflammatory

Testosterone
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↑MDA, ↓SOD

Activation & nuclear
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Figure 6: Schematic presentation of the proposed mechanisms of the 2ME protective effects against testosterone-induced prostatic
hyperplasia in rats.
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mediators. Further, 2ME inhibits HIF-1α expression, which
would lead to decreased expression of TGF-β and p-Smad2.
Both arms end up with decreased prostatic cell proliferation.

5. Conclusion

2-Methoxyestradiol protects against testosterone-induced
PBH in rats in a dose-related manner as the higher dose
(100mg/kg) showed better preventive effects. This can be
attributed to, at least partly, inhibition of HIF-1α/TGF-β/
Smad2 axis.
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Hyperglycemia induces oxidative stress and plays a substantial role in the progression of vascular diseases. Here, we demonstrated
the potentiality of peroxisome proliferator-activated receptor (PPAR)β/δ activation in attenuating high glucose-induced oxidative
stress in endothelial cells and diabetic rats, pointing to the involvement of nuclear factor erythroid 2-related factor 2 (Nrf2).
HUVECs exposed to high glucose showed increased levels of reactive oxygen species (ROS) and upregulated NOX-2, NOX-4,
Nrf2, and NQO-1 effects that were significantly reversed by the PPARβ/δ agonists GW0742 and L165041. Both PPARβ/δ
agonists, in a concentration-dependent manner, induced transcriptional and protein upregulation of heme oxygenase-1 (HO-1)
under low- and high-glucose conditions. All effects of PPARβ/δ agonists were reversed by either pharmacological inhibition or
siRNA-based downregulation of PPARβ/δ. These in vitro findings were confirmed in diabetic rats treated with GW0742. In
conclusion, PPARβ/δ activation confers vascular protection against hyperglycemia-induced oxidative stress by suppressing
NOX-2 and NOX-4 expression plus a direct induction of HO-1; with the subsequent downregulation of the Nrf2 pathway.
Thus, PPARβ/δ activation could be of interest to prevent the progression of diabetic vascular complications.

1. Introduction

Uncontrolled hyperglycemia in diabetes is linked to many
micro- and macrovascular complications [1]. Several lines
of evidence advocate the role of endothelial dysfunction in
the development of cardiovascular (CV) disease [2]. Endo-
thelial dysfunction (ED) represents the key early step and
the prognostic marker of diabetes-associated vascular com-
plications and is characterized by diminished bioavailability
of vasodilators [3]. In hyperglycemia, oxidative stress and
elevated levels of reactive oxygen species (ROS) in the vessels
are strongly linked to ED [4]. Overproduction of ROS has

been reported to result in a wide account of potentially dam-
aging intermediates that damage DNA, proteins, membrane
structure, and metabolic activity, thereby causing cellular
dysfunction and cell death, which lastly lead to alterations
in the balance between prooxidants and antioxidant arising
several diseases as an outcome [5].

The nuclear factor erythroid 2-related factor 2 (Nrf2) is a
basic leucine zipper protein that suppresses oxidative stress
through activating the transcription of multiple defensive
and antioxidant genes [6]. In the endothelium, Nrf2 has been
reported to be activated via increased ROS generation [7] and
multiple studies have demonstrated the effectiveness of Nrf2
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signaling in counteracting the deleterious repercussion of
ROS in the endothelium [8, 9].

Peroxisome proliferator-activated receptor-β/δ (PPARβ/δ)
is a member of a group of nuclear receptors that play diverse
roles in metabolism, development, and cellular differentia-
tion. PPARβ/δ regulates numerous genes implicated in
glucose homeostasis, and fatty acid metabolism is there-
fore ubiquitously expressed in metabolically active tissues
[10, 11]. In high-fat diet- (HFD-) induced type 2 diabetes,
PPARβ/δ activation improves glucose and lipid metabolism
and confers vascular protection [12]. Previous studies have
demonstrated that, independent of their metabolic actions,
PPARβ/δ agonists improved endothelial dysfunction in ani-
mal models of diseases associated with increased ROS, such
as obesity, diabetes, and hypertension [12–16]. In addition,
activation of PPARβ/δ reestablished the altered insulin sig-
naling pathway in human endothelial cells exposed to high
glucose levels [17] and improved vascular reactivity in the

arteries of diabetic rodents [13, 14, 18]. Theses endothelium
protective effects seem to be mediated via inhibition of mito-
chondrial- [17] and nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase-derived ROS production [14] and
ERK1/2 activation [17]. Although PPARβ/δ activation pro-
tects the endothelium against diabetes-associated oxidative
damage by diminishing the sources of ROS in the vascula-
ture, nothing has yet been reported on the role of Nrf2 signal-
ing in mediating the protective effect of PPARβ/δ. Therefore,
we demonstrated the modulatory effect of PPARβ/δ activa-
tion on Nrf2 and its target genes using in vitro high
glucose-induced endothelial cell model and in vivo diabetic
animal model.

2. Materials and Methods

2.1. Cell Culture and Treatments. Human umbilical vein
endothelial cells (HUVECs), isolated from cord veins as
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Figure 1: Effects of PPARβ/δ agonists on Nrf2 expression. (a, c) mRNA and (b, d) protein expression of Nrf2 in HUVECs exposed to
low (5mM, LG) or high glucose (30mM, HG) for 24 h with or without GW0742 (GW) or L165041 (L) alone or preincubated with
the PPARβ/δ antagonist GSK0660 (GSK). mRNA data presented as a ratio of arbitrary units of mRNA (2−ΔΔCt). All data are mean
± SEM (n = 8), and experiments were repeated at least three times independently. Protein data presented as densitometric values and
protein band normalized to the corresponding α-actin; the bands are representative of n = 3–5. ∗∗P < 0 01 versus LG. #P < 0 05 versus
HG. †P < 0 05 versus L and GW column, respectively.
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previously reported [14] with some adaptations, were used in
all in vitro experiments. The isolated cells were cultured in
medium 199 (M199), and cells from passage 2–5 were used
for the experiments. Following a 2 h serum starvation,
HUVECs were treated with 10−7–10−6M of either GW0742
or L165041 for 24 h in low-glucose (LG; 5mM) or high-
glucose (HG; 30mM) condition. Other HUVECs were prein-
cubated with 10−6M GSK0660, PPARβ/δ antagonist, for 1 h
before treatment with the PPARβ/δ agonists.

2.2. Transfection of PPARβ/δ siRNA. Confluent HUVECs
were transfected with PPARβ/δ or control siRNAs (Dharma-
con, Lafayette, CO, USA) using Lipofectamine RNAiMAX
(Invitrogen, Carlsbad, CA, USA) for 48 h [19]. The efficiency

of PPARβ/δ siRNAs transfection was affirmed using qPCR
and Western blotting.

2.3. Assay of Intracellular ROS. HUVECs were seeded in
96-well plates and treated with PPARβ/δ agonists and/or
antagonist in LG or HG M199 and then incubated with
5μM 2′-7′-dichlorodihydrofluorescein diacetate (CM-
H2DCFDA) at 37

°C for 30min. After washing, the fluores-
cence intensity was determined using a microplate reader
(Fluorostart, BMG Lab Technologies, Offenburg, Germany).

2.4. Gene Expression Analysis. The effect of PPARβ/δ activa-
tion on the expression of Nrf2, NAD(P)H quinone dehydro-
genase 1 (NQO-1), heme oxygenase-1 (HO-1), NOX-4,
NOX-2, and NOX-1 was evaluated using qPCR. Briefly, total
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Figure 2: Effect of PPARβ/δ agonist, GW0742, on Nrf2 target gene induction. (a, b) mRNA and (c) protein expression of NOQ-1 and HO-1.
HUVECs, exposed to low- (LG) or high-glucose (HG) medium for 24 h, were coincubated with GW0742 (GW) alone or preincubated with
the GSK0660 (GSK) followed by GW0742. mRNA data presented as a ratio of arbitrary units of mRNA (2−ΔΔCt). All data are mean
± SEM (n = 8), and experiments were repeated at least three times independently. Protein data presented as densitometric values and
protein band normalized to the corresponding α-actin; the bands are representative of n = 3–5. ∗P < 0 05 and ∗∗P < 0 01 versus LG.
#P < 0 05 versus HG. +P < 0 05 versus GW column.
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RNA was isolated, quantified, and reverse transcribed into
cDNA. qPCR was performed as we previously reported
[14], using the primers set described in Table 1. The obtained
data were analyzed using the 2−ΔΔCt method with β-actin
or GAPDH as housekeeping genes and normalized to the
control group.

2.5. Western Blot Analysis. Proteins from HUVECs were sep-
arated on SDS-PAGE and transblotted onto PVDF mem-
branes [14, 15]. The blots were probed with antibodies
(Santa Cruz Biotechnology, CA, USA) against Nrf2, NQO-
1, HO-1, and α-actin (Santa Cruz Biotechnology, CA, USA)
followed by the secondary antibody. The ECL system
(Amersham, UK) was used to develop and visualize the blots
which were then analysed using Scion Image-Release Beta
4.02 software (http://scion-image.software.informer.com/).

2.6. Animal Experiments. The effect of PPARβ/δ activation
on Nrf2 signaling in the aorta was investigated using male
Wistar rats weighing 280–320 g and maintained on a 12 h
light/dark cycle at 24± 1°C with standard rat chow water ad
libitum. The experimental protocol was approved by the
institutional review board of the University of Granada
(Spain), and all procedures were conducted according to
the guidelines for the Care and Use of Laboratory Animals
published by National Institutes of Health. Type 1 diabetes
was induced by injection 50mg.kg−1 streptozotocin (STZ)
(Sigma-Aldrich) [14] dissolved in a citrate buffer (pH4.5)
into the tail vein. Three days after intravenous (i.v.) STZ
injection, animals faster for 18 h were screened using an
Accu-Chek Aviva glucometer (Roche Diagnostics S.L., Barce-
lona, Spain) and rats with blood glucose 200mg/dL−1 or
above were selected. In parallel, control rats received a single
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Figure 3: Effect of PPARβ/δ agonist, L165041, on Nrf2 target genes. (a, b) mRNA and (c) protein expression of NOQ-1 and HO-1. HUVECs,
exposed to low- (LG) or high-glucose (HG) medium for 24 h, were coincubated with L165041 (L) alone or preincubated with the GSK0660
(GSK) followed by L165041. mRNA data presented as a ratio of arbitrary units of mRNA (2−ΔΔCt). All data are mean± SEM (n = 8), and
experiments were repeated at least three times independently. Protein data presented as densitometric values and protein band normalized
to the corresponding α-actin; the bands are representative of n = 3–5. ∗P < 0 05 and ∗∗P < 0 01 versus LG. #P < 0 05 and ##P < 0 01 versus
HG. +P < 0 05 versus L column.
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i.v. of citrate buffer. The control and diabetic animals were
divided into 4 groups (N = 8–10) as follows:

Group I (control): rats received the vehicle 1% methylcel-
lulose by gavage for 5 weeks.

Group II (GW-treated): rats received 5mg/kg/day
GW0742 dissolved in 1% methylcellulose [20, 21] by gavage
daily for 5 weeks.

Group III (diabetic): diabetic rats received the vehicle 1%
methylcellulose by gavage for 5 weeks.

Group IV (GW-treated diabetic): diabetic rats received
5mg/kg/day GW0742 dissolved in 1% methylcellulose
[20, 21] by gavage.

At the end of treatments, the rats were sacrificed and dis-
sected and the thoracic aortas were removed. Parts of the
aorta were cut into rings which were cryopreserved in 0.1M
PBS plus 30% sucrose for 1 h, included in OCT medium
and kept frozen −80°C, while other rings were used to assay
NADPH oxidase activity. Other samples of the thoracic aorta
were used to isolate RNA, and the gene expression was deter-
mined as described above.

2.7. In Situ Detection of Vascular Superoxide Anion
Production. The frozen aortic rings were cut into 10μm cross
sections by using a cryostat (Microm International Model

HM 500 OM). The sections were stained with 10μM dihy-
droethidium (DHE) for 30min in the dark at room temper-
ature followed by counterstaining with DAPI. In the
following 24 h, the DHE/DAPI-stained sections were exam-
ined using a fluorescence microscope (Leica DM IRB, Wet-
zlar, Germany) and images were captured. The DHE and
DAPI fluorescence was quantified using ImageJ (version
1.32j, http://imagej-1-32j.updatestar.com/). The relative level
of superoxide was estimated from the DHE/DAPI fluores-
cence ratio [22]. The specificity of the assay was tested using
the superoxide scavenger tiron.

2.8. Assay of NADPH Oxidase Activity. The activity of
NADPH oxidase in thoracic aortic rings of control and dia-
betic rats was assayed by the lucigenin-enhanced chemilumi-
nescence assay as previously described [14]. Briefly, aortic
rings were incubated in HEPES-buffered solution (pH7.4)
to which 100μM NADPH was added. Five μM lucigenin
was added, and the luminescence was recorded at 5 sec inter-
vals over a 200 sec using in a luminometer (Lumat LB 9507,
Berthold, Germany). After subtracting the basal values, the
relative luminescence units (RLU)/min/mg dry tissue was
used to express NADPH oxidase activity.
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Figure 4: Role of the PPARβ/δ activation on the Nrf2/ARE pathway. mRNA expression levels of (a) Nrf2, (b) NOQ-1, and (c) HO-1 in
control siRNA and siRNA PPARβ/δ cells incubated in low- (LG) or high-glucose (HG) medium for 24 h, in the presence or absence of
GW0742 (GW, 10−6M). mRNA data presented as a ratio of arbitrary units of mRNA (2−ΔΔCt). All data are mean± SEM (n = 8), and
experiments were repeated at least three times independently. ∗P < 0 05 versus LG. #P < 0 01 and ##P < 0 01 versus HG.
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2.9. Statistical Analysis. All data were analyzed using Graph-
Pad Prism 5 (GraphPad Software, San Diego, CA, USA). The
results were expressed as mean± SEM, and comparisons
were made using Student’s t-test or one-way ANOVA
followed by Bonferroni’s post hoc analysis. A P value< 0.05
was considered statistically significant.

3. Results

3.1. High Glucose Increases Nrf2 and Its Target Genes in
HUVECs. HUVECs were incubated in HG medium for
24 h, and the expression of Nrf2, NQO-1, and HO-1 was
assayed. HG induced a significant increase in the expression
of Nrf2 both mRNA and protein (Figure 1). Similarly, the
expression of NQO-1 and HO-1 gene as well as protein was
significantly increased in HUVECs exposed to HG medium
as compared to the LG one as represented in Figures 2
and 3, respectively.

3.2. Effects of PPARβ/δ Agonists on High Glucose-Induced
Changes in Expression of Nrf2 and Its Target Genes.HUVECs

treated with 10−7 and 10−6M GW0742 (Figure 1(a)) or
L165041 (Figure 1(c)) for 24h in LG medium showed non-
significant changes in the expression levels of Nrf2. On the
contrary, coincubation with PPARβ/δ agonists downregu-
lated Nrf2 mRNA (Figures 1(a) and 1(c)) and protein expres-
sion levels (Figures 1(b) and 1(d)) in HG-induced HUVECs.
Coincubation of the HUVECs with 10−6M of the PPARβ/δ
antagonist GSK0660 inhibited the effects exerted by
PPARβ/δ agonists (Figure 1).

The PPARβ/δ agonists did not alter the expression of
NQO-1 mRNA and protein in normal experimental condi-
tions. However, in HUVECs incubated in high-glucose
medium, NQO-1 mRNA and protein levels were decreased
by either GW0742 (Figures 2(a) and 2(c)) or L165041
(Figures 3(a) and 3(c)). Coincubation with GSK0660 mark-
edly abolished the effect of PPARβ/δ agonists on NQO-1
expression, involving PPARβ/δ activation.

In contrast, in both conditions, the incubation with
GW0742 (Figures 2(b) and 2(c)) and L165041 (Figures 3(b)
and 3(c)) upregulated the expression of HO-1 an effect that
was abolished by coincubation with GSK0660.
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Figure 5: Effect of PPARβ/δ agonists in intracellular ROS production. (a) ROS and (b–d) mRNA expression levels of NOX-4 (b), NOX-1 (c),
and NOX-2 (d) in HUVEC transfected with PPARβ/δ-specific siRNA (siRNA PPARβ/δ) incubated in low- (LG) or high-glucose (HG)
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mean± SEM (n = 8), and experiments were repeated at least three times independently. ∗P < 0 05 versus LG. #P < 0 01 and ##P < 0 01
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PPARβ/δ-induced downregulation of Nrf2 signaling was
confirmed by siRNA-based downregulation of PPARβ/δ.
HUVECs transfected with PPARβ/δ-specific siRNA showed
a marked suppression of GW0742-induced upregulation of
Nrf2 (Figure 4(a)) and NQO-1 (Figure 4(b)) under high-
glucose condition, while the expression of HO-1 was abol-
ished in both conditions (Figure 4(c)).

3.3. Effects of PPARβ/δ Agonists on Intracellular ROS
Production. Oxidative stress induced by hyperglycemia has
been reported in endothelial cells [20]. Accordingly, we
observed higher levels of ROS induced by 30mM of glucose
compared with baseline conditions (5mM glucose)
(Figure 5(a)). The PPARβ/δ agonist L165041 (10−6M) abol-
ished ROS production under the high-glucose condition,
indicating its protective potential at the level of reactive spe-
cies generation. Furthermore, coincubation of this PPARβ/δ
agonist with GSK0660 or PPARβ/δ-specific siRNA sup-
pressed its efficacy to inhibit high glucose-induced ROS
overproduction (Figure 5(a)).

HUVECs, under high-glucose condition, showed
markedly upregulated mRNA abundance of NOX-4
(Figure 5(b)) and NOX-2 (Figure 5(d)) while the expression
of NOX-1 was not significantly affected (Figure 5(c)).

In experimental low-glucose condition, the coincuba-
tion of HUVECs with GW0742 downregulated the mRNA
abundance of NOX-4 (Figure 5(b)); this NOX-4 downreg-
ulation seems to be linked with the capacity to elevate in
both gene and protein expressions of HO-1 expression as
a gene target of PPARβ/δ. Interestingly, the potential of
GW0742 to inhibit the increase of mRNA abundance of
NOX-4 and NOX-2 induced by high glucose was blunted
by the siRNA-mediated downregulation of PPARβ/δ
(Figures 5(b) and 5(d)).

3.4. Effect of GW0742 on Blood Glucose Levels of Control
and Diabetic Rats. STZ diabetic rats showed hyperglycemia
evidenced by the significantly elevated levels of fasting
blood glucose as compared to the control group. In both
experimental groups, the long-term GW0742 administra-
tion did not alter the levels of glucose (Figure 6), indicat-
ing that the protective effect of PPARβ/δ agonist was
glucose-independent.

3.5. Effects of Oral GW0742 on Nrf2 Pathway in Aorta
of Diabetic Rats. Aortas from STZ diabetic rats showed
a marked increase in Nrf2 (Figure 7(a)), NQO-1
(Figure 7(b)), and HO-1 (Figure 7(c)) mRNA expression as
compared to the control rats. Chronic treatment with
GW0742 downregulated Nrf2 and NQO-1 in the aortas of
diabetic rats while it showed no effect on normal rat aorta.
However, similar to the in vitro results, HO-1 mRNA
abundance was higher in the vascular wall of control- and
diabetic-treated rats (Figure 7(c)).

3.6. GW0742 Decreases Vascular ROS and NADPH
Oxidase Activity. To evaluate the effect of GW0742 on
hyperglycemia-provoked oxidative stress, aortic rings from
all experimental groups were stained with DHE and the
activity of NADPH oxidase was determined. DHE staining
revealed increased superoxide levels in the aorta of dia-
betic rats as depicted in Figures 8(a) and 8(b). In the same
context, the aorta of diabetic rats showed significantly
increased activity of NADPH oxidase (Figure 8(c)). While
exerting no effect in normal rats, GW0742 suppressed ROS
levels and NADPH oxidase in the aorta of STZ diabetic rats.

4. Discussion

Oxidative stress is a leading cause of ED and has previ-
ously been implicated in CV complications in diabetes
[4]. Herein, we provide the first evidence that PPARβ/δ
agonists can indirectly downregulate the Nrf2 pathway by
suppressing HG-induced ROS accumulation in the vascu-
lar wall. Given the role of ROS in vascular diseases, our
study suggests a potential therapeutic role of PPARβ/δ in
diabetic vascular complications.

The role of hyperglycemia in diabetes vasculopathy has
been well-acknowledged. Although the vascular endothelium
has adaptive mechanisms to counteract hyperglycemia-
induced oxidative stress, superfluous ROS levels induce
endothelial dysfunction. In endothelial cells, increased super-
oxide generation represents the hallmark of hyperglycemia-
mediated oxidative stress [23]. Accordingly, HUVECs
exposed to HG and aorta of STZ diabetic rats showed mark-
edly elevated levels of ROS. These findings are explained by
the increased activity of NADPH oxidase which represents
a major source of superoxide production under hyperglyce-
mic conditions [17, 24]. Here, HUVECs showed increased
NOX-4 expression following exposure to HG levels. NOX-4
is the prominent and major subunit of NADPH oxidase that
provokes the generation of superoxide anions in the endothe-
lium [25, 26]. Therefore, NOX-4 can induce oxidative dam-
age [27] and endothelial injury [28] in response to cellular
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colorimetric method. Values are expressed as mean± SEM of n = 8
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stress. Previous studies have also demonstrated increased
NADPH oxidase in diabetic animals [9, 26] and human
patients [29]. In addition, the increased levels of ROS could
be attributed to hyperglycemia-induced eNOS uncoupling
and mitochondrial electron transport chain as previously
demonstrated [30–32]. Interestingly, a functional NOX-4
has been reported to be present in the mitochondria [33].
In a preparation of pure mitochondria, knockdown of
NOX-4 by siRNA blocked mitochondrial superoxide genera-
tion induced by glucose [33]. Moreover, experimental evi-
dence showed that genetic knockdown or inhibition of
NOX-4 reduces ROS production in the vascular endothelium
[27, 34]. Along with the upregulated NOX-4, HG-induced
HUVECs showed increased expression of NOX-2, a NADPH
oxidase subunit known to be expressed in a significant
amount in HUVECs as well as in rat aortic endothelium [26].

GW0742 suppressed NADPH oxidase activity and NOX-
4 induction and prevented oxidative stress, indicating that
the antioxidative action of PPARβ/δ activation was related
to its suppressive effect on NOX-4 activation induced by
HG levels. Since both pharmacological inhibition and knock-
down of PPARβ/δ abolished the suppressive effect of
GW0742 on NOX expression and ROS generation, our
results point to the specific inhibitory role of PPARβ/δ acti-
vation on HG-induced oxidative stress. These findings were
confirmed in vivo where the treatment with GW0742 abol-
ished superoxide generation and reduced NADPH oxidase
in the aorta of STZ diabetic rats. Therefore, the PPARβ/δ-
induced suppression of NOX-4 can significantly improve
the integrity and prevent injury of the vasculature in diabetes.
Accordingly, results from experimental animal models of
STZ- and HFD-induced diabetes treated with GW0742
[12, 14] add support to our findings. Through its ability
to activate PPARβ/δ, GW0742 significantly suppressed
NADPH oxidase activity as well as the expression of its

subunits, p47phox and p22phox, leading to reduced levels
of superoxide in the diabetic aorta [12, 14].

The chronic administration of PPARβ/δ agonist did not
reduce blood glucose levels in STZ diabetic rats, indicating
that its beneficial vascular effects are independent of the
glycemic state. Hence, we investigated the possible role
of Nrf2/ARE/antioxidant signaling. In diabetes, activation
of Nrf2 is an adaptive mechanism that protects the endo-
thelium. This notion is being supported by several in vitro
and in vivo studies. In bovine aortic endothelial cells, acti-
vation of Nrf2 pathway represented a defense mechanism
against oxidative damage induced by advanced glycation
end products [35] and hyperglycemia [32]. Consistent
findings were elucidated by Ungvari et al. [20] in coronary
endothelial cells where the adaptive induction of Nrf2 pro-
tected against the deleterious effects of hyperglycemia. In
Nrf2(+/+) mice, HFD feeding elicited increased expression
of HO-1 mRNA but not in Nrf2(−/−) mice [20]. In addi-
tion, HFD-fed Nrf2(−/−) mice showed increased vascular
ROS levels and diminished vascular reactivity when com-
pared with the Nrf2(+/+) mice received the same HFD,
confirming the role of Nrf2 as an adaptive mechanism to
counteract diabetes-associated endothelial dysfunction
[20]. In our in vitro hyperglycemia model, HUVECs
exhibited upregulated gene and protein expression of
Nrf2 along with increased expression of NQO-1 and
HO-1, adding support to the previous findings. Similarly,
diabetic rats showed upregulated aortic Nrf2, NQO-1,
and HO-1. In conjunction with the activated Nrf2 signal-
ing, the aorta of the diabetic rats exhibited increased
superoxide levels and NADPH oxidase activity. ROS pro-
duced by NOX activity can activate Nrf2 [36, 37] and
hence NOX provides a feedback defense mechanism coun-
teracting oxidative stress [38]. In the same context, Brewer
et al. [39] demonstrated that NOX-4 has a potential role
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Figure 7: Effect of oral GW0742 on the Nrf2 pathway in the aorta of diabetic rats. mRNA expression of (a) Nrf2, (b) NQO-1, and (c) HO-1 in
the aorta of all experimental groups. Data are presented as the ratio of arbitrary units of mRNA (2−ΔΔCt). Results are shown as mean± SEM
n = 8–10 rats. ∗P < 0 05, diabetic versus control group. #P < 0 05, GW0472-treated diabetic versus nontreated diabetic rats.
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in regulating the redox status in cardiomyocytes in vivo
via activating the Nrf2 pathway.

In our in vitro and in vivo models of hyperglycemia,
PPARβ/δ activation significantly reduced Nrf2 and NQO-1
expression, whereas upregulating HO-1. These results cor-
roborate the findings of Ali et al. [40], who explored the role
of HO-1 in mediating the vasculoprotective efficacy of

PPARβ/δ and its coactivator PGC1α against oxidant-
induced injury. It can thus be suggested that PPARβ/δ ago-
nists induce HO-1 independently of the Nrf2-pathway. HO-
1 has been suggested as a protective factor against vascular
oxidative stress and inflammation [41], and polymorphism
of its gene promotor is associated with vascular diseases
[41, 42]. Therefore, GW0742-induced upregulation of HO-
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Figure 8: GW0742 decreases vascular ROS and NADPH oxidase activity. (a) The left panel shows blue fluorescence of the nuclear stain DAPI
(×400 magnification), and the right panel shows arteries incubated in the presence of DHE which produces a red fluorescence when oxidized
to ethidium by ROS. (b) Averaged values, mean± SEM (n = 8–10 rings from different rats), of the red ethidium fluorescence normalized
to the blue DAPI fluorescence. (c) NADPH oxidase activity measured by lucigenin-enhanced chemiluminescence (n = 6–10). ∗P < 0 05
and ∗∗P < 0 01, diabetic versus control group. #P < 0 05 and ##P < 0 01, GW0472-treated diabetic versus nontreated diabetic rats.

10 Oxidative Medicine and Cellular Longevity



1 observed herein contributed to the antioxidant potential of
PPARβ/δ. In addition, the declined activity of NADPH oxi-
dase via PPARβ/δ activation in our experimental models
may be linked to the downregulation of Nrf2 and NQO-1.
GW0742 has exerted a marked effect on the expression
HO-1 as compared to L-165041. This is explained by the fact
that GW0742 is a high-affinity PPARβ/δ agonist while L-
165041 is a nonselective agonist.

In conclusion, this study shows, for the first time, that
PPARβ/δ activation confers vascular protection against oxi-
dative stress in diabetes via direct induction of HO-1 and
downregulation of NOX-4 and, to a lesser extent, NOX-2.
Additionally, the results show that, independent of the glyce-
mic state, activation of PPARβ/δ diminished ROS levels,
NADPH oxidase activity, and expression of Nrf2 and
NQO-1. This research highlights the potential of PPARβ/δ
agonists as novel therapies to reduce vascular complications
of diabetes.
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We aimed in our current study to explore the protective effect of Ginkgo biloba (GB) and magnetized water (MW) against
nephrotoxicity associating induced type 2 diabetes mellitus in rat. Here, we induced diabetes by feeding our lab rats on a high
fat-containing diet (4 weeks) and after that injecting them with streptozotocin (STZ). We randomly divided forty rats into four
different groups: nontreated control (Ctrl), nontreated diabetic (Diabetic), Diabetic+GB (4-week treatment), and Diabetic+MW
(4-week treatment). After the experiment was finished, serum and kidney tissue samples were gathered. Blood levels of glucose,
triglycerides, cholesterol, creatinine, and urea were markedly elevated in the diabetic group than in the control group. In all
animals treated with GB and MW, the levels of urea, creatinine, and glucose were significantly reduced (all P < 0 01). GB and
MW attenuated glomerular and tubular injury as well as the histological score. Furthermore, they normalized the contents of
glutathione reductase and SOD2. In summary, our data showed that GB and MW treatment protected type 2 diabetic rat
kidneys from nephrotoxic damages by reducing the hyperlipidemia, uremia, oxidative stress, and renal dysfunction.

1. Introduction

Diabetes mellitus (DM) is known to be a metabolic disorder
chronic disease resulting from variable interactions of hered-
itary and environmental factors. DM is characterized by
abnormalities in the insulin metabolism with subsequent dis-
orders in carbohydrates, proteins, and fat metabolism. Fur-
thermore, DM is usually associated with kidney damage [1].
It is well known that DM is subdivided into DM type 1 and
DM type 2. The main cause of DM type 1 is the destruction

of the pancreatic β-cells leading to deficiency of insulin pro-
duction and secretion and that usually comes with hypergly-
cemia and ketoacidosis [2]. DM type 2 is known to be more
prevalent; its main cause is obesity and characterized by
hyperlipidemia and hyperinsulinemia [3].

Free radicals have pathogenic effects and complications
of diabetes. Certainly, reactive oxygen species (ROS) forma-
tion is the shortest result of hyperglycemia [4]. Disturbances
in antioxidant defense systems and ROS encourage the accu-
mulation of renal oxidative stress in diabetic patients [5].
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Therefore, being a substance with ROS scavenging ability,
this substance then obtained a possible efficiency on the
patients suffering from diabetes accompanied with excessive
oxidative stress level [6]. Antioxidant defense mechanisms
involve both nonenzymatic and enzymatic strategies. The
most mutual antioxidant enzymes are glutathione reductase
and superoxide dismutase [7].

Ginkgo biloba is a native tree in East Asia. Its extract is
used frequently in many medicine recipes. The Ginkgo
biloba leaf extract consists mainly of terpenoids and glyco-
sides which have antioxidant potency [8]. Gingko biloba
extracts showed significant effects on the whole antioxidant
status of the organs especially on glutathione peroxidase
and superoxide dismutase [9]. Moreover, it has been shown
that Ginkgo biloba was able to rescue the cardiac phenotype
in streptozotocin-induced diabetic rats [10]. Furthermore,
Ginkgo biloba has a vascular rescuing effect as well as an
antiapoptotic effect [11–13]. In addition, it has been shown
that Ginkgo biloba could rescue renal injury in brain death
induced-nephrotoxicity [14] and adriamycin-induced
hyperlipidemic nephrotoxicity [15] and in uranium-treated
mice [16].

It has been shown recently that magnetized water has
an efficient antioxidant effect and has a high ability to dif-
fuse rabidly into tissues. In addition, it has been reported
that one of the major roles of magnetic water is its antia-
poptotic renal effect [17–20]. It has also been shown that
magnetized water administration can reduce blood glucose
level and improve the antioxidant status and lipid profiles
in the heart, spleen, and lung of streptozotocin-induced dia-
betic rats [19]. Furthermore, magnetized water has been
used to rescue cisplatin-induced nephrotoxicity [21, 22],
ferric-induced nephrotoxicity [23], and gentamicin-induced
nephrotoxicity [24]. Even more, drinking magnetic water

may have a useful role in inhibiting blood parameter disor-
ders of type 2 diabetes mellitus [25]. Moreover, magnetized
water is believed to have an antioxidant effect which could
be a result of the increase in glutathione peroxidase concen-
tration in serum [26].

Lack of information about kidney disorders accompany-
ing induced type 2 diabetes and how to rescue these disorders
prompted us to use a diabetic rat model and try to rescue its
renal disorders. Our novel study described STZ-induced
nephrotoxicity (DM type 2) and how to ameliorate the neph-
rotoxic effect using the extract of Ginkgo biloba leaves as well
as magnetic water.

2. Material and Methods

2.1. Experimental Animals. Forty adult Wistar rats (male)
(weigh: 200± 10 g, age: 3.5 months) were obtained from an
animal house in Jazan University, KSA. The rats were kept
in standard plastic cages under standard environmental
conditions. Rats were divided equally into four groups. The
different rat groups were treated as depicted in Figure 1.

STZ (Sigma Chemical Co., St. Louis, MO, USA) and
Ginkgo biloba leaf extract (KARA, d. d., Novo mesto com-
pany, Slovenia) were used and dissolved in water.

2.2. Magnetic Water Preparation. Magnetized water was
prepared by passing drinking water through our handmade
electromagnet unit. Water was pumped through a flexible
tube by a water pump installed inside the unit. The produced
magnetic strength was 600 Gauss (measured by a WT10A
Tesla meter), which is an average value of the magnetic field
strength used in experimental animals and proved to have no
pathological effect [27]. The used magnetic field was uniform

Standard
laboratory

diet

Ctrl

4
weeks

4
weeks

IP
STZ

25 mg/kg

n = 10 n = 10 n = 10 n = 10

Diabetic Diabetic + GB Diabetic + MW

High fat diet

Extract of
Ginkgo biloba

(0.11 g/kg daily)
Magnetic water

Figure 1: Experimental scheme. Scheme of our experimental groups, number of rats we used, the treatment way, and duration. GB: Ginkgo
biloba; MW: magnetized water; IP STZ: intraperitoneal injection of streptozotocin.
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and perpendicular to the water flow. Water flow was at a
relatively low speed (0.34 l/minute) to avoid overflow.

2.3. Blood Indices. Serum levels (n = 10) of total cholesterol
value (TC), triglyceride value (TG), high-density lipoprotein
value (HDL), low-density lipoprotein value (LDL), urea, and
creatinine were measured spectrophotometrically, using col-
orimetric assay kits. Low-density lipids (LDL-C) were calcu-
lated using Friedewald’s formula [28].

2.4. Immunohistology. For paraffin tissue sections, kidneys of
scarified rats (n = 10) were collected and fixed in 4% neutral
buffered formalin. Fixed kidneys were dehydrated in ascend-
ing grades of ethanol, cleared in methyl benzoate, and then
embedded in paraffin wax. Paraffin blocks were sectioned at
5μm thickness. Sections were stained with hematoxylin and
eosin (H&E) (Sigma-Aldrich).

The following antibodies were used according to previ-
ously published protocols [29]: anti-glutathione reductase
and anti-SOD2 (Chongqing Biospes Co., Ltd, China). HRP
DAB Kit (Genemed Biotechnologies). ImageJ software was
used for histological sections analysis.

2.5. Semithin Sections. 2mm thick kidney samples were
fixed and stained with Toluidine Blue according to Kotb
et al. [30]. Semithin sections were examined, and light was
photographed microscopically.

2.6. Statistical Analysis. Analysis of data was done by means
of one-way ANOVA. Data were presented as mean ± SE.
Student’s t-test was used during these statistical analyses.
Differences were significant when P < 0 05 (∗P ≤ 0 05,
∗∗P ≤ 0 01, and ∗∗∗P ≤ 0 001).

2.7. Ethical Statement. All experiments were performed in
Jazan University, KSA, and according to their laws.

3. Results

3.1. GB and MW Protect the Glomerular Structure against
Induced Type 2 Diabetic Nephrotoxicity. To confirm the effi-
ciency of our induced nephrotoxic rat model (Figure 1), we
performed blood glucose analysis. We found that the blood
glucose level in diabetic rats (301mg/dl) was increased
comparable with the control (90mg/dl) (Figure 2, D).

In order to investigate the outcome of induced type 2
diabetes on the rat glomerular structure, we stained paraffin
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Figure 2: GB- and MW-protective effects against diabetic nephropathy. (a) Paraffin tissue sections stained against H&E. Dilated Bowman’s
space (BS) in diabetic glomeruli comparable to control in Diabetic+GB and Diabetic+MW. Scale bar: 50μm. Image size measurements (using
ImageJ software) of Bowman’s space and cellular contents in relation to the whole glomerulus size. % size of Bowman’s space was markedly
increased in diabetic glomeruli and decreased gradually after the use of GB and MW (b). In diabetic glomeruli, % size of cellular content was
decreased and then increased with GB and MW administration (c). Blood glucose level was increased compared to the control in diabetic rat
and then decreased after the use of GB and MW (d).
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sections with H&E. Interestingly, structural changes in the
glomeruli were induced in diabetic rats compared with the
control (Ctrl). Bowman’s space size and glomerular cellular
contents combined directly with the glomerular healthy con-
dition. We found a marked dilatation of Bowman’s space
(BS) in diabetic rats compared with Ctrl (Figure 2(a), A
and B). In addition, a decrease in glomerular cellular con-
tents in diabetic rats was found (Figure 2(a), A and B). Using
ImageJ software, the size of different parts of the glomerulus
in relation to the whole glomerulus size was measured
(Figures 2(b) and 2(c)). Bowman’s space size in diabetic
glomeruli was doubled (10%) compared with Ctrl (5%)
(Figure 2(b)). In addition, the cellular content size in
diabetic glomeruli was decreased compared with Ctrl, 75%
and 86%, respectively (Figure 2(c)).

The protective effect of GB and MW on the kidney was
studied. We provided diabetic rats with GB and MW, and
then we showed a rescue effect on the glomerular phenotype
by GB and MW treatment. Also, the glomerular structures
(Bowman’s space and the cellular content) were nearly com-
parable to control after GB and MW treatment (Figure 2(a),
A, C, D). Size changes of Bowman’s space and cellular con-
tents were determined with ImageJ; we showed significant
variations in GB- and MW-treated glomeruli compared with
Ctrl. After GB and MW treatment, we found a significant
decrease in the blood glucose level compared with diabetic
rats at 203, 273, and 301mg/dl, respectively (Figure 2(d)).

3.2. GB and MW Ameliorate Diabetic Effects on the
Glomerular Vessels. To confirm the toxic effect of diabetes
on the vessels of glomeruli, semithin sections stained with
Toluidine Blue were analyzed. We found that diabetic glo-
meruli had dilated vessels compared to Ctrl (Figure 3(a), A
and B). The correlation between glomerular vessel size and
the whole glomerulus size was measured (Figure 3(b)). In
diabetic glomeruli, a significant vascular dilatation (P < 0 05)
compared to the control was determined (15% and 5%, resp.)
(Figure 3(b)).

Podocytes surrounded the glomerular blood vessels and
interdigitate together, forming a mesh of filtrating slits.
Concomitantly with decreased size of glomerular content in
diabetic glomeruli (Figure 2(c)), we also found a decrease in
the number of podocytes compared with Ctrl (Figure 3(a),
A and B). ImageJ counting analysis showed a significant
decrease in podocyte number in diabetic glomeruli compared
to Ctrl (51% and 84%, resp.) (Figure 3(c)).

Furthermore, we found that serum creatinine and urea
levels were ominously increased (P < 0 05) in rats suffering
from diabetes compared to control (Figures 3(d) and 3(e)).

To assess GB- andMW-protective effects on diabetic glo-
meruli, we provided the diabetic rats with GB and MW
(Figure 1). We found that vascular size variations of
GB- and MW-treated glomeruli were markedly decreased
than those of diabetic glomeruli (Figure 3(a), B–D). The
diameter of dilated glomerular vessels was significantly
decreased in diabetic glomerular vessels after GB and MW
treatment (15, 6, and 7% of the whole glomerulus size)
(Figure 3(b)).

In concomitance with increased glomerular cellular con-
tents in GB- andMW-treated glomeruli (Figure 2(a), (C, D)),
an increased podocyte number in GB andMW glomeruli was
found (Figure 3(c)).

Moreover, comparable with diabetic rats, we observed
that serum creatinine and urea levels were significantly
decreased (P < 0 05) after GB and MW treatment
(Figures 3(d) and 3(e)).

3.3. GB and MW Treatments Ameliorate the Destructive
Diabetic Effect on Renal Tubules. To examine the diabetic
effects on renal tubules, we used semithin sections stained
with Toluidine Blue. There is a marked decrease in the tubu-
lar lining epithelium and the brush border thicknesses
compared to Ctrl (Figure 4(a), A and B). In addition, we
noticed a marked increase in the tubular lumen in diabetic
rats compared with Ctrl (Figure 4(a), A and B). ImageJ
enabled us to measure the correlation ratio between the
whole tubule and the thickness of the lining epithelium,
brush border, and tubular lumen. We found a significant
decrease in the thickness of the lining epithelium and brush
border of diabetic rats (20% and 3%, resp.) compared to Ctrl
(30.1% and 10.5%, resp.) (Figure 4(b)). Furthermore, the
tubular lumen of diabetic rats was markedly dilated com-
pared to the control (35.5% and 4.5%, resp.) (Figure 4(b)).

Interestingly, the tubular lining epithelium and brush
border thicknesses decreased after GB and MW treatment
compared to diabetic animals (Figure 4(a), B–D). Further-
more, ImageJ analysis showed that the treatment with GB
and MW was able to rescue the tubular structural distur-
bances which occurred as a result of induced diabetes. We
also noticed that the tubular lining epithelium thickness
was significantly increased after GB andMW treatment com-
pared to diabetic rats (4%, 7%, and 3%, resp.) (Figure 4(b)).

Moreover, we observed that the thickness of the tubular
brush border was significantly increased after GB and MW
treatment compared to the case in diabetic animals (28%,
21%, and 20%, resp.) (Figure 4(b)). Additionally, the tubu-
lar lumen after GB and MW treatment was decreased in
size compared to diabetic animals (27.7%, 15.3%, and
35.5%, resp.).

Altogether, GB and MW treatment was able to amelio-
rate the damaging effect of induced type 2 diabetes on the
renal tubular system.

3.4. GB and MW Treatment Weakened the Diabetic Effect on
the Glomerular Glutathione Reductase and SOD2 Protein
Expressions. To investigate glomerular oxidative stress after
type 2 diabetes induction, we stained against glutathione
reductase and SOD2 antibodies.

In diabetic glomeruli, we found a marked increase in glu-
tathione reductase and SOD2 expressions compared with the
control (Figure 5(a), A and B, E and F, resp.).

ImageJ analysis showed that glutathione reductase
expression intensity was significantly increased up to 6-fold
in diabetic glomeruli compared with Ctrl (Figure 5(b)).
Moreover, in diabetic glomeruli, we noticed a significant
increase in SOD2 intensity up to 4.5-fold compared with
the control (Figure 5(b)).
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Interestingly, glutathione reductase and SOD2 protein
expressions were comparable to control after GB and MW
treatment (Figure 5(a)). ImageJ analysis confirmed the
reduction in the intensity of glutathione reductase and
SOD2 after GB and MW treatment (Figure 5(b)).

Altogether, GB and MW treatments were able to reduce
renal oxidative stress in diabetic glomeruli.

3.5. GB and MW Treatment Ameliorate High Levels of Blood
Triglycerides and Cholesterol in Type 2 Diabetes. Cholesterol
is a vital lipid component important for the proper body
function and normal cellular metabolism. An important
type of fat that the body uses for storing energy is triglyc-
erides. However, high blood fatty contents (cholesterol and

triglyceride) are a risk factor that increases the chance of
getting diseases like diabetes, heart disease, and atherosclero-
sis. To investigate whether induced type 2 diabetes affects the
level of blood fatty profiles, total blood cholesterol and
triglyceride levels were measured.

We also observed high fatty substances (hypercholester-
olemia and high triglyceride) in diabetic rats compared with
Ctrl (Figure 6(a)). Remarkably, in diabetic rats the choles-
terol and triglyceride levels were decreased to almost normal
after GB and MW treatments (Figure 6(a)).

There are two kinds of cholesterol: a good (HDL: high-
density lipoproteins) and a bad (LDL: low-density lipopro-
teins) cholesterol. The increase in LDL caused many kinds
of diseases. We found that HDL was decreased in diabetic
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Figure 3: In diabetic glomeruli, disturbances in vascular size and podocyte number were rescued after GB and MW treatment. ((a), A–D)
Semithin sections stained with Toluidine Blue. Dilated glomerular vessels and less podocytes in diabetic glomeruli compared with Ctrl.
Glomerular vessel size (V) and podocyte number (P) in Diabetic+GB and Diabetic+MW were comparable to control glomeruli. Scale bar:
50μm. ImageJ analysis displayed a marked vascular dilatation (P < 0 05) in diabetic glomeruli compared to Ctrl. Glomerular vessel
diameter was decreased after GB and MW treatment (b). In diabetic glomeruli, ImageJ analysis presented a decrease in % podocyte
number compared to Ctrl (c). On the other hand, % podocyte number increased after the use of GB and MW (c). In diabetic rats, levels of
blood urea and creatinine were decreased after the use of GB and MW (d, e).
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rats compared with the Ctrl (Figure 6(b)). In contrast, LDL
was increased in diabetic rats and cause hypercholesterol-
emia in these rats compared with Ctrl (Figure 6(b)).

To investigate the rescue ability of GB and MW on the
high blood fatty contents in type 2 diabetic rats, we treated
these diabetic rats with GB and MW, then we measured both
cholesterol forms (HDL and LDL) (Figure 6(b)). We noticed
an HDL increase and LDL decrease after GB and MW treat-
ment compared to nontreated diabetic rats (Figure 6(b)).

Altogether, hypercholesterolemia in diabetic rats is
mainly caused by increased LDL and triglycerides in rats.
GB and MW treatment enabled us to ameliorate the nephro-
toxic effect on the blood parameters in diabetic rats.

4. Discussion

Our current study displays that nephrotoxicity induced by
diabetes could be rescued by the treatment with Ginkgo
biloba extract and magnetized water. Likewise, a concomitant
reduction in nephrotoxic effects after Ginkgo biloba treat-
ment was mentioned before [14–16, 31–34] as well as magne-
tized water treatment [19, 21, 25–27].

In agreement with a previous study [35], we recognized
that diabetes-induced nephrotoxicity in rats was categorized

by blood parameter disturbances, specifically parameters
important for kidney functions like urea, cholesterol, glucose,
and creatinine levels.

Glomerular cell loss is considered to be a result of diabetes-
induced nephrotoxicity [36]. Furthermore, diabetes-induced
nephrotoxicity affects the blood vessel diameter, a vasodila-
tation effect [37]. Glomerular vasodilatation could induce a
podocyte mechanical stretch leading to foot process efface-
ment and, after that, cellular detachment. In agreement to
what has been published before [38–40], podocyte stretch
induces a decreased podocyte nephrin expression, the main
slit diaphragm protein, leading to disturbances in the glo-
merular filtration function and proteinuria.

Furthermore, accumulation of edematous fluids in dia-
betic patients induces an increase in Bowman’s space. The
two main causes of glomerular edema formation are the
increased movement of renal fluid from the glomerular pool
to the urinary pool and blockade of the renal tubular system.
As described before [41, 42], dilated glomerular vessels could
increase the vascular endothelium fenestrae leading to
increased fluid movements from the glomerular pool to the
urinary pool inducing edema formation. In agreement to
what was previously mentioned [43], we conclude that the
induced oxidative stress could induce a lot of cellular
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Figure 4: GB- and MW-protective effects on the renal tubules against induced type 2 diabetic nephrotoxicity. ((a), A–D) Toluidine
Blue-stained semithin sections. The diabetic renal tubular epithelium increased in thickness compared with Ctrl. Epithelium thickness
decreased after the treatment with GB and MW. Furthermore, the brush border thickness (arrow) in the diabetic renal tubule is rescued
after the treatment with GB and MW. In addition, the dilated diabetic tubules became comparable to the control after the administration
of GB and MW. Scale bar: 20 μm. Image analysis confirmed thickness disturbances of the lining epithelium, brush border, and lumen of
the diabetic renal tubules and the rescue effect of the use of GB and MW (b).
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destruction and accumulation of cellular depresses and in
turn obstruct the renal tubular system.

Moreover, we found that type 2 diabetes has an effect on
the renal tubule structure; it induces a marked decrease in the
tubular brush border thickness leading to a case of standing
renal fluid and dilatation of the lumen of renal tubules. On
the other hand, the renal tubular structural abnormalities
could disturb the normal fluid uptake leading to proteinuria.
In the current study, not only was the renal structure
disturbed after diabetes induction but also the protein
expression pattern was markedly deviated than the normal.

In water, it was hypothesized that the magnetic field
induces changes in the hydrogen protons by magnetic
resonance and the H-bond gets distorted and weaker, affect-
ing hydration and protonation of ions, and therefore,
hydrogen-rich water can scavenge ROS [6, 44].

In agreement to other studies [45], we found that diabetic
kidney shows an elevated level of oxidative stress marker like
glutathione reductase and SOD2. Increased oxidative stress
was considered to be an inflammatory and apoptotic trigger
leading to cell loss [1, 6, 46].

It has been mentioned that the best metabolic control
could stop the diabetic renal injury [47]. The protection can
be done by several ways that include catalyzing free radical
scavenging by intracellular antioxidant enzymes [48].

Absence ofGinkgo biloba hazard effects [49], low effect of
high kidney related-serum parameters [50, 51], renal injury
attenuating effect [14–16], antioxidant effect [52] and fatty
acid regulation effect [53–55], encouraged us to use it to
decrease nephrotoxic effects in diabetic rats.

On the other hand, the typical structure of the water
molecule will have similar qualities of a magnetic pole, where
the oxygen is slightly negative and the hydrogen is slightly
positive [38, 39]. It is well known that the surface tension of
water could be reduced by themagnetic field, making it softer,
thinner, and absorbable [56]. In addition, it was hypothesized
that the magnetic field alters the magnetic spin of hydrogen
protons in water by magnetic resonance and the H-bond gets
distorted and weaker, affecting hydration and protonation of
ions, and therefore, the hydrogen-rich water can scavenge
ROS [44, 57]. It has been also postulated that the magnetized
water improves oxidative stress [18, 19, 48]. All previously
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Figure 5: GB- and MW-protective effect against oxidative stress induced by type 2 diabetes. ((a), A–D) Paraffin sections stained with
antiglutathione reductase antibody. The expression of glutathione reductase was increased in dabetic glomeruli and back to almost normal
after the use of GB and MW. Furthermore, ((a), E–H) paraffin tissue sections stained with anti-SOD2 antibody. SOD2 expression was
intensively increased in diabetic glomeruli with the use of GB and MW comparable with the control. Scale bar: 50 μm. ImageJ analysis
displayed a significant increase in glutathione reductase and SOD2 intensities in diabetic glomeruli compared to Ctrl. In Diabetic+GB and
Diabetic+MW glomeruli, glutathione reductase and SOD2 protein expression intensities were decreased to be comparable with Ctrl (b).
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mentioned advantages of magnetic water prompted us to use
it to avoid the nephrotoxic effect of induced diabetes in rats.

In conclusion, our novel results showed that Ginkgo
biloba and magnetized water could protect the kidney against
diabetic nephropathy. Ginkgo biloba and magnetized water
treatment have a rescue effect on the diabetic hazard effects
on the glomerular Bowman space, glomerular vessels, and
podocytes.

Our studies present a promising use for Ginkgo biloba
and magnetized water in the treatment of diabetes mellitus
type 2.
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