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Oxidative stress is an imbalance in cellular redox reactions
which plays a key role in the pathogenesis of metabolic disor-
ders and drug-induced injury [1–3]. Oxidative stress is the
result of reactive oxygen species (ROS) overproduction or a
decline in antioxidant defense mechanisms. Although ROS
production can be beneficial in some instances as they are
used by the immune system, in general, excessive generation
of ROS results in deleterious effects causing damage to DNA,
proteins, and lipids, ultimately leading to cell death. Several
diseases, including cancer, neurodegeneration, obesity, meta-
bolic syndrome, diabetes mellitus, and liver disease, are well-
known to be associated with excessive ROS production.
Therefore, agents counteracting excess ROS and/or boosting
the antioxidant defenses represent an appealing strategy for
the treatment of multiple diseases.

Antioxidant substances could be natural or synthetic.
Natural antioxidants are obtained entirely from natural
sources and have been used in food, cosmetics, and pharma-
ceutical industries. On the other hand, synthetic antioxidants
are substances created from chemical processes. The current
understanding of the complex role of ROS in the physiolog-

ical and pathological processes points to the necessity of
developing multifunctional antioxidants, which can maintain
oxidative homeostasis, both in health and in disease. In this
context, numerous research groups focus on the character-
ization and application of natural antioxidant agents in dif-
ferent diseases. In addition, a great deal of effort is being
conducted to design and synthesize free radical-scavenging
and antioxidant substances that can diminish excessive
ROS production and improve the endogenous antioxidant
defenses. In addition, reduction of ROS by either natural or
synthetic agents has been associated with the attenuation of
various diseases, including endothelial dysfunction [4, 5],
diabetic cardiomyopathy [6], nephropathy [7], retinopathy
[8] and gonadal dysfunction [9], carcinogenesis [10, 11],
hyperammonemia [12], chronic subclinical systemic inflam-
mation [13], fibrosis [2], and drug-induced toxicity [14, 15].
Various studies have attributed the reduction of ROS and
oxidative stress as a direct consequence of nuclear factor ery-
throid 2-related factor 2 (Nrf2) signaling activation [1, 3–5,
10, 13, 14]. Understanding and validating the biological
activities of natural and synthetic antioxidant compounds
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and their molecular mechanisms in counteracting ROS and
oxidative stress will provide solid scientific foundation to
the application of antioxidants in the prevention and treat-
ment of multiple diseases.

This special issue encompasses 20 research articles
focusing on the role of natural and synthetic antioxidants
in ameliorating diseases associated with oxidative stress, such
as diabetic cardiomyopathy, endothelial dysfunction, heat
stress, pancreatic fibrosis, nonalcoholic steatohepatitis,
sepsis, vascular inflammation, and peripheral neuropathy.
In addition, the issue includes 3 review articles discussing
recent findings in the role of antioxidants in renal replace-
ment therapy and cardiovascular health and ROS-mediated
epigenetic changes in radiation-induced fibrosis. The guest
editors are pleased to present a compendium of these
cutting-edge original research and review articles as follows.

In the research article “Anti-Inflammatory, Immuno-
modulatory, and Antioxidant Activities of Allicin, Norfloxa-
cin, or Their Combination against Pasteurella multocida
Infection in Male New Zealand Rabbits,” R. T. M. Alam
et al. investigated the anti-inflammatory, antioxidant, and
immunomodulatory effect of norfloxacin and allicin, an
active constituent of Allium sativum, in rabbits infected with
Pasteurella multocida. Treatment of the Pasteurella multo-
cida-infected rabbits with allicin and/or norfloxacin amelio-
rated inflammation and oxidative stress.

In the research article “Protective Effect of Rosamultin
against H2O2-Induced Oxidative Stress and Apoptosis in
H9c2 Cardiomyocytes,” L. Zhang et al. examined the pro-
tective effect of rosamultin against hydrogen peroxide-
(H2O2-) induced oxidative stress and apoptosis in H9c2
cardiomyocytes. The results showed that pretreatment of
the H2O2-induced cardiomyocytes with rosamultin reversed
the morphological changes; reduced the release of lactate
dehydrogenase and creatine kinase, production of ROS, and
lipid peroxidation; and suppressed the expression of proa-
poptotic mediators. In addition, rosamultin boosted antioxi-
dant enzymes and enhanced the expression of antiapoptotic
mediators in H2O2-induced cardiomyocytes.

In the research article “Growth Inhibition of a Novel Iron
Chelator, DpdtC, against Hepatoma Carcinoma Cell Lines
Partly Attributed to Ferritinophagy-Mediated Lysosomal
ROS Generation,” an interesting study conducted by T.
Huang et al., the link between ferritinophagy and the anti-
cancer activity of the iron chelator, di-2-pyridylketone
dithiocarbamate (DpdtC), has been studied. DpdtC mobi-
lized iron from ferritin and exhibited antitumor effect against
the hepatoma cell lines HepG2 and Bel-7402. According to
the results, ferritinophagy-mediated lysosomal ROS genera-
tion was assumed to play a key role in the antiproliferative
action of DpdtC.

In the research article “Curcumin Inhibits Acute Vascu-
lar Inflammation through the Activation of Heme Oxygen-
ase-1,” Y. Xiao et al. investigated the protective effect of
curcumin against acute vascular inflammation, pointing to
the role of heme oxygenase 1 (HO-1). New Zealand white
rabbits were fed a diet supplemented with 0.3% curcumin,
and acute vascular inflammation was induced by putting a
collar on the left common carotid artery for 24 h. In addition,

HO-1 inhibitor and siRNA were used to study the involve-
ment of HO-1 in mediating the effects of curcumin. Rabbits
supplemented with dietary curcumin showed increased
serum bilirubin and vascular, hepatic, and splenic HO-1
expression and decreased vascular inflammation, effects that
were abolished by pharmacological- and siRNA-mediated
inhibition of HO-1. These finding were supported by
increased Nrf2 and HO-1 expression in endothelial cells
treated with curcumin in vitro.

In the research article “Novel Curcumin C66 That Pro-
tects Diabetes-Induced Aortic Damage Was Associated with
Suppressing JNK2 and Upregulating Nrf2 Expression and
Function,” the protective effect of the curcumin analogue
C66 on diabetes-induced aortic damage was introduced by
C. Li et al. Diabetes was induced in male JNK2−/− mice with
a single intraperitoneal injection of streptozotocin (STZ).
Both diabetic and control mice were treated with C66 for
three months and samples were collected for analyses. C66
treatment as well as JNK2 deletion reversed diabetes-induced
aortic oxidative stress, apoptosis, inflammation, and apoptosis
and activated Nrf2. However, C66 showed no extra effect on
Nrf2 and diabetic aortic damage without JNK2. Therefore,
the protective effect of C66 was exerted mainly via inhibition
of JNK2 accompanied with upregulation of Nrf2.

In the research articles “Monolluma quadrangula
Protects against Oxidative Stress and Modulates LDL Recep-
tor and Fatty Acid Synthase Gene Expression in Hypercho-
lesterolemic Rats” and “Antidiabetic Effect of Monolluma
quadrangula Is Mediated via Modulation of Glucose Metab-
olizing Enzymes, Antioxidant Defenses, and Adiponectin in
Type 2 Diabetic Rats,” M. N. Bin-Jumah has provided two
studies showing the beneficial effects ofMonolluma quadran-
gula extract in hypercholesterolemic and diabetic rats.Mono-
lluma quadrangula modulated the expression of LDL
receptor and fatty acid synthase and protected rats against
oxidative stress induced by hypercholesterolemic diet. In
high-fat diet (HFD)/STZ-induced type 2 diabetic rats,Mono-
lluma quadrangula extract improved glucose tolerance and
reduced serum lipids, lipid peroxidation, and proinflamma-
tory cytokines. In addition, Monolluma quadrangula modu-
lated glucose metabolizing enzymes and increased both
serum levels and hepatic expression of adiponectin.

In the research article “Thymoquinone Attenuates
Cardiomyopathy in Streptozotocin-Treated Diabetic Rats,”
in a rat model of diabetic cardiomyopathy, M. S. Atta et al.
investigated the therapeutic potential of thymoquinone, the
active constituent of Nigella sativa seeds. Diabetes was
induced by STZ and diabetic rats received 50mg/kg thymo-
quinone for 12 weeks. Treatment with thymoquinone ame-
liorated the cardiac expression of inducible nitric oxide
synthase (iNOS) and oxidative stress markers and decreased
serum lipids and inflammatory mediators.

In the research article “Parenteral Succinate Reduces Sys-
temic ROS Production in Septic Rats, but It Does Not Reduce
Creatinine Levels,” by using rats with cecal ligation and
puncture as model of sepsis, S. P. Chapela et al. investigated
whether parenteral succinate reduces systemic ROS produc-
tion and improves kidney function. The results showed that
succinate treatment of the rats subjected to cecal puncture

2 Oxidative Medicine and Cellular Longevity



reduced systemic ROS levels, whereas circulating creatinine
levels were not affected.

In the research article “Camalexin Induces Apoptosis via
the ROS-ER Stress-Mitochondrial Apoptosis Pathway in
AML Cells,” camalexin is a phytoalexin with potent antitu-
mor properties. It accumulates in various cruciferous plants
upon exposure to plant pathogens and environmental stress.
Y. Yang et al. aimed to investigate the effects of camalexin
on human leukemic cells (AML cells). Camalexin suppressed
the viability of leukemic cells and induced apoptosis via
the mitochondrial pathway in a caspase-dependent manner.
Upstream of apoptosis, camalexin induced endoplasmic
reticulum (ER) stress. In addition, camalexin increased
ROS, superoxide dismutase, and catalase, while glutathione
was declined in AML cells. Furthermore, the administration
of camalexin suppresses xenograft tumor graft growth with-
out obvious toxicity.

In the research article “Optimization of Experimental
Settings for the Assessment of Reactive Oxygen Species
Production by Human Blood,” an interesting research arti-
cle, T. Soares et al. provided a protocol to optimize the
experimental conditions for the detection of ROS pro-
duced by human blood from healthy donors following
stimulation with the potent inflammatory mediator phor-
bol-12-myristate-13-acetate (PMA). In their experiment,
the probes fluorescent 2,7-dichlorodihydrofluorescein dia-
cetate (DCFH-DA), 2-[6-(4-amino)-phenoxy-3H-xanthen-
3-on-9-yl] benzoic acid (APF), and 10-acetyl-3,7-dihydrox-
yphenoxazine (amplex red) have been used. The results of
this study can help researchers to select the accurate experi-
mental conditions for their experiments, mimicking the
unexplored in vivo settings by using a physiological in vitro
system, and to save time and money.

In the research article “Coenzyme Q10 Ameliorates Pan-
creatic Fibrosis via the ROS-Triggered mTOR Signaling
Pathway,” in a mouse model of chronic pancreatitis (CP),
R. Xue et al. studied the ameliorative effect of coenzyme
Q10. The result revealed that both pretreatment and post-
treatment of the CP mice with coenzyme Q10 decreased
autophagy, activation of pancreatic stellate cells (PSCs), oxi-
dative stress, histological changes, and collagen deposition.
In vitro, treatment of the primary PSCs with coenzyme
Q10 increased the expression levels of p-PI3K, p-AKT, and
p-mTOR. Therefore, coenzyme Q10 alleviated pancreatic
fibrosis by modulating the ROS-triggered PI3K/AKT/mTOR
signaling pathway.

In the research article “Proanthocyanidins Antagonize
Arsenic-Induced Oxidative Damage and Promote Arsenic
Methylation through Activation of the Nrf2 Signaling
Pathway,” M. Xu et al. investigated the effects of grape seed
proanthocyanidin extract (GSPE) on oxidative damage and
arsenic (As) methylation in L-02 human hepatocytes, point-
ing to the role of Nrf2. The results showed that GSPE antag-
onized AS-induced oxidative damage and methylation in
human hepatocytes. Activation of Nrf2 signaling has been
shown to mediate, at least in part, the protective effect of
GSPE on AS toxicity.

In the research article “Indicaxanthin from Opuntia ficus
indica (L. Mill) Inhibits Oxidized LDL-Mediated Human

Endothelial Cell Dysfunction through Inhibition of NF-κB
Activation,” the potential of indicaxanthin from Opuntia
ficus indica to prevent oxidized LDL-mediated endothelial
dysfunction through inhibition of nuclear factor-kappaB
(NF-κB) activation has been investigated by A. Attanzio
et al. Endothelial cell pretreated with 5 and 20 μM indicax-
anthin and incubated with oxidized LDL showed signifi-
cantly declined expression of adhesion molecules and
NF-κB transcriptional activity. Thus, the use of nutritionally
relevant concentrations of indicaxanthin protected endothe-
lial cells against dysfunction induced by oxidized LDL.

In the research article “Alphalipoic Acid Prevents Oxida-
tive Stress and Peripheral Neuropathy in Nab-Paclitaxel-
Treated Rats through the Nrf2 Signalling Pathway,” nab-
paclitaxel (nab-PTX) is an injectable formulation of pacli-
taxel (PTX) used to treat different types of cancer. The prev-
alence of peripheral neuropathy induced by nab-PTX has
been reported to be higher than that induced by PTX. H.
Sun et al. investigated the ability of alpha-lipoic acid (α-LA)
to prevent nab-PTX-induced peripheral neuropathy in rats.
α-LA inhibited oxidative stress and peripheral neuropathy
in nab-PTX-administered rats by activating Nrf2 signaling
pathway without diminishing the chemotherapeutic effect
of nab-PTX.

In the research article “ROS Reduction Does Not
Decrease the Anticancer Efficacy of X-Ray in Two Breast
Cancer Cell Lines,” radiotherapy is a frequently adminis-
trated effective treatment for various types of cancer. The
anticancer efficacy of X-ray radiotherapy has been frequently
correlated with excessive generation of ROS. H. Wang and X.
Zhang conducted this study to test the effect of reducing ROS
levels on the antitumor efficacy of X-ray radiotherapy. The
results showed that the use of ROS scavengers did not affect
the X-ray-induced death of the breast cancer cell lines
MDA-MB-231 and MCF-7.

In the Research article “In Vitro Anti-Inflammatory
Effect of Salvia sagittata Ethanolic Extract on Primary Cul-
tures of Porcine Aortic Endothelial Cells,” Salvia sagittata is
used traditionally in Ecuador to treat inflammation and
intestinal diseases. I. Tubon et al. investigated the effect of
an ethanolic extract of Salvia sagittata (SSEE) on lipopolysac-
charide- (LPS-) induced inflammation in primary cultures of
porcine aortic endothelial cells (pAECs). Treatment of the
pAECs with different concentrations of SSEE did not affect
the cell viability, while it showed a remarkable ability to
reduce LPS-induced production of proinflammatory cyto-
kines and increase the expression of HO-1.

In the research article “Protective Effects of Inorganic and
Organic Selenium on Heat Stress in Bovine Mammary Epi-
thelial Cells,” Y. Zou et al. explored and compared the protec-
tive effects of inorganic selenium (sodium selenite, SS) and
organic selenium (selenite methionine, SM) in mammary
alveolar cells-large T antigen (MAC-T) and bovine mam-
mary epithelial cell line (BMEC) during heat stress. Both
SS and SM protected the cells against the heat shock-
induced redox imbalance and cell death. SM was more
effective in modulating the expression of Nrf2 and iNOS,
whereas the protective effect of SS was associated with
thioredoxin reductase 1.
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In the research article “Glycine Suppresses AGE/RAGE
Signaling Pathway and Subsequent Oxidative Stress by
Restoring Glo1 Function in the Aorta of Diabetic Rats and
in HUVECs,” the role of advanced glycation end product
(AGE) accumulation in vascular damage has been well-
acknowledged. In this context, Z. Wang et al. evaluated
whether glycine, the simplest amino acid, can attenuate oxi-
dative stress by suppressing the AGE/RAGE signaling path-
way. The results showed that the oral administration of
glycine increased nitric oxide (NO) content and amelio-
rated oxidative stress and attenuated AGE/RAGE signaling
pathway in the aorta of diabetic rats. The ameliorative effect
of glycine was associated with increased activity and
expression of aortic glyoxalase-1 (Glo1). In methylglyoxal-
induced endothelial cells, glycine suppressed ROS generation
and AGE/RAGE signaling pathway.

In the research article “Simvastatin Reduces Hepatic
Oxidative Stress and Endoplasmic Reticulum Stress in Non-
alcoholic Steatohepatitis Experimental Model,” G. Rodrigues
et al. investigated the efficacy of simvastatin, a lipid-lowering
drug, to prevent methionine/choline-deficient diet-induced
nonalcoholic steatohepatitis in mice. Treatment with simva-
statin reduced liver injury, hepatic lipids, and hepatocellular
ballooning. In addition, simvastatin ameliorated lipid perox-
idation, inhibited endoplasmic reticulum stress, and boosted
the antioxidant enzymes and Nrf2 expression.

In the review article “Antioxidant Supplementation in
Renal Replacement Therapy Patients: Is There Evidence?,”
end-stage renal disease patients, on hemodialysis or perito-
neal dialysis, exhibit oxidative stress and increased risk for
cardiovascular disease. In a review article, V. Liakopoulos
et al. presented and discussed the available data regarding
the exogenous administration of antioxidants and their pos-
sible protective effects on renal replacement therapy patients.

In the review article “Reactive Oxygen Species Drive Epi-
genetic Changes in Radiation-Induced Fibrosis,” S. Shrishri-
mal et al. highlighted the role of ROS-mediated epigenetic
changes in radiation-induced fibrosis (RIF). The authors
reviewed the ROS-mediated changes in metabolism, TGF-β
signaling, DNA methylation, histone modification, and non-
coding RNA changes in RIF.

In the review article “Beneficial Effects of Citrus Flavo-
noids on Cardiovascular and Metabolic Health,” A. M.
Mahmoud et al. reviewed and discussed the recent findings
and advances in understanding the mechanisms underlying
the protective effects of citrus flavonoids against various
diseases. The biological activities of citrus flavonoids in oxi-
dative stress, lipid metabolism, and adipose tissue inflam-
mation and their therapeutic potential in diabetes, diabetic
cardiomyopathy, endothelial dysfunction, and atherosclero-
sis have been discussed. This review article pointed to the
need of further studies and clinical trials to assess the effi-
cacy and to explore the underlying mechanism(s) of action
of citrus flavonoids.

The editors anticipate this special issue to be of inter-
est to the readers and expect researchers to benefit in
making further progress in the understanding of the role
of natural and synthetic antioxidants in the treatment of
various diseases.
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Objective. In this study, we evaluated the efficacy of simvastatin in the treatment of nonalcoholic steatohepatitis induced by
methionine and choline-deficient diet in mice and its possible effect on factors involved in the pathogenesis of the disease
including oxidative stress and endoplasmic reticulum stress. Method. Male C57BL6 mice were fed either a normal diet (control)
or a methionine and choline-deficient diet for four weeks and then treated orally with simvastatin (4 mg/kg once a day) for two
final weeks. At the end of the experimental period, liver integrity, biochemical analysis, hepatic lipids, histology, DNA damage,
biomarkers of oxidative stress, and endoplasmic reticulum stress were assessed. Results. Simvastatin treatment was able to
significantly reduce hepatic damage enzymes and hepatic lipids and lower the degree of hepatocellular ballooning, without
showing genotoxic effects. Simvastatin caused significant decreases in lipid peroxidation, with some changes in antioxidant
enzymes superoxide dismutase and glutathione peroxidase. Simvastatin activates antioxidant enzymes via Nrf2 and inhibits
endoplasmic reticulum stress in the liver. Conclusions. In summary, the results provide evidence that in mice with experimental
nonalcoholic steatohepatitis induced by a methionine and choline-deficient diet, the reduction of liver damage by simvastatin is
associated with attenuated oxidative and endoplasmic reticulum stress.

1. Introduction

The nonalcoholic steatohepatitis (NASH) is a common
chronic liver disease, and it has been one of the important

factors leading to cirrhosis and hepatocellular carcinoma
[1]. NASH is an important stage in the development from
simple hepatic steatosis to fibrosis and cirrhosis in nonal-
coholic fatty liver disease (NAFLD), characterized by
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hepatocellular ballooning degeneration and necroinflam-
mation based on hepatic steatosis [2, 3].

The pathogenesis of NASH remains poorly understood.
Day and James [4] have proposed the “two-hits” hypothesis
for the pathogenesis of NASH based on an animal model that
remains a foundation for research in this field. According to
this theory, hepatic steatosis is mainly caused by metabolic
syndrome (first hit). The second hit includes cellular stresses
such as oxidative stress, apoptosis, endoplasmic reticulum
(ER) stress, and gut-derived lipopolysaccharide (LPS) [3].
Therefore, the classical “two-hits” hypothesis of progression
to NASH is now being modified by a “multiple parallel hits”
hypothesis [5]. Among the above factors generating the sec-
ond hit, oxidative stress is thought to be a major contributor
to the pathogenesis and progression of steatosis to NASH [5].
Available treatments are not entirely satisfactory, and taken
together, NAFLD and NASH are multidisciplinary liver dis-
eases that require interventions targeting the cardiometabolic
and liver disorders for the effective treatment of patients with
these diseases [6].

Statins (3-hydroxy-3-methyglutaryl coenzyme A reduc-
tase inhibitor) are used worldwide for the treatment of lipid
disorders; in particular, they reduce the high levels of low-
density lipoprotein cholesterol (LDL-C), decreasing thus
cardiovascular events and mortality [7]. However, there
are accumulating data in the literature suggesting that
statins, such as simvastatin (SIM), may also exert anti-
inflammatory effects, such as inhibition of cytokine forma-
tion, adhesion molecule expression, and reduction of nitric
oxide production [8–11], all of which could be of value in pro-
tecting against pathological inflammation and tissue damage.

Trials with larger sample sizes and low risk of bias are
necessary before we may suggest statins as an effective
treatment for patients with NASH. However, as statins
can improve the adverse outcomes of other conditions
commonly associated with NASH (for example, hyperlip-
idaemia, diabetes mellitus, and metabolic syndrome), their
use in patients with nonalcoholic steatohepatitis may be
justified [12].

In this study, we evaluated the security and efficacy of
SIM in the treatment of NASH induced by a methionine
and choline-deficient (MCD) diet in mice. The aim of the
present study was to evaluate the effects of this drug on dis-
ease progression, the liver integrity, and molecular markers
of oxidative stress and ER stress.

2. Methods

2.1. Animals. In this trial, 32 male C57BL/6 mice were used.
They were 8 weeks old, weighed 25 grams on average, and
were obtained from the Federal University of Pelotas
(UFPel), Pelotas, Rio Grande do Sul. The animals were kept
in polypropylene cages (47 × 34 × 18 cm), with 4-6 animals
in each cage under standard conditions. They were provided
with water and food ad libitum and maintained on a 12-hour
light/dark cycle (light cycle from 7 a.m. to 7 p.m.) under con-
trolled temperature (24 ± 1 0°C) and humidity (55 ± 5%) in
the Animal Experimentation Division of the Hospital de
Clínicas de Porto Alegre.

2.2. Diet Composition. The MCD diet was manufactured by
the Brazilian company PragSolucões®, as described by
Newberne et al. [13], with modifications as noted inMarcolin
et al. [14]. Two types of rat chow were manufactured: MCD
and control. The control diet was identical to the MCD diet
but contained adequate amounts of methionine and choline.

2.3. Experimental Procedure. The experimental protocol
complied with the norms established by the Ethical and
Health Research Committee of the Group of Research and
Postgraduate Studies of the Hospital de Clínicas of Porto
Alegre, as well as with the Principles for Research Involving
Animals [15]. NASH was induced by feeding the animals
with the MCD diet ad libitum for 4 weeks. The animals in
the control group received the same diet, though with the
addition of adequate concentrations of methionine and cho-
line. The animals were randomly divided into four groups
(n = 8): control+vehicle (CO+V), which received the control
diet for 4 weeks plus vehicle; control+SIM 4 mg/kg (SIM 4),
which received the control diet for 4 weeks plus simvastatin
4 mg/kg; NASH+vehicle (NASH+V), which received the
MCD diet for 4 weeks plus vehicle; and NASH+SIM 4 mg/kg
(NASH+SIM 4), which received the MCD diet for 4 weeks
plus simvastatin 4 mg/kg. SIM was administered by gavage
for 2 weeks. The vehicle was composed of sodium carboxy-
methylcellulose (CMCNa) 1% and functioned as a carrier
for SIM [16].

2.4. Experimental Design.On experimental day 1, the animals
were randomly assigned to the groups and given their corre-
sponding diets. They were monitored throughout the exper-
iment. Four weeks later, they were weighed and anaesthetized
by inhalation of isoflurane so that their blood could be sam-
pled from the retroorbital plexus for liver integrity and
biochemical analyses. The animals were killed at 24 h after
the last administration of SIM, by exsanguination under deep
anesthesia, followed by cervical dislocation as described in
the AVMA Guidelines on Euthanasia [17]. The liver was
removed by medium ventral laparotomy with total hepatec-
tomy, a part of which was prepared for the histological anal-
ysis, while the remaining tissue was frozen in liquid nitrogen
for triglyceride and cholesterol concentration, comet assay,
oxidative stress, and reticulum stress analysis.

2.5. Comet Assay. The alkaline comet assay was carried out as
described by Tice et al. [18], with minor modifications.
Images of 100 randomly selected cells (50 cells from each of
two replicate slides) were analyzed from each animal. Cells
were also visually scored according to tail size into five classes
ranging from undamaged (0) to maximally damaged [4],
resulting in a single DNA damage score for each animal
and consequently for each studied group. Therefore, the
damage index (DI) can range from 0 (completely undam-
aged, 100 cells × 0) to 400 (maximum damage, 100 cells × 4).

2.6. Liver Integrity Analysis. Liver integrity was assessed by
measuring blood levels of enzymes aspartate transaminase
(AST) and alanine transaminase (ALT) with standard labo-
ratory methods at Hospital de Clínicas de Porto Alegre.
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2.7. Total Cholesterol and Triglyceride Analyses. The systemic
biochemical analysis included total cholesterol and triglycer-
ide levels. They were measured using standard laboratory
methods at Hospital de Clínicas de Porto Alegre.

2.8. Hepatic Lipids. In order to measure the hepatic lipid con-
tent, frozen liver samples were thawed on ice and homoge-
nized in deionized water. Extraction and isolation of lipids
to yield dried lipid extracts were performed. The hepatic cho-
lesterol and triglyceride content of the lipids extracts were
then assayed enzymatically by colorimetry.

2.9. Histology. For the histological evaluation, a piece of the
liver was trimmed and fixed by immersion in 10% buffered
formalin for 24 h. The obtained blocks were dehydrated in
a graded series of ethanol, embedded in paraffin, and stained
with hematoxylin and eosin (HE). The minimum histological
criterion for the diagnosis of NASH was the presence of stea-
tosis associated with hepatocellular ballooning involving
zone 3 and lobular inflammatory infiltrate. The grading of
both necroinflammatory activity and fibrosis was performed
according to the classification proposed by Brunt et al. [19].

2.10. Lipid Peroxidation, Cytosolic Superoxide Dismutase
(SOD), and Glutathione Peroxidase (GPx). The livers were
homogenized with 9 mL of phosphate buffer (KCL 140
mM, phosphate 20 mM, pH 7.4) per gram of tissue. The pro-
tein concentration in these liver homogenates was deter-
mined using a standard solution of bovine albumin
according to Bradford [20]. Liver lipoperoxidation was deter-
mined by TBARS [21]. Cytosolic SOD was assayed spectro-
photometrically by the rate of epinephrine autooxidation,
which is progressively inhibited by increasing amounts of
SOD in the homogenate; the amount of enzyme that results
in 50% of the maximum inhibition is defined as 1 unit
SOD/mg prot. GPx analysis was carried out according to
Flohe et al. [22] based on the consumption of NADPH in
the reduction of oxidized glutathione, and values were
expressed in nmol/mg prot.

2.11. Western Blot. Western blot analysis was performed in
cytosolic and nuclear extracts prepared from liver homoge-
nates. The supernatant fraction was collected and stored at
-80°C in aliquots until use. Protein concentration was
measured by the Bradford assay [20]. Lysate proteins were
fractionated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinyli-
dene fluoride (PVDF) membranes. The membranes were
then blocked with 5% nonfat dry milk in Tris-buffered
saline containing 0.05% Tween 20 (TTBS) for 1 h at room
temperature and probed overnight at 4°C with polyclonal
anti-NQO1, anti-Keap1, anti-Nrf2, anti-ATF6, and anti
BIP/GRP78 antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) at 1 : 200-1 : 1.000 dilution with TTBS in
5% nonfat dry milk. Bound primary antibody was detected
(HRP—with anti-mouse IgG, anti-rabbit IgG, or anti-goat
IgG antibodies) (Sigma-Aldrich, St. Louis, MO, USA). Pro-
tein detection was performed via chemiluminescence using
a commercial ECL kit (Amersham Pharmacia Biotech, Lit-
tle Chalfont, Great Britain) [23]. The density of the

specific bands was quantified with imaging densitometer
software (Scion Image, Maryland, MA).

2.12. Statistical Analysis. The results were expressed as
mean values ± SD. The data were analyzed using a Student–
Newman–Keuls post hoc ANOVA test. The statistical
evaluation of data obtained in comet assay was carried out
using Tukey’s test. Pearson’s test (chi-square) was used for
correlational analysis. Qualitative variables were subjected
to a cross table, and the level of significance was 5%
(P < 0 05). The software used was SPSS 17.0.

3. Results

3.1. Comet Assay. There was a significant increase in DI in the
NASH+V group (89%) as compared to the CO+V group,
suggesting that mice with NASH exhibited increased DNA
damage in the liver. The dose of 4 mg/kg SIM was able to
reduce the index of DNA damage in animals with experi-
mental NASH. NASH+SIM 4 (-23% DI) was lower than in
NASH+V; it was statistically significant. SIM at 4 mg/kg also
did not increase DI in comparison to CO+V, suggesting that
this dose was not able to induce DNA damage (Table 1)

3.2. Liver Integrity. The serum levels of AST and ALT were
significantly elevated in the NASH+V group when compared
to those in the CO+V and SIM 4 groups, indicating consider-
able hepatocellular injury. AST and ALT show differences in
NASH+SIM 4 when compared with NASH+V (Table 1). Our
results demonstrate that a dose of 4 mg/kg has no effect on
transaminases in control animals and assists in the reduction
of AST and ALT in NASH-induced animals.

3.3. Total Cholesterol and Triglyceride Analyses. The serum
levels of total cholesterol and triglyceride were significantly
reduced in the NASH+V group when compared with those
in the CO+V and SIM 4 groups, although no significant
differences were observed between the NASH+V and
NASH+SIM 4 groups (Table 1).

3.4. Hepatic Lipids.Although the difference in serum choles-
terol levels of animals with NASH was not observed, when
assessing the amount of lipids in the liver tissue, we
observed that in the NASH+V group, serum levels were sig-
nificantly elevated as compared with those in the CO+V
and SIM 4 groups (Table 1). However, animals with NASH,
treated with SIM 4 mg/kg, demonstrated a decrease (-50%)
in the accumulation of cholesterol in the liver compared to
NASH animals.

3.5. Histology. No animal receiving the CO+V diet showed
any histological alterations (data not shown). Histological
liver changeswere observed in animals of theNASH+Vgroup:
microvesicular steatosis, macrovesicular steatosis, inflamma-
tion, and hepatocellular ballooning (Figures 1(a)–1(c)).
SIM administration markedly attenuated the primary bal-
looning process (Figure 1(d) and Table 2).

3.6. Lipid Peroxidation, SOD, and GPx Activity. The analysis
of lipoperoxidation (LPO) through TBARS showed a signifi-
cant increase (300%) in the NASH+V group as compared to
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that in the CO+V group. NASH+SIM 4 showed a significant
decrease (57%) of LPO as compared to NASH+V (Table 3).
The analysis of antioxidant enzyme activities showed that
SOD activity was decreased in the livers of the NASH+V
group (-33%) as compared to those in the CO+V and SIM
4 groups. SOD activity was increased (50.6%) in the treated
(NASH+SIM 4) group compared to that in the NASH+V
group (Table 3), restoring baseline values. Concerning GPx
activity, there was a significant decrease (-64%) in the
NASH+V group as compared to that in the CO+V group,

and the GPx activity increased (48%) in the treated (NASH
+SIM 4) group as compared to that in the NASH+V group
(Table 3).

3.7. Western Blot. Nuclear Nrf2 protein was underexpressed
in the NASH+V group. However, the animals in the NASH
+ SIM 4 group overexpressed Nrf2. Expression of NQO1
was reduced in animals with NASH, and the NASH+SIM 4
group was able to increase the expression of this protein
(Figure 2). Protein markers related to ER stress were also

Table 1: Effect of treatment with simvastatin on DNA damage, liver integrity, total cholesterol, and triglyceride serum levels and hepatic
lipids in mice livers with NASH induced by a MCD diet.

CO+V SIM 4 NASH+V NASH+SIM 4

DI 58 5 ± 15 7 61 68 ± 12 34 111 ± 17 ± 16 97∗ 85 40 ± 18 82
AST (U/L) 69 14 ± 13 38 74 1 ± 14 50 354 0 ± 62 29# 303 7 ± 42 15#

ALT (U/L) 30 75 ± 7 52 33 8 ± 7 69 404 0 ± 53 66#$ 369 0 ± 39 34#$

Total Cholesterol (mg/dL) 129 9 ± 13 70 123 1 ± 13 50 28 5 ± 7 73# 22 5 ± 4 07#

Triglyceride (mg/dL) 67 00 ± 11 88 64 30 ± 8 73 33 6 5 ± 3 70# 28 5 ± 2 49#

Cholesterol hepatic (mg cholesterol/mg tissue) 0 19 ± 0 03 0 20 ± 0 03 0 40±0 10∗∗ 0 20 ± 0 02
Triglyceride hepatic (mg triglyceride/mg tissue) 1 54 ± 0 45 1 30 ± 0 42 2 2±0 35∗∗ 1 7 ± 0 43
CO+V: control plus vehicle (n = 8); SIM 4: control plus simvastatin 4 mg/kg (n = 8); NASH+V: NASH plus vehicle (n = 8); NASH+SIM 4: NASH plus
simvastatin 4 mg/kg (n = 8). The data are expressed as the mean ± standard deviation (S.D); DI: damage index, which can range from 0 (completely
undamaged, 100 cells × 0) to 400 (with maximum damage 100 × 4). ∗P < 0 05 CO+V versus NASH+V. #P < 0 001 versus CO+V and SIM 4. $P < 0 05 versus
NASH+V. ∗∗P < 0 05 versus CO+V and SIM 4.

(a) (b)

(c) (d)

Figure 1: Effect of a MCD diet and treatment with simvastatin. A photomicrograph of the liver of NASH+V (a–c) and NASH+SIM 4
(d) (H-E, 400x). I: inflammation; B: ballooning; M: microvesicular steatosis.
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evaluated. The NASH+V group increased the activation of
endoplasmic reticulum stress markers, such ATF-6 and
GRP78. SIM was sufficient to decrease NASH-induced endo-
plasmic reticulum stress (Figure 3).

4. Discussion

In the present study, we demonstrated that the SIM dose of
4 mg/kg SIM showed favorable results for the attenuation
of the disease and does not affect the hepatic integrity,
demonstrating safety and no hepatotoxicity. Furthermore,
that dose has no hepatic genotoxicity and is shown to be
able of reducing oxidative stress and ER stress in C57BL/6
mice with NASH.

The current research has shown that NASH is the most
important epidemiological and clinical form of NAFLD. So
far, there is no entirely proven treatment for NASH. Statins
are an important class of agents to treat dyslipidemia, but there
is still reluctance in using this drug in patients with established
or suspected chronic liver disease, including NASH. This
study sought evidence on the SIM use in liver disease.

The first point was evaluated genotoxicity caused by SIM.
We tested three different doses of SIM. In a preliminary
study, an increase in DNA damage in the liver of animals that
received doses of 7 and 10 mg/kg was observed (data not
shown). Our data indicate that there is a relationship between
higher doses and toxic effects as evidenced by high rates of
DNA damage. A significant increase in DNA damage in the
liver was observed in the NASH group, suggesting that this
disorder can decrease genomic stability in the liver,

corroborating a previous study [14]. Most likely, these effects
are implicated in the pathogenesis of NASH, especially con-
cerning the generation of ROS leading to injuries by oxidative
stress [24]. Studies have shown that genoprotective or geno-
toxic effects of SIM are dose-dependent [25]. Here, the 4
mg/kg dosage tested was not able to induce DNA damage
evaluated by the comet assay. Animals with NASH showed
an increase in DI, and treatment with SIM reduced by 23%,
indicating a protective effect on DNA. Furthermore, DI
values in the NASH+SIM 4 group were not statistically differ-
ent from those of the CO+V group, reinforcing that this dos-
age is not able to induce DNA damage in NASH mice and,
conversely, it could be exerting a protective effect.

Recognizing the dose of 4 mg/kg as nongenotoxic, we
determined the levels of AST and ALT. They are enzymes
that are sensitive to hepatocellular injury. These enzymes
in the blood may be associated with centrilobular necrosis,
degeneration, and reduced performance state of the liver
[26]. In the evaluation of hepatocellular damage, amino-
transferase alterations were observed in the animals that
received the MCD diet. There are reported cases of statin-
related hepatotoxicity, but although elevated aminotransfer-
ases are not uncommon in patients receiving statins,
serious liver injury from statins is rarely seen in clinical
practice [27]. The use of SIM in animals with NASH
reduced the levels of these enzymes and reduced the hepa-
tocyte injury.

The MCD diet is a good model for NASH induction,
which leads to steatosis due to a decrease in the export of very
low-density lipoproteins (VLDLs), such as choline and

Table 2: Effect of treatment with simvastatin on ballooning in mice livers with NASH induced by a MCD diet.

Cross table
Developed the balonization or no

Total
Without simvastatin With simvastatin

Ballooning

None 0 5 5

Few balloon cells 7 3 10

Many cell prominent ballooning 1 0 1

Total 8 8 16

Value df Significance

Pearson’s test (chi-square) 11.000a 2 .004

Likelihood ratio 14.230 2 .001

Linear by linear association 9860 1 .002

16 16
a3 cells (50%) expected a score < 5. The minimum score is 3. Pearson’s correlation. P < 0 05.

Table 3: Effect of treatment with simvastatin on lipid peroxidation, SOD, and Gpx activities in mouse livers with NASH induced by a
MCD diet.

CO+V SIM 4 NASH+V NASH+SIM 4

TBARS (nmoles/mg prot) 0 11 ± 0 01 0 1 ± 0 03 0 45 ± 0 12∗ 0 19 ± 0 02$

SOD (U/SOD mg prot) 50 52 ± 12 22 48 9 ± 7 05 33 72 ± 8 74∗ 50 8 ± 10 92
GPx (nmoles/mg prot) 180 06 ± 57 69 181 59 ± 50 77 114 88 ± 19 46# 170 62 ± 34 39
CO+V: control plus vehicle (n = 8); SIM 4: control plus simvastatin 4 mg/kg (n = 8); NASH+V: NASH plus vehicle (n = 8); NASH+SIM 4: NASH plus
simvastatin 4 mg/kg (n = 8). ∗P < 0 001 versus CO+V, SIM 4, and NASH+V. $P < 0 01 against versus CO+V, SIM 4, and CO+V. #P < 0 05 versus CO+V,
SIM 4, and NASH+V.
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methionine which are precursors of phospholipid phosphati-
dylcholine lining VLDL [10]. In the absence of choline,
VLDL is not secreted and triacylglycerol (triglyceride) builds
up in the liver cytosol. These VLDL fragments are confirmed
by our data, which showed a decrease in triglycerides and
cholesterol plasma levels along with extensive lipid accumu-
lation in the liver. Accordingly, quantification of the hepatic
triglyceride and cholesterol levels showed that MCD diet-
induced hepatic lipid accumulation was attenuated by SIM
treatment. This decreased hepatic lipid accumulation is
extremely important for the outcome of the course of the dis-
ease. The reduction of fat on the liver allows ballooning
reduction and histological hallmark of NASH and improves
liver function, evidenced by the reduction of ALT and AST.
In the MCD dietary model of NASH, animals develop steato-
hepatitis, exhibiting features that are histologically similar to
the clinicopathological features of human NASH [14]. Con-
sistent with our expectation, the administration of the

MCD diet to C57BL/6 mice resulted in a classical pathophys-
iological picture of NASH, with microvesicular and macrove-
sicular steatosis, indicative of disturbed lipid metabolism,
multiple foci of inflammatory cell accumulations in the liver,
and ballooning.

Statins such as atorvastatin and SIM in clinical studies
were associated with a reduction in hepatic steatosis and
can inhibit the progression of NASH [28–30], and statins
improved indirect markers of liver steatosis, such as serum
glyceraldehyde-derived advanced glycation end-products
[31]. Treatment with SIM led to a marked decrease in the
hepatocellular ballooning degree in the livers of mice fed
the MCD diet. Many studies have considered hepatocellular
ballooning the main histological feature of NASH and com-
mon for the diagnosis of NASH, and it can even be consid-
ered a prognostic marker [19, 32].

Oxidative DNA damage is the most common threat to
genomic stability. There is strong evidence implicating the

CO
+V

SI
M

 4

N
A

SH
+V

N
A

SH
+S

IM
 4

KEAP 70 kDa

�훽-Actin 42 kDa

NQO1 31 kDa

GAPDH 35 kDa

Nrf2 57 kDa

GAPDH 35 kDa

1.60

1.40

1.20

1.00

0.80

0.60

(a
.u

)

0.40

0.20

0.00
NQO1

CO+V
SIM 4

NASH+V
NASH+SIM 4

Keap1 Nrf2

#

#

⁎

Figure 2: Effect of a MCD diet and treatment with simvastatin on NQO1, Keap1, and Nrf2 protein by Western blot analysis. The data are
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generation of ROS and the corresponding responses to oxi-
dative stress as key factors in the pathogenesis of several dis-
eases [14, 33, 34]. Our study showed that SIM decreased
damage index to liver DNA. We believe that the protection
of the DNA is strongly related to the antioxidant action that
the SIM has. Then, we evaluated the oxidative stress and the
stress of reticulum in the liver. Our study showed a signifi-
cant increase in LPO in animals with NASH induced by a
four-week MCD diet. This damage can be caused by the
increase of ROS in the liver tissue. During NASH, an
increased oxidative stress in certain tissues may lead to a rise
in the rate of LPO. Similar data were reported in other studies
of NASH induced by the MCD diet [14]. SIM administration
significantly decreased TBARS levels in the hepatic tissue of

animals fed the MCD diet. These results are in agreement
with previous studies investigating the effects of SIM [10,
25, 35, 36]. The above result indicates that the SIM can
exert antioxidant effects and protect the tissues of lipid per-
oxidation agents because antioxidant or scavenger of free
radicals may be able to inhibit oxidative reactions associ-
ated with LPO. Oxidative stress is involved in the develop-
ment and progression of NASH, and high levels of ROS,
due to insufficiency of the antioxidant defense system,
may lead to the disruption of cellular function and oxida-
tive damage to membranes, enhancing their susceptibility
to lipid peroxidation [4, 5].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a
transcription factor that plays a central role in the
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antioxidant defense cellular system. It binds to the so-called
antioxidant responsive elements (AREs) and regulates the
expression of a number of protective genes in response to
oxidative stress and electrophiles. Under basal conditions,
Nrf2 is retained in the cytoplasm bound to Keap1 which
promotes its proteasomal degradation. Upon exposure to
ROS or other inducers, Nrf2 is released from Keap1 and
translocates to the nucleus where it stimulates the expres-
sion of antioxidant genes such as NAD(P)H:quinone oxido-
reductase 1 (NQO1) that protect the cell from the
deleterious effects of ROS [37–39]. However, Nrf2 expres-
sion was greatly reduced in animals with NASH. According
to Sugimoto et al. [40], the loss of Nrf2 leads to rapid onset
and exacerbation of steatohepatitis in animal models of
NASH. Our study showed that SIM activates antioxidant
enzymes via Nrf2. Habeos et al. [41] demonstrated that
Nrf2, a key regulator of the antioxidant defense, is activated
by SIM.

The oxidative stress may be associated with the ER
stress. The ER is a cellular organelle essential for cell func-
tion and survival. Conditions that interfere with ER function
lead to the activation of the unfolded protein response
(UPR), a homeostatic signaling network that orchestrates
the recovery of ER function, and failure to adapt to ER stress
results in apoptosis.

The ER stress response has recently been proposed to
play a crucial role in both the development of steatosis
and the progression to NASH [42]. The ER stress response
is mediated through activating transcription factor 6
(ATF6) and one chaperone, glucose-regulated protein
GRP78. In the unstressed state, GRP78 is bound to these
transmembrane receptors. However, when unfolded pro-
teins accumulate in the ER, GRP78 preferentially binds
to UPR [40].

These markers were induced in animals with NASH due
to the use of the MCD diet because this diet is associated with
the activation of an ER stress pathway. GRP78 has been
recently shown to play a central role modulating the sensitiv-
ity and duration of the UPR [43]. The ATF6 pathway also
plays a role in stress-induced lipid accumulation [44]. Our
study showed that SIM inhibits the ER stress in the liver of
the mice with NASH. Although the mechanisms that act to
this effect are not fully elucidated, urban et al. [44] showed
that the SIM pretreatment exerted a neuroprotective effect
by attenuating the ER stress response, with concomitant
increases in ATF6 and XBP-1 protein expression during
acute ischemia and reperfusion in rats and a novel protective
effect of statins against atherosclerosis was proposed based
on the finding that steraric acid induced ER stress in macro-
phages [35, 43, 45].

In summary, simvastatin can help in the treatment of
NASH and measures for establishing that meet improvement
in cardiovascular and hepatic parameters, besides being safe
and cheap drug. Our results support that the reduction of
liver damage by SIM treatment is associated with attenuation
of oxidative stress and ER stress. However, the molecular
mechanisms behind the pleotropic effects are not fully eluci-
dated and further research should be carried out to investi-
gate other molecular mechanisms.
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The aim of the present research was to study the effects of an ethanolic extract of Salvia sagittata Ruiz & Pav (SSEE), an endemic
Ecuadorian plant traditionally used to treat inflammation and different intestinal affections, on primary cultures of porcine aortic
endothelial cells (pAECs). pAECs were cultured in the presence of different concentrations (1-200 μg/mL) of SSEE for 24 h, and
cytotoxicity was evaluated by the MTT assay. SSEE did not negatively affect cellular viability at any concentration tested. Cell
cycle was analyzed and no significant change was observed. Then, the anti-inflammatory effects of SSEE on pAECs were analyzed
using a lipopolysaccharide (LPS) as the inflammatory stimulus. Different markers involved in the inflammatory process, such as
cytokines and protective molecules, were evaluated by real-time quantitative PCR and Western blot. SSEE showed the
ability to restore pAEC physiological conditions reducing interleukin-6 and increasing Heme Oxygenase-1 protein levels. The
phytochemical composition of SSEE was also evaluated via HPLC-DAD and spectrophotometric assays. The presence of
different phenolic acids and flavonoids was revealed, with rosmarinic acid as the most abundant component. SSEE possesses an
interesting antioxidant activity, as assessed through both the Oxygen Radical Absorbance Capacity (ORAC) and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assays. In conclusion, results suggest that SSEE is endowed with an in vitro anti-inflammatory effect.
This represents the initial step in finding a possible scientific support for the traditional therapeutic use of this plant.

1. Introduction

In the last few years, researches aimed to scientifically define
the effects of natural products have been growing, not only
due to the increasing popularity of plant-based Traditional
Medicine but also because it meets the primary health-care
needs for the majority of the population in developing coun-
tries [1]. Moreover, a huge number of medicinal plants, still
not investigated, are available worldwide. Currently, more
than 20,000 plant species are used to treat several diseases
and are considered as potential reservoirs for new drugs

[2]. Recent studies suggest that the historical ethnopharma-
cological uses of plant-based medicines can represent a useful
preliminary screening tool in the field of drug discovery [3].

Ecuador is considered one of the countries with the
largest biodiversity in the world. The flora of mainland
Ecuador is extremely rich: an estimated total of 17,000
species have so far been recorded [4, 5] and more than
3,000 medicinal plants are used in different native communi-
ties living on the highlands of the Ecuadorian Andes [6].
However, in most cases, the preparation, doses, and routes
of administration of these herbal remedies are only
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transferred orally from generation to generation, while scien-
tific information regarding their phytochemical or biological
activity is insufficient or lacking [7].

Salvia L. (sage) is widely known as the largest genus in the
Lamiaceae family, and to date, approximately 980 species have
been recognized, most of which are restricted to the New
World [8]. Some species of this genus have been used since
ancient times as medicinal plants all around the world [9–
11]. In addition, chemical constituents of various sage plants
weredescribedandcomprise different terpenoids, several phe-
nolic compounds, such as simple phenolics and caffeic acid
derivatives, flavonoids as well as phenolic diterpenoids [12].

Salvia sagittata Ruiz & Pav is an herbaceous perennial
plant distributed in Ecuador and Peru. It has yellow-green
arrow-shaped leaves and very sticky inflorescences in the api-
cal part of the plant, formed by brilliant blue flowers with a
prominent lower lip. Its leaves are commonly prepared either
in an infusion to counteract different affections such as
spasms, diarrhea, flatulence, fever, influenza, gastritis, stom-
ach pain, cuts, and bumps or by heating with brandy and
applying topically to treat rheumatism and articular pain
[13–15]. Despite the ethnobotanical information in favor of
multiple beneficial health effects of S. sagittata, scientific
evidence from in vivo or in vitro studies is still lacking.

Inorder to test thepossible biological activityofS. sagittata
ethanolic extracts (SSEE), we used endothelial cells as amodel
system, given their fundamental role in different physiological
processes. These cells are normally in dynamic equilibrium
with their environment, preventing thrombus formation by
the expression and secretion of anticoagulant, antiadhesive,
and anti-inflammatorymolecules. Nevertheless, in pathologic
processes, such as inflammation, infection, or genetic alter-
ations, endothelial cells change their phenotype from a resting
to an active function that modulates the complement and
coagulation cascades, thrombus formation, inflammation,
and innate and adaptive immunity [16, 17]. Endothelial cells
are also recognized as key regulators of the inflammatory
response controlling adhesion andmigration of inflammatory
cells as well as resolution of inflammation [18].

Tests were carried out on a primary culture instead of a
cell line. Despite their viability and unlimited expansion, cell
lines do not preserve various important markers and func-
tions shown in vivo [19, 20]. On the contrary, primary cells
preserve most of these functions. Due to the biological simi-
larities between swine and human at the anatomic [21], pro-
teomic [22], and genomic level [23], primary cultures of
porcine aortic endothelial cells have been used as a suitable
in vitro model of human ones [24–26], as well as to test the
anti-inflammatory activity of phytoextracts [27, 28].

In this context, we decided to evaluate SSEE for its phyto-
chemical, antioxidant, and anti-inflammatory characteristics
as related to biological activities in primary cultures of por-
cine aortic endothelial cells stimulated with a bacterial
lipopolysaccharide.

2. Materials and Methods

2.1. Chemicals and Reagents.HumanEndothelial Serum-Free
Medium (hESFM), heat-inactivated fetal bovine serum (FBS),

antibiotic-antimycotic, Dulbecco’s phosphate-buffered saline
(DPBS) and phosphate-buffered saline (PBS) were purchased
from Gibco-Life Technologies (Carlsbad CA, USA), as previ-
ously described [27]. Propidium iodide (PI) was purchased
from Miltenyi Biotec (Bergisch Gladbach, Germany). RNase
A/T1 and the TRIzol reagent were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). RNA isolation was
performed with a NucleoSpin RNA II kit (MACHEREY-
NAGEL GmbH & Co. KG, Düren, Germany), and an iScript
cDNA Synthesis Kit and iTaq Universal SYBR Green
Supermix were used for cDNA synthesis and qPCR analysis,
respectively (Bio-Rad Laboratories Inc., Hercules, CA,
USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was purchased from Sigma-Aldrich (St. Louis,
Mo., USA). Folin-Ciocalteu’s phenol reagent, 1,1-diphenyl-2-
picrylhydrazyl (DPPH), 6-hydroxyl-2,5,7,8-tetramethyl-chro-
man-2-carboxylic acid (Trolox), 2,2-Azobis(2-methylpropio-
namidine) dihydrochloride (AAPH), fluorescein, gallic acid,
rutin, phenolic acids (4-hydroxybenzoic, caffeic, chlorogenic,
ferulic, gallic, p-coumaric, synapic, syringic, transcinnamic,
and rosmarinic acids), quercetin, quercetin-3-O-glucoside,
quercetin-3-O-rhamnoside, quercetin-3-O-galactoside, kaem-
pferol, kaempferol-3-O-rutinoside, hesperetin, hesperidin pure
standards (>99.5% purity) in powder form, and HPLC-grade
solvents were purchased from Sigma-Aldrich. All standards
were prepared as stock solutions at 1mg/mL in methanol and
stored in the dark at -18°C for less than three months.

2.2. Preparation of Plant Extract. Salvia sagittata Ruiz & Pav
(SS) plants were collected, according to previous authoriza-
tion of the Ministry of the Environment (N. 003-IC-
DPACH-MAE-2018-F), in Riobamba, Ecuador, on May
2016. The plants were identified and certified by Escuela
Superior Politecnica de Chimborazo Herbarium, Riobamba,
Ecuador, and a voucher specimen was deposited (N. 3342).
Dried leaves (300 g) were ground and extracted with 96%
ethanol for 48 h at room temperature. After filtration, the sol-
vent was evaporated using a rotary vacuum evaporator
(Büchi, Ch-9230, Flawil, Switzerland) and dried in a vacuum
at 40°C to obtain the ethanolic extract with a yield of 6.18%.
For experiments, the dry extract was dissolved in ethanol.
The stock solution (20mg/mL) was further used for HPLC
analysis or diluted in culture media and membrane filtered
by a 0.2μmMillipore filter (Millipore, Darmstadt, Germany).

2.3. Cell Culture and Treatments. Porcine aortic endothelial
cells (pAECs) were isolated and maintained as previously
described by Bernardini et al. [29]. Cells were seeded and
routinely cultured in T25 tissue culture flasks (4 × 105 cells/-
flask) (T 25-Falcon, Becton-Dickinson, Franklin Lakes, NJ,
USA). Successive experiments were conducted in 96-well
plates (cell viability and anti-inflammatory test) or 24-well
plates (qPCR and Western blot) (both by Becton-Dickinson)
with confluent cultures. Cells were cultured in hESFM and
added with 5% FBS and 1x antimicrobial/antimycotic solu-
tion in a 5% CO2 atmosphere at 38.5°C.

The SSEE stock solution was diluted in the culture
medium to obtain the desired concentrations (1–200μg/mL)
for cell exposure. Ethanol (1%) was used as the vehicle.

2 Oxidative Medicine and Cellular Longevity



2.4. Cell Viability. Viability was determined using the MTT
assay. Briefly, pAECs (sixth passage) were seeded in 96-well
culture plates at a density of 3 × 103 cells/well and incubated
for 24 h. Then, the media were replaced with hESFM con-
taining 5% FBS and increasing SSEE doses (1, 10, 50, 100,
and 200μg/mL) and incubated for another 24 h at 38.5°C.
Next, the MTT solution (5mg/mL in PBS) was added to a
final concentration of 0.5mg/mL and then incubated for 2
h at 38.5°C, followed by the addition of 0.1mL MTT solubi-
lisation solution. The formazan absorbance (Abs) was deter-
mined at 570nm, using Infinite® F50/Robotic absorbance
microplate readers from TECAN Life Sciences (Männedorf,
Switzerland).

2.5. Cell Cycle. The medium of pAEC confluence (sixth
passage) was replaced with hESFM containing 5% FBS and
increasing SSEE doses (1, 10, 50, and 100μg/mL). After
24 h, pAECs were harvested and washed once in 5mL of
PBS, and 1mL/106 cells of 70% ice-cold ethanol was added
drop by drop with continuous vortexing. The single cell
suspension was fixed at 4°C for 24h. Then, the cells were
washed with 10mL of PBS, and the cellular pellet was treated
with 1mL/106 cells of staining solution containing PBS,
50μg/mL of PI, and 100μg/mL RNase A/T1 for 20min in
the dark at r.t. Cell distribution in cell cycle phases was
analyzed by MACSQuant® Analyzer 10 and Flowlogic soft-
ware (Miltenyi Biotec, Bergisch Gladbach, Germany). The
Dean-Jett-Fox univariate model was used for this analysis.

2.6. In Vitro Tube Formation Assay. In vitro tube formation
assay was performed as previously described [27]. Briefly,
the experiments were carried out using an 8-slide-chamber
glass (BD Falcon, Bedford, MA, USA) coated with an undi-
luted Geltrex™ LDEV-Free Reduced Growth Factor Base-
ment Membrane Matrix. Firstly, the extracellular matrix
coating was carried out 1 h before the seeding in a humidified
incubator, at 38.5°C and 5% CO2. Then pAECs (seventh pas-
sage) (8× 104cells/well) were seeded with increasing SSEE
doses (1, 10, 25, 50, and 100μg/mL) for 18 h.

At the end of the experimental time, images were
acquired using a digital camera installed on a Nikon contrast
phase microscope (Nikon, Yokohama, Japan) and analyzed
by open software ImageJ 64.

2.7. Cell Viability after LPS Treatment. Briefly, pAECs (sixth
passage) were seeded in 96-well culture plates at a density of
3 × 103 cells/well and incubated for 24h, then exposed to
different SSEE concentrations (1, 10, and 100μg/mL) in the
presence of LPS (25μg/mL) and incubated for another 24 h
at 38.5°C.

The MTT solution was added to a final concentration of
0.5mg/mL and then incubated for 2 h at 38.5°C followed by
the addition of 0.1mL of dimethyl sulfoxide to dissolve the
MTT-formazan. The amount of MTT-formazan was then
determined by measuring Abs at 570nm.

2.8. Quantitative Real-Time PCR for IL-6, IL-8, and HO-1.
pAECs (seventh passage) were seeded in a 24-well plate
(approximately 4 × 104 cells/well), incubated until conflu-
ence, and then exposed to different concentrations of SSEE

(1, 10, and 100μg/mL) in the absence or presence of LPS
(25μg/mL). RNA extraction was performed using the TRIzol
reagent and NucleoSpin RNA II kit. After 24 h, the cells were
harvested and lysed using 1mL TRIzol reagent and mixed by
vortex (3min), and then, 200μL of chloroform was added to
the suspension and mixed well. After incubation at room
temperature (10min), the samples were centrifuged (12000
g for 10min) and the aqueous phase was recovered. An equal
volume of absolute ethanol (99%) was added, and the result-
ing solution was applied to the NucleoSpin RNA Column.
RNA was then purified according to the manufacturer’s
instructions. After spectrophotometric quantification, total
RNA (250ng) was reverse-transcripted to cDNA using the
iScript cDNA Synthesis Kit in a final volume of 20μL.

Swine primers were designed using Beacon Designer 2.07
(PREMIER Biosoft International, Palo Alto, CA, USA).
Primer sequences, expected PCR product lengths, and acces-
sion numbers in the NCBI database are shown in Table 1.

To evaluate gene expression profiles, the quantitative
real-time PCR (qPCR) was performed in a CFX96 thermal
cycler (Bio-Rad) using a multiplex real-time reaction for ref-
erence genes (glyceraldehyde-3-phosphate dehydrogenase,
GAPDH; hypoxanthine phosphoribosyltransferase, HPRT;
β-Actin, β-ACT) and using TaqMan probes and SYBR green
detection for the target genes (interleukin-6, IL-6; interleu-
kin-8, IL-8; Heme Oxygenase-1, HO-1). All amplification
reactions were performed in 20μL and analyzed in duplicates
(10μL/well). The multiplex PCR contained the following:
10μL of iTaqMan Probes Supermix (Bio-Rad), 1μL of for-
ward and reverse primers (5μM each) of each reference gene,
0.8μL of iTaqMan probes (5μM) of each reference gene, 2μL
of cDNA, and 2.6μL of water. The following temperature
profiling was used: initial denaturation at 95°C for 30 seconds
followed by 40 cycles of 95°C for 5 seconds and 60°C for
30 seconds.

The SYBR Green reaction contained the following: 10μL
of iQ SYBR Green Supermix (Bio-Rad), 0.8μL of forward
and reverse primers (5μM each) of each target gene, 2μL
of cDNA, and 7.2μL of water. The real-time program
included an initial denaturation period of 1.5min at 95°C,
40 cycles at 95°C for 15 s, and 60°C for 30 s, followed by a
melting step with ramping from 55°C to 95°C at a rate of
0.5°C/10 s.

The specificity of the amplified PCR products was
confirmed by agarose gel electrophoresis and melting curve
analysis.

The relative expressions of the studied genes were nor-
malized based on the geometric mean of the three reference
genes. The relative mRNA expression of the tested genes
was evaluated as a fold of increase using the 2-ΔΔCT method
[30] and referred to pAECs cultured under the standard
condition (control).

2.9. Western Blot for HO-1. Western blot for HO-1 was per-
formed as previously described [24]. Briefly, pAECs (seventh
passage), treated in the same manner as mentioned above,
were washed twice with ice-cold PBS, harvested, and lysed
in SDS solution (Tris-HCl 50mM; pH6.8; SDS 2%; glycerol
5%). After quantitative determination of the protein content
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by a Protein Assay Kit (TP0300, Sigma-Aldrich), aliquots
containing 20μg of proteins were separated on NuPAGE
4-12% Bis-Tris gel for 45min at 200V and electrotransferred
onto a nitrocellulose membrane. Blots were washed in PBS,
and protein transfer was checked by staining the nitrocel-
lulose membranes with 0.2% Ponceau S. After blocking the
nonspecific binding with 5% nonfat milk in PBS-T20
(PBS-0.1% Tween-20) at room temperature for 1 h, mem-
branes were incubated with a 1 : 1000 dilution of anti-HO-1
rabbit polyclonal antibody (SPA-896, StressGen Biotechnol-
ogies Corp., Victoria, BC, Canada) overnight at 4°C.

After several washings with PBS-T20, membranes were
incubated with the secondary biotin-conjugate antibody
and then with a 1 : 1000 dilution of an antibiotin horseradish
peroxidase- (HRP-) linked antibody. The Western blots were
developed using a chemiluminescent substrate (Clarity
Western Substrate, Bio-Rad) according to the manufacturer’s
instructions. The intensity of the luminescent signal of the
resultant bands was determined by the ChemiDoc Instru-
ment using Lab Image Software (Bio-Rad).

In order to normalize the HO-1 data on the housekeeping
protein, the membranes were stripped and reprobed for
housekeeping β-tubulin (1 : 500 sc-5274 Santa Cruz Biotech-
nology Inc., Santa Cruz, CA, USA). The relative protein con-
tent (HO-1/β-tubulin)was expressed as arbitrary units (AUs).

2.10. Antioxidant Activity Assays. Antioxidant activity (AA)
of SSEE was measured by the ORAC and DPPH assays.
The ORAC assay was performed in an automated plate
reader (Victor 3, PerkinElmer, Turku, Finland) with 96-well
plates, according to Ou et al. [34] with some modifications.
All reagents were freshly prepared before the assay. In each
well, 210μL of fluorescein (10 nM) and 35μL of a sample,
blank (10mM phosphate buffer, pH7.4), or standard (Trolox
in the range 1-50μM) were placed. The plate was heated to
37°C for 10min, and then, 35μL of AAPH (240mM) was
added, immediately before beginning fluorescence (FL) mea-
surement. Relative FL intensity was monitored at 1.5min

intervals until it was less than 5% of the initial reading value.
Final ORAC values were calculated by using a regression
equation between the Trolox concentration and the net area
under the FL decay curve and were expressed as mmol Tro-
lox equivalents per g of extract or per g of plant material
(DW).

The DPPH assay was done according to the method of
Brand-Williams et al. [35] with some modifications. A stock
solution was prepared by dissolving 24mg DPPH with
100mL methanol and then storing at -20°C until needed.
The working solution was prepared by mixing 10mL stock
solution with 45mL methanol to obtain an Abs of 1 1 ±
0 02 units at 515nm. 150μL of SSEE was allowed to react
with 2850μL of the DPPH solution for 24h in the dark.
Abs measurements were carried out at 515 nm. Results were
determined from the regression equation of the Trolox cali-
bration curve in the range of 25-500μM and expressed as
mmol TE per g of extract or per g of plant material (DW).

2.11. Total Phenol Content and Total Flavonoid Content.
Total Phenol Content (TPC) was determined using the
Folin-Ciocalteu method [36]. 50μL of diluted extract was
mixed with 250μL of a tenfold-diluted Folin-Ciocalteu phe-
nol reagent. After 1min, 800μL of 30% sodium carbonate
solution was added to the mixture, shaken thoroughly, and
diluted to 1.6mL by adding 500μL of distilled water. The
mixture was allowed to stand for 40min at r.t., and the blue
colour formed was measured at 700nm using a UV-VIS
spectrophotometer (V-630 Jasco, Jasco Europe S.r.l., Cre-
mella, Italy). A calibration curve of gallic acid (ranging from
5 to 500μg/mL) was prepared, and the results, determined
from the regression equation of the calibration curve, were
expressed as mg of Gallic Acid Equivalents (GAE) per g of
extract or per g of plant material (DW).

The total flavonoid content (TFC) was determined
according to Zhishen et al. [37] with some modifications.
500μL of extract was diluted to 5mL with distilled water,
300μL of 5% NaNO2 was added, and the mixture was mixed

Table 1: Primer sequences used for quantitative real-time polymerase chain reaction analysis.

Gene Sequence (5′-3′) PCR product
(bp)

GenBank accession
number

Reference

HO-1
For: CGCTCCCGAATGAACAC
Rev: GCTCCTGCACCTCCTC

112 NM_001004027 Bernardini et al. [31]

IL-8
For: AGGACCAGAGCCAGGAAGAGAC

Rev: TGGAAAGGTGTGGAATGCGTATTTATG
203 AB057440.1 Present study

IL-6
For: AGCAAGGAGGTACTGGCAGAAAACAAC
Rev: GTGGTGATTCTCATCAAGCAGGTCTCC

110 AF518322.1 Zannoni et al. [32]

GAPDH
For: ACATGGCCTCCAAGGAGTAAGA
Rev: GATCGAGTTGGGGCTGTGACT

Probe: HEX-CCACCAACCCCAGCAAGAGCACGC-BHQ1
106 NM_001206359 Duvigneau et al. [33]

HPRT
For: ATCATTATGCCGAGGATTTGGAAA

Rev: TGGCCTCCCATCTCTTTCATC
Probe: Tx-Red-CGAGCAAGCCGTTCAGTCCTGTCC-BQ2

102 NM_001032376 Present study

β-ACT
For: CTCGATCATGAAGTGCGACGT

Rev: GTGATCTCCTTCTGCATCCTGTC
Probe: FAM-ATCAGGAAGGACCTCTACGCCAACACGG-BHQ1

114 KU672525.1 Duvigneau et al. [33]

4 Oxidative Medicine and Cellular Longevity



well. After 5min, 3mL of a 10% AlCl3 solution was added.
After 6min, 2mL of a 1M NaOH solution was added, and
the total volume was made up to 10mL with distilled water.
Absorbance was measured against a blank at 510nm. Rutin
was used as the standard for the calibration curve. TFC
was calculated using the regression equation based on
the calibration curve, and the results were expressed as mmol
of Rutin Equivalents (RE) per g of extract or per g of plant
material (DW).

2.12. HPLC-DAD Determination of Phenolic Acids and
Flavonoids. HPLC-DAD determination of phenolic acids
and flavonoids was performed as previously described [38].
20μL of SSEE was injected into the HPLC system (Jasco Italy;
PU-4180 pump, MD-4015 PDA detector, AS-4050 auto-
sampler). The stationary phase was an Agilent (Santa
Clara, CA, USA) ZORBAX Eclipse Plus C18 reversed-phase
column (100mm × 3mm I.D., 3.5μm). The chromato-
graphic method for the analysis of phenolic acids was
adapted from Mattila and Kumpulainen [39]. Gradient
elution was carried out with a mixture of acidic phosphate
buffer (50mM, pH2.5) and acetonitrile flowing at
0.7mL/min. Signals at 254, 280, and 329nm were used for
analyte quantitation. The recovery values of phenolic acids
in spiked samples ranged from 78.8 to 92.2% (RSD < 9 8%,
n = 6). The chromatographic method for the analysis of flavo-
noids was adapted fromWojdyło et al. [40]. Gradient elution
was carried out with a mixture of 4.5% formic acid and aceto-
nitrile. Runs were monitored at 280nm for flavan-3-ols and
360nm for flavonol glycosides. Retention times and spectra
were compared with those of pure standards. Calibration
curves were constructed for all standards at concentrations
ranging from 1.0 to 100.0 ppm (r2 ≤ 0 9998). Results were
expressed as mg/g extract or per g of plant material (DW).

3. Statistical Analysis

Each treatment was replicated three or eight times (viability
and anti-inflammatory tests) in three independent experi-
ments. Data were analysed by a one-way analysis of variance
(ANOVA) followed by the post hoc Tuckey comparison Test.
Differences of at least p < 0 05 were considered significant.
Statistical analysis was carried out using GraphPad Prism
7 software.

4. Results and Discussion

4.1. Effect of SSEE on pAEC Viability and Angiogenesis. A
large number of plants of the Ecuadorian flora are used
for medicinal purposes. Nevertheless, scientific evidence
supporting their use is still scarce. For this reason, a study
was planned on the antiangiogenic and antioxidant activity
and on phytochemical composition of Salvia sagittata, an
endemic plant used in Ecuadorian Traditional Medicine.
This choice was corroborated by the fact that several Salvia
species were demonstrated to possess a protective effect
against different external agents [40, 41].

Based on the traditional uses of the plant, it was decided
to focus the biological tests on anti-inflammatory activity. A

preliminary screening aimed at verifying the safety of SSEE
was carried out. Treatment of pAECs with SSEE for 24h
did not negatively affect cell viability at any concentration
tested (Figure 1(a)). Cells possessed a standard cell cycle for
diploid cells (data not shown). Thus, SSEE does not seem to
induce any cytotoxicity effect on pAECs in the concentration
range examined. These results are in agreement with other
researches in which different Salvia species did not affect cell
viability [42]. After this preliminary assay, pAECs’ angiogen-
esis was examined by an in vitro extracellular matrix-based
assay. As a result, the capacity of cells to assemble a tube net-
work formation was reduced after treatment with SSEE at 1,
10, 25, and 50μg/mL (Figure 1(b) and Figure 1(c)).

4.2. Effect of SSEE on LPS-Induced Cell Death and Cytokine
Expression. Inflammation and endothelial cells are closely
related. In fact, in an inflammatory process, endothelial cells
trigger the transcription of genes such as TNFR or TLR4 that
activates the NF-κB pathway and induces the expression of
adhesive receptors (VCAM-1, E-selectin, and ICAM-1), pro-
coagulant proteins (TF, PAI-1), cytokines, chemokines, and
protective proteins [17]. Therefore, the anti-inflammatory
activity of SSEE on pAECs was evaluated by an endothelial
LPS inflammatory model [27, 28]. Firstly, it was decided to
assess a possible SSEE protective effect against LPS damage
through aMTT assay. LPS exerted an evident cytotoxic effect,
producing a significant 20% reduction of pAEC viability
(Figure 2(a)) SSEE significantly reduced LPS-induced cyto-
toxicity, restoring the basal levels at 100μg/mL concentration
(Figure 2(a)).

Given the well-documented relationship between the
inflammation process and oxidative stress [43], the in vitro
antioxidant activity (AA) of the extract was evaluated by
two assays, based on two different mechanisms: the ORAC
assay, which is based on the hydrogen-atom transfer (HAT)
mechanism, and the DPPH assay, which is an electron trans-
fer assay. As it can be seen from Table 2, the AA values of the
extract were rather similar in the two assays, being 0.10 and
0.11mmol TE/g DW, respectively. Even though it is
extremely difficult to compare and to interpret data on the
AA of plant extracts, due to the wide number of factors
affecting the activity (extract preparation procedure, test
method used, etc.), the values of the extract resulting from
both the DPPH and ORAC assays were very close to those
reported for other crude plant extracts prepared in a similar
way [44].

The antioxidant activity and protective effect of SSEE
against LPS might confirm its anti-inflammatory activity
and justify the traditional Salvia sagittata uses. Nevertheless,
to gain insight into the molecular mechanisms involved in
mediating these responses, it was decided to investigate
how SSEE could influence some of the main inflammatory
markers and protective molecules expressed by endothelial
cells at both the transcription and proteomic levels.

IL-6 and IL-8 are stress-responsive proinflammatory che-
mokines that play a pivotal role in the pathogenesis of differ-
ent acute inflammatory conditions [44, 45]. They can be
synthesized by different cell types; IL-6 activates the differen-
tiation of cytotoxic T cells and the monocyte and induces
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angiogenesis and increases vascular permeability [46, 47],
while IL-8 is a potent leukocyte and fibroblast chemoattrac-
tant/activator and it is closely associated with endothelial
permeability, inflammatory recruitment, and release of
proinflammatory mediators [48].

As can be seen in Figures 2(b) and 2(c), LPS induced a
significant increase of both the IL-6 and the IL-8 mRNA
expression after 24 h of treatment. SSEE at all tested concen-
trations was able to revert the LPS-induced IL-6 gene expres-
sion increase (Figure 2(b)) and to revert that of IL-8 in the
1-10μg/mL range (Figure 2(c)).

This is in agreement with other in vivo and in vitro
reports on other species of the Salvia genus. Yue et al. [49]
have reported that S. miltiorrhiza induced a reduction of
cytokine expression, thus alleviating liver inflammation. In
a similar way, Gao et al. [50] have reported the reduction of

nitric oxide, tumor necrosis factor (TNF-α), and IL-6 secre-
tion in RAW264.7 macrophages by a novel compound iso-
lated from S. miltiorrhiza in a LPS inflammatory model.

4.3. Effect of SSEE on HO-1 Expression. In an inflammatory
process, to avoid endothelial dysfunction, there is a tight bal-
ance between inflammatory and protective molecules. Recent
findings indicated that HO-1, initially studied for its ability to
degrade heme, is a key regulator molecule of endothelial cell
function providing an important cellular defense mechanism
against tissue injury [50, 51]. Moreover, during chronic
inflammation, HO-1 performs a double function inhibiting
leukocyte infiltration and promoting VEGF-driven nonin-
flammatory angiogenesis that facilitates tissue repair [52].
For this reason, the HO-1 gene expression and protein level
were evaluated by RT-PCR and Western blot, respectively.
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Figure 1: Effects of SSEE on pAEC physiology. Cells were treated with different concentrations of SSEE for (a) 24 h for cell viability and (b)
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Compared to the control, the SSEE treatment at the highest
tested level increased the HO-1 gene expression
(Figure 3(a)); concerning the protein level, a clearer dose-
dependent response was observed (Figure 3(b)). Although
LPS itself did induce an increase in HO-1 levels [29], upon
SSEE treatment, the protein level was even higher, and this
suggests a possible correlation with its anti-inflammatory
properties towards interleukins.

4.4. Phytochemical Investigation of SSEE. Phytochemical
investigation of the polyphenolic composition was done
through both spectrophotometric assays and HPLC-DAD
(Table 2). TPC and TFC suggest that SSEE was rich in
polyphenols, and flavonoids represented more than 65% of
polyphenol structures. TPC through the Folin-Ciocalteu pro-
cedure was investigated in a wide array of medicinal plants,
and values ranging from 9 to 183mg GAE/g DW in plants
belonging to different botanical families were reported. Con-
sidering the slight differences in the extract preparation and
the different species investigated by these authors, the TPC
content of the Salvia sagittata extract (10.19mg GAE/g DW)
turned out to be very close to that reported by Kähkönen
et al. [53] for Thymus vulgaris methanolic extract (9mg
GAE/g DW).
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Figure 2: Effects of SSEE on LPS-induced pAEC damage. (a) Effect of SSEE on LPS-induced cytotoxicity. Each bar represents mean ± S D
Effect of SSEE on (b) IL-6 and (c) IL-8 mRNA expression. Relative expression (RE) was calculated as the fold of change with respect to the
control cells, and the error bars represent the range of relative gene expression. Data shown are representative of at least three independent
experiments. Different letters above the bars indicate significant differences (p < 0 05, ANOVA, post hoc Tukey’s test).

Table 2: Antioxidant activity (AA), TPC, TFC, phenolic acids,
and flavonoid content (expressed as mg/g) in SSEE. Data are the
mean ± S E of three technical determinations.

Assays or compounds
Concentration referred to

Ethanolic plant extract Plant dry weight

AA

ORAC (mmol TE/g) 1 85 ± 0 15 0 11 ± 0 09
DPPH (mmol TE/g) 1 57 ± 0 11 0 097 ± 0 007

TPC 164 95 ± 8 57 10 19 ± 0 53
TFC 109 13 ± 5 23 6 74 ± 0 32
RA 84 76 ± 9 32 5 23 ± 0 57
HESP 0 2 ± 0 02 0 012 ± 0 001
Q-3-O-GLU 0 7 ± 0 04 0 043 ± 0 004
CHA 1 32 ± 0 16 0 08 ± 0 09
CA 0 17 ± 0 02 0 010 ± 0 001
SA 0 02 ± 0 003 0 001 ± 0 0001
RA: rosmarinic acid; HESP: hesperetin; Q-3-O-GLU: quercetin-3-O-
glucoside; CHA: chlorogenic acid; CA: caffeic acid; SA: syringic acid.
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HPLC-DAD analysis showed that the major phenolic
acid-derivative compound in the extract was rosmarinic acid
(RA) (Figure 4), reaching about 50% of TPC. Other phenolic
compounds were, in decreasing order, chlorogenic acid,
quercetin-3-O-glucoside, hesperetin, cinnamic acid, and syr-
ingic acid, the latter being present only in trace amounts
(Table 2). These results are in agreement with a recent phyto-
chemical screening carried out on three plant extracts
belonging to the Lamiaceae family by Cocan et al. [54], which
demonstrates that RA represents the major phenolic acid
compound of an ethanolic extract from Salvia officinalis
(L.) leaves.

RA has been previously demonstrated to exert anti-
inflammatory and antiangiogenic activity, and its mechanism
of action has been deeply investigated both in vitro and
in vivo. Huang and Zheng [55] reported that this phenolic
compound reduced the H2O2-dependent VEGF expression
and IL-8 release in human umbilical vein endothelial cells,
as well as intracellular ROS levels. In human leukemia cells,
RA treatment significantly sensitizes TNF-α-induced apo-
ptosis through the suppression of NF-κB and ROS generation
[56], and in a tumor-bearing mice model, a tumor growth-
suppressing activity was demonstrated [57]. Thus, most bio-
logical activities of RA, including the neuroprotective [58]
and hepatoprotective [59] ones, have been related to its
marked antioxidant properties, deriving from its ability to
act as a lipid peroxidation inhibitor and ROS scavenger [60].

Thus, it is possible to hypothesize that this cinnamic
acid derivative gives the main contribution to the anti-
inflammatory effects of the ethanolic extract of Salvia
sagittata observed in this study, although the role of other
phenolic compounds, not identified in our analysis, cannot
be excluded. Moreover, a synergistic action among all
chemical components can also explain the biological activity
of the extract.

In conclusion, the results obtained here represent the first
evidence on phytochemical aspects and anti-inflammatory
activity of the Salvia sagittata extract, which can justify the
use of this plant in the Ecuadorian Traditional Medicine.

Data Availability

The original data used to support the findings of this study
are available from the corresponding author upon request.
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When dairy cows are exposed to high-temperature environment, their antioxidant capacity and productive performance
decrease, leading to economic losses. Emerging evidence has shown that selenium (Se) can effectively alleviate heat stress in
dairy cows; however, the cellular mechanism underlying this protection is not clear. The purpose of this study was to
investigate and compare the protective effects of inorganic Se (sodium selenite, SS) and organic Se (selenite methionine, SM)
in MAC-T (mammary alveolar cells-large T antigen, a bovine mammary epithelial cell (BMEC) line) cells during heat stress.
MAC-T cells were treated in 4 ways unless otherwise described: (i) cells in the heat treatment (HT) group were cultured at
42.5°C for 1 h and then recovered in 37°C for another 12 h; (ii) the SM group was pretreated with organic Se for 2 h,
cultured at 42.5°C for 1 h, and then recovered in 37°C for 12 h; (iii) the SS group was treated similarly to the SM group
except that the cells were pretreated with inorganic Se instead of organic Se; and (iv) the control group was continuously
cultured in 37°C and received no Se treatment. The results showed that heat shock at 42.5°C for 1 h triggered heat shock
response, sabotaged the redox balance, and reduced cell viability in MAC-T cells; and pretreatment of cells with SM or SS
effectively alleviated the negative effects of heat shock on the cells. However, the cells were much more sensitive to SS
treatment but more tolerant to SM. In addition, two forms of Se appeared to affect the expression of different genes,
including nuclear factor erythroid 2-related factor 2 (Nrf2) and inducible nitric oxide synthase (iNOS) in the SM group and
thioredoxin reductase 1 (TXNRD1) in the SS group in Nrf2-ARE (antioxidant response element) antioxidant pathway and
inflammation response. In summary, results showed the mechanistic differences in the protective effects of organic and
inorganic Se on heat stress in BMECs.

1. Introduction

As global warming is getting severe, the environmental tem-
perature climbs faster in the recent ten years [1]. Meanwhile,
there are over 58% of dairy cows living in the area of torrid
and subtropical zones where the temperature humidity index
(THI) often reaches over 68 which causes heat stress in dairy
cows [2]. Heat stress induces oxidative stress and inflamma-
tion, increases the risk of health problems, and reduces milk
production [3]. Thus, it is of vital importance to explore
effective methods to mitigate the suffering of dairy cows
and reduce economic losses in heat stress.

Selenium (Se) is an essential mineral nutrient, and its
deficiency in animals is a global problem for susceptibility
to various diseases and decreased production performance
[4]. In addition, Se can effectively relieve the stress-induced
damage in cells. It has been shown that in IPEC-J2 cells, heat
stress induced the expression of 10 selenoprotein-related
genes which are known to play an important role in anti-
oxidation by promoting the metabolism of hydrogen per-
oxide and regulating the stress level in cells [5, 6]. In
addition, Se can cooperate with immune responses to pro-
duce inflammation-related enzymes to kill pathogens [7].
Because of these beneficial effects of Se, various forms of Se
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have been used as feed additives in animal production in
many countries [8]. There are two sources of Se additives,
organic and inorganic. Some studies showed that organic
Se is less toxic than inorganic selenium [9]. The use of
selenized yeast, an organic source of selenium, signifi-
cantly increases milk selenium concentration compared with
inorganic selenium [10], but from the economic point of
view, inorganic selenium is more advantageous.

Studies have shown that Se is effective in relieving heat
stress in practice [11], but the specific mechanism is still
unclear, especially in bovine mammary epithelial cells
(BMECs). Therefore, the aim of this study was to determine
the function and effects of organic Se (selenite methionine,
SM) and inorganic Se (sodium selenite, SS) on antioxidation
and anti-inflammation in BMECs.

2. Materials and Methods

2.1. Cell Culture and Treatment.MAC-T (a BMEC line) cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), 100U/mL penicillin G, and 100μg/mL streptomycin
(Gibco Laboratories, Grand Island, NY, USA) in a humidi-
fied incubator at 37°C [12]. The cells were treated in 4 ways
unless otherwise described: (i) cells in the heat treatment
(HT) group were cultured at 42.5°C for 1 h and then recov-
ered in 37°C for another 12h; (ii) the SM group was pre-
treated with various concentrations (0, 0.1, 0.5, 1, 2, 5, 10,
20, 50, and 100μM) of SM (Sigma, St. Louis, MO, USA)
for 2 h, followed by culturing at 42.5°C for 1 h and then
recovering in 37°C for 12h; (iii) the SS group was treated
similarly to the SM group except that the cells were
pretreated with SS (Sigma) instead of organic Se; and (iv)
the control group was continuously cultured in 37°C and
received no Se treatment.

2.2. Cell Viability Assay. Cell viability assay was performed
using the CCK-8 kit (Beyotime, Nanjing, China) according
to manufacturer’s instruction. MAC-T cells (1 × 105/mL)
were seeded into 96-well culture plates. After cells were
pretreated with or without different concentrations of SM
or SS for 2 h, they were treated or not for 1 h at 42.5°C
and then cultured at 37°C for different times. They were
then incubated with 10% CCK-8 at 37°C for 2 h before
measuring the OD at 450 nm with a microplate reader
(MD, CA, USA).

2.3. Detection of Intracellular Reactive Oxygen Species.
MAC-T cells (1 × 106/mL) after treatment were disposed with
10μM dichloro-dihydro-fluorescein diacetate (DCFH-DA;
Sigma) in 6-well plates at 37°C for 30min. They were
resuspended in phosphate-buffered saline (PBS) and ana-
lyzed for fluorescence using flow cytometry. The percent-
ages of fluorescence-positive cells were recorded on a
FACSCalibur Flow Cytometer (BD Biosciences, San Diego,
CA, USA) using excitation and emission filters of 488 and
530nm, respectively.

2.4. Detection of Apoptosis and Necrosis. Cell apoptosis and
necrosis were detected with annexin V-FITC/PI apoptosis

detection kit (BD Biosciences). Cells after treatment were
harvested, resuspended, and diluted to the density of 1 ×
106/mL. After labeling according to manufacturer’s protocol,
cells were pelleted and analyzed with flow cytometry using
excitation filter of 488nm. The emission filters for green
fluorescence of annexin V-FITC and red fluorescence of PI
were 525nm and 595nm, respectively. Results were analyzed
as the percentages of annexin V-FITC+/PI- cells by Cell-
Quest software (BD, Franklin Lakes, NJ, USA).

2.5. Measurement of Total Antioxidant Capacity and
Superoxide Dismutase. Cells were seeded in 6-well culture
plates and treated. They were harvested and lysed in
ice-cold PBS by sonication, followed by centrifugation at
15,000 g for 10min at 4°C. The supernatant was taken for
subsequent determination. Total antioxidant capacity
(T-AOC) was detected using total antioxidant capacity assay
kit (Beyotime) with ABTS method [13] following manufac-
turer’s protocol. ABTS stock liquid was prepared for at least
12-16 h before use and stored in no-light condition at room
temperature. After diluting to a suitable concentration,
200μL of ABTS working liquid was added into the superna-
tant in 96-well culture plates. After mixing and reaction for
2-6min, the OD of samples was measured at 734nm with a
microplate reader (MD). The T-AOC of the sample was cal-
culated from the standard curve. Superoxide dismutase
(SOD) was detected using total superoxide dismutase assay
kit (Beyotime) with WST-8 method. Briefly, WST-8/enzyme
working liquid and reaction start-up reagent (prepared
freshly) were added into 96-well culture plates. After mixing
and reaction for 30min at 37°C, the OD of samples was mea-
sured at 450 nm with a microplate reader (MD).

2.6. RNA Isolation and Quantitative Real-Time PCR (qPCR).
Total RNA was extracted according to manufacturer’s proce-
dures with the RNA Purification Kit (Aidlab Biotechnologies
Co. Ltd., Beijing, China). Total RNA of 800ng was reverse
transcribed to cDNA using PrimeScript RT reagent (Takara,
Tokyo, Japan) and diluted 1 : 5 for further experiment. QPCR
was performed in a 7500c real-time PCR detection system
(Applied Biosystems, Carlsbad, California, USA) using SYBR
premix EX Taq (Takara) as described previously [14].
GAPDH, RPS9, and UXT were used as housekeeping genes
for the normalization of other genes’ expression. Primers
were designed using the National Center for Biotechnology
Information (NCBI) Primer-BLAST and listed in Table 1.
The 2−ΔΔCtmethod [15] was used to calculate the relative
mRNA abundance.

2.7. Western Blotting Analysis. Cells after treatments were
lysed on ice by adding 200μL RIPA buffer containing
10mM PMSF and scraped into 1.5mL Eppendorf tubes
for centrifugation (12,000 g for 5min at 4°C). Protein con-
centrations were determined by BCA protein quantifica-
tion kit (Beyotime). The lysates were diluted to 2 ng/μL
by Sodium Dodecyl Sulfate Polyacrylamide Gel Electro-
phoresis (SDS-PAGE) loading buffer and separated by
SDS-PAGE. Then, proteins were transferred from the gels
onto polyvinylidene fluoride (PVDF) membranes (Millipore,
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USA). The membranes were blocked by 5% milk for 1 h
at 4°C under agitation and then incubated with primary
antibody against Nrf2 (nuclear factor erythroid 2-related
factor 2, 1 : 1000; Abcam, Cambridge, MA, USA), TXNRD1
(thioredoxin reductase 1, 1 : 2000; Abcam), IKB alpha
(1 : 1000; Abcam), IKB alpha (phospho S36) (1 : 10000;
Abcam), and β-actin (1 : 1000; Boster, Wuhan, China)
overnight at 4°C. The HRP-conjugated goat anti-rabbit
IgG or goat anti-mouse IgG antibodies (Boster) were used
as secondary antibodies. The membranes were incubated
with secondary antibody for 2 h under agitation. Finally,
the western blotting results were quantified using Image-
Pro Plus 6.0 software (Media Cybernetics, Washington,
MD, USA).

2.8. StatisticalAnalysis.Dataarepresentedasmean ± standard
deviation of the mean with three independent experiments.
Differences between the mean values of normally distributed
data were assessed with one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons test
for multiple comparisons and Student’s t-test for compari-
sons of two groups. p < 0 05 was accepted as statistically sig-
nificant. All statistical tests were carried out using GraphPad
Prism Software version 6.0 (GraphPad Software Inc., La
Jolla, CA, USA).

3. Results

3.1. Se Rescued the Heat Shock-Induced Cell Viability
Decrease. MAC-T cells treated with heat shock, followed
by recovery in 37°C for increasing time periods, showed a
gradually decreased cell viability within 12 h (Figure 1(a)).
The cell viability was 70% at 12 h of recovery time but
nearly fully recovered at 24 h. When the cells were treated
with 0.1-100μM SM or SS for 2 h followed by culturing
in normal medium for 12 h, the cell viability increased at
low concentrations (0.1-2μM for SM and 0.1-0.5μM for

SS) but decreased at high concentrations (50-100μM for
SM and 5-100μM for SS) (Figure 1(b)). Furthermore,
when cells were pretreated with 0.1-100μM SM or SS,
followed by heat shock and recovery for 12 h, the heat
shock-induced cell viability decrease was partially rescued
by 2-100μM SM or 0.1-2μM SS pretreatment (Figure 1(c)).
Furthermore, the cell viability was further decreased at high
concentrations (10-100μM) of SS. The dose-dependent
effects of SM and SS were almost in inverse relationship
(Figure 1(c)). Pretreatment of cells with 10μM SM or
1μM SS showed the best rescues of cell viability (83.1%
and 81.4%, respectively) and thus were used in the follow-
ing experiments.

3.2. Se Alleviated the Heat Shock-Induced Cell Apoptosis
and Necrosis. MAC-T cells treated with heat shock
increased cell apoptosis and necrosis rates by 1.44- and
1.38-fold, respectively (Figure 2(a)). However, treatment
of cells with 10μM SM or 1μM SS before heat shock sig-
nificantly alleviated the heat shock-induced increases in
apoptosis and necrosis (Figure 2(a)). In addition, pretreat-
ment with either Se significantly decreased mRNA abun-
dance of BAX (Bcl-2-associated X protein), a proapoptosis
marker, and increased mRNA abundance of BCL2 (B-cell
lymphoma-2), an antiapoptosis marker (Figure 2(b)), result-
ing in a decrease in the ratio of BAX and BCL2 in the cells
(Figure 2(c)).

3.3. Se Reduced Heat Shock-Induced Increase in Heat Shock
Response. Heat shock response (HSR) was triggered by
high-temperature treatment in MAC-T cells as shown by
the large increase in mRNA abundance of heat shock factor
1 (HSF1) and heat shock protein 90 (HSP90) in Figure 3.
The response of HSF1 was reduced by the pretreatment of
cells with 10μM SM or 1μM SS, whereas the HSP90
increase was decreased by pretreating cells with SM only
(Figure 3).

Table 1: Sequences of primers used in real-time PCR.

Gene Forward (5′-3′) Reverse (5′-3′) GenBank accession # of mRNA

RPS9 cctcgaccaagagctgaag cctccagacctcacgtttgttc NM_001101152.2

UXT tgtggcccttggatatggtt ggttgtcgctgagctctgtg NM_001037471.2

GAPDH tggaaaggccatcaccatct cccacttgatgttggcag NM_001034034.2

BAX tggacattggacttccttcg ccagccacaaagatggtcac NM_173894.1

BCL2 ggggtcatgtgtgtggagag tccacaaaggcgtcccag NM_001166486

HSF1 tgcagctgatgaaggggaag actggatgagcttgttgacga NM_001076809.1

HSP90 ccaagtctggcactaaag gaagactcccaagcatac NM_001079637.1

Nrf2 aaccaccctgaaagcacaac ttgggacccttctgtttgac NM_001011678.2

TXNRD1 gtgttcacgactctgtcggt ctgccttccacgaatcacct NM_174625.4

HO-1 atcgaccccacacctacaca gacgccatcaccagcttaaaa NM_001014912

iNOS tcaacaaagccctgagcagta ggaaaactccgaggtgctct NM_001076799.1

MCP cgctcagccagatgcaatta cccatttctgcttggggtct NM_174006.2

IL-8 ttgtgaagagagctgagaagca acccacacagaacatgaggc NM_173925.2

IL-10 ctttaagggttacctgggttgc gccttgctcttgttttcgca NM_174088.1

3Oxidative Medicine and Cellular Longevity



3.4. Se Improved the Heat Shock-Induced Decline in
Antioxidant Capacity. As shown in Figure 4(a), the level of
ROS (reactive oxygen species) increased after heat shock in
MAC-T cells, and the pretreatment of cells with 10μM SM
or 1μM SS significantly reduced the ROS increase in heat
shock-treated cells. In addition, the mRNA abundance of
HO-1 (heme oxygenase 1) was increased in the HT group
compared with the control group, but the increase was par-
tially inhibited by SM and SS pretreatments (Figure 4(b)).
The mRNA abundance of SOD and T-AOC were decreased
when cells were treated with high temperature, and SM and
SS pretreatments improved these declines (Figure 4(c)). Fur-
thermore, the protein levels of Nrf2 and TXNRD1 were
increased by heat shock treatment, but the increase was sup-
pressed by SM or SS pretreatment (Figure 4(e)). It appeared

that the effect of SM pretreatment was more on Nrf2 expres-
sion, whereas the effect of SS tended to be more on inhibiting
the protein level of TXNRD1 (Figures 4(d) and 4(e)).

3.5. Se Reduced the Influence of Heat Shock on Inflammation.
The protein level of iκBα (Figure 5(a)) and the mRNA abun-
dance of inflammatory cytokines andmarkers, such as induc-
ible nitric oxide synthase (iNOS; Figure 5(b)), interleukin-10
(IL-10; Figure 5(c)), monocyte chemoattractant protein
(MCP; Figure 5(d)), and interleukin-8 (IL-8; Figure 5(e)),
were all increased by heat shock in MAC-T cells (Figure 5).
However, these increases were mostly reversed by SM or SS
pretreatment. Specifically, SM suppressed mRNA abundance
of iNOS significantly (Figure 5(b)), whereas SS did not show
a significant effect.
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Figure 1: Selenite methionine (SM) and sodium selenite (SS) have protective effects on high-temperature shock-induced cell viability
decrease in MAC-T cells. (a) Cell viability of MAC-T cells treated with 42.5°C for 1 h (heat treatment, HT) and then recovered at
37°C for indicated time periods. The control (CON) group was continuously cultured at 37°C without heat treatment. (b) Cell viability
of MAC-T cells treated with indicated concentrations of SM and SS for 2 h and then cultured in normal medium for another 12 h.
The control group had no SS or SM treatment. (c) Cell viability of MAC-T cells pretreated with indicated concentrations of SM and
SS for 2 h, followed by HT and recovery for 12 h. # means significant difference between the SS group and the CON group (b) or
between the SS group and the HT group (c). ∗ means significant difference between the HT group and the CON group (a), between
the SM group and the CON group (b), or between the SM group and the HT group (c). #p < 0 05, ##p < 0 01, ###p < 0 001; ∗p < 0 05,
∗∗p < 0 01, ∗∗∗p < 0 001.
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4. Discussion

Elevated environmental temperature changes not only the
behaviors of dairy cows, such as malaise, panting, frustration,
and aggression, but also the biological function and health
status which cause milk yield decrease and delay in estrus
cycles [16]. But the specific mechanism of heat stress in cows
is still unclear. Our study showed that heat shock treatment
of BMECs with 42.5°C for 1 h reduced cell viability at 12 h
by 30%, and this reduction was at least partially caused by
increasing cell apoptosis and necrosis rates. The ratio of
BAX/BCL2 in these cells also confirmed the effect. This
observation was consistent with an earlier study [17].

The dilemma that high-producing cows are more suscep-
tible to environmental temperatures makes it a high priority
to find effective methods to reduce heat stress in cows [18].
Although fans, sprinkles, misters, and cooled waterbeds have
been used in dairy farms to alleviate heat stress, researchers
working on the effect of heat stress on dairy cows have
increasingly focused on developing methods to use supple-
mental dietary additives, for example, Se [19, 20], to alleviate
the hyperthermia damages in cows. Se has the protective

function against oxidative stress in dairy cows [21]. As a
common antioxidant trace element, Se also has anti-inflam-
matory, anticancer, and immune-enhancing functions [22].
The addition of Se has shown to increase the resistance of
the breast to inflammatory diseases [23]. Se includes organic
and inorganic forms. To our knowledge, until now there are
not any studies to investigate their differences in the molecu-
lar mechanism in resisting heat stress.

The present study found that pretreatment of MAC-T
cells with SM or SS itself had significant effect on cell viabil-
ity in a dose-dependent manner. MAC-T cells were much
more sensitive to the concentrations of SS compared to
SM. Some studies showed that organic Se has higher bio-
availability and is more environmental friendly and less
toxic to animals than inorganic Se [9, 24, 25]. A study
showed that cattle with organic Se supplementation had
higher concentrations of Se in whole blood and milk than
cattle with inorganic Se supplemented [10]. The difference
may be due to the distinct absorption mechanism of two
forms of Se from the gastrointestine. Kim and Mahan [9]
showed that dietary organic and inorganic Se were toxic
when the concentrations of Se in growing-finishing swine
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Figure 2: Effects of selenite methionine (SM) and sodium selenite (SS) pretreatments on high-temperature shock-induced cell apoptosis and
necrosis (a), mRNA abundance of BAX and BCL2 (b), and the ratio of BAX and BCL2 (c) in MAC-T cells. MAC-T cells were pretreated with
(+) or without (-) 10 μM SM or 1 μM SS for 2 h, followed by 42.5°C treatment for 1 h (heat treatment, HT) and recovery at 37°C for 12 h.
Values without a common letter are different (p < 0 05).
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exceeded 5 ppm, but subsequent selenosis was worse and
appeared earlier if SS was used as Se source. Consistently,
in this study, pretreatment of cells with SM or SS also
partially rescued the decrease in cell viability of MAC-T
after 42.5°C shock for 1 h in a dose-dependent manner.
The cell viability after heat shock significantly improved at
low concentrations of SS (0.1-2μM) but at higher concen-
trations of SM (≥2μM).

Studies have shown that cells have increased susceptibil-
ity to undergoing apoptosis when suffering heat stress [26].
In this study, the improved cell viability after heat shock by
SM and SS pretreatments was also supported by the decrease
in cell apoptosis and necrosis rates and decrease in the ratio
of BAX/BCL2, twomajor cell apoptosis-associated regulatory
proteins. The protective effect of Se on heat stress in MAC-T
cells is consistent with the results of the studies of Khera
et al. [27] in trophoblast cells and Ganesan et al. [28] in
muscle cells.

The main function of HSP (a heat shock protein) is to
resist the effects of stress on cells [29]. HSF1 leads the induc-
tion of expression of stress-responsive genes, whereas HSP90
is a main defense protein against heat stress [30, 31]. Under
normal circumstances, HSF1 binds with HSP (usually
HSP90). When the body or cells are stimulated, HSP is sepa-
rated from HSF1. HSF1 then enters the nucleus and induces
the expression of downstream heat shock element regulatory
genes [1]. Our study showed that there was a striking increase
of gene expression of HSF1 and HSP90 in MAC-T cells after
heat shock and Se pretreatment reversed the effects. The find-
ings are supported by previous observations that Se defi-
ciency increased the level of heat shock proteins in chicken

livers [32] and the expression of HSP90 in chicken erythro-
cytes [33].

Studies have discovered that heat stress can enhance the
production of ROS and then disturb the homeostasis of redox
equilibrium, leading to oxidative stress in cells [34]. In addi-
tion, heat stress changed the expression of selenoprotein
genes in IPEC-J2 cells [5], which could further contribute
to heat stress in the cells. Study also found that the supple-
mentation of Se can increase the glutathione peroxidase
activity and improve the ability of antioxidant system in lac-
tating cows [35]. Our study confirmed that oxidative stress in
MAC-T cells after heat shock increased ROS production and
decreased SOD and T-AOC activity. Our study also showed
the antioxidative effect of Se pretreatment in MAC-T cells.
The antioxidative effect of Se is likely due to its existence in
redox system-related enzymes, such as glutathione peroxi-
dase (GSH-Px). Furthermore, heat shock and Se pretreat-
ment influenced the expression of HO-1. Endogenous
carbon monoxide generated by HO-1 activates Akt/PKB
(protein kinase B). Akt has a negative impact on GSK-3β
(glycogen synthase kinase 3β), which activates Nrf2 [36].
Thus, the effects of Se can also result from its effect on the
expression of Nrf2, a master transcription factor that regu-
lates the expression of antioxidant proteins. A previous study
showed that the influence of epigallocatechin-3-gallate on the
intracellular Nrf2 levels was removed in Se-optimal mice
[37]. Upon oxidative stress, the ubiquitination of Nrf2 stops.
Nrf2 translocates into the nucleus and binds with antioxidant
response element, ultimately activating the defensive system
[38]. TXNRD1, an intracellular selenoprotein, is an isozyme
which provides one of the main enzymatic defense systems
for ROS in vascular endothelial cells [39]. In this study, we
found that two forms of Se tended to activate different genes
in Nrf2-antioxidant pathway. SM pretreatment tended to
suppress the expression of Nrf2, whereas SS tended to
decrease the protein level of TXNRD1.

Oxidative stress has been linked to inflammation [40].
The appearance of inflammation is usually mediated by cyto-
kines. IL-10 has a pleiotropic effect in immune regulation
and inflammation. It blocks the activity of NF-κB (nuclear
factor kappa-B) and participates in the regulation of
JAK-STAT (Janus kinase-signal transducer and activator of
transcription) signaling pathway [41]. A large amount of
NO (nitric oxide) is produced by iNOS during stimulation.
The induction of high output of iNOS usually occurs in oxi-
dizing environment so that high levels of NO have the oppor-
tunity to react with superoxide, leading to peroxynitrite
formation and cytotoxicity [42]. In this study, we showed
that heat shock induced inflammation as shown by increased
mRNA abundance of inflammation markers and cytokines,
and Se pretreatment can suppress the induction. SM pre-
treatment regulated iNOS prominently, whereas SS had no
significant effect on iNOS.

5. Conclusion

SM and SS are two Se dietary additives commonly used in
dairy farms. However, their concentrations and effects on
milk production are diverse from each other. The present
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study showed that both SM and SS can relieve heat stress
damage in MAC-T cells. Specifically, SM and SS can modu-
late the antioxidant and immune responses through differ-
ent enzymes and cytokines. The organic Se showed more

effects on an upper stream target (Nrf2) on oxidative stress
and iNOS on inflammation, whereas inorganic Se acted
more on the lower stream target (TXNRD1). This study
showed the different target genes on oxidative stress and
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Figure 4: Selenite methionine (SM) and sodium selenite (SS) improved redox status in high temperature-shocked MAC-T cells. MAC-T cells
were pretreated with (+) or without (-) 10μM SM or 1μM SS for 2 h, followed by 42.5°C treatment for 1 h (heat treatment, HT) and recovery
at 37°C for 12 h. The cells were analyzed for (a) the intracellular reactive oxygen species (ROS) production; (b) relative mRNA abundance of
HO-1; (c) the superoxide dismutase (SOD) activity and total antioxidant capacity (T-AOC); (d) relative mRNA abundance of nuclear factor
erythroid 2-related factor 2 (Nrf2) and its target gene thioredoxin reductase 1 (TXNRD1); and (e) protein levels of Nrf2 and TXNRD1 (top
panel: a representative western blot image, bottom panel: quantitative representation of the western blot analysis of 3 independent
experiments). Values without a common letter are different (p < 0 05).
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Figure 5: Selenite methionine (SM) and sodium selenite (SS) alleviated the inflammation responses induced by high-temperature shock in
MAC-T cells. MAC-T cells were pretreated with (+) or without (-) 10μM SM or 1 μM SS for 2 h, followed by 42.5°C treatment for 1 h
(heat treatment, HT) and recovery at 37°C for 12 h. The cells were analyzed for the protein level of iκBα ((a) top panel: a representative
western blot image, bottom panel: quantitative representation of the western blot analysis of 3 independent experiments) and mRNA
abundance of inducible nitric oxide synthase (iNOS) (b), interleukin-10 (IL-10) (c), monocyte chemoattractant protein (MCP) (d), and
interleukin-8 (IL-8) (e). Values without a common letter are different (p < 0 05).
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inflammation by two forms of Se on cellular level for the
first time.
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Radiotherapy is effective on a large number of cancer types and is one of the most frequently administrated treatments for cancer
patients. The anticancer efficacy of X-ray radiotherapy has been frequently correlated with reactive oxygen species (ROS) elevation,
which is also a limiting factor for its toxicity on normal tissues. Here, we found that although 4-10Gy X-rays could significantly
reduce cell numbers in both MDA-MB-231 and MCF-7 breast cancer cells, the ROS level changes are less in MCF-7 cells than
in MDA-MB-231 cells. Moreover, although both the ROS scavenger N-acetyl-L-cysteine (NAC) and 1 T static magnetic field
(SMF) could reduce X-ray-induced ROS elevation, they did not prevent X-ray-induced cell number reduction or cell death
increase, which is significantly different from cisplatin. These results demonstrate that although the anticancer efficacy of
cisplatin on two breast cancer cell lines is dependent on ROS, the anticancer efficacy of X-ray is not. Moreover, by testing 19
different cell lines, we found that 1 T SMF could effectively reduce ROS levels in multiple cell lines by 10-20%, which encourages
further studies to investigate whether SMF could be used as a potential “physical antioxidant” in the future.

1. Introduction

Radiotherapy has great advantages over chemotherapy for
generating localized ionizing radiation on tumor tissues
while fewer effects on normal tissues in the human body.
Overall, radiotherapy is currently estimated to be used on
around 50% of cancer patients and contributes to about
40% of curative treatment for cancers [1, 2].

Although different cell types and tissues respond to radi-
ation differentially [3–5], the anticancer efficacy of X-ray
radiotherapy has been frequently correlated with increased
reactive oxygen species (ROS) and apoptosis [6–12]. Theo-
retically, precisely positioned high-energy X-ray or γ-ray
could kill cancer cells by directly or indirectly damaging
DNA structure or by overproducing ROS in cells to break
down DNA [13, 14]. ROS are highly reactive oxygen metab-
olites that include multiple types, such as superoxide radical,

hydrogen peroxide, and hydroxyl radical. They are normal
metabolic products during cell respiration, which are
essential for some physiological cellular processes, but
can be elevated in some pathological conditions or under
external stresses.

There are multiple evidences showing that cancer cells
generally have higher ROS levels than noncancer cells
[15, 16]. Since excessive ROS could cause DNA damage,
attack various macromolecules, damage cellular components
and accumulate oxidative damage, they are considered to be a
possible cause for carcinogenesis. On the other hand,
elevated ROS could also be used as an effective way to kill
cancer cells for their apoptosis-promoting ability [17, 18].
Moreover, it is proposed that cancer cells may be more
sensitive than normal cells to ROS accumulation so that
increased oxidative stress by exogenous ROS generation
could be used as an anticancer therapy strategy to selectively
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kill cancer cells without affecting normal cells [19–21].
Therefore, ROS are considered to be a double-edged sword
in tumorigenesis and cancer treatment.

Although radiation is much more localized on targeted
cancer tissues than chemotherapy drugs, it could also
cause side effects on other tissues. Considering the preva-
lence of ROS elevation after radiation, people have used
antioxidant agents not only to reduce radiation-induced
apoptosis, tissue damage, and improve rodent survival in
researches [22–27] but also as radioprotective agents to
alleviate side effects on patients [28, 29]. However, there
are some studies showing that supplementation with high
doses of antioxidant alpha-tocopherol and beta-carotene
during radiotherapy might compromise radiotherapy effi-
cacy in head and neck cancers [30, 31], which could be
caused by decreased ROS levels. But whether reducing ROS
will reduce radiotherapy efficacy on other cancer types is
still unknown.

Here in this study, we investigated the dependency of
ROS in the anticancer efficacy of X-ray on breast cancer
cells. Since breast cancer is a complex disease that has dif-
ferent subtypes based on gene expression and histological
signatures [32, 33], we chose both the luminal breast can-
cer cell line MCF-7 and the mammary gland breast cancer
cell line MDA-MB-231. We found that the anticancer
efficacy of cisplatin in these breast cancer cells is ROS
dependent, but the anticancer efficacy of X-ray is ROS
independent. Moreover, the results from 19 different cell
lines show that 1T SMF could reduce ROS levels in multiple
cell types.

2. Materials and Methods

2.1. Cell Culture. We tested 19 cell lines in this study, which
are all adherent cells. The GIST-T1 cell line (gastrointestinal
stromal tumor) was from Cosmo Bio Co. Ltd. (Tokyo,
Japan). All other cell lines were from American Type Culture
Collection (Manassas, VA, USA).

MCF-7, MDA-MB-231, GIST-T1, HeLa (cervix epithelial
adenocarcinoma), HCT116 (colon epithelial carcinoma),
PC3 (prostate adenocarcinoma), C6 (rat brain glial), HepG2
(hepatocellular carcinoma), RPE1 (retina epithelial), 293T
(kidney epithelial), differentiated PC-12 (rat pheochromocy-
toma), NIH-3T3 (mouse embryo fibroblast), and CHO
(Chinese hamster ovary) cells were cultured in DMEM
medium without L-glutamine (15-017-CVR, Corning, NY,
USA), supplemented with 10% (v/v) FBS (fetal bovine
serum) (FB25015, Clark Bioscience, Richmond, VA, USA),
1% GlutaMAX (35050-061, Gibco, Carlsbad, CA, USA),
and 1% (v/v) P/S (penicillin/streptomycin) (SV30010,
HyClone, Logan, UT, USA). CNE-2Z (nasopharyngeal
cancer), EJ1 (bladder cancer), and U251 (brain glioblastoma)
cells were cultured in RPMI 1640 without L-glutamine
(15-040-CVR, Corning) and supplemented with 10% FBS,
2mMGlutaMAX, and 1% P/S. Three human noncancer lung
cells (HSAEC2-KT, HSAEC30-KT, and HBEC30-KT) were
cultured in SAGM (Lonza, CC-3118). All cells were main-
tained in a cell incubator (BC-J160S, Shanghai Boxun,
Shanghai, China) at 37.0°C and 5% CO2.

2.2. X-Ray Irradiation. The MCF-7 and MDA-MB-231 cells
were plated at 4 × 105/ml one day before the experiment to
allow cell attachment. On the second day, cells were
irradiated with a cabinet X-ray machine (X-RAD 320, Preci-
sion X-Ray Inc., North Branford, CT, USA) at 12.5mA and
320 kV, using a dose rate of 1.04Gy/min, to a total dose of
4/6/8/10Gy or 4/8Gy in specific experiments, and then
incubated in a humidified atmosphere at 37.0°C and 5%
CO2 for another 2 days, with or without SMF exposure.
Finally, the samples were harvested to measure cell number,
ROS level, cell death, cell cycle, and clonogenic survival assay.

2.3. Static Magnetic Field Exposure. 1T SMF was provided by
permanent magnets and the details have been described in
our previous studies [34, 35]. We used the north pole of the
magnet for cell exposure in this study and the magnetic field
intensities at the position of the cells were 1 07 ± 0 037T.
To minimize the experimental variations, the control
groups were placed in the same cell incubator, but far
away from the magnets where the magnetic field intensity
was 0 925 ± 0 206Gs (background magnetic field in the lab
was 0 875 ± 0 171Gs), which is 10,000-fold lower than the
1T SMF experimental group.

2.4. NAC and Cisplatin Treatment. N-Acetyl-L-cysteine
(NAC, acetylcysteine, HY-B0215) and cisplatin (HY-17394)
were purchased from MedChemExpress (Shanghai, China).
The NAC stock solution was made by dissolving NAC in
deionized H2O at 200mM, adjusting the pH to 7.2-7.4 before
it was filtered with 0.22μm filters. The cisplatin stock
solution was made at 10mM in N, N-dimethylformamide
(DMF), which was used as control for cisplatin addition.
Cells in the NAC treatment groups (NAC, NAC + 1T
SMF,NAC + 4/8Gy, NAC + cisplatin, and NAC + cisplatin +
8Gy) were preincubated with 10mM NAC for 1 h. Then,
the cells were treated with specific conditions according to
experimental designs and maintained in a cell incubator at
37.0°C and 5% CO2, with or without 1 T SMF exposure for
another 2 days before they were harvested for analysis.

2.5. Measurement of Intracellular ROS Levels. Intracellular
ROS levels were detected using the fluorogenic probe 2′,
7′-dichlorofluorescin diacetate (DCFH-DA, D6883, Sigma-
Aldrich, St. Louis, MO, USA), which is a cell-permeable
nonfluorescent probe. DCFH-DA can easily pass the cell
membrane and is deesterified by intracellular esterases to
the nonfluorescent polar derivative DCFH, which is oxidized
to highly fluorescent dichlorofluorescein (DCF) in the
presence of ROS.

DCFH-DA was used as previously described in the
literature [36–38]. Basically, cells were harvested and loaded
with 2μMDCFH-DA at 37°C for 20min in DMEM medium
without serum. The working volume DCFH-DA was added
proportionately, which was based on the total cell numbers.
After PBS washes, the DCF fluorescence in the cells was
measured by a flow cytometer (CytoFLEX, Beckman Coulter,
Brea, CA, USA) at an excitation wavelength of 500nm. For
each sample, 10,000 events were acquired and the raw data
of geometric mean of fluorescence were quantitatively
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analyzed using the CytExpert Software program (version
1.2). Relative fluorescence was calculated by normaliza-
tion to the control group.

We also used carboxy-H2DCFDA (C400, Molecular
Probes, Eugene, OR, USA) probe, which is oxidation
insensitive, to measure intracellular ROS level. As a posi-
tive control, H2O2 was incubated with cells for 30min.
We used different H2O2 concentrations because various
cell types responded differently. After preliminary examina-
tion, we chose 400μM for MDA-MB-231, 2mM for
MCF-7, 1mM for 293T, and 3mM for RPE1 cells. H2O2 at
these concentrations could increase the ROS levels in these
cells without causing dramatic cell death. Cells with or
without 1T SMF exposure were collected, and then incu-
bated with 25μM carboxy-H2DCFDA at 37°C for 1 h in
DMEM medium without serum. After being washed by
PBS, 10,000 cells were measured by flow cytometer at
an excitation wavelength of 495 nm. Relative fluorescence
intensity of 1T SMF treatment groups was normalized to
the control groups.

2.6. Clonogenic Survival Assay. The cells were plated one
day ahead and then pretreated with or without 10mM
NAC for 1 hour before DMF vehicle control or cisplatin
1/2/5μM addition. Then, they were cultured for another
two days in the presence or absence of 1T SMF. The
X-ray in combination with NAC/1T SMF experimental
procedures is the same as described above. Then, the cells
were harvested, counted, and resuspended in fresh com-
plete DMEM. 500 cells were plated per well and main-
tained in a cell incubator for 12-14 days, with medium
change every 3 days. At the end of the experiment, cells
were fixed by 4% formaldehyde for 20min, stained with
0.1% crystal violet solution for another 20min, followed
by PBS wash for several times. Colonies with more than 50
cells were counted. The efficiency of colony formation was
calculated as [ colonies counted/cells seeded × 100] %. All
experiments were conducted in triplicate and repeated at
least three times.

2.7. Cell Death Analysis.We used FITC Annexin V Apoptosis
Detection Kit (556547, BD Pharmingen™, San Diego, CA,
USA) for cell death analysis according to the manufacturer’s
instructions. Briefly, cells were harvested and washed with
PBS before they were resuspended in 100μl binding buffer.
Then, 5μl FITC Annexin V and 10μl PI (propidium iodide)
were added to the cell suspensions, mixed, and incubated in
the dark for 20min at room temperature. Then, 400μl bind-
ing buffer was readded to the cells before they were analyzed
by flow cytometry. 10,000 events were collected and analyzed
for each sample. Experiments were conducted at least three
times independently. Both apoptotic and necrotic cells were
analyzed, and their numbers were combined, normalized to
the control group, and shown as “relative dead cell number”
in the figures.

2.8. Cell Cycle Distribution Analysis. Cells were trypsinized
and washed with PBS before they were fixed by 70%
ice-cold ethanol overnight at -20°C. Then, the cells were

rewashed by PBS and incubated in PI solution (BD
Pharmingen, San Diego, CA, USA) for 30min at room
temperature in the dark. Samples were collected using flow
cytometry and data were analyzed by ModFit LT.

2.9. Statistical Analysis. In the current manuscript, all
experiments were repeated at least three times indepen-
dently, and the data were analyzed by GraphPad Prism 5
(version 5.01, GraphPad Software, La Jolla, CA, USA). Mean
values are shown in the figures, and SDs are shown as error
bars. Comparisons between treatments were analyzed by a
two-tailed Student’s t-test. p values are labeled in the figures
for where data were compared or between the experimental
group and its control group.

3. Results

We first examined the effects of 4/6/8/10Gy X-rays on
MDA-MB-231 breast cancer cells. As expected, the ROS
levels were significantly increased by X-rays at all doses
(Figure 1(a)). The cell numbers were reduced, and cell
death was increased in a dose-dependent way (Figures 1(b)
and 1(c)). However, MCF-7 breast cancer cells responded
to X-rays similarly but to a less extent. The ROS levels in
MCF-7 cells were increased by <20% after 4-10Gy X-ray
treatment (Figure 1(d)), which is much lower than the
40-90% in MDA-MB-231 cells (Figure 1(a)). However, the
MCF-7 cell numbers were reduced markedly, and cell death
was also increased (Figures 1(e) and 1(f)), which is similar
to MDA-MB-231 cells.

It has been previously reported that the ROS levels can be
affected by many factors, such as cell density and magnetic
fields of various types [39, 40]. We found that for both
MDA-MB-231 and MCF-7 cells, the ROS levels were signifi-
cantly elevated when the cell plating densities were increased,
which means that these breast cancer cells generate higher
levels of ROS when they are more crowded (Figure 2(a)). It
is obvious that 1T static magnetic field (SMF), with the
north pole beneath the cells (Supplementary Figure 1),
can reduce the ROS level in both cell lines at multiple
cell densities (Figure 2(b)).

Next, we used both NAC and 1T SMF to test the depen-
dence of X-ray-induced breast cancer cell reduction on ROS.
NAC is a total ROS scavenger that can react with various
ROS, including hydrogen peroxide, hydroxyl radical, super-
oxide, and hypochlorous acid, which has been used to treat
multiple diseases such as chronic obstructive pulmonary
disease (COPD) and acetaminophen overdose [41–46]. It is
surprising that although both NAC and 1T SMF could
reduce cellular ROS significantly in control and X-ray-
radiated MDA-MB-231 cells (Figure 3(a)), the X-ray-
induced cell number reduction and cell death increase were
not prevented (Figures 3(b) and 3(c)). Similarly, in MCF-7
cells, the anticancer effects of X-rays were not reversed by
NAC or 1T SMF either (Figures 3(d)–3(f)). On the contrary,
NAC can even potentiate the antitumor effects of 4/8Gy
X-rays on cell number (Figure 3(e)). These results further
prove that X-ray reduces these two types of breast cancer cell
numbers in an ROS-independent way.
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Next, we compared the effects of X-ray onMDA-MB-231
cells to that of cisplatin, a chemotherapy drug that was
reported to increase the cellular ROS levels. For both cisplatin
and X-ray, the ROS level in MDA-MB-231 could be signifi-
cantly increased (around 2-fold of control), which could be
effectively prevented by adding NAC (Figure 4(a)). It is obvi-
ous that NAC could only significantly reverse cisplatin-
induced cell number reduction and cell death increase but
not that of 8Gy X-ray (Figures 4(b) and 4(c)). These results
demonstrate that ROS are indispensable for breast cancer
cell number reduction and cell death increase induced by
cisplatin but not X-ray radiation.

Since cell number reduction can be caused not only by
cell death but also by cell cycle alterations, we examined the
cell cycle distribution treated with X-rays or cisplatin, with
or without ROS scavenging (Figure 5). It is obvious that
NAC completely abolished the cell cycle arrest caused by
cisplatin but only moderately reversed the cell cycle per-
turbation effects of 8Gy X-ray in MDA-MB-231 cells
(Figure 5(a)), which indicates that ROS is essential for cis-
platin but not 8Gy X-ray-induced cell cycle perturbation.
We then further analyzed the cell cycle distribution of both
MDA-MB-231 and MCF-7 cells for 4Gy and 8Gy X-rays
with or without ROS reduction by NAC or 1T SMF
(Figures 5(b) and 5(c)). The raw data of cell cycle analyses
were shown in Supplementary Figure 2. It is interesting that
X-ray induced significant cell cycle arrest in MDA-MB-231
cells (Figure 5(b)), but not in MCF-7 cells (Figure 5(c)),
which is probably related to the less extent of ROS

elevation caused by X-rays in MCF-7 (Figures 1 and 3).
Moreover, although X-ray-induced cell cycle arrest was
only moderately inhibited by NAC and 1T SMF, which is
not as dramatic as the cisplatin-induced cell cycle arrest,
these results indicate that ROS elevation at least partially
contributed to the X-ray-induced cell cycle arrest in
MDA-MB-231 breast cancer cells.

Next, we did a clonogenic survival assay with radiation,
cisplatin, NAC, and 1T SMF, which is the best way of
measuring the reproductive viability of cells after radiation
and chemodrug treatments and the best way to show if their
effects are rescued with NAC and/or SMF. It is obvious
that cisplatin-induced colony formation reduction can be
dramatically reversed by NAC treatment (Figure 6(a)). In
contrast, NAC does not have obvious effect on X-ray-
induced colony formation reduction (Figure 6(b)). These
results indicate that the effects of cisplatin, but not X-ray,
on colony formation of MDA-MB-231 and MCF-7 breast
cancer cells are ROS dependent.

We noticed that NAC itself could cause cell cycle
alteration and colony formation increase while 1T SMF
did not (Figures 5 and 6). This is probably due to the
much weaker ROS reduction effect of 1T SMF compared
to NAC in these two breast cancer cell lines (Figure 3).
We then further examined the effect of 1T SMF on ROS
levels of 17 other cell lines, including 8 human cancer cell
lines (Figure 7(a)), 5 human noncancer cell lines
(Figure 7(b)), 2 rodent cancer cell lines (Figure 7(c)), and
2 rodent noncancer cell lines (Figure 7(d)). To further
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Figure 1: X-rays significantly increase the intracellular ROS level and cell death and decrease cell numbers inMDA-MB-231 andMCF-7 cells.
The relative ROS level (a, d), relative cell number (b, e), and relative dead cell number (c, f) were measured in MDA-MB-231 andMCF-7 cells
48 hours after 4/6/8/10Gy X-ray irradiation. ∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001; ns: not significant.
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validate the effect of 1T SMF on ROS level in two breast
cancer cell lines (MDA-MB-231 and MCF-7) and two non-
cancer cell lines (293T and RPE1), we also used carboxy-
H2DCFDA probe, which is an oxidation-insensitive ROS
indicator (Figure 7(e)). It is interesting that 1T SMF gener-
ally has a ROS reduction effect; more specifically, it decreased
the ROS levels by ~10-20% in 11 out of 19 cell lines we tested
in this study with statistical significance (Figure 7).

4. Discussion

Chemotherapy drugs and radiotherapy-induced cancer cell
apoptosis frequently involves ROS overproduction [47], but
the relationship between ROS and cancer still remains
partially understood. The goal of the present study was to
elucidate the role of ROS in response to X-ray exposure and
cisplatin treatment and to determine the contribution of
ROS in determining the anticancer efficacy of X-ray and
chemodrug in breast cancer MDA-MB-231 and MCF-7 cells.
This is helpful for designing therapeutic strategies to improve
radiotherapy and chemotherapy efficacy in breast cancers
and to reduce their toxicities.

One limitation of our study is that we did not provide
detailed information about the specific types of ROS, such
as peroxides, superoxide, or hydroxyl radical, because
DCFH-DA and NAC are both general reagents for multiple
types of ROS. DCFH-DA is a general ROS indicator that
could react with various ROS and oxidizing species, such as

hydrogen peroxide, superoxide, and peroxyl radical [48],
and is also frequently used as a H2O2 indicator due to its
higher reactivity to H2O2 [49, 50]. But we further used an
oxidation-insensitive probe carboxy-H2DCFDA to confirm
the effect of 1T SMF on the ROS levels in two breast cancer
cell lines and two noncancer cell lines. The fact that NAC,
the scavenger for multiple types of ROS [42, 43], does not
reverse the cell number reducing and cell death promoting
effects of X-rays indicates that in general, ROS are not
required for the anticancer efficacy of X-rays for MCF-7
and MDA-MB-231 breast cancer cells but are indispensable
for cisplatin-induced anticancer effect.

Understanding the exact role of ROS in each physiologi-
cal and pathological condition is essential. ROS are not only
indispensable players in multiple cellular processes, such as
cell proliferation, autophagy, and migration, they also play
critical roles in cell death induction. However, it should be
noted that ROS could also inhibit apoptosis [51–53], which
may be used to explain the further cell number reduction
caused by combining NAC and X-ray in MCF-7 cells in
Figure 4(b). Further analysis of detailed ROS subtypes could
provide more information on this aspect.

We have used four different X-ray doses (4-10Gy) and
two different breast cancer types (MDA-MB-231 and
MCF-7) and found that the cell number reduction of
X-rays is not dependent on ROS. However, we do not exclude
the possibility that other doses and/or other cell types may be
different. The spatiotemporal fluctuations of ROS rely on
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Figure 2: 1 T static magnetic field decreases the intracellular ROS level in both MCF-7 and MDA-MB-231 cells at different cell densities.
Cells were plated at 0.5/1/2/4× 105/ml and treated with 1 T SMF for one day. Bright field images were taken before they were harvested
and measured for ROS levels. Comparisons were made between the experimental group and the control group using a Student’s t-test.
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cellular redox systems, including NADH and NADPH, the
concentrations of reduced glutathione (GSH)/oxidized gluta-
thione (GSSG), and their transform relevant enzymes, such
as glutathionylation and glutaredoxin [54–56]. There are

many studies showing time-dependent ROS changes caused
by radiation. For example, although the intracellular ROS
level was dramatically increased at 24 h after 4Gy X-ray irra-
diation, it also declined at 48-72 h or even longer timepoints
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Figure 4: The effects of cisplatin on MDA-MB-231 ROS level, cell number, and cell death are ROS dependent. The relative ROS level (a),
cell number (b), and dead cell number (c) were measured for MDA-MB-231 cell treated with 2μM cisplatin and/or 8Gy X-ray, in the
presence or absence of NAC. Comparisons were made between the experimental group and the control group using a Student’s t-test.
∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001; ns: not significant.
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Figure 3: The anticancer effects of X-rays on MDA-MB-231 and MCF-7 cells were not reversed by the ROS scavenger NAC or 1 T static
magnetic field. The relative cellular ROS level (a, d), relative cell number (b, e), and relative dead cell number (c, f) were measured for
MDA-MB-231 and MCF-7 cells treated with or without NAC, 1 T SMF, and X-rays. Comparisons were made between the experimental
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in several cell lines, including MCF-7 [57], human leukae-
mia K562 and HL60 cells [10], and hematopoietic stem/
progenitor HSPCs cells [58]. However, it should be noted
that even after ROS levels decline, they are still much higher
than control groups. Moreover, there are also several studies
showing that ROS sustained the same level after 24 h to 48 h
exposure to SMF or other types of magnetic fields [59–61].

Our results revealed the potential antioxidant effects of
1T SMF. In 19 cell lines we tested, it reduced the ROS levels
in 11 of them by around 10-20% with statistical significance
(p < 0 05). It has been reported that ROS levels could be
affected by various electromagnetic fields, which vary among
electromagnetic fields with different parameters, as well as
biological samples examined [40]. Here, we used neodymium
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Figure 5: ROS reduction abolished cisplatin-induced cell cycle arrest but only moderately reversed X-ray induced cell cycle arrest. (a) The cell
cycle distribution was measured for MDA-MB-231 cell treated with 2μM cisplatin and/or 8Gy X-ray, in the presence or absence of
NAC. MDA-MB-231 cells (b) and MCF-7 cells (c) were treated with or without NAC, 1 T static magnetic field, and X-rays before
their cell cycle were measured. Comparisons were made between the experimental group and the control group using a Student’s
t-test. ∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001; ns: not significant.
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N38 permanent magnets with the north pole beneath the
cells so that the magnetic field intensity at the cells is ~1T.
This condition has been shown to be able to inhibit multiple

cancer cell proliferation in multiple cell types [34, 35, 62]. It is
interesting that we also found 1T SMF reduced ROS levels in
more cancer cell lines (9 out of 12, ~83%) than in noncancer
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Figure 6: The effects of cisplatin, but not X-ray, on colony formation of MDA-MB-231 and MCF-7 cells are ROS dependent. The
colony formation efficiency of MDA-MB-231 and MCF-7 cells with or without cisplatin, X-ray, NAC, and 1 T static magnetic field was
examined. Comparisons were made between the experimental group and the control group using a Student’s t-test. ∗p < 0 05, ∗∗p < 0 01,
∗∗∗p < 0 001; ns: not significant.
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Figure 7: 1 T static magnetic field decreases the intracellular ROS level in multiple cell types. Cells were plated at 4× 105/ml and treated with
1 T SMF for one day before they were harvested and measured for ROS levels. (a) Eight human cancer cell lines, (b) five human noncancer cell
lines, (c) two rodent cancer cell lines and (d) two rodent noncancer cell lines were measured using the DCFH-DA probe. (e) Four cell lines
were measured using Carboxy-H2DCFDA probe. Comparisons were made between the experimental group and the control group using a
Student’s t-test. ∗p < 0 05, ∗∗p < 0 01; ns: not significant. Brown color illustrates the ones that have statistical significance (p < 0 05).
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cell lines (2 out of 7, ~29%), which is probably due to the fact
that cancer cell lines generally have higher ROS levels than
noncancer cell lines or because cancer cells have a damaged
ROS control system. It is possible that reducing the ROS
levels in these cell lines reduced their proliferation rate. The
effect of magnetic fields with other parameters, such as
different magnetic field intensities, on various cell types will
be further examined.

In conclusion, our study shows that 4-10Gy X-rays
reduce MDA-MB-231 and MCF-7 breast cancer cell number
in an ROS-independent way. Decreased ROS levels prevented
cisplatin from reducing breast cancer cell number and caus-
ing cell death but did not reduce that of X-rays, except for
somemoderate effects on X ray-induced cell cycle arrest. This
indicates that antioxidant agents may be used to reduce
ROS-related side effects of radiotherapy without sacrificing
its anticancer efficacy in breast cancer patients. Moreover,
we found that 1T SMF could reduce ROS levels in multiple
cell lines. The underlying mechanism of 1T SMF likely
involves the interaction between the magnetic field and
mitochondria, which will need further investigations.
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The prevalence of cardiovascular disease (CVD) is increasing over time. CVD is a comorbidity in diabetes and contributes to
premature death. Citrus flavonoids possess several biological activities and have emerged as efficient therapeutics for the
treatment of CVD. Citrus flavonoids scavenge free radicals, improve glucose tolerance and insulin sensitivity, modulate lipid
metabolism and adipocyte differentiation, suppress inflammation and apoptosis, and improve endothelial dysfunction. The
intake of citrus flavonoids has been associated with improved cardiovascular outcomes. Although citrus flavonoids exerted
multiple beneficial effects, their mechanisms of action are not completely established. In this review, we summarized recent
findings and advances in understanding the mechanisms underlying the protective effects of citrus flavonoids against oxidative
stress, inflammation, diabetes, dyslipidemia, endothelial dysfunction, and atherosclerosis. Further studies and clinical trials to
assess the efficacy and to explore the underlying mechanism(s) of action of citrus flavonoids are recommended.

1. Introduction

Diabetes mellitus (DM) is a metabolic disease characterized
by chronic hyperglycemia and defective insulin secretion,
insulin action or both [1, 2]. DM is associated with significant
morbidity and mortality due to its related complications
particularly on the cardiovascular system [3, 4]. Recent
reports estimated that there are 415 million diabetic patients
worldwide, and the number is projected to increase and may
reach 642 million by 2040 [5]. The chronic and prolonged
hyperglycemia in DM is associated with increased risk of
developing cardiovascular disease (CVD) [6]. Hyperglycemia
induces excessive generation of reactive oxygen species
(ROS) in the diabetic heart, resulting in oxidative stress [7].
Hyperglycemia-mediated oxidative stress represents the
main pathophysiological mechanism behind the develop-
ment of diabetic cardiomyopathy (DCM) and many other
cardiovascular alterations [8]. DCM is characterized by

diastolic dysfunction, cardiac remodeling, hypertrophy, and
altered cardiac energy metabolism [9, 10]. Within the dia-
betic heart, increased levels of ROS induce cardiac injury by
direct damage of the cellular macromolecules, including
lipids, proteins, and DNA [11, 12]. In addition to oxidative
stress, hyperglycemia can induce mitochondrial dysfunction,
inflammation, increased advanced glycation end products
(AGEs), and activation of protein kinase C (PKC) and polyol
pathways [10]. Moreover, dyslipidemia has emerged as a
major factor in the pathogenesis of DCM [13].

Atherosclerosis is a chronic inflammatory process of
large- and medium-sized arteries, characterized by the
abnormal deposition of fibrous tissue, cholesterol, and lipid
plaques in the inner most layer of the arteries [14]. This ?dis-
ease leads to narrowing of arteries and disturbs the basic
structure of vessels which lead to partial and/or complete
blockage of arteries. Atherosclerosis of coronary artery
results in irregular blood flow which leads to ischemic heart
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failure and myocardial infarction [15]. Different risk factors
are responsible for the pathogenesis of atherosclerosis, and
those include hyperlipidemia, hypertension, endothelial dys-
function (ED), smoking, and diabetes. In addition, different
inflammatory and immunological features play a pivotal role
in the development of the disease process, as macrophages
containing oxidizing particles discharge different inflamma-
tory ?substances including cytokines and different growth fac-
tors such as intercellular adhesion molecule (ICAM-1);
monocyte chemoattractant protein-1 (MCP-1); macrophage
colony-stimulating factor; interleukin- (IL-) 1, 3, 6, 8, and 18;
and tumor necrosis factor (TNF-α) [16, 17]. Cell proliferation
and ROS production are accelerated by proinflammatory
cytokines, which ultimately stimulate the metalloproteinases
leading to expression of tissue factor, which results in leuko-
cyte activation, ED, and initiation of atherosclerosis [18–20].

Flavonoids are plant-based natural products that are
very abundant and have multiple therapeutic benefits and
biological activities. This diverse group of compounds exerts
antihyperglycemic, antihyperlipidemic, anticarcinogenic,
antihyperammonemia, nephroprotective, and hepatoprotec-
tive activities as we reported previously [21–29]. The basic
structure of flavonoids involves 15-carbon atoms and 2 phe-
nolic rings carrying one or more hydroxyl group (OH).
According to their structure, flavonoids could be divided
into 6 classes: flavanones, flavones, flavanols, isoflavones, fla-
vonols, and anthocyanidins [30]. There are thousands of food
flavonoid compounds existing in aglycone form or bound to
glycosides [31, 32]. Dietary flavonoids in nature exist as glyco-
sides, such as, glucoside, galactoside, arabinoside, rhamno-
side, and rutinoside [33, 34]. All dietary flavonoids except
flavanols are found in glycosylated forms [35], and deglyco-
sylation is a critical step in the absorption and metabolism
of flavonoid glycosides [36]. The flavonoid glycosides are
water-soluble, whereas aglycones are more hydrophobic and
can be easily absorbed [32, 37, 38]. Within the small intestine,
only aglycones and some glucosides can be absorbed; how-
ever, flavonoids linked to a rhamnose moiety must be hydro-
lyzed by rhamnosidases of themicroflora in the large intestine
[39, 40]. The flavonoid glycosides are then absorbed, bound to
albumin, and transported to the liver via the portal vein [41–
43]. The intrahepatic metabolism of flavonoids is influenced
by different factors [31], and flavonoids and their derivatives
may undergo hydroxylation, methylation, and reduction
[42]. Citrus fruits are notably rich in flavonoid compounds
and represent an important source of dietary flavonoids,
including hesperidin, hesperetin, naringin, naringenin, dios-
min, quercetin, rutin, nobiletin, tangeretin, and others
(Figure 1). These flavonoids are present in many citrus fruits,
such as, bergamots, grapefruit, lemons, limes, mandarins,
oranges, and pomelos [44]. The health-related effects of citrus
flavonoids have been reported in several studies. Among their
biological activities, citrus flavonoids possess radical scaveng-
ing, antioxidant, and anti-inflammatory properties. Given the
role of oxidative stress in the pathogenesis of CVD, including
DCM, and atherosclerosis, we aim in this review to focus on
the mechanisms of action of citrus flavonoids in oxidative
stress, diabetes, DCM, lipid metabolism, adipose tissue
inflammation, ED, platelet function, and atherosclerosis.

2. Biological Activities of Citrus Flavonoids

2.1. Citrus Flavonoids and Oxidative Stress. Flavonoids pos-
sess multiple health benefits, including antioxidant and free
radical scavenging, anti-inflammatory, and cytoprotective
[45–48]. Given the role of oxidative stress and inflammation
in the pathogenesis of obesity, diabetes, and CVD [4, 49–53],
the antioxidant potential of flavonoids may play a key role in
their beneficial therapeutic effects. The chemical structure of
flavonoids indicates that they act as radical scavengers, oxy-
gen quenchers, and hydrogen-donating antioxidants. There-
fore, flavonoids can boost endogenous antioxidants and
prevent the formation of ROS and their subsequent cell dam-
age [54].

Flavonoids can prevent cell injury through the direct
scavenging of free radicals and hence prevent their deleteri-
ous effects. Flavonoids are oxidized by free radicals, resulting
in a more stable flavonoid radical and less reactive free radi-
cals. Some flavonoids can directly scavenge superoxide,
whereas others can scavenge peroxynitrite (ONOO•). The
presence of OH groups permits high flavonoid reactivity
against ROS and reactive nitrogen species (RNS). Flavonoids
can stabilize OH•, peroxyl (ROO•), and ONOO• radicals.
The antioxidant efficacy of a given flavonoid increases in
function with the number of OHs in the structure of the
?molecule [48, 55]. For example, the 5-OH substitution and
a 5,7-m-dihydroxy arrangement in the A-ring is an impor-
tant feature of naringenin, making it a potent antioxidant
with stabilized structure after donating H to the R• [55].

Oxidative stress is a frequent pathological contributor
to most liver diseases. The concerted work of oxidative
stress and inflammation may increase production of the
extracellular matrix (ECM) followed by fibrosis, cirrhosis,
hepatocellular carcinoma (HCC), and finally liver failure
[55]. Naringenin has been reported to suppress lipid per-
oxidation and protein carbonylation, enhance antioxidant
defenses, scavenge ROS, modulate signaling pathways
related to fatty acid metabolism, lower lipid accumulation
in the liver, and thereby prevent fatty liver [55, 56].

By scavenging radicals, flavonoids can inhibit low-
density lipoprotein (LDL) oxidation and therefore may have
preventive action against atherosclerosis [57]. Several studies
from Mahmoud’s lab have documented the effect of flavo-
noids on cellular redox status and inflammation in different
diseases, including HCC [29], diabetes [58], diabetic retinop-
athy [58], and drug-induced hepatotoxicity [28]. Other stud-
ies have demonstrated the beneficial role of citrus flavonoids
in nonalcoholic fatty liver disease (NALFD), the most com-
mon liver disease caused by high fat consumption, vitamin
and energy deficiency, and inflammatory processes [55, 56].

Citrus flavonoids have been shown to improve lipid
metabolism, and their effects are thought to be mediated via
their antioxidant capacity [59, 60]. Rutin is a powerful radical
scavenger, and its scavenging ability may be due to its inhib-
itory activity on the enzyme xanthine oxidase (XO). The anti-
oxidant effect of naringenin is primarily attributed to
reducing ROS and enhancing the antioxidant defenses,
including superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPx) in chronic diseases [48].
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Naringenin has shown a protective effect against nephro-
toxicity induced by vancomycin, a drug used in severe infec-
tions. Vancomycin-induced rats treated with different doses
of naringenin showed a significant amelioration in oxidative
stress and apoptosis markers. Naringenin ameliorated serum
creatinine and blood urea nitrogen levels and kidney nitric
oxide (NO) and caspase-3/8 activities. However, the protec-
tive effect of naringenin was associated with the dose. At
moderate doses, naringenin exerted a protective role, but at
higher doses the protective effect was decreased [61]. In vitro
treatment of the RAW264.7 cells with naringenin suppressed
the inflammatory mediators and suppressed AGEs [62]. Rats
treated with naringenin and quercetin for 14 days showed
improved neurocognitive functions, enhanced antioxidant
defenses, and suppressed lipid peroxidation in the brain
[63]. In a rat model of diabetic retinopathy, naringenin
?attenuated oxidative stress and apoptosis and boosted the
antioxidants. In addition, naringenin ameliorated the levels
of brain-derived neurotrophic factor, tropomyosin-related
kinase B, synaptophysin, B-cell lymphoma 2 (Bcl-2), Bcl-
2-associated X protein (Bax), and caspase-3 in the retina of
diabetic rats [64]. The beneficial therapeutic effects of narin-
genin are mediated, at least in part, via its antioxidant and
radical scavenging properties [64]. However, the exact mech-
anisms underlying the antioxidant efficacy of naringenin are
not fully understood. In the study of Wang et al., isolated
neurons cultured in vitro under conditions of hypoxia and
reoxygenation showed increased production of ROS. Treat-
ment with naringenin resulted in a significant decrease in
ROS production and improved mitochondrial function ?evi-
denced by increased levels of high-energy phosphates,
increased mitochondrial membrane potential, and decreased
apoptosis [65].

Hesperidin and its aglycone hesperetin, two flavonoids
found primarily in oranges and lemons, have shown multiple
beneficial effects, such as, anticarcinogenic, antihypertensive,
antiviral, antioxidant, antidiabetic, hepatoprotective, and
anti-inflammatory [28, 29, 58, 66]. Several studies have been
conducted to explore the pharmacological activities, molecu-
lar targets, and mechanisms of action of hesperidin. Hesper-
idin can decrease capillary permeability, leakiness, and
fragility [67, 68]. The antioxidant efficacy of hesperidin was
not limited only to its radical scavenging activity, but it also
enhanced the cellular antioxidant defenses via the extracellu-
lar signal–regulated kinase (ERK)/nuclear factor (erythroid-
derived 2)-like 2 (Nrf2) signaling pathway [67]. Nrf2 is a
redox-sensitive transcription factor that activates the ?tran-
scription of antioxidant and cytoprotective enzymes [4].
Recently, studies have focused on the protective effects of
hesperidin and hesperetin against ROS and oxidative stress.
In this context, we have previously demonstrated the antiox-
idant activity of hesperidin against hyperglycemia-induced
oxidative stress in high-fat diet (HFD)/streptozotocin-
(STZ-) induced diabetic rats. Hesperidin significantly
decreased lipid peroxidation and increased the levels of
reduced glutathione (GSH), vitamin C, and vitamin E and
enhanced the activity of antioxidant enzymes SOD, CAT,
and GPx in type 2 diabetic rats [58]. We also demonstrated
the antioxidant efficacy of hesperidin in a rat model of

cyclophosphamide-induced liver injury. Our results showed
suppressed lipid peroxidation, NO, inducible nitric oxide
synthase (iNOS), and nuclear factor-kappaB (NF-κB) and
boosted enzymatic and nonenzymatic antioxidant defenses
in the liver of hesperidin-treated rats. We reported that the
upregulation of peroxisome proliferator-activated receptor
(PPARγ) mediated, at least in part, the antioxidant and
anti-inflammatory potential of hesperidin [28]. More
recently, we investigated the antioxidant efficacy of hesper-
idin in a hepatocarcinogenesis rat model. Our results
showed the ability of hesperidin to prevent the increased
production of ROS, NO, and lipid peroxides and to
enhance both enzymatic and nonenzymatic defenses in
the liver of rats subjected to chemically induced hepatocar-
cinogenesis. In addition, we reported that the mechanism
of action of hesperidin included upregulation of PPARγ
and Nrf2/antioxidant response element (ARE)/antioxidant
signaling pathways [29].

In addition to its ability to upregulate PPARγ and Nrf2
signaling pathways, there is evidence that attenuation of
endoplasmic reticulum (ER) stress is one of the effects of hes-
peridin. In this context, treatment of the ovarian cancer cell
line A2780 with hesperidin decreased the viability in a dose-
and time-dependent manner. This effect was mediated via
induction of apoptosis as shown by the increased levels of
cleaved caspase-3. Hesperidin upregulated the protein
expression levels of anti-CCAAT/enhancer-binding protein-
(C/EBP-) homologous protein/growth arrest and DNA
damage-inducible gene 153 (GADD153), glucose-regulated
protein (GRP) 78, and cytochrome c. These findings point
to the role of ER stress signaling in mediating the impact of
hesperidin on A2780 cells [69].

A recent study conducted by Wunpathe et al. [70] dem-
onstrated the role of hesperidin in suppressing excessive
ROS production mediated via renin-angiotensin system-
mediated NADPH oxidase (NOX2) overexpression in hyper-
tensive rats. In a rat model of two-kidney-one-clipped
(2K-1C) hypertension, hesperidin reduced blood pressure
in a dose-dependent manner and decreased plasma angioten-
sin (AT) II levels and aortic AT I receptor protein expression.
In addition, hesperidin attenuated oxidative stress via sup-
pressing NADPH oxidase in hypertensive rats [70].

The free radical-scavenging and immunomodulatory
properties of hesperidin have been postulated to mediate its
protective effect against X-irradiation-induced oxidative
damage. Exposure to X-irradiation induced cardiovascular
complications, including myocardial degeneration, vascular
leakage, myocyte necrosis, development of plaque, inflam-
mation, and fibrosis. Rats receiving hesperidin showed
decreased cardiac lipid peroxidation, inflammation, fibrosis,
and other complications and enhanced the activity of antiox-
idant enzymes [71].

Hesperetin, the aglycone of hesperidin, possesses a
well-documented antioxidant efficacy. In a rat model of lead
acetate-induced oxidative stress, hesperetin showed a signifi-
cant antioxidant efficacy evidenced by the decreased lipid
peroxidation and increased levels of GSH and activity of
SOD, CAT, and GPx [68]. Hesperetin exerted a protective
effect against oxidative stress in the testis of diabetic rats. Oral
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administration of hesperetin for 45 days suppressed ROS
production, protein carbonylation, and oxidative DNA dam-
age. In addition, hesperetin ameliorated GSH, SOD, CAT,
and GPx in the testicular tissue of diabetic rats. In conjunc-
tion with attenuating oxidative stress, hesperetin ?prevented
inflammation and apoptosis as evidenced by the low levels
of proinflammatory cytokines and caspase-3 activity in dia-
betic rats [72]. Furthermore, hesperetin exerted a cardiopro-
tective effect in doxorubicin-induced rats. Administration of
hesperetin for 5 weeks reduced cardiac lipid peroxidation,
increased GHS levels, and prevented oxidative DNA damage
and apoptosis as shown by comet and terminal deoxynucleo-
tidyl transferase-mediated dUTP nick-end labeling (TUNEL)
assays, respectively [73].

The antioxidant capacity of other citrus flavonoids,
including nobiletin, rutin, and tangeretin, has also been
tested. Nobiletin, tangeretin, 5-demethylnobiletin (5-DN),
and 5-demethyltangeretin (5-DT) are polymethoxyflavones
found in aged citrus peels. These flavonoids have been
reported to ameliorate cell tolerance, ROS production, and
lipid peroxidation in Saccharomyces cerevisiae [74]. In
mutant Saccharomyces cerevisiae deficient in glutathione
synthase, CAT, or SOD, nobiletin, tangeretin, 5-DN, and
5-DT activated CAT under stress induced by carbon tetra-
chloride (CCl4), hydrogen peroxide (H2O2), and cadmium
sulfate [74]. Nobiletin has also protected human retinal pig-
ment epithelial cells against damage induced by H2O2 as
shown by increased cell viability and suppressed ROS and
activity of caspases [75]. The protective effect of nobiletin
was associated with increased phosphorylation of protein
kinase B (PKB/Akt), pointing to the role of phosphoinositide
3-kinase (PI3K)/Akt signaling in mediating the effects of
nobiletin [75]. Through its ability to prevent excessive pro-
duction of ROS, nobiletin inhibited cadmium-induced neu-
ronal apoptosis and modulated c-Jun N-terminal kinase
(JNK)/ERK1/2 and Akt/mTOR signaling, expression of the
kinases MKK and ASK1, and phosphorylation of S6K1,
Akt, and 4E-BP1 [76]. Previous research from our lab has
demonstrated the antioxidant efficacy of rutin. In a rat model
of hyperammonemia, rutin prevented lipid peroxidation and
improved the antioxidant defenses of GSH, SOD, and GPx
[26]. In type 2 diabetic rats, rutin inhibited hyperglycemia-
induced oxidative stress and increased the hepatic antioxi-
dant defenses [22]. Furthermore, rutin protected against oxi-
dative stress in a rat model of hepatocarcinogenesis [77].

2.2. Citrus Flavonoids and Lipid Metabolism. Lipids are
essential for maintaining various physiologic and homeo-
static processes within the body. Dysregulation of the lipid
and lipoprotein metabolism is one of the major risk factors
leading to CVD, obesity, diabetes, and inflammation [45,
46, 59]. Several studies have demonstrated the beneficial role
of citrus flavonoids in modulating lipid metabolism and
attenuating several diseases, including obesity and athero-
sclerosis. However, the mechanisms underlying the
therapeutic effects of citrus flavonoids are not fully under-
stood. While human studies have emphasized the dose,
bioavailability, efficacy, and safety, citrus flavonoids sup-
pressed atherogenesis through ameliorating metabolic

parameters and their direct impact on the vessel wall in
rodents [59]. Citrus flavonoids can control calorie intake
versus expenditure and regulate lipid metabolism, and
their use as safe and natural alternatives to treat obesity
is currently under investigation.

Although hesperidin and naringin reduced serum total
and LDL-cholesterol in rodent models of diabetes [21],
human studies showed no effect on serum cholesterol levels
in moderately hypercholesterolemic men and women [78].
In vitro treatment of the hepatoma cell line HepG2 with
naringenin and hesperetin for 4 hr reduced apoB100 accu-
mulation in the media [79]. Naringenin and hesperetin sup-
pressed microsomal triglyceride transfer protein and acyl-
CoA:cholesterol acyltransferase in HepG2 cells [80]. Other
in vitro studies using HepG2 cells showed inhibited apoB
secretion and cholesterol synthesis following treatment with
tangeretin and nobiletin, whereas sinesetin, hesperetin,
and naringenin exerted weak effects [81]. The different
effects of citrus flavonoids on apoB secretion and choles-
terol synthesis could be attributed to differences in their
molecular structure [81, 82].

The sterol regulatory element-binding proteins (SRE
BPs), transcriptional regulators of lipid synthetic genes, have
been assumed to be implicated in mediating the effects of cit-
rus flavonoids on lipid metabolism. In this context, a muta-
tion of the SRE in the LDL receptor (LDLR) gene upstream
region attenuated the effects of hesperetin and nobiletin in
HepG2 cells [81]. Hesperidin stimulated LDLR gene expres-
sion in HepG2 cells via increasing the phosphorylation of
PI3K and ERK1/2 and SREBP-2 mRNA abundance [83].
These effects can reduce plasma LDL levels and hence show
the cardioprotective potential of hesperidin [83]. HepG2
cells with luciferase reporter-gene constructs incorporating
the promoters of SREBP-1a, -1c, and -2, and LDLR, treated
with 200μM naringenin in lipoprotein-deficient medium
(LPDM), showed increased SREBP-1a promoter activity
after 4 hr. After treatment for 24hr, the gene expression
levels of SREBP-1a, -1c, and -2 and LDLR promoter-
constructs were increased [84]. In addition, naringenin sup-
pressed SREBP-1c acetyl-CoA carboxylase and fatty acid
synthase mRNA expression in HepG2 cells [84].

Other mechanisms mediating the effects of citrus flavo-
noids on lipid metabolism have been postulated. Hesperidin
might be implicated in ghrelin secretion from stomach.
Ghrelin may be related with the pathophysiological mecha-
nisms of a variety of human disorders, including lipodystro-
phies [85]. Using Caenorhabditis elegans as a model, Peng
et al. showed that hesperidin decreased fat accumulation;
downregulated the expression of stearoyl-CoA desaturase,
fat-6, and fat-7; and suppressed other genes involved in lipid
metabolism, including pod-2, mdt-15, acs-2, and kat-1 [86].
In addition, mutations of fat-6 and fat-7 reversed fat accumu-
lation inhibited by hesperidin [86].

Millar et al. have recently discussed the effects of flavo-
noids on reverse cholesterol transport (RCT), high-density
lipoprotein (HDL) metabolism, and HLD function [46].
Given the role of inflammation in the induction of dysfunc-
tion of HDL particles, flavonoids can improve HDL function
via attenuating oxidative stress and inflammation [46].
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Previous work from our laboratory showed improved serum
HDL levels in type 2 diabetic rats treated with hesperidin and
naringin [21]. Long-term consumption of flavonoid-rich
foods has been associated with improved circulating levels
of total cholesterol, triglycerides, and LDL-cholesterol [87].
Preclinical in vitro and in vivo studies reported the influence
of flavonoids on RCT and HDL function by regulating the
activity and expression of hepatic paraoxonase 1 and choles-
terol efflux from macrophages [46]. However, clinical studies
targeting the effect of citrus flavonoids on HDL function are
lacking [46].

Studies on the effects of flavonoids such as apigetrin (api-
genin 7-O-glucoside) on adipogenesis have suggested similar
effects for citrus flavonoids. Apigetrin, a flavonoid present in
several plant leaves and seeds, significantly inhibited lipid
accumulation and reduced the gene expression levels of
C/EBP-α, PPAR-γ, SERBP-1c, fatty acid synthase (FAS),
and proinflammatory cytokines in 3T3-L1 cells [88]. Similar
effects have been exerted by citrus flavonoids. In 3T3-L1 adi-
pocytes, nobiletin, anO-methylated flavone isolated from cit-
rus peels, upregulated the beige-specific genes Cd137, Cidea,
Tbx1, and Tmem26 and the protein expression of PKA and
p-AMPK (5′-adenosine monophosphate-activated protein
kinase) [89]. In addition, nobiletin upregulated the key tran-
scription factors responsible for remodeling of white adipo-
cytes, induced mitochondrial biogenesis, modulated several
proteins related to lipid metabolism (CPT1, ACOX1, FAS,
SREBP, SIRT1, and p-PLIN), and suppressed JNK and
c-Jun [89]. Therefore, the citrus flavonoid nobiletin can
induce browning and ameliorate stress in white adipocytes
[89]. The effects of pure total flavonoids on lipid metabolism
have also been tested. HFD-fed rats treated with the pure
total flavonoids from Citrus aurantium for 4 weeks showed
improved body weight, ameliorated serum cholesterol and
triglycerides, enhanced antioxidant defenses, and upregu-
lated gene and protein expression levels of PPAR-α and
LPL [90].

2.3. Citrus Flavonoids and Adipose Tissue Inflammation.Adi-
pose tissue stores lipid in the form of triglycerides and
secretes a variety of mediators that regulate a number of cel-
lular processes. It secretes a variety of adipocytokines and is
therefore currently considered an endocrine organ. In addi-
tion to the rapid expansion of adipose tissue [59], chronic
low-grade inflammation associated with insulin resistance
and other metabolic disturbances are characteristic features
of obesity [59, 91–93].

Flavonoids possess a potent anti-inflammatory potential,
and several studies demonstrated their ability to attenuate
inflammation associated with different diseases [25–29, 58,
59, 94]. Citrus fruits represent a source of flavonoids, and
their consumption has been associated with reduced cardio-
vascular events that can also be associated with obesity, ?sug-
gesting their cardioprotective potential [92, 95]. Multiple
in vitro and in vivo studies provided strong evidence support-
ing the protective effect of flavonoids against vascular ?dis-
turbances associated with obesity [92, 93]. The anti-
inflammatory potential of flavonoids may be attributed to
their ability to bind cyclooxygenases (COXs). COXs catalyze

the conversion of arachidonic acid into prostaglandins and
thromboxanes. COX-2 is an inducible form that is expressed
upon stimulation and produces prostaglandins for the induc-
tion of the inflammation and pain [57]. In silico studies have
demonstrated the ability of flavonols, flavones, and flava-
nones to bind COX-2, and this can help in developing potent
inhibitors for the treatment of inflammation [57].

In lipopolysaccharide- (LPS-) stimulated RAW 264.7
cells, narangenin suppressed TNF-α and IL-6 release in a
dose-dependent manner. Narangenin treatment downregu-
lated gene expression levels of COX-2, TNF- α, IL-6, iNOS,
and NOX-2 in LPS-stimulated macrophages [96]. These
findings demonstrate the potent anti-inflammatory potential
of narangenin. Other flavonoids, including apigenin, genis-
tein, and kaempferol, have exerted COX-2 inhibitory effects
via suppressing NF-κB activation. Oroxylin A (5,7-dihydrox-
yflavone 6 methyl ether), a flavone isolated from Scutellaria
radix, showed a similar effect where it suppressed iNOS
and COX-2 through inhibition of NF-κB activation [97]. In
addition, pure flavonoids and flavonoid-enriched extracts
can reduce the expression of cytokines and COX-2 [98].

Previous work from our lab has shown the anti-
inflammatory effect of hesperidin and naringin in HFD/
STZ-induced diabetic rats. Both flavonoid compounds
decreased the levels of circulating proinflammatory cytokines
and downregulated the expression of IL-6 in adipose tissue
[27, 58]. A recent study by Ke et al. [99] showed that narin-
genin reduced adipose tissue mass, adipocyte size, and body
weight and ameliorated adipose tissue inflammation in
HFD-fed obese ovariectomized mice [99]. The same group
demonstrated that naringenin decreases adipose tissue mass
and attenuates metabolic disturbances in ovariectomized
mice. Naringenin-fed ovariectomized mice exhibited over
50% reduction in subcutaneous and visceral adiposity,
decreased hepatic lipid accumulation, and significantly
downregulated MCP-1 and IL-6 mRNA in perigonadal adi-
pose tissue [100].

Hesperetin and naringenin showed anti-inflammatory
potential in mouse adipocytes. Both flavonoid compounds
inhibited TNF-α-stimulated free fatty acid (FFA) release
and blocked the activation of NF-κB and ERK pathways in
mouse adipocytes. Through ERK signaling inhibition,
hesperetin and naringenin prevented the suppressing effect
of TNF-α on the antilipolytic genes perilipin and PDE3B.
In addition, the suppressive effect of hesperetin and narin-
genin on NF-κB resulted in IL-6 downregulation and subse-
quently reduced FFA secretion from mouse adipocytes
[101]. During the differentiation of adipocytes, naringenin
has been reported to inhibit toll-like receptor- (TLR-) 2
expression, an effect mediated via upregulation of PPARγ
[102]. In this context, hesperidin has been reported to acti-
vate PPARγ signaling in hepatocytes [28, 29]. In differenti-
ated adipocytes, naringenin inhibited TNF-α-induced
activation of TLR2 and NF-κB [102]. In vivo studies showed
that naringenin suppresses the infiltration of macrophages
into the adipose tissue of mice fed a HFD for 14 days [103].
In addition, naringenin inhibited the c-Jun NH2-terminal
kinase pathway and subsequently downregulated MCP-1
expression in the adipose tissue of HFD-fed mice [103].
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In vitro cultured/cocultured adipocytes and macrophages
showed suppressed MCP-1 expression following treatment
with naringenin [103].

The beneficial role of naringenin and nobiletin in obesity
and adipose tissue has been supported by using knockout
mice. In the study of Burke et al. [92], Ldlr−/− mice fed a
high-fat-high cholesterol diet and treated with naringenin
and nobiletin exhibited a significant improvement in metab-
olism and decreased obesity.

3. Therapeutic Potential of Citrus Flavonoids in
Diabetes and DCM

3.1. Citrus Flavonoids and DM. DM occurs as a consequence
of irregular catabolism and anabolism of carbohydrates,
lipids, and proteins because of insulin resistance or hypoin-
sulinism [104]. On the basis of etiology and clinical signs,
DM is classified into three types, type 1 DM, type 2 DM,
and gestational DM. Type 1 DM is an insulin-dependent or
juvenile diabetes and also termed as diabetes insipidus. Clin-
ically, it is characterized by an autoimmune disorder against
β-cells present in the islets of Langerhans of the endocrine
pancreas. Around 5-10% of all diabetic patients are suffering
from type 1 DM [105]. The initial incidence of type 1 DM
usually occurs at the age of 4 years, or when the individual
reaches in early adolescence and puberty, i.e., below the
age of 20 years. In the early stages, individuals suffering
from type 1 DM show mild fasting hyperglycemia, and
this may progress to severe hyperglycemia and/or ketoaci-
dosis, indicating impaired function of pancreatic β-cells.
Upon diagnosis, 80-90% of patients suffering from type 1
DM will have elevated levels of auto-antibodies to insulin,
including glutamic acid decarboxylase (GAD65), and tyro-
sine phosphates IA-2 and IA-2ß [106]. Type 1 DM signs
are extreme urination and thirst, episodic hunger, gradual
weight, and vision loss [106].

Type 2 DM is a non-insulin-dependent or adult onset of
diabetes. Currently, type 2 DM is the most prevalent type of
diabetes in the world and accounts for 90-95% patients
[107]. Type 2 DM is considered as heterogeneous disease,
because multiple factors are mixed up in its progression,
including obesity, lack of physical activity, hypertension,
and dyslipidemia. In this type of diabetes, the body pro-
duces sufficient amount of insulin but due to cellular resis-
tance, it remains ineffective. Upon diagnosis of type 2 DM,
almost every patient has some degree of impaired insulin
secretion [108].

Gestational diabetes mellitus (GDM) is present or diag-
nosed during the 2nd/3rd trimester of pregnancy. Although
GDM is a tentative disorder, it may increase the chances of
getting type 2 DM later in life. Women with elevated level
of blood glucose during pregnancy are diagnosed with
GDM. Normally, GDM starts during the 24th week of preg-
nancy. Oral glucose tolerance test (OGTT) is recommended
in high-risk women for the diagnosis of GDM. Women diag-
nosed with GDM are in jeopardy of elevated blood pressure,
fetal macrosomia, and difficulty in vaginal birth [109].
Although GDM disappears after pregnancy, it may reappear
in future pregnancies and may lead to type 2 DM in later

stages of life. Additionally, the infants of GDM mothers are
at threat of type 2 DM development during adolescence or
in early adulthood [109].

Antioxidants are compounds which have the ability to
delay or inhibit the oxidation of different molecules in the
body. Although a low amount of ROS is beneficial in cell sig-
naling, increased ROS is the major cause of cell death [110].
Different studies have proposed that phytochemicals either
from fruit or vegetable sources can protect cells from
ROS-induced damage [111].

Rutin, a natural citrus flavonoid found in fruits and veg-
etables, has effective efficacy in lowering hyperglycemia and
also acts as an antioxidant [112]. A previous trial has shown
that rutin supplementation significantly decreases glucose
levels in diabetic patients [113]. Two studies have docu-
mented protective effects of rutin in diabetic rodent models
[22, 114]. Another study showed that chronic hyperglycemia
and dyslipidemia are a potential source of ROS in diabetes
and may be a source of oxidative stress through different
mechanisms, including autoxidation of glucose, lipid peroxi-
dation, the polyol pathway, and glycosylation [115]. In vivo,
rutin suppressed oxidative stress and partly reduced hyper-
glycemia and dyslipidemia in healthy rats but produced sig-
nificant reduction in blood glucose and increased the
activity of carbohydrate metabolic enzymes in diabetic rats
[112]. Rutin increased insulin levels by stimulating the intact
ß cells to produce insulin and may protect functional ß cells
from further damage [112]. Previous research from our labo-
ratory showed that the antidiabetic effect of rutin is mediated
via ameliorating hyperglycemia, hyperlipidemia, insulin
secretion, oxidative stress, inflammation, gluconeogenesis,
glycogenolysis, peripheral glucose uptake, and intestinal glu-
cose absorption in type 2 diabetic rats [22].

Nobiletin is another citrus flavonoid possessing adipo-
cyte differentiation inhibitory activity [116] and can reduce
the development of obesity which is directly correlated with
type 2 diabetes. Nobiletin can act as an antidiabetic agent
[117] and interferes with the differentiation of the 3T3-L1
preadipocyte cell line by inhibiting the extracellular
signaling-regulated protein kinase signal pathway [116]. A
study conducted by Lee et al. [117] showed that nobiletin
has significant effects, including enhancement of Akt phos-
phorylation and glucose transporter- (GLUT-) 1 expression
in complete cellular lysates and GLUT-4 in plasma mem-
branes of white adipose tissue and muscles. In the same
study, the effects of nobiletin were evaluated on the metabo-
lism of glucose and insulin sensitivity in obese and diabetic
ob/ob mice, where results have shown that 5-week treatment
with nobiletin improved the circulating glucose level,
homeostasis model assessment (HOMA) index, and results
of OGTT.

Diosmin (DS) is a common component of many citrus
fruits and has an ability to stimulate the activity of ß cells
[118, 119]. A previous study has shown that oral treatment
with DS for 45 days in diabetic rats significantly reduced
plasma glucose level and enhanced the activity of hexokinase
and glucose-6-phosphate dehydrogenase (G6PD) [118].

Hesperidin and naringin are very common citrus flavo-
noids and not only attenuate the diabetic condition but also
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can revoke neuropathic pain by controlling hyperglycemia
and hyperlipidemia which upregulate the generation of free
radicals and release of proinflammatory cytokines [120].
We have conducted different in vivo and in vitro studies to
explore the mechanisms underlying the antidiabetic effects
of hesperidin and naringin. In one study, both hesperidin
and naringin attenuated hyperglycemia-induced oxidative
stress and inflammation in HFD/STZ-induced type 2 dia-
betic rats. Both compounds reduced hyperglycemia, glycosyl-
ated hemoglobin levels, lipid peroxidation, TNF-α, and IL-6
and enhanced enzymatic and nonenzymatic antioxidant
defenses [58]. In another study, both hesperidin and naringin
prevented hematological alterations and modulated the
expression of IL-6 and adiponectin in the adipose tissue of
type 2 diabetic rats [27]. We have also shown that hesperidin
and naringin improved serum insulin, hepatic and muscle
glycogen, and gene and protein expression of GLUT-4. In
addition, both compounds ameliorated hepatic glucose out-
put, peripheral glucose uptake, intestinal glucose absorption,
and glucose-stimulated insulin secretion from isolated islets
of Langerhans [121].

Eriodictyol is a lemon citrus flavonoid and has significant
ability to reduce oxidative stress in diabetic rats. It reduces
the retinal vascular endothelial growth factor (VEGF),
TNF-α, ICAM-1, and NO production, and it also has poten-
tial to downregulate diabetes-related lipid peroxidation
[122]. Eriodictyol treatment may upregulate mRNA expres-
sion of PPARγ2 and lipocyte-specific fatty acid-binding pro-
tein and the protein level of PPARγ2 in differentiated 3T3-L1
adipocytes. In addition to these effects, eriodictyol also reac-
tivated Akt in HepG2 cells with high glucose- (HG-) induced
insulin resistance [123]. Insulin resistance has a close affinity
with irregular signaling through IRS-1, P13k, and Akt path-
ways [124].

3.2. Citrus Flavonoids and DCM. DM is associated with
increased risk of developing CVD, the principal cause of
death and disability in people with diabetes [6]. DCM
describes DM-associated pathological changes in the myo-
cardium, independent of ischemic heart disease or hyperten-
sion. The prevalence of DCM has remarkably increased over
the past decades [125] and is characterized by diastolic dys-
function, cardiac remodeling, hypertrophy, and altered car-
diac energy metabolism [9, 10]. Hyperglycemia-induced
excessive production of ROS is the main underlying mecha-
nism of diabetes-induced cardiomyocyte damage [126].
?Prolonged hyperglycemia can induce metabolic and molec-
ular changes leading to myocardial injury [127]. Redox
imbalance in the diabetic heart leads to oxidative DNA dam-
age and accelerated myocardial apoptosis [128]. Other mech-
anisms involved in DCM include mitochondrial dysfunction,
inflammation, increased AGEs, activation of PKC, and
increased flux of hexosamine and polyol pathways [10]
(Figure 2). Mitochondrial dysfunction plays a crucial role in
the development and progression of DCM [129]. Hypergly-
cemia impairs the function of mitochondria by altering mito-
chondrial Ca2+ handling, energy metabolism and oxidative
phosphorylation, dynamics, and biogenesis [130]. Hypergly-
cemia provokes nonenzymatic reaction of glucose with

?protein amino groups or lipids, leading to increased forma-
tion of AGEs [131]. Within the myocardium, AGE accumu-
lation induces structural changes in several proteins, as well
as Ca2+ handling, and consequently leads to myocardial stiff-
ness [132]. In addition, AGE accumulation can provoke
myocardial fibrosis by increasing collagen cross-linkage,
impaired cardiac relaxation, and diastolic dysfunction
[133]. Hyperglycemia can also activate the hexosamine bio-
synthetic pathway and increase N-acetylglucosamine
(GlcNAc), ?leading to more ROS generation. Increased levels
of GlcNAc may induce deactivation of antioxidant defense
enzymes via O-GlcNAcylation [134]. Moreover, dyslipid-
emia, which includes lipoprotein abnormalities, has emerged
as a major factor in the pathogenesis of DM-associated CVD
[13]. Recently, we reported elevated serum lipids associated
with a pronounced increase in cardiovascular risk indices
in STZ-induced diabetic rats [135]. Dyslipidemia in dia-
betic rats has been associated with oxidative stress, inflam-
mation, myocardial fibrosis, and multiple histopathological
alterations [135].

Given the role of hyperglycemia, dyslipidemia, and oxi-
dative stress in the pathogenesis of DCM, citrus flavonoids
can attenuate myocardial damage in DM via antihyperglyce-
mic, antihyperlipidemic, and antioxidant potential. In this
context, several studies have reported the beneficial thera-
peutic effects of citrus flavonoids in diabetic cardiovascular
complications. Hesperidin has been demonstrated to exert a
cardioprotective effect in ischemic heart disease in diabetic
rats [136]. Hesperidin activated PPARγ signaling and
reduced left ventricular end-diastolic pressure and mean
arterial pressure in diabetic rats [136]. The efficacy of hesper-
idin to upregulate PPARγ signaling has been supported by
our recent study showing activated hepatic PPARγ following
hesperidin supplementation in cyclophosphamide-induced
rats [28] and in an experimental model of hepatocarcinogen-
esis [29]. Hesperetin, the aglycone of hesperidin, has been
recently reported to inhibit inflammation and fibrosis in the
heart of STZ-induced diabetic rats by suppressing the NF-κB
signaling pathway [137]. Treatment of diabetic rats with
hesperetin downregulated the expression of proinflamma-
tory cytokines, adhesion molecules, and collagen I and III;
inhibited NF-κB activation; and decreased collagen deposi-
tion in the heart [137].

Naringin protected cardiomyocytes against hypergly
cemia-induced injury both in vitro and in vivo as reported
by You et al. [138]. Pretreatment of cardiomyocytes with nar-
ingin prevented high glucose-induced oxidative stress, apo-
ptosis, and increased mitochondrial membrane potential
(MMP) and NF-κB p65 phosphorylation [138]. These find-
ings were confirmed by in vivo treatment of STZ-induced
diabetic rats with naringin. Diabetic rat hearts treated with
naringin showed increased expression of ATP-sensitive K+

channels and SOD and decreased the ADP/ATP ratio and
NOX4 expression [138]. Recently, Zhang et al. [139] showed
the involvement of oxidative stress and ER stress in DCM
and the ameliorative role of naringin. STZ-induced diabetic
rats treated with naringin for 8 weeks exhibited improved
glucose tolerance; enhanced cardiac antioxidants; decreased
cardiac lipid peroxidation; downregulated mRNA and
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protein expression levels of GRP78, CHOP, and caspase-12;
and improved the histological appearance of the myocar-
dium [139]. These findings point to the role of naringin in
ameliorating mitochondrial ROS production and inhibiting
the ER stress-mediated apoptosis [139]. The aglycone form
of naringin, naringenin, showed cardioprotective effects in
STZ-diabetic mouse heart. Naringenin ameliorated cardiac
hypertrophy in HFD/STZ-diabetic mice through upregulat-
ing both the gene and protein expression of PPARs, CYP2J3,
and 14,15-EET [140].

In STZ-induced male diabetic mice, nobiletin attenuated
oxidative stress, inflammation, and cardiac dysfunction as
reported by Zhang et al. [141]. Echocardiography and hemo-
dynamic measurements revealed improved cardiac function
in diabetic mice treated with nobiletin. The cardioprotective
mechanism of nobiletin included the suppression of NADPH
oxidase-mediated ROS production and downregulated the
expression of transforming growth factor- (TGF-) β1, fibro-
nectin, collagen, JNK, P38, and NF-κB. Therefore, nobiletin
was able to inhibit NF-κB activation and mitigate fibrosis in
the diabetic mouse heart [141].

4. Therapeutic Potential of Citrus Flavonoids in
Endothelial Dysfunction (ED)
and Atherosclerosis

4.1. Citrus Flavonoids and ED. Endothelial cells produce dif-
ferent and important vasoactive substances for the regulation
of the proper vascular function and maintenance of vascular
tone in the body. These substances are endothelium-derived
hyperpolarizing factor (EDHF), NO, carbon monoxide, pros-
tacyclin, endothelin, vasoactive prostanoids, and superoxide
[142]. ED is a complex disease, and several factors are
responsible for its initiation. ED is characterized by reduced
bioavailability of NO because of eNOS uncoupling which
might be a consequence of oxidative stress or excess FFA as

well as other factors [8, 143–145] (Figure 3). Under oxidative
stress conditions, superoxide radical reacts with NO resulting
in the formation of ONOO• and decreased NO bioavailabil-
ity [146]. The generation of free radicals and activated endo-
thelial cells starts the complex pathogenic events [147],
which attract the circulating macrophages and internalize
modified lipoproteins to become foam cells [148]; multiple
cytokines and growth factors detailed by endothelial cells
attract the adjacent smooth muscle cells to induce prolifera-
tion and production of the extracellular matrix within the
inner layer of vessels which ultimately results in generation
of fibromuscular plaque [149].

Free radicals and ROS have a significant contribution in
the pathogenesis of ED and CVD. The body cells and tissues
are in continuous danger from free radicals and ROS which
are generated during the normal process of metabolism.
Thus, antioxidants can play a central role in boosting the cel-
lular capacity against ROS-induced injury. The antioxidant
activity of flavonoids is well-documented, and they protect
cells from the lethal free radicals and ROS [150].

Normal arterial pressure is necessary for the healthy
activity of the vasculature and normal blood flow. Citrus fruit
flavonoids act as vasorelaxants and maintain vasculature
tone throughout the body [150]. The vasorelaxant activity
of citrus flavonoids also protects arterial intima from ED
and from other diseases including metabolic syndrome [151].

A study conducted on spontaneous hypertensive rats
(SHR) showed that a continuous 8-week duration of hes-
peridin intake can significantly reduce blood pressure,
?oxidative stress, ED, and cardiac and vascular hypertro-
phies. Moreover, G-hesperidin (alpha glucosyl hesperidin)
intake showed an ability to increase acetylcholine-induced
endothelium-dependent vasodilation among SHRs. The
same study showed that the intake of G-hesperidin did
not affect eNOS gene expression and was not responsible
for the increased NO production [152]. In another study,
where SHRs were treated with hesperidin, the results
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Figure 2: Citrus flavonoids protect against hyperglycemia-induced ROS in the diabetic heart.
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showed a dose-dependent inverse relation with ED and
systolic blood pressure [153]. In a diabetic rodent model,
the use of hesperidin resulted in hypoglycemia and
reduced circulating FFA, triglycerides, and total cholesterol
[154]. Human patients diagnosed with hyperlipidemia and
treated with G-hesperidin showed lower circulating triglyc-
eride levels [155, 156].

Naringin and naringenin are known as sturdy free radical
scavengers and help in the prevention of lipid peroxidation.
In an in vitro study, superoxide and hydroxyl radicals were
scavenged by these flavonoids [157]. Naringin has the ability
to inhibit the activity of XO, an indigenous source of super-
oxide anions in eukaryotic cells [158]. A study conducted
on diabetic rats, where the rats were supplemented with nar-
ingin, showed improved and enhanced activity of antioxidant
enzymes including SOD, catalase, and GPx [159]. Another
study conducted by Jeon et al. [160] on cholesterol-fed rab-
bits showed that naringin supplementation can increase the
activity of antioxidant enzymes; however, the TBARS con-
centration remained unchanged.

4.2. Citrus Flavonoids and Atherosclerosis. Citrus flavonoids
have gained special attention among others, because of their
unique and enhanced therapeutic properties against different
chronic diseases, particularly atherosclerosis [161, 162]. Fla-
vonoids have very specific antioxidant properties and can
protect cells against oxidative damage [162]. A study carried
out by Gorinstein et al. showed that the intake of citrus fruit
reduces the plasma level of triglycerides in CVD patients
[163]. Another recent study on the daily intake of glucosyl
hesperidin (500mg/day for 6 or 24 weeks) showed signifi-
cantly reduced triglycerides in both hyperlipidemia and
hypertriglyceridemia subjects [155, 156]. A study in hyper-
cholesterolemia patients revealed that the intake of narin-
gin (400mg/day for 8 weeks) can cause 17% reduction in
LDL-C and apoB level in plasma [164]. 0.05% naringenin
and 0.1% naringin were given to high cholesterol-fed rab-
bits, and the results showed a reduction in aortic fatty
streaks [165].

Different cell model studies were performed for the eval-
uation of citrus flavonoids. A previous study on HepG2 furn-
ished evidence that both naringenin and hesperetin reduced
apoB100 accumulation over the media for four hours [80].
Different studies on HepG2 cells showed that naringenin

inhibits cholesterol acyltransferase and microsomal triglycer-
ide transfer proteins which limits cholesteryl ester and tri-
glyceride availability for the formation of lipoprotein [166,
167].

A study was conducted on C57BL/6 mice, where HFD
containing 0.5% lemon peel polyphenols such as eriodictyol
and hesperidin, demonstrated significantly reduced plasma
triglyceride and hepatic lipid levels [168]. Peel extract of Cit-
rus reticulata administered into the db/db mice caused a
decrease in liver fat and reduction in plasma lipids [169].
Wistar rats fed a high-cholesterol diet along with the admin-
istration of naringenin (50mg/kg) for 90 days showed
marked reduction in plasma lipids, hepatic lipids, and fibro-
sis associated with reduced matrix metalloproteinase gene
expression and markers of macrophage infiltration [170].

A clinical study of subjects with hypercholesterolemia
(cholesterol >230mg/dl), who received 270mg of citrus fla-
vonoid and 30mg of tocotrienols daily for the period of four
weeks, revealed significant reductions in total plasma choles-
terol (20-30%), LDL (19-27%), and TG (24-34%) [171].
Intake of orange juice (480ml/day for 1 year) reduced the
concentration of total cholesterol, LDL cholesterol, and apoB
in patients with mild hypercholesterolemia [172]. Glucosyl
hesperidin (500mg/day for 24 weeks) supplemented to
hypertriglyceridemic patients significantly reduced plasma
triglyceride and apoB [155]. A larger study conducted on
Japanese subjects (10,623 participants: 4,147 male and
6,476 female) using citrus fruit intake (6-7 times/week)
demonstrated an inverse association for CVD, specifically
ischemic stroke [173].

Rabbits fed cholesterol and a daily intake of 500mg/kg
naringin supplementation showed reduced vascular fatty
streak arrangement and macrophage infiltration in vascular
walls. In the same study, hypercholesterolemic rabbits treated
with naringin showed antiatherogenic activity by inhibiting
ICAM-1 expression in endothelial cells [174]. In another
study, rabbits with high plasma cholesterol were treated with
naringin and naringenin and both showed antiatherogenic
effects by downregulating the expression of aortic VCAM-1
and MCP-1 [165]. Increased production of apoB containing
lipoproteins is a characteristic feature of dyslipidemia along
with insulin resistance [175]. When wild-type mice were sup-
plemented with elevated levels of fat in their diet and narin-
gin, the results showed significant antiatherogenic effects
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Figure 3: Citrus flavonoids prevent eNOS uncoupling and decreased NO production via their antioxidant activity.
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[176]. Naringin can also inhibit apoB100 secretion by stimu-
lating the signaling cascade in HepG2 cells [177]. Ldlr-/--

mice fed with western diet and supplemented with 3% of diet
with naringenin (w/w) showed a reduction in infiltration of
MOMA-2-positive lesions and collagen deposition, which
suggests the antiatherogenic activity [178].

Atherosclerosis is a very common disease worldwide, and
multiple factors, including hypertension, diabetes, and high
plasma cholesterol level, can accelerate its onset. Several
medical therapies are available for the treatment of athero-
sclerosis, but they may have side effects. However, nutritional
therapy and balanced diet have gained significant importance
in recent years for the treatment of atherosclerosis and other
cardiovascular diseases. The use of citrus fruits in daily diet
not only provides valuable vitamins and nutrients to the body
but also can enhance the metabolism of the body. The flavo-
noids present in citrus fruits have antioxidant, hypolipid-
emic, and antidiabetic activities and demonstrate a
significant role in the control of free radicals. Therefore, cit-
rus flavonoids could be of significant value as a treatment
regime for counteracting atherosclerosis. However, clinical
studies for the proper evaluation of citrus flavonoids meta-
bolic activity are needed.

5. Citrus Flavonoids and Modulation of
Platelet Function

Thrombocytes or platelets play a crucial role in hemostasis
and wound healing. However, excessive activation of throm-
bocytes is associated with many disorders, including DM and
hypertension. In addition, platelet dysfunction participates in
the pathogenesis and progression of thrombosis and CVD
[179]. Flavonoids possess multiple therapeutic benefits
against cancer, neurodegenerative disorders, and CVD.
Given their antihyperlipidemic effects and their regulatory
role in lipid metabolism, flavonoids can reduce cell adhesion
and improve the function of vascular endothelium [179–
181]. Therefore, flavonoids have been proposed as novel can-
didates for the development of therapeutic agents counter-
acting several disease conditions associated with thrombotic
events [182, 183].

Epidemiological reports have pointed to the inverse
relationship between platelet activity and the consumption
of citrus flavonoids. Hence, citrus flavonoids can play a
protective role against the pathogenesis and progression
of CVD [179, 183–186]. Flavonoids are capable of inhibit-
ing platelet function and hence might be of value as anti-
thrombotic agents [183, 186, 187].

The exact mechanisms underlying the antiplatelet activ-
ity of citrus flavonoids are not fully elucidated. Studies have
demonstrated different mechanisms describing the effect of
flavonoids on platelet function. Inhibition of the arachidonic
acid-based pathway has been postulated as the primary effect
of flavonoids in platelets [179, 180]. Other mechanisms such
as mobilization of intracellular Ca2+, attenuation of agonist-
induced GPIIb/IIIa receptor activation, and activation of
phospholipases and MAPK have been proposed for the
reduced platelet activity by flavonoids [182]. However,
Ravishankar et al. have recently reported that the underlying

mechanism depends specifically on the flavonoid structure
and the included functional groups [183]. The antiplatelet
activity of citrus flavonoids naringin and naringenin as well
as other compounds, such as, coumarin, esculetin, and frax-
etin has been tested [186]. Naringin and naringenin showed
a more potent ability to bind to and inhibit GPIIb/IIIa recep-
tors which have a role in platelet activation by acting as
receptors for fibrinogen and von Willebrand factor [186].
Naringenin improved NTPDase activities in platelets in
hypercholesterolemic diet-fed rats [188]. In addition, citrus
flavonoids may have an impact on the circulating levels of
fibrinogen, factor (F)VII, and plasminogen [184, 187, 189].

The citrus flavonoid tangeretin has also shown anti-
platelet activity mediated via inhibition of intracellular cal-
cium mobilization, GPIIb/IIIa receptor signaling, granule
secretion, platelet adhesion, and thrombus formation
[190]. The impact of tangeretin on platelets has been attrib-
uted to inhibition of PI3K signaling and increased cGMP
levels in platelets [190].

Nobiletin has also been investigated for its antiplatelet
activity. Both in vitro and in vivo experimental studies
demonstrated the ability of nobiletin to suppress platelet
aggregation, calcium mobilization, granule secretion, and
thrombosis. In C57BL/6 mice, nobiletin reduced Akt phos-
phorylation, increased cGMP, suppressed phospholipase
PLCγ2 and vasodilator-stimulated phosphoprotein phos-
phorylation, and extended bleeding time [187]. In addition
to the previously mentioned effects, nobiletin suppressed
the phosphorylation of Akt, MAPK, and PLCγ2 as well as
ROS levels in collagen-activated human platelets [185].
Furthermore, incubation of human platelets with nobiletin
resulted in increased phosphorylation of vasodilator-
stimulated phosphoprotein, a substrate of cAMP and
cGMP-regulated protein kinases [191].

6. Concluding Remarks

(i) The available data suggests that citrus flavonoids are
likely to confer protection against CVD. The ability
of citrus flavonoids to reduce oxidative stress, hyper-
lipidemia, and inflammation and to improve endo-
thelial function, arterial blood pressure, and lipid
metabolism may be responsible for their therapeutic
role against atherosclerosis and CVD (Figure 4).

(ii) In vitro and in vivo studies indicate that citrus
flavonoids protect against ROS-induced cell
injury, reduce obesity and adipose tissue inflam-
mation, and improve platelet function. Citrus fla-
vonoids modulate several signaling pathways
controlling inflammation and other processes
such as NF-κB

(iii) Studies in experimental diabetes models demon-
strate the efficacy of citrus flavonoids to improve
glucose tolerance, increase insulin secretion and
sensitivity, decrease insulin resistance, reduce
hepatic glucose output and intestinal glucose
absorption, enhance peripheral glucose uptake,
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suppress inflammation, and modulate activity of
enzymes and transporters involved in glucose and
lipid metabolism

(iv) Citrus flavonoids modulate different signaling path-
ways involved in adiposity and adipocyte differenti-
ation and hence could be of significant value for the
development of antiobesity agents

(v) Given the tremendous increase in the number of dia-
betic patients in the world, there is a greater concern
for the development of harmless, efficient, and
cost-effective antidiabetic medicine. Therefore, fur-
ther studies and clinical trials to assess the efficacy
and to explore the underlying citrus flavonoids
mechanism(s) of action are recommended in both
healthy subjects and patients. The results of these
studies might open new avenues of research in the
development of novel therapeutic agents
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Oxidative stress plays a crucial role in the pathogenesis of diabetic vascular complications. It is known that the accumulation of
advanced glycation end products (AGEs) and the activation of the receptor of AGEs (RAGE) induce sustained oxidative stress
in the vascular tissue. Growing evidence indicates that glycine, the simplest amino acid, exerts antioxidant and antiglycation
effects and also improves vascular function. However, the mechanism whereby glycine protects vascular tissue against oxidative
stress in models with diabetes has not been investigated. In the present study, we evaluated whether glycine can attenuate
oxidative stress by suppressing the AGE/RAGE signaling pathway in the aorta of streptozotocin-induced diabetic rats and in
human umbilical vascular endothelial cells (HUVECs). Our results showed that oral glycine administration increased NO
content and ameliorated oxidative stress in the serum and aorta of diabetic rats. The AGE/RAGE signaling pathway in the aorta
of diabetic rats was significantly attenuated by glycine treatment as manifested by decreases in levels of AGEs, RAGE, Nox4, and
NF-κB p65. The suppressive effect of glycine on the formation of AGEs was associated with increased activity and expression of
aortic glyoxalase-1 (Glo1), a crucial enzyme that degrades methylglyoxal (MG), the major precursor of AGEs. In MG-treated
HUVECs, glycine restored the function of Glo1, suppressed the AGE/RAGE signaling pathway, and inhibited the generation of
reactive oxygen species. In addition, the reduction in the formation of AGEs in HUVECs caused by glycine treatment was
inhibited by Glo1 inhibition. Taken together, our study provides evidence that glycine might inhibit the AGE/RAGE pathway
and subsequent oxidative stress by improving Glo1 function, thus protecting against diabetic macrovascular complications.

1. Introduction

Vascular complications have become the leading cause of
morbidity and mortality among patients suffering from dia-
betes mellitus worldwide. Oxidative stress plays a central role
in the pathogenesis of diabetic vascular complications [1]. It
is well established that the formation of advanced glycation
end products (AGEs) and the subsequent signaling pathway
contribute in a major way to the sustained oxidative stress
that occurs in the vascular tissue [2, 3]. AGEs are formed
by nonenzymatic reactions between reducing sugars and
amino groups of large biomolecules, including proteins,
nucleic acids, and lipids [4]. This irreversible process is
accelerated under chronic hyperglycemia and/or oxidative
stress, as occurs with diabetes mellitus. In addition to being

deposited in the extracellular matrix and recruiting macro-
phages in the vessels [5], AGEs also bind to the receptor of
AGEs (RAGE) and activate NADPH oxidase (Nox) and
NF-κB [6], thus initiating a vicious cycle of oxidative stress
and inflammation [7, 8]. Another deleterious feature of
AGEs is their role in “metabolic memory.” Since the forma-
tion of AGEs cannot be reversed, their accumulation in the
vascular tissue induces sustained oxidative stress, even if
hyperglycemia is improved [9]. Therefore, finding ways to
inhibit AGE formation is of particular importance to protect
against oxidative stress in diabetic vascular injury.

Methylglyoxal (MG), a highly reactive dicarbonyl
metabolite of glycolysis, has been increasingly recognized
as the major precursor of intracellular AGEs [10]. MG is
degraded by the glyoxalase system, an efficient enzymatic
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detoxification system, of which glyoxalase-1 (Glo1) is the
rate-limiting enzyme [11]. With glutathione (GSH) as a
cofactor, Glo1 converts MG into an intermediate product,
which is further detoxified into lactate by glyoxalase-2.
Under diabetic conditions, both Glo1 expression and GSH
levels are decreased [12–14]. Therefore, the function of
Glo1 is impaired, leading to uncontrolled AGE formation
and oxidative stress [15, 16]. Hence, an enhancement of
Glo1 function would play a valuable role in inhibiting this
detrimental process.

Glycine is the simplest amino acid in mammals. Besides
participating in synthesizing structural biomolecules, glycine
serves as one of the predecessors of GSH, one of the most
important antioxidants in the human body. In diabetic com-
plications, glycine exerts suppressive effects on glycation,
such as delaying cataract formation [17], although the mech-
anism for this has not been clearly established. Recent studies
have reported some protective effects of glycine on vascular
injuries, such as improving endothelial function [18] and
restoring vascular reactivity [13], but the effects of glycine
on large blood vessels exposed to diabetic conditions have
not been investigated. The antiglycation and antioxidant
effects of glycine leave open the possibility that glycine might
work by suppressing AGE formation and inhibiting the
activation of the AGE/RAGE axis, thus protecting against
oxidative stress and diabetic vascular complications. Due
to the effect of glycine in restoring vascular GSH levels
[13], we speculated that glycine may exert beneficial effects
on Glo1 function, thus restoring the ability of Glo1 to inhibit
AGE formation.

In the present study, we aimed to investigate the
effect of glycine on the AGE/RAGE signaling pathway
as well as on the function of Glo1 in the aorta of diabetic
rats and in human umbilical vascular endothelial cells
(HUVECs). Our goal was to increase the number of possible
therapeutic methods that may be useful against diabetic
macrovascular complications.

2. Materials and Methods

2.1. Experimental Animals. All protocols and procedures
of our study were approved by the Ethics Committee for Ani-
mal Experimentation of the Faculty of Peking University
First Hospital (approval number: J201613).

Six-week-old male Sprague-Dawley (SD) rats were
housed under a 12 h light-dark cycle. All animals had
unlimited access to drinking water and a chow diet. After
two weeks of acclimation, all rats were randomly assigned
either to an experimental group or to a healthy control
group. After an overnight fast, the experimental group
was intraperitoneally injected with a single dose of strepto-
zotocin (STZ, 45mg/kg of bodyweight, Sigma-Aldrich, St.
Louis, MO, USA). Diabetes mellitus (DM) was confirmed
2 weeks later by measuring blood glucose levels (individ-
uals with levels > 16 7mmol/L were confirmed as diabetic).
The experimental group was further divided into a DM
group (nontreated diabetic rats receiving normal drinking
water, N = 8) and a DG group (diabetic rats receiving
1% (w/v) glycine ad libitum in drinking water [13, 19],

N = 8). Likewise, the healthy control group was divided
into two groups: a control group (healthy rats receiving
normal drinking water, N = 7) and a CG group (healthy
rats receiving 1% (w/v) glycine ad libitum in drinking
water, N = 7). After 12 weeks, all rats were anesthetized
with pentobarbital and sacrificed. The thoracic aortas were
quickly removed and stored at -80°C or immersed in forma-
lin for fixation. Serum samples were collected to determine
the biochemical profile (by Automatic Biochemical Analyzer
7600, Hitachi, Tokyo, Japan) and glycine concentration.

2.2. Measurement of Serum Glycine. Serum samples were
prepared using the EZ:faast GCMS Free Amino Acid
Analysis Kit (Phenomenex, Torrance, CA, USA) and ana-
lyzed on a Gas Chromatograph-Mass Spectrometer-QP2010
(Shimadzu, Kyoto, Japan) according to the manufacturer’s
instructions. The conditions were as follows: samples were
injected using split injection at a ratio of 1 : 10 and a port tem-
perature of 280°C. An Rtx-5MS column (30m × 0 25mm)
was used to separate the compounds. The initial oven tem-
perature was set at 100°C, then raised to 300°C at a rate of
10°C/min, and then held for 10 minutes.

2.3. Histopathology. The descending thoracic aortas were
fixed in 10% formalin, embedded in paraffin, and cut into
4μm sections. The rehydrated sections were stained with
hematoxylin-eosin (H&E) to observe the overall changes
and to measure the intima-media thickness (IMT). Five
random nonoverlapping visual fields of one section were
captured on an Olympus DP71 microscope (magnification
400x). In each visual field, the IMT was measured at four dif-
ferent points by ImageJ software. A Verhoeff-Van Gieson
staining kit (DC0059, Leagene, Beijing, China) was used to
observe the elastic fibers in the tissue.

2.4. Measurement of NO Concentration and Oxidative
Stress Markers in the Serum and Aorta. The samples of
the aorta were sonicated in ice-cold RIPA lysis buffer
(P0013, Beyotime, Shanghai, China) and centrifuged at
16,000 g for 20min at 4°C. The protein concentrations were
determined by the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Hudson, NH, USA) and adjusted to the
same levels. Equal amounts of soluble aorta homogenates
and serum samples were assayed to determine levels of NO
metabolites (S0021, Beyotime, Shanghai, China), total GSH
levels (S0053, Beyotime, Shanghai, China), malondialdehyde
(MDA) levels (S0131, Beyotime, Shanghai, China), and
superoxide dismutase (SOD) activity (706002, Cayman
Chemical, Ann Arbor, Michigan, USA), following the manu-
facturers’ instructions.

2.5. Measurement of AGE Levels. 100μl of the solubilized
protein samples was pipetted into the wells of a 96-well
nontransparent plate, and the autofluorescence of AGEs
was assessed at Ex 370nm/Em 440nm wavelengths [20].
The AGE ELISA kit (MBS261131, MyBioSource, San Diego,
CA, USA) was also applied to determine the concentrations
of AGEs, following the manufacturer’s instructions. The data
were normalized to protein concentrations.

2 Oxidative Medicine and Cellular Longevity



2.6. Immunohistology. We followed the methods of Wang
et al. [21]. After blocking, the aorta sections were incubated
overnight at 4°C with a rabbit anti-AGE antibody (1 : 200,
ab23722, Abcam, Cambridge, UK), rabbit anti-RAGE
antibody (1 : 200, ab3611, Abcam, Cambridge, UK), rabbit
anti-Nox4 antibody (1 : 150, ab133303, Abcam, Cambridge,
UK), mouse anti-3-nitrotyrosine antibody (1 : 200, ab61392,
Abcam, Cambridge, UK), rabbit anti-NF-κB p65 antibody
(1 : 200, D14E12, CST, Beverly, MA, USA), or mouse anti-
Glo1 antibody (1 : 200, MA1-13029, Invitrogen, Waltham,
MA, USA). The sections were washed and then incubated
with a secondary antibody (1 : 200, peroxidase-conjugated
anti-rabbit (ZB-2301) or anti-mouse (ZB-2305) antibody,
ZSGB-BIO, Beijing, China) for 1 hour. Color was developed
using DAB. Images were captured using an Olympus
DP71 microscope. The mean IOD of staining (IOD/area)
from 5 random fields on one section was assessed using
Image-Pro Plus 6.0 software.

2.7. Western Blot. The solubilized protein samples were
boiled with loading buffer for 5min. Equal amounts of pro-
tein (30μg) were separated using 12% SDS-polyacrylamide
gel electrophoresis and electrotransferred onto a nitrocel-
lulose membrane. The membrane was blocked with 5%
skim milk and incubated with a rabbit anti-RAGE antibody
(1 : 1000, ab3611, Abcam, Cambridge, UK), rabbit anti-
Nox4 antibody (1 : 1000, ab133303, Abcam, Cambridge,
UK), rabbit anti-NF-κB p65 antibody (1 : 1000, D14E12,
CST, Beverly, MA, USA), or mouse anti-Glo1 antibody
(1 : 3000, MA1-13029, Invitrogen, Waltham, MA, USA) over-
night at 4°C. After a thorough washing, the membrane was
incubated with a secondary antibody (1 : 5000, peroxidase-
conjugated anti-rabbit (ZB-2301) or anti-mouse (ZB-2305)
antibody, ZSGB-BIO, Beijing, China) for an hour at room
temperature. β-Actin was used as the loading control
(1 : 3000 TA-09, ZSGB-BIO, Beijing, China). The bands were
visualized using ECL Western Blotting Substrate (Thermo
Fisher Scientific, Hudson, NH, USA) and quantified by
Image-Pro Plus 6.0 software.

2.8. Measurement of Glo1 Activity. The activity of Glo1 was
measured according to the method established by Arai et al.
[22]. The samples were washed in PBS and sonicated in
10mM sodium phosphate buffer (pH = 7). After centrifu-
gation, the protein concentration was determined by the
BCA kit and adjusted to the same level in all samples. In a
96-well plate, 125μl sodium phosphate buffer (100mM,
pH = 6 6), 25μl GSH (40mM), 25μl MG (40mM), and
70μl Millipore water were added into each well and incu-
bated at 37°C for 15min. After incubation, 5μl solubilized
protein from cells or from aortic tissue was added into
each well. The absorbance at 240nm (A240) was monitored
every 2min. The Glo1 activity was displayed as the rate of
change in A240 per mg protein.

2.9. Cell Culture and Viability. The human umbilical vein
endothelial cell line (HUVEC) was bought from the Chinese
National Infrastructure of Cell Line Resource. The HUVECs
were cultured in minimum essential media (MEM without

glycine, glucose 5.5mM, Hyclone, Life Science, Pittsburgh,
PA, USA) with 10% fetal bovine serum (Gibco, Life Science,
Pittsburgh, PA, USA), 100U/ml penicillin, and 100μg/ml
streptomycin at 37°C in a humidified atmosphere of 5%
CO2. The HUVECs were identified by their typical cobble-
stone morphology and the presence of von Willebrand factor
(VWF) antigen.

Cell viability was evaluated using CCK-8 (Cell Counting
Kit-8, Donjindo, Mashikimachi, Japan). 3 × 103 HUVECs
were seeded into each well of a 96-well plate. After treatment,
each well was washed gently with phosphate-buffered saline
(PBS) to exclude possible interference from any remaining
culture medium. 10μl CCK-8 solution and 100μl new
MEM media without phenol red were added to each well.
After incubation at 37°C for 3 hours, the absorbance at
450 nm was measured.

2.10. Immunofluorescence. HUVECs were seeded onto a
cover glass placed in a well of a 12-well plate. After treatment,
all pieces of cover glass were incubated in 10% neutral forma-
lin for 10min, washed 3 times with PBS, and incubated with
0.1% Triton X-100 reagent for 10min. The cells were then
blocked in 1% BSA for 30min and incubated with 50μl rab-
bit anti-AGE antibody (1 : 200, ab23722, Abcam, Cambridge,
UK) overnight at 4°C. After extensive washing in PBS, the
cells were incubated in a fluorescent secondary antibody for
an hour in a dark chamber. After washing 3 times, the cover
glass was mounted with DAPI. Digital images of fluorescent
staining were captured on the Olympus microscope. Five
random nonoverlapping visual fields of one section were cap-
tured to calculate the mean fluorescence intensity.

2.11. Estimation of Intracellular Reactive Oxygen Species
(ROS). Intracellular ROS was estimated by flow cytometry
using an oxidation-sensitive fluorescent probe (2′,7′-dichlor-
ofluorescin diacetate, DCFH-DA, D6883, Sigma-Aldrich, St.
Louis, MO, USA). The treated cells were gently washed with
PBS and incubated with DCFH-DA (10μM inMEM without
phenol red). After 30 minutes, the cells were washed with
PBS 3 times and digested by 0.05% trypsin-EDTA. The mean
fluorescence intensities at Ex 488/Em 525 were detected by
flow cytometry.

2.12. Statistical Analysis. The statistical analysis of the data
was performed using SPSS 20.0 (SPSS Inc., Chicago, USA)
following the methods published elsewhere [21]. Quantita-
tive data are presented as the means ± standard errors of
the means (for normally distributed data) or medians and
interquartile ranges (for nonnormally distributed data).
Differences between groups were assessed using a one-way
analysis of variance (ANOVA) for normally distributed data,
followed by Tukey’s post hoc test. In addition, the Kruskal-
Wallis test was used for nonnormally distributed data. A
p value less than 0.05 was considered significant.

3. Results

3.1. Effect of Glycine on Plasma Glucose, Body Weight, and
Serum Glycine Levels. At week 12, the plasma glucose levels
in the DM group were significantly higher than those in the
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control group (p < 0 001, Table 1). The body weight and
serum glycine levels in the DM group were lower than those
in the control group (p < 0 001 and p < 0 05, respectively).
Compared with the DM group, the glucose levels and body
weight in the DG group seemed unaffected, whereas the
serum glycine levels were significantly increased (p < 0 001).

3.2. Effects of Glycine Treatment on Aortic Histopathology
and Vascular Function. To evaluate the effect of glycine treat-
ment on the structure of aortic tissue, we applied H&E and
Verhoeff-Van Gieson staining to examine morphological
changes. The H&E staining (Figure 1(a)) showed that in the

DM group, both the intimal and medial layers of the aorta
were disorganized, whereas much less injury was observed
in the DG group. The Verhoeff-Van Gieson staining
(Figure 1(b)) demonstrated that the elastic fibers in the DM
group displayed severe fragmentation and distortion. With
glycine treatment, the distortion of the elastin fibers was lower
than that of the DM group, although not completely restored.

To assess the effect of glycine on endothelial vascular
function, we measured the levels of NO metabolites in the
serum and aorta. Figures 1(c) and 1(d) show that in the
DM group, the concentrations of NO metabolites were
significantly decreased both in the serum and in the

Table 1: Plasma glucose levels, body weight, and serum glycine levels after 12 weeks of treatment.

Control CG DM DG

Plasma glucose (mmol/l) 6 03 ± 0 64 5 7 ± 0 77 24 07±2 09∗∗∗ 20 80±2 57∗∗∗

Body weight (g) 643 5 ± 6 56 647 8 ± 8 93 454 6±7 52∗∗∗ 452 2±8 54∗∗∗

Serum glycine (μM) 282 ± 6 36 445 43±8 63∗∗∗ 217 15 ± 5 86∗ 430 71 ± 8 39###

Control: healthy rats receiving normal tap water. CG: healthy rats receiving tap water with 1% glycine added. DM: diabetic rats receiving normal tap
water. DG: diabetic rats receiving tap water with 1% glycine added. N = 7-8. ∗p < 0 05, ∗∗∗p < 0 001 compared with the control group. ###p < 0 001
compared with the DM group.
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Figure 1: Alterations in aorta histopathology and NO concentrations in the four groups. (a) Representative images of HE staining in sections
of the rat aorta, magnification 400x. (b) Representative images of Verhoeff-Van Gieson staining in sections of the rat aorta, magnification
400x. The scale bar indicates 20μm. (c) Serum NO metabolite levels after 12 weeks of treatment. N = 6. (d) NO metabolite levels in the rat
aorta after 12 weeks of treatment. N = 6. (e) The aortic intima-media thickness after 12 weeks of treatment. N = 7-8. Control: healthy rats
receiving normal tap water. CG: healthy rats receiving water containing 1% (w/v) glycine. DM: diabetic rats receiving normal tap water.
DG: diabetic rats receiving water containing 1% (w/v) glycine. ∗p < 0 05, ∗∗p < 0 01 compared with the control group; #p < 0 05 compared
with the DM group.
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homogenates of aortic tissue as compared with the control
group (p < 0 01 and p < 0 05, respectively). In the DG group,
the concentrations of NO metabolites were significantly ele-
vated compared with these concentrations in the DM group
(p < 0 05). As shown in Figure 1(e), no significant difference
in aorta IMT was observed among the four groups.

3.3. Glycine Increases Antioxidant Capacity in the Serum of
Diabetic Rats. To assess the effect of glycine on antioxidant
capacity, we measured the levels of GSH, SOD, and MDA
in the serum and aorta of rats. In the serum, both GSH and
SOD levels in the DM group were significantly decreased as
compared with the control group (p < 0 01 and p < 0 05,
respectively, Figures 2(a) and 2(b)). However, the GSH levels
were significantly increased in the DG group as compared
with the DM group (p < 0 05). The SOD levels in the DG
group tended to be elevated, but this trend did not reach sta-
tistical significance. The serum MDA levels in the DM group
were increased as compared with those in the control group
(p < 0 001, Figure 2(c)), but this increase was abolished in

the DG group (p < 0 05). No changes in these markers were
observed in the CG group.

3.4. Glycine Restores Antioxidant Status in the Aorta of
Diabetic Rats. In the aortic tissue homogenates, diabetes sig-
nificantly decreased the GSH and SOD levels as compared
with the control group (p < 0 001 and p < 0 01, respectively,
Figures 2(d) and 2(e)), whereas glycine treatment signifi-
cantly increased these two antioxidant markers (p < 0 01
and p < 0 05, respectively). The MDA levels in the aorta were
increased in the DM group as compared with the control
group (p < 0 01). With glycine treatment, the MDA levels in
the diabetic rats were decreased (p < 0 01, Figure 2(f)). No
obvious alterations were detected in the CG group as com-
pared with the control group. As shown by immunohistology
(Figures 2(g) and 2(h)), the expression of 3-nitrotyrosine in
the aorta was significantly increased in the DM group as
compared with the control group (p < 0 05), especially in
the intimal layer. However, the DG group showed much less
staining of 3-nitrotyrosine (p < 0 05).
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Figure 2: Oxidative markers in the serum and aorta homogenates. Total GSH levels (a), SOD levels (b), and MDA levels (c) in serum samples
from different groups were measured after 12 weeks of treatment (N = 6). Total GSH levels (d), SOD levels (e), and MDA levels (f) in aorta
homogenates from different groups were measured after 12 weeks of treatment (N = 6). (g) and (h) show the immunohistological analysis of
3-nitrotyrosine in the aorta, magnification 200x. The scale bar indicates 40μm. IOD: integrated optical density. N = 6. ∗p < 0 05, ∗∗p < 0 01,
∗∗∗p < 0 001 compared with the control group. #p < 0 05, ##p < 0 01 compared with the DM group.
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3.5. Glycine Suppresses AGE Accumulation and the
RAGE-Nox-NF-κB Signaling Pathway. It is well known that
AGE binds to its receptor RAGE, which further activates
NADPH oxidase (Nox) [23] and inflammatory response
[24], eventually causing a vicious loop of oxidative stress in
the vascular tissue [2, 5]. Thus, the AGE/RAGE signaling
pathway constitutes one of the major mechanisms of vascular
oxidative stress. It was reported that glycine supplementation
could reduce the level of AGEs in the serum of diabetic rats
[17], but its effect in the vascular tissue stays unknown. To
investigate whether the antioxidative effect of glycine was
associated with suppression of the AGE/RAGE pathway, we
measured the expression of AGEs, RAGE, Nox4, and NF-κB
p65. Serum AGE levels in the DM group were significantly
increased in contrast with those in the control group
(p < 0 01, Figures 3(a) and 3(b)). Glycine treatment reduced
the AGE levels in serum as detected by both autofluorescence
and ELISA (p < 0 01 and p < 0 05, respectively). Likewise, the
aortic AGE levels were increased in the DM group as detected
by immunohistological analysis (p < 0 001, Figures 3(c) and
3(d)) but were reduced in the DG group (p < 0 001). Similar
results were also found when measuring aortic AGEs by
ELISA (Figure 3(e)).

To investigate whether the glycine-induced decrease in
AGEs could affect the downstream AGE/RAGE signaling
pathway, we applied immunohistology and immunoblots
to determine the expression of RAGE, Nox4, and NF-κB
p65 in the aorta. As shown in Figures 3(f)–3(n), the expres-
sions of aortic RAGE, Nox4, and NF-κB p65 increased sig-
nificantly in the DM group as compared with the control
group (p < 0 01, p < 0 05, and p < 0 001, respectively) in
western blot analysis. However, the expressions of RAGE,
Nox4, and NF-κB in the DG group were significantly
decreased as compared with those in the DM group
(p < 0 01, p < 0 05, and p < 0 01, respectively). Similar results
were also observed in the immunohistological analyses. No
significant difference was noticed in the CG group as com-
pared with the control group.

3.6. Glycine Increases Aortic Glo1 Activity and Protein
Expression. To find out if the suppressive effect of glycine
on AGE formation was due to the activation of the Glo1 sys-
tem, we measured the activity and the protein expression of
aortic Glo1. As shown in the immunohistological analysis
(Figures 4(a) and 4(b)), much less expression of Glo1 was
observed in the DM group than in the control group
(p < 0 05), whereas a greater level of staining of Glo1 was
shown in the DG group than in the DM group (p < 0 01).
As shown in Figures 4(c) and 4(d), the expression and activ-
ity of aortic Glo1 were significantly lower in the DM group
than in the control group (p < 0 01). However, both Glo1
protein expression and activity were markedly increased in
the DG group as compared with the DM group (p < 0 05).

3.7. Glycine Restores Viability and Glo1 Function in
MG-Treated HUVECs. To investigate whether the suppres-
sion of AGE formation and the downstream AGE/RAGE sig-
naling pathway caused by glycine treatment was mediated by
Glo1, we studied HUVECs. We added 400μM MG to the

HUVEC growth medium to mimic hyperglycemia-induced
dicarbonyl stress. During the 72 h incubation with MG, some
of the HUVECs were also treated with 0.5mM, 2mM, or
4mM glycine. As shown in Figure 5(a), the cell viability
dropped by 35% when treated with MG for 72h (p < 0 001).
Both 2mM and 4mM glycine protected against the damages
caused by MG (p < 0 05). The treatment with 0.5mM glycine
had no obvious effect on cell viability.

The incubation of HUVECs with MG caused a signif-
icant decrease in the intracellular GSH/GSSG ratio as
compared with the control group (p < 0 05, Figure 5(b)),
but this decrease was reversed by 2mM and 4mM glycine
treatment (p < 0 001).

The incubation of HUVECs with MG also caused a sig-
nificant decrease in the activity of cellular Glo1 as compared
with the control group (p < 0 01). As shown in Figure 5(c),
the 2mM and 4mM glycine treatments significantly elevated
the Glo1 activity in a dose-dependent manner (p < 0 05 and
p < 0 01, respectively). No marked alterations in these param-
eters were detected in cells treated with 0.5mM glycine.

3.8. Glycine Inhibits Cellular AGE Formation and the
RAGE-Nox-NF-κB Signaling Pathway in MG-Treated
HUVECs. To investigate whether the favorable effects of gly-
cine on Glo1 function could affect AGE formation and the
downstream AGE/RAGE pathway, we determined the levels
of AGEs, RAGE, Nox4, and NF-κB p65 in the MG-treated
HUVECs. As shown in Figures 6(a) and 6(c), incubation of
HUVECs with MG for 72 h significantly increased AGE
formation as reflected by immunofluorescence analysis and
ELISA (p < 0 001 and p < 0 05, respectively). The immu-
nofluorescence study showed that AGE expression was
decreased by 0.5mM, 2mM, or 4mM glycine treatments
(p < 0 01, p < 0 001, and p < 0 001, respectively), whereas
the ELISA analysis showed that only the treatment with
4mM glycine could significantly reverse the increase in
AGE formation (p < 0 05).

As shown in Figures 6(d) and 6(f), the expression levels
of RAGE, Nox4, and NF-κB p65 in HUVECs were signifi-
cantly increased when treated with MG for 72 h (p < 0 05).
However, treatment with 2mM or 4mM glycine significantly
decreased the expression levels of RAGE (p < 0 05), Nox4
(p < 0 01), and NF-κB p65 (p < 0 05). The treatment with
0.5mM glycine was effective only in suppressing cellular
Nox4 expression (p < 0 05).

3.9. Glycine Treatment Attenuates Intracellular ROS
Generation. Flow cytometry analysis showed that after incu-
bating with MG for 72 h, intracellular fluorescence of
DCFH-DA, which serves as an approximate estimating tool
for intracellular ROS, was significantly increased by 50% as
compared with the control group (p < 0 001, Figures 6(g)
and 6(h)). However, with the treatment with 0.5mM,
2mM, or 4mM glycine, the MG-induced DCFH-DA fluores-
cence signals were significantly reduced (p < 0 01, p < 0 001,
and p < 0 001, respectively).

3.10. The Protective Effects of Glycine in Suppressing AGE
Formation Are Mediated by Glo1. To explore whether the
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Figure 3: Continued.
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effect of glycine on AGE suppression is mediated by
Glo1, we cotreated HUVECs with 4μM Glo1 inhibitor
S-bromobenzylglutathione cyclopentyl diester (BBGC) and
glycine for 72 h. Our results showed that the increase in
Glo1 activity by glycine was diminished (p < 0 01 compared
with control, Figure 7(a)). In addition, the suppressive effects
of glycine on AGE formation were blocked by BBGC
(p < 0 01 compared with control, Figure 7(b)).

4. Discussion

Oxidative stress plays a central role in the pathogenesis of
diabetic vascular complications. Glycine is a precursor of
GSH synthesis, and it is known to exert antioxidant effects
in models of diabetic complications [17, 19, 25–27]. Studies
have shown a role for glycine in restoring vascular endothe-
lial function in aged rats [18] and in rats with metabolic syn-
drome [13], but the effect of glycine on diabetes-induced
macrovascular injuries and the possible mechanisms of any
such effect still remain unclear. In the present study, we
found that structural impairments in the aorta of diabetic
rats, such as distortion of elastic fibers, were markedly ame-
liorated by glycine treatment. In addition, the decreased
levels of NO metabolites in serum and aorta homogenates
from diabetic rats were restored by glycine, suggesting that
vascular function was improved by glycine treatment. Since
oxidative stress can inactivate NO [28] and lead to vascular
injury, we therefore hypothesized that glycine may protect
vascular tissue by ameliorating oxidative stress.

Although nutritionally nonessential, glycine has been
reported to be insufficient in both prediabetic and established
diabetic patients [29, 30]. In the present study, we found that
the serum levels of glycine in the DM group were decreased
compared with those in the control group, whereas the levels

of glycine in the DM group were significantly increased as
compared with those in the DM group. In normal circum-
stances, the serum level of glycine in humans varies between
200 and 400μM [26]. After glycine treatment, the level of gly-
cine in human subjects could even surge to 942μM, but not
causing adverse effects [31]. In our study, the average glycine
level in the serum of the healthy rats is 282 ± 6 36μM, which
is about 54% of the level of serum glycine in healthy humans
reported by Sekhar et al. (514 7 ± 33 1 μM) [12] but similar
to the level of glycine in healthy human subjects reported
by Tulipani et al. (272 86 ± 70 78 μM) [29]. Although the
concentrations of glycine might differ between rat models
and human subjects, substantial studies have shown that in
subjects with either diabetes or metabolic syndrome, the
levels of glycine are reduced as compared with healthy sub-
jects, but this reduction can be reversed by oral glycine treat-
ment [12, 13, 29, 32].

In parallel with the decreases in glycine levels in the DM
group, the GSH levels in the serum and in the aorta homog-
enates in this group were decreased as compared with those
in the control group but were significantly increased in the
DG group. Glycine also reduced serum MDA levels and
tended to improve serum SOD activity in diabetic rats. Gly-
cine also significantly improved SOD activity and reduced
the levels of MDA and 3-nitrotyrosine in aorta homogenates.
MDA is an end product of lipid peroxidation caused by ROS
generation, and 3-nitrotyrosine serves as a marker of oxidative
stress-induced peroxynitrite. Decreases in these oxidative bio-
markers in diabetic rats with glycine treatment indicated that
the oxidative stress caused by diabetes mellitus was markedly
ameliorated by 12 weeks of oral glycine treatment.

It has been reported that AGEs and the downstream
AGE/RAGE signaling pathway constitute major mecha-
nisms of vascular oxidative stress [5, 33]. The formation
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Figure 3: Analyses of AGEs, RAGE, Nox4, and NF-κB p65 in the aorta from different groups after 12 weeks of treatment. (a) Serum AGE
levels from different groups after 12 weeks of treatment were measured by autofluorescence at Ex 370 nm/Em 440 nm. N = 6. (b) Serum
AGEs measured by ELISA. N = 6. (c) and (d) show the immunohistological analysis of AGEs in the aorta, magnification 400x. The scale
bar indicates 20μm. N = 6. (e) AGE levels in the rat aorta measured by ELISA. N = 6. (f) and (g) show the immunohistological
analysis of RAGE in the aorta, magnification 400x. The scale bar indicates 20 μm. N = 6. (h) The expression of RAGE in the rat aorta
determined by western blot. N = 6. (i) and (j) show the immunohistological analysis of Nox4 in the aorta, magnification 400x. The
scale bar indicates 20μm. N = 6. (k) The expression of Nox4 in the rat aorta determined by western blot. N = 6. (l) and (m) show the
immunohistological analysis of NF-κB p65 in the aorta, magnification 400x. The scale bar indicates 20 μm. N = 6. (n) The expression
of NF-κB p65 in the rat aorta determined by western blot. N = 6. ∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001 compared with the control group.
#p < 0 05, ##p < 0 01, ###p < 0 001 compared with the DM group.
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Figure 4: Immunohistological and immunoblot analyses of Glo1 and Glo1 activity measurements in the aorta from different groups after 12
weeks of treatment. (a) and (b) show the immunohistological analysis of Glo1 in the aorta, magnification 400x. The scale bar indicates 20μm.
N = 6. (c) The expression of Glo1 in the rat aorta determined by western blot. N = 6. (d) The activity of Glo1 in the rat aorta. N = 6. ∗p < 0 05,
∗∗p < 0 01 compared with the control group. #p < 0 05, ##p < 0 01 compared with the DM group.
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Figure 5: Cell viability and Glo1 function in HUVECs. HUVECs were treated with 400μMMG and glycine (0.5mM-4mM) for 72 h. (a) Cell
viability determined by CCK-8. The experiment was performed in triplicate and repeated four times. (b) Intracellular GSH/GSSG ratio in
HUVECs. The experiment was performed in triplicate and repeated three times. (c) The activity of Glo1 in HUVECs. The experiment was
performed in triplicate and repeated four times. Control: cells incubated in MEM. The medium for all controls and experimental samples
had a glucose level of 5.5mM. MG: methylglyoxal. Gly: glycine. ∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001 compared with the control group. #p <
0 05, ##p < 0 01, ###p < 0 001 compared with cells treated with 400 μM MG.
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of AGEs is nonenzymatic and irreversible, and many
such glycation reactions specifically occur on long-lived
macromolecules such as collagen [34], which is found at

high concentrations in vessel walls. Once formed, AGEs
not only accumulate in the vascular tissue to cause mor-
phological abnormalities but also activate the downstream
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Figure 6: Analysis of the expression of the AGE/RAGE axis in HUVECs. The HUVECs were treated with 400μM MG and glycine
(0.5mM-4mM) for 72 h. (a) and (b) show the immunofluorescence analysis of AGE expression levels in HUVECs, magnification 400x.
The scale bar indicates 20 μm. The images are the representative of three independent experiments. (c) Intracellular AGE levels
determined by ELISA. The experiment was performed in triplicate and repeated three times. The expression levels of RAGE (d), Nox4 (e),
and NF-κB p65 (f) in HUVECs were determined by western blot. The experiment was performed in four independent experiments. (g)
and (h) show the estimation of intracellular ROS generation by flow cytometry. The images are the representative of four independent
experiments. Control: cells treated with 5.5mM glucose. MG: methylglyoxal. Gly: glycine. ∗p < 0 05, ∗∗∗p < 0 001 compared with the
control group. #p < 0 05, ##p < 0 01, ###p < 0 001 compared with cells treated with 400μM MG.
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RAGE-Nox-NF-κB pathway and induce sustained oxidative
stress [7, 23]. This hyperglycemia-induced oxidative stress
could in turn exacerbate the accumulation of AGEs and the
expression of RAGE [1, 16], thus creating a vicious cycle that
will lead to constant damage. Therefore, inhibiting AGE for-
mation and oxidative stress is crucial to preventing diabetic
vascular complications.

To explore whether glycine ameliorates oxidative stress
through the intervention of the AGE/RAGE axis, we
assessed the effect of glycine on the expression of AGEs
and the downstream AGE/RAGE pathway. The AGE levels
in the serum and aorta of diabetic rats were significantly
higher as compared with those in the healthy control rats
but were significantly lower in the diabetic rats receiving
glycine treatment. Meanwhile, the expression levels of
RAGE, Nox4, and NF-κB in the aorta of diabetic rats were
markedly increased as compared with those in the control
group, but this increase was inhibited by glycine treatment.
These results demonstrated that glycine treatment signifi-
cantly inhibited the AGE/RAGE pathway, thus attenuating
vascular oxidative stress. Nox4 is a predominant contribu-
tor to vascular ROS generation [35, 36]. The decrease in
aortic Nox4 expression in the DG group of our study sug-
gested that besides taking part in GSH synthesis, glycine
may also work by suppressing the expression of oxidative
enzymes. This result was also consistent with our previous
study reporting the effects of oral glycine treatment on down-
regulating islet p22phox expression and oxidative markers in
diabetic rat models [37]. In addition, we have recently
reported that the 20-week treatment of glycine decreased
the levels of mRNA and protein of Nox4 and improved
antioxidant defense in the kidneys of STZ-induced diabetic
rats [21]. However, in that study, the upstream mechanism
whereby glycine regulates renal Nox4 was not investigated.
Based on the findings in the present study, it is tempting
to speculate that the reduction of Nox4 might result from
the suppressive effect of glycine on the expressions of
AGEs and RAGE.

The effect of glycine on suppressing aortic AGE forma-
tion in our study is of particular interest. To our knowledge,
this is the first study that provides evidence that glycine can
attenuate AGE formation in vascular tissue. It has been
reported that certain bioactive antioxidants, such as ursolic
acid [38] and kaempferol [39], can suppress AGE formation
and reduce the expression of proteins of the AGE/RAGE
axis, thus protecting against oxidative stress and diabetic
vascular injuries. Previous studies have reported that gly-
cine might inhibit glucose-induced glycation in the lens
by functioning as a scavenger of glucose [27, 40], while
another study speculated that this beneficial effect could
be attributed to the high solubility of glycine, preventing
AGE precipitation [41]. Nevertheless, the molecular mecha-
nisms whereby glycine suppresses AGE formation have not
been clearly elucidated.

MG, a highly reactive dicarbonyl compound, has been
increasingly recognized as a very important precursor of
AGE formation [42]. MG-derived AGEs can bind to RAGE
with high affinity and specificity [43], thus activating the
AGE/RAGE axis more effectively. In the traditional view,
the process of AGE formation is a slow reaction between
large biomolecules and reducing sugars such as glucose, but
recent studies have noted that MG is up to 200-20,000 times
more reactive in AGE formation than glucose [44, 45]. With
GSH as a cofactor, Glo1 efficiently detoxifies MG, thus pre-
venting AGE formation. GSH is a critical antioxidant in the
human body, but the level of GSH is insufficient in diabetic
patients due to excessive oxidative stress [12, 46]. Addition-
ally, it has been reported that the activity of Glo1 in vivo is
proportional to the cellular concentration of GSH [11, 14].
The fact that glycine increases GSH synthesis and suppresses
AGE formation in our study led us to the hypothesis that gly-
cine might exert beneficial effects on Glo1 function, thus pro-
tecting against AGE formation. Therefore, we measured the
expression and activity of aortic Glo1. Our results showed
that Glo1 expression and activity in the aorta were reduced
in the DM group as compared with the control group,
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Figure 7: Alterations in Glo1 activity and AGE levels after incubation with the Glo1 inhibitor BBGC for 72 h. Before adding MG and
glycine into the medium, the cells in the BBGC group were pretreated with 4 μM BBGC for 12 h. (a) The activity of Glo1 in HUVECs.
The experiment was performed in triplicate and repeated four times. (b) Intracellular AGE levels determined by ELISA. The experiment was
performed in triplicate and repeated three times. BBGC: S-bromobenzylglutathione cyclopentyl diester. ∗∗p < 0 01 compared with the control
group. #p < 0 05, ##p < 0 01 compared with cells treated with 400μM MG.
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indicating that the ability of Glo1 to degrade MG was
impaired. The decreased Glo1 function also partly accounted
for the increase in AGE formation in the diabetic rats. Com-
pared with those in the DM group, the expression and activ-
ity of aortic Glo1 in the DG group were significantly
increased. Therefore, it is reasonable to speculate that glycine
may restore Glo1 function by increasing GSH levels and
improving Glo1 expression and activity, thus inhibiting
AGE formation and subsequent oxidative stress.

To confirm that the suppressive effect of glycine on the
AGE/RAGE axis was associated with the observed improve-
ment in Glo1 function, we incubated the HUVECs directly
with 400μM MG for 72 h to mimic the dicarbonyl stress
induced by hyperglycemia. Our results showed that in
MG-treated HUVECs, the administration of 4mM glycine
significantly increased the activity of Glo1 as well as the
intracellular GSH/GSSG ratio, indicating that the function
of Glo1 was restored by glycine treatment. Glycine admin-
istration also resulted in a reduction in the formation of
cellular AGEs and in significantly decreased expression
levels of several AGE/RAGE downstream signaling path-
way proteins, including RAGE, Nox4, and NF-κB p65.
Consequently, MG-induced intracellular oxidative stress
was significantly attenuated by glycine administration. In
addition, we found that the Glo1 inhibitor BBGC signifi-
cantly blocked the suppressive effects of glycine on AGE for-
mation. Thus, our in vitro experiment provided evidence of
the beneficial effects of glycine on preventing MG-induced
activation of the AGE/RAGE axis and subsequent increases
in oxidative stress.

Endothelial cell injury is an early event in the develop-
ment of atherosclerosis. Loss of intracellular glutathione is
associated with disturbances in endothelial barrier function
[47]. The equilibrium between the reduced form of glutathi-
one (GSH) and the oxidized form (GSSG) is crucial for the
maintenance of cellular redox status. When GSH is oxidized
to scavenge free radicals, the oxidized glutathione (GSSG)
can be recycled to regenerate GSH by a pathway that uses
NADPH as a cofactor. However, under chronic oxidative
stress, NADPH is consumed by the polyol pathway, thus
impairing glutathione recycling [1]. In our study, the oxida-
tive stress caused by MG treatment markedly depleted the
reduced form of glutathione (GSH) and increased GSSG con-
tent in the HUVECs, thus decreasing the GSH/GSSG ratio
and consequently impairing Glo1 function. When intracellu-
lar GSSG approaches cytotoxic levels, it might be transported
outside the cells [48], which may eventually lead to an insuf-
ficiency of total glutathione content due to the unavailability
of substrates. This hypothesis is supported by the significant
decrease in total glutathione levels in the serum and in the
aortic tissue homogenates from the diabetic rats in our study.
However, in the DG group, both the total glutathione content
in vivo and the GSH/GSSG ratio in vitro were significantly
increased as compared with those in the DM group. This
effect of glycine supplementation on maintaining the GSH
equilibrium is supported by other studies that have reported
that oral glycine treatment restores impaired GSH levels in
diabetic or metabolic syndrome models [12, 13, 37]. Addi-
tionally, glycine might even be the rate-limiting factor in

GSH synthesis in the tissue, according to a study by Moham-
med et al. [32] which emphasized the role of glycine in main-
taining antioxidant defense.

Considerable evidence has shown that the expression of
Glo1 can be upregulated by bioactive antioxidants [49–52].
Although the mechanisms still remain unclear, the role of
the nuclear translocation of nuclear factor erythroid-2-
related factor 2 (Nrf2) has been increasingly acknowledged.
Nrf2 is a redox-sensitive transcription factor that regulates
the expression levels of various antioxidant enzymes,
including SOD, heme oxygenase 1, and glutamylcysteine
synthetase. It was recently reported that Nrf2 also binds
to the antioxidant response elements (ARE) in exon 1 of
Glo1 [53]. Therefore, translocation of Nrf2 into the nucleus
could increase the expression of Glo1 and enhance its activ-
ity. We have previously found that glycine could promote
nuclear translocation of Nrf2 in the kidney of diabetic rats
(unpublished data), but the effect of glycine on Nrf2 activa-
tion in the vascular tissue has not been investigated. Never-
theless, this leaves open the possibility that the beneficial
effects of glycine on vascular Glo1 function might be attrib-
uted to Nrf2 nuclear translocation.

This study indeed has some limitations. The MG levels in
different groups were not measured in the animal experi-
ment; thus, the direct function of Glo1 in degrading MG
was not determined. Therefore, in the in vitro experiment,
we directly incubated HUVECs with MG to investigate the
effects of glycine on MG-induced damage in vascular cells
and confirmed that glycine was able to protect Glo1 function.
Moreover, in our study, the concentrations of glycine used in
the cell culture experiments were higher than the levels of
glycine measured in animal serum. In the HUVECs, we
started with 0.5mM glycine, because this concentration was
close to the average serum glycine levels detected in the DG
group of the animal experiment. However, 0.5mM glycine
was not sufficient to protect against MG-induced cell dam-
age. Therefore, the glycine concentration was increased to
2mM and 4mM. In addition, in the cell experiments, we only
used the Glo1 inhibitor to interfere with the function of Glo1,
which might result in nonspecific effects. The knockdown of
Glo1 using siRNA would provide a complement to the inhib-
itor study and better demonstrate the specific mechanism of
the effect of glycine on Glo1.

In summary, our study demonstrated that glycine
attenuates oxidative stress in the aorta of diabetic rats by
inhibiting AGE accumulation and the subsequent RAGE-
Nox-NF-κB signaling pathway. In addition, the beneficial
effect of glycine on suppressing AGE formation may be asso-
ciated with increasing Glo1 activity and GSH synthesis. The
precise mechanism underlying the role of glycine in protect-
ing against diabetic macrovascular injuries still needs further
investigation, in an effort to expand the treatment options
available for clinical practice.
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Monolluma quadrangula is a succulent bush traditionally used to treat diabetes and peptic ulcer. The present study aimed to
investigate the effect of M. quadrangula hydroethanolic extract on glucose tolerance, insulin sensitivity, glucose metabolizing
enzymes, lipid profile, and adiponectin expression in type 2 diabetic rats. In addition, the study evaluated the antioxidant and
anti-inflammatory activities of the M. quadrangula extract. Type 2 diabetes was induced by feeding rats a high-fat diet
(HFD) for 8 weeks followed by 30mg/kg streptozotocin (STZ). Diabetic rats received 300 or 600mg/kg M. quadrangula
extract for 4 weeks. HFD/STZ diabetic rats showed impaired glucose tolerance, reduced insulin secretion, and insulin
resistance. HFD and STZ induced a significant increase in serum cholesterol, triglycerides and proinflammatory cytokines,
and liver lipid peroxidation. Treatment with M. quadrangula extract ameliorated these metabolic disturbances and increased
liver glycogen, hexokinase activity, and antioxidants. M. quadrangula declined the activity of liver glucose-6-phosphatase and
fructose-1,6-biphosphatase. In addition, M. quadrangula extract increased serum adiponectin levels and hepatic adiponectin
expression in HFD/STZ diabetic rats. In conclusion, M. quadrangula exerts antidiabetic effect mediated via ameliorating
glucose tolerance, insulin sensitivity, glucose metabolizing enzymes, and antioxidant defenses. Increased adiponectin levels
and expression seems to mediate, at least in part, the antidiabetic effect of M. quadrangula.

1. Introduction

Diabetes mellitus (DM) is a metabolic syndrome character-
ized by hyperglycemia that occurs as a result of deficient
insulin secretion and/or action. Uncontrolled hyperglyce-
mia can lead to micro- and macrovascular complications,
nephropathy, cardiomyopathy, and retinopathy. Type 2
DM is the common form of DM and represents a public
health concern worldwide [1]. Oxidative stress, driven by
hyperglycemia, plays a central role in the pathogenesis of
DM and its complications [2–6]. Along with hyperglyce-
mia, hyperlipidemia can increase the production of reac-
tive oxygen species (ROS), leading to oxidative stress and
inflammation [7, 8].

Adiponectin, a 30 kDa multimeric protein, is secreted
mainly by adipose tissue; however, it is expressed in the liver,

myocytes, placenta, epithelial cells, and osteoblasts [9–12].
Several studies have demonstrated the role of adiponectin
as a regulator of glucose and lipid metabolism, insulin sensi-
tivity, and cardiovascular homeostasis. In humans, lowered
levels of adiponectin are associated with the development of
obesity and type 2 DM as well as cardiovascular disease
[13]. Through its action in the hypothalamus, adiponectin
plays an important role in energy homeostasis [14]. In the
skeletal muscle of high-fat-/sucrose diet-fed mice, adiponec-
tin increased the fatty acid oxidation and glucose uptake [15].
Adiponectin protected against cerebral ischemia-reperfusion
[16] and atherosclerotic plaque formation [17] and improved
revascularization of ischemic limbs [18]. In high-fat diet-
(HFD-) fed mice, adiponectin overexpression improved
the metabolic flexibility and prevented the lipotoxic effects
of lipid accumulation [19]. In primary rat hepatocytes,
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adiponectin decreased the glucose output as reported by Berg
et al. [20]. These studies show that increasing adiponectin is
an attractive target for the treatment of type 2 DM.

The present study aimed to investigate the antihypergly-
cemic and insulin sensitizing effects ofMonolluma quadran-
gula (Forssk.) extract, focusing on its role in modulating
glucose metabolizing enzymes, oxidative stress, and adipo-
nectin expression. M. quadrangula is a succulent bush with
a yellow flower and irregularly branched and a compressed
stem [21]. It is known as Caralluma quadrangula and has
been used in folk medicine for the treatment of DM and pep-
tic ulcer. M. quadrangula showed an antioxidant effect in
ethanol-induced peptic ulcer [22] and high-cholesterol diet-
(HCD-) fed rats [23]. Recently, we reported thatM. quadran-
gula ameliorated serum lipids, hepatic and cardiac oxidative
stress, and the expression of fatty acid synthase (FAS) and
low density lipoprotein- (LDL-) receptor in HCD-fed rats
[23]. Therefore,M. quadrangula could be a promising candi-
date for the treatment of diabetes. The antihyperglycemic
effect of methanol, chloroform, and n-butanol extracts of
M. quadrangula has been recently tested by Abdel-Sattar
et al. [24] which showed a decreased fasting blood glucose,
insulin, and glucose-phosphatase in streptozotocin- (STZ-)
induced diabetic rats. However, the effect ofM. quadrangula
on glucose tolerance, insulin sensitivity, lipid profile, oxida-
tive stress, and adiponectin expression in type 2 DM has
not been investigated.

2. Materials and Methods

2.1. Collection of M. quadrangula and Extract Preparation.
The collection of M. quadrangula samples and preparation
of hydroethanolic extract were conducted as we recently
described [23]. Briefly, M. quadrangula collected from
Abha-Al-Taif road (Saudi Arabia) were air-dried, grounded
into fine powder in an electric grinder, and soaked for 24 h
in water/ethanol (1 : 1 vol/vol). After filtration of the mixture
and evaporation of the solvent in a rotary evaporator, the
dried residue was collected and used for animal treatments.

2.2. Experimental Induction of HFD/STZ Diabetes and
Treatment with M. quadrangula Extract. Male Wistar rats
were fed a HFD ad libitum for 8 weeks and then received a
single intraperitoneal (ip) injection of STZ (30mg/kg) dis-
solved in freshly prepared cold citrate buffer (pH4.5).
Seventy-two h after STZ injection, blood glucose was mea-
sured and rats having fasting blood glucose of more than
200mg/dL were considered diabetic. A corresponding group
of rats fed with a normal diet and received a single ip injec-
tion of citrate buffer served as a control group.

All animals included in this study were obtained from the
animal house of King Saud University (Saudi Arabia), and all
procedures were approved by the ethical committee at Prin-
cess Nourah bint Abdulrahman University (Riyadh, Saudi
Arabia). The animals were housed under standard laboratory
conditions as we previously reported [23].

The total of six normal control rats was used as group I
(control) and received a daily dose of distilled water via oral
gavage for 4 weeks. The diabetic rats were allocated randomly

into 3 groups, each group has six, as follows: group II (dia-
betic) included diabetic rats which received distilled water
orally and daily for 4 weeks, group III and group IV included
diabetic rats which received daily doses of 300 and 600mg/kg
M. quadrangula extract dissolved in distilled water via oral
gavage for 4 weeks [23].

At the end of the experiment, all groups were fasted over-
night and sacrificed under anesthesia. Blood samples were
collected to separate the serum and the rats were dissected
to collect the liver. Samples from the liver were homogenized
in a cold 0.1M phosphate buffer (pH7.4), centrifuged at
8000 rpm, and used for biochemical assays. The other sam-
ples were kept frozen at -80°C for RNA isolation.

2.3. Glucose Tolerance Test. Oral glucose tolerance test
(OGTT) was performed on the day before the sacrifice.
Overnight-fasted rats received 3 g/kg glucose solution orally,
and blood samples were collected from the tail vein at 30, 60,
90 and 120min [5]. Glucose levels were assayed in the serum
prepared from the collected blood samples using kits sup-
plied by SPINREACT (Spain) [25].

2.4. Determination of Serum Lipids and Cardiovascular Risk
Indices. Total serum cholesterol [26], HDL-cholesterol [27],
and triglycerides [28] were assayed using Accurex kits
(Mumbai, India). LDL- and vLDL-cholesterol were then cal-
culated as follows: vLDL − cholesterol = triglycerides/5 and
LDL − cholesterol = total cholesterol–(HDL − cholesterol +
vLDL − cholesterol).

2.5. Assay of Serum Insulin, Proinflammatory Cytokines, and
Adiponectin. Serum insulin, interleukin-6 (IL-6), tumor
necrosis factor alpha (TNF-α), and adiponectin were assayed
using ELISA kits (Merck Millipore), USA.

2.6. Assay of Liver Glycogen, Hexokinase, Glucose-6-
Phosphatase, and Fructose-1,6-Biphosphatase. Liver glycogen
[29], hexokinase [30], glucose-6-phosphatase [31], and fruc-
tose-1,6-biphosphatse [32] were assayed in the liver homog-
enate of control and diabetic rats.

2.7. Calculation of Homeostasis Model of Insulin Resistance
(HOMA-IR). HOMA-IR was calculated using insulin and
glucose measurements as follows [33]:

HOMA − IR = fasting insulin μU/ml × fasting glucose
(mmol/L)/22.5.

2.8. Assay of Lipid Peroxidation, Glutathione, Superoxide
Dismutase, and Catalase. Lipid peroxidation, GSH, superox-
ide dismutase (SOD), and catalase (CAT) were assayed in the
liver homogenate using OxiSelect kits (USA).

2.9. Assay of Adiponectin Gene Expression. To analyze the
gene expression levels of adiponectin in the liver, we used
qPCR as previously described [23, 34]. In brief, RNA was
isolated using a Bioline RNA Mini kit (USA). The extracted
RNA was quantified on NanoDrop 8000 (Thermo Scientific,
USA) and samples with 1.8-2.0 260/280 absorbance ratio
were used for reverse transcription into cDNA. The pre-
pared cDNA was amplified using SYBR Green Master Mix
(Invitrogen, USA) and primer pairs supplied by metabion

2 Oxidative Medicine and Cellular Longevity



international AG (Germany) (Table 1). The amplification
data were analyzed using the 2-ΔΔCt method [35].

2.10. Statistical Analysis. The results were analyzed using
GraphPad Prism (GraphPad Software, CA, USA). The results
were presented as mean ± standard error (SEM), and
one-way ANOVA test followed by Tukey’s test was used for
statistical comparisons. A P value less than 0.05 was consid-
ered significant.

3. Results

3.1. M. quadrangula Attenuates Hyperglycemia in HFD/STZ
Diabetic Rats. The results of glucose tolerance of HFD/STZ
diabetic rats showed a significant increase in blood glucose
levels at all points of the OGTT when compared with that
of the control rats as represented in Figure 1(a). Oral supple-
mentation of 300 and 600mg/kg body weight hydroethanolic
extract of M. quadrangula for four weeks improved the glu-
cose tolerance as shown in the OGTT results (Figure 1(a)).

3.2. M. quadrangula Prevents Insulin Resistance in HFD/STZ
Diabetic Rats. Figure 1(b) showed a significant decrease in
serum insulin levels of HFD/STZ diabetic rats (P < 0 001)
as compared to the control group. On the other hand, dia-
betic rats which received 300 and 600mg/kg body weight
hydroethanolic extract of M. quadrangula for four weeks
showed improved serum insulin levels (P < 0 001) as com-
pared to the diabetic control animals (Figure 1(b)).

Glucose and insulin measurements were used to calculate
HOMA-IR to show the effect of M. quadrangula extract on
insulin sensitivity as represented in Figure 1(c). Untreated
diabetic rats showed a significant degree of insulin resistance
(P < 0 001) as compared to nondiabetic rats.M. quadrangula
extract at both 300 and 600mg/kg doses significantly
improved insulin sensitivity (P < 0 01) as shown by decreased
HOMA-IR values (Figure 1(c)).

3.3. M. quadrangula Ameliorates Liver Glycogen, Hexokinase,
Glucose-6-Phosphatase, and Fructose-1,6-Biphosphatase in
HFD/STZ Diabetic Rats. The data showing the effect of M.
quadrangula extract on liver glycogen, hexokinase, gluco-
se-6-phosphatase, and fructose-1,6-biphosphatase in the
diabetic rats are represented in Figures 2(a)-2(d). HFD/STZ
diabetic rats showed a significant decrease in liver glycogen
content (P < 0 001) and in the activity of hexokinase
(P < 0 01) as compared to the control rats as shown in
Figures 2(a) and 2(b), respectively. The treatment of the dia-
betic rats with both 300 and 600mg/kg M. quadrangula
extract significantly improved (P < 0 01) hepatic glycogen
content and hexokinase activity.

In contrast, HFD/STZ rats showed a significant increase
in the activity of hepatic glucose-6-phosphatase and fructo-
se-1,6-biphosphatase (Figure 2(c)) as compared to the con-
trol group (P < 0 001). The treatment of the diabetic rats
with both doses of M. quadrangula extract significantly
improved the activity of hepatic glucose-6-phosphatase
(P < 0 001) and fructose-1,6-biphosphatase (P < 0 01).

3.4. M. quadrangula Ameliorates Levels of Serum Lipids in
HFD/STZ Diabetic Rats. HFD/STZ diabetic rats showed a
significant (P < 0 001) elevation of serum triglycerides
(Figure 3(a)), total cholesterol (Figure 3(b)), and LDL-
(Figure 3(c)) and vLDL-cholesterol (Figure 3(d)) as com-
pared to the control rats. The diabetic rats treated with 300
and 600mg/kg M. quadrangula extract showed a significant
improvement of serum triglycerides and cholesterol and its
fractions (P < 0 001). On the other hand, HFD/STZ diabetic
rats showed a significant (P < 0 05) decrease in serum levels
of HDL and treatment with 300 and 600mg/kg M. quadran-
gula extract did not induce significant changes as represented
in Figure 3(e).

3.5. M. quadrangula Suppresses Lipid Peroxidation and
Improves Antioxidants in the Liver of HFD/STZ Diabetic
Rats. The data presented in Figures 4(a)-4(d) showed the
effect of M. quadrangula extract on lipid peroxidation and
the antioxidants, GSH, SOD, and CAT in the liver of
HFD/STZ diabetic rats. The lipid peroxidation product, mal-
ondialdehyde, showed a significant elevation in the liver of
HFD/STZ diabetic rats as compared to control rats
(P < 0 001). HFD/STZ diabetic rats treated with the two
doses of M. quadrangula extract significantly increased the
lowered liver GSH content and SOD and CAT activities.

3.6. M. quadrangula Suppresses Inflammation in HFD/STZ
Diabetic Rats. As presented in Figure 5, the levels of the pro-
inflammatory cytokines, TNF-α and IL-6, were significantly
elevated in the serum of HFD/STZ diabetic rats (P < 0 001)
as compared to the control rats. The treatment of the
HFD/STZ diabetic rats with 300 and 600mg/kgM. quadran-
gula extract ameliorated the levels of TNF-α and IL-6 as com-
pared to the nontreated diabetic group (P < 0 001).

3.7. M. quadrangula Upregulates Adiponectin in HFD/STZ
Diabetic Rats. The data showing the effect ofM. quadrangula
extract on serum adiponectin and hepatic adiponectin gene
expression are presented in Figure 6. HFD/STZ diabetic rats
showed a significant decrease in serum adiponectin levels
(P < 0 01) as compared to the control rats (Figure 6(a)).
The diabetic rats which received 300mg/kg M. quadrangula
extract showed a significant increase (P < 0 05) in serum adi-
ponectin. The 600mg/kg M. quadrangula extract induced a
significant increase (P < 0 01) in serum adiponectin levels.

Adiponectin gene expression significantly decreased
(P < 0 01) in the liver of HFD/STZ diabetic rats as compared
to the control rats as presented in Figure 6(b). The treatment
with both doses ofM. quadrangula extract increased the gene
expression of adiponectin in the liver of the diabetic rats
(P < 0 01).

4. Discussion

M. quadrangula has been used in tradition as a medicine to
diabetes and peptic ulcer. However, its antidiabetic mecha-
nisms are not known. Recently, we reported the antihyperch-
olesterolemic effect ofM. quadrangula in HCD-fed rats [23].
M. quadrangula ameliorated serum lipids, hepatic and
cardiac oxidative stress, and the expression of FAS and
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LDL-receptor in HCD-fed rats. Given its potent lipid-
lowering effect,M. quadrangula could be a promising candi-
date for the treatment of diabetes.

HFD/STZ diabetic rats in the present study showed an
impaired glucose tolerance and insulin sensitivity as shown
by the increased blood glucose, decreased insulin, and
increased HOMA-IR value. The combination of HFD and
STZ has been previously reported to induce type 2 DM
characterized by an impaired glucose tolerance and insulin
resistance [36–38]. Therefore, the HFD/STZ model reflects
the metabolic characteristics of type 2 DM [39]. Hyperglyce-
mia in HFD/STZ diabetic rats resulted from STZ-induced

destruction of the pancreatic β-cells, diminished insulin
secretion and sensitivity, reduced peripheral glucose uptake,
and increased hepatic glucose production [40, 41]. The
treatment of the HFD/STZ diabetic animals with M. quad-
rangula extract for 4 weeks improved blood glucose, insulin
secretion, and insulin sensitivity, demonstrating a potent
antihyperglycemic effect.

In addition to increased insulin sensitivity, we assumed
that an improved peripheral glucose uptake and a decreased
hepatic glucose production participate in the antihyperglyce-
mic effect of M. quadrangula extract in HFD/STZ diabetic
rats. Our results showed an improved hepatic glycogen

Table 1: Primers used for qPCR.

Forward primer Reverse primer

Adiponectin 5′-CCACCCAAGGAAACTTGTGC-3′ 5′-CCCGGTATCCCATTGTGACC-3′
GAPDH 5′-AACTTTGGCATCGTGGAAGG-3′ 5′-CCCGGTATCCCATTGTGACC-3′
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Figure 1: Effect ofM. quadrangula extract on (a) glucose tolerance, (b) serum insulin, and (c) HOMA-IR value of HFD/STZ type 2 diabetic
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content in HFD/STZ diabetic rats following the 4-week
treatment with M. quadrangula extract. Liver glycogen is a
valuable marker to evaluate the hypoglycemic effect of drugs
or plant extracts [42]. In addition, the treatments with both
doses of M. quadrangula extract increased the activity of
hexokinase and decreased glucose-6-phosohatase and fructo-
se-1,6-biphosphatase in the liver of the diabetic rats. In diabe-
tes, the rate of glycogenolysis and gluconeogenesis increases,
leading to an increased hepatic glucose output [43]. Previous
studies demonstrated a decrease in hexokinase and increased
activity of glucose-6-phosphatase resulting in decreased
liver glycogen accompanied with hyperglycemia [39, 42].
Declined insulin secretion is another factor leading to a
decreased liver glycogen because insulin activates the gly-
cogenolytic and gluconeogenic pathways [44, 45].

The diabetic rats in the present study showed a sig-
nificant increase in triglycerides, and total-, LDL- and
vLDL-cholesterol in addition to a decreased HDL-
cholesterol. This altered lipid profile can lead to the
development of cardiovascular disease and is known as the
atherogenic lipid profile [46]. In accordance with our find-
ings, several studies have shown altered serum lipids in

diabetic and insulin-resistant rats [39, 47, 48]. The athero-
genic lipid profile can induce the accumulation of lipids in
the liver and subsequent hepatocyte damage [49]. Recently,
we have reported that rats which received a HCD for 8 weeks
exhibited hepatocyte damage [23]. HFD/STZ diabetic rats
which received 300 and 600mg/kg M. quadrangula extract
for 4 weeks showed an improvement in their lipid profile
marked by a decreased serum triglycerides, and total-, LDL-
and vLDL-cholesterol. There are no previous reports show-
ing the hypolipidemic effect of M. quadrangula extract in
diabetic rats; however, we recently reported thatM. quadran-
gula decreased serum lipids in rats which received HCD for 8
weeks [23]. This improvement in serum lipids could be the
result of increased serum secretion and sensitivity. We dem-
onstrated that the modulatory effect of M. quadrangula on
hepatic FAS and LDLR expressions mediates its hypolipid-
emic effect [23].

Oxidative stress driven by hyperglycemia can impair
insulin signaling and induce insulin resistance. In our
study, HFD/STZ-induced rats showed oxidative stress as
increased liver lipid peroxidation and decreased antioxi-
dants, GSH, SOD, and CAT. In diabetes, ROS can react
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Figure 2: Effect of M. quadrangula extract on (a) liver glycogen, (b) hexokinase, (c) glucose-6-phosphatase, and (d)
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and induce the peroxidation of the cell membrane polyunsat-
urated fatty acids, leading to cell damage. The resultant oxi-
dative stress is an important factor in the development of
diabetic complications such as nephropathy and retinopathy.
Hyperglycemia can also lead to declined cellular antioxi-
dants. In agreement with our data, Mahmoud et al. [36]

reported an increased lipid peroxidation and decreased anti-
oxidants in the liver of HFD/STZ diabetic rats. HFD/STZ
diabetic rats treated with 300 and 600mg/kgM. quadrangula
extract for 4 weeks showed a decreased lipid peroxidation
and an increased GSH, SOD and CAT. These findings agreed
to the study of Ibrahim et al. [22] which showed that
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M. quadrangula extract exerts antioxidant effect in
ethanol-induced gastric ulcer in rats. In this study, pre-
treatment with M. quadrangula prevented lipid peroxida-
tion and ameliorated the gastric SOD and CAT [22].
Recently, we reported that the treatment with M. quadran-
gula extract for 8 weeks prevented oxidative stress and
improved antioxidants in the liver of HCD-fed rats [23].
The antioxidant effect of M. quadrangula might be
attributed to its rich content of glycosides and phenolics
[50, 51]. In addition, the potent lipid-lowering effect of M.
quadrangulamight have a role in suppressing oxidative stress
in the liver of the diabetic rats. This hypothesis is supported
by studies showed that altered lipidemic status is a risk factor
for oxidative stress and cell injury [7, 8].

The suppressive effect of M. quadrangula on oxidative
stress has been associated with anti-inflammatory effect as
shown by the decreased serum TNF-α and IL-6. HFD/STZ
diabetic rats had increased serum TNF-α and IL-6 levels as
previously reported [36]. These cytokines exert a negative
impact on insulin signaling and sensitivity. TNF-α and IL-6
are correlated with insulin resistance, impaired glucose toler-
ance, and type 2 DM [52, 53]. Both cytokines have been
reported to reduce insulin signaling via suppressing the phos-
phorylation of protein kinase B (PKB/AKT) and insulin
receptor substrate- (IRS-) 1 [54–56]. Therefore, the antihy-
perglycemic and insulin sensitizing effects ofM. quadrangula
are mediated, at least in part, via its antioxidant and
anti-inflammatory activities. The ability of M. quadrangula
extract to reduce inflammation has been recently reported
in our work where it decreased the serum levels of proinflam-
matory cytokines in HCD-fed rats [23].

We assumed that the upregulation of adiponectin medi-
ates the antidiabetic effect of M. quadrangula extract in
HFD/STZ diabetic rats. Thus, we measured the effect of M.
quadrangula extract in serum adiponectin and the adiponec-
tin expression in the liver of HFD/STZ diabetic rats. In the
present study, diabetic rats showed a significant decrease in

serum adiponectin and hepatic adiponectin gene expression
as previously reported [37, 39]. Lowered serum levels of adi-
ponectin were found to be associated with insulin resistance
and the etiology of obesity and type 2 DM [57]. Diabetic rats
treated with M. quadrangula extract for 4 weeks showed
increased levels of serum adiponectin and its hepatic expres-
sion. These results were correlated with an improved glucose
tolerance, insulin sensitivity, hepatic glucose output, and
peripheral glucose uptake. Adiponectin has been reported
to stimulate AMP-activated protein kinase resulting in an
increased insulin sensitivity and regulation of glucose
metabolism [58]. In addition, adiponectin decreases the
expression of glucose-6-phosphatase and phosphoenolpyr-
uvate carboxylase, leading to a decreased hepatic glucose
output via inhibition of hepatic gluconeogenesis [58]. Fur-
thermore, adiponectin can activate peroxisome proliferator
activated receptor- (PPAR-) α, decrease the hepatic and
skeletal muscle triglyceride content [59], and enhance the
oxidation of muscle fat through inhibition of acetyl-CoA
carboxylase inhibition [60].

In conclusion, our results showed for the first time that
M. quadrangula extract improves insulin sensitivity and glu-
cose tolerance in HFD/STZ type 2 diabetic rats.M. quadran-
gula increased peripheral glucose uptake, improved lipid
profile, suppressed hepatic glucose output, and prevented
oxidative stress and inflammation in diabetic rats. In addi-
tion, M. quadrangula extract increased the serum adiponec-
tin levels and adiponectin gene expression in the liver of the
diabetic rats. These findings point to the role of adiponectin
in mediating the antidiabetic effect of M. quadrangula; how-
ever, further studies to determine its exact mechanism of
action are recommended.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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Oxidized low-density lipoproteins (oxLDL) play a pivotal role in the etiopathogenesis of atherosclerosis through the activation of
inflammatory signaling events eventually leading to endothelial dysfunction and senescence. In the present work, we investigated
the effects of indicaxanthin, a bioavailable, redox-modulating phytochemical from Opuntia ficus indica fruits, with
anti-inflammatory activity, against oxLDL-induced endothelial dysfunction. Human umbilical vein cord cells (HUVEC) were
stimulated with human oxLDL, and the effects of indicaxanthin were evaluated in a range between 5 and 20 μM, consistent with
its plasma level after a fruit meal (7 μM). Pretreatment with indicaxanthin significantly and concentration-dependently
inhibited oxLDL-induced cytotoxicity; ICAM-1, VCAM-1, and ELAM-1 increase; and ABC-A1 decrease of both protein and
mRNA levels. From a mechanistic perspective, we also provided evidence that the protective effects of indicaxanthin were
redox-dependent and related to the pigment efficacy to inhibit NF-κB transcriptional activity. In conclusion, here we
demonstrate indicaxanthin as a novel, dietary phytochemical, able to exert significant protective vascular effects in vitro, at
nutritionally relevant concentrations.

1. Introduction

Atherosclerosis is a long, multifactorial, inflammatory pro-
cess characterized by the accumulation of lipids in the wall
of large- and medium-sized arteries [1, 2]. According to the
oxidative theory of atherosclerosis, and its modifications over
the last decade, hypercholesterolemia is one of the major risk
factors of this condition as it triggers the accumulation of oxi-
dized low-density lipoproteins (oxLDL) in the subintimal
space [1, 2]. In areas at risk of atherosclerosis (e.g., at arterial
bifurcations), the turbulent blood flow induces an endothelial
activation, characterized by a local inflammatory response
that generates an endocellular oxidative and nitrosative stress
[3]. The increased levels of reactive oxygen and nitrogen
species (RONS) activates selected redox-dependent tran-
scription factors, such as NF-κB, that in turn induce an

overexpression of endothelial adhesion molecules such as
ICAM-1, VCAM-1, and ELAM-1 [1, 2]. This phenomenon
increases the adhesion of leukocytes that eventually transmi-
grate in the subendothelial space where they are converted in
macrophages. At the same time, the enhanced endothelial
permeability favors the influx of LDL into the subendothelial
intima where the inflammatory cells generate RONS induc-
ing a progressive LDL oxidation. oxLDL, then, interact with
endothelial cells (EC), disrupt the antioxidant defences of
vascular endothelium, and boost leukocyte chemotaxis,
reinforcing the whole inflammatory reaction that leads to a
persistent EC dysfunction. As a consequence, a chronic sys-
temic inflammatory response is established and eventually
results in the proliferation of macrophagic foam cells and
the formation of fatty streaks, the hallmark of the early ath-
erosclerotic lesions [3].
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In line with the key role of LDL in atherosclerosis,
ATP-binding cassette A1 (ABC-A1), the cholesterol efflux
system present in all tissues, endothelium included, has
been demonstrated to offer antiatherogenic protection [4, 5].
Indeed, under physiological conditions, synthesized choles-
terol can efflux fromEC through ABC-A1 tomaintain choles-
terol homeostasis. Disturbed flow and oxLDL inhibit
ABC-A1-mediated cholesterol efflux. As a result, cholesterol
is removed through other pathways which may lead to lipid
deposition in the subendothelial space [4–6].

Notwithstanding the solid basis of the oxidative theory
of atherosclerosis, the vast majority of clinical trials and
all meta-analyses surprisingly conclude that antioxidant
vitamin supplementation has no beneficial effect on cardio-
vascular events. On the other hand, the association between
“Mediterranean diet” and reduction of major chronic
degenerative diseases, including the cardiovascular ones,
appears robust and conclusive [1, 7, 8], suggesting the
involvement of other redox-dependent molecular controls.
In comparison to other fruits within the “Mediterranean
diet” (e.g., oranges, lemons, and grapes), cactus pear
(Opuntia ficus indica, L Mill) fruit is one that is less con-
sumed and less studied, notwithstanding its abundance
throughout selected areas of Italy, Spain, Greece, and North
African countries.

Indicaxanthin (Figure 1), a betalain pigment from cactus
pear fruit, has been theobject of soundexperimentalworkover
the last years [9]. As with many phytochemicals, it is a
redox-active compound and has been shown to act as antiox-
idant in a number of in vitro studies [9]. Interestingly, thanks
to its charged portions, ionizable groups, and lipophilic
moieties, it is amphiphilic [10] and has been demonstrated
to interact with cell membranes [11]. This feature is critical
to allowbioactive compounds to interactwith cells and initiate
signaling events. In this regard, indicaxanthin has been shown
to modulate specific redox-dependent signaling pathways
involved in macrophage activation and apoptosis and
epithelial and endothelial dysfunction in vitro [9, 12, 13].
Remarkably, and in contrast with the majority of dietary phy-
tochemicals, indicaxanthin is highly bioavailable [14]. The
molecule has been shown to cross the unaltered intestinal epi-
thelial cell in vitro being absorbed through paracellular junc-
tions [11]. In line with that, indicaxanthin has been found in
human plasma at a 7 μM peak concentration 3h after the
ingestionof four cactus pear fruits containing 28mgof thepig-
ment [14]. Moreover, its amphiphilicity allows it to cross the
blood-brain barrier, located within the CNS, and modulate
its bioelectric activity [15]. Finally, thanks to its bioavailability
and redox-modulatingproperties, indicaxanthin exerts signif-
icant pharmacological effects in vivo. Indeed, oral administra-
tion of the phytochemical at nutritionally relevant doses
(2 μmol/kg) generates, in rats, a plasma peak concentration
of 0.2 μM able to exert strong anti-inflammatory effects in a
model of acute inflammation [16].

In the light of the strong interconnections between inflam-
mation, atherosclerosis, and diet, and the anti-inflammatory
and redox-modulating properties of indicaxanthin, the aim
of this work was to evaluate the effects of the phytochemical,
at nutritionally relevant concentrations, in an in vitro model

of innate immunity activation represented by oxLDL-
induced endothelial dysfunction. To this end, we investigated
whether indicaxanthin prevented the oxLDL-mediated
adhesion molecule overexpression and ABC-A1 downregu-
lation, in human cultured EC. Mechanistic details of the
redox-dependent NF-κB transcriptional activity have also
been investigated.

2. Materials and Methods

2.1. Reagents. All reagents, unless otherwise stated, were from
Sigma-Aldrich (Milan, Italy) and of the highest available
purity grade.

2.2. Extraction and Purification of Indicaxanthin from Cactus
Pear Fruits. Indicaxanthin was isolated from cactus pear
(Opuntia ficus indica) fruits (yellow cultivar) as previously
described [16].

2.3. Isolation and Oxidation of Human LDL. Blood samples
from healthy subjects with informed consent were obtained
after an overnight fasting. LDL were isolated from plasma
as previously described [17] and diluted to 100μg protein/ml
in PBS. Protein concentration of the particle was evaluated by
Bradford assay as reported elsewhere [17].

Aliquots of native LDL (nLDL) were then subjected to
lipid oxidation by treatment with 5μM CuSO4 at 37°C for
24 h, as previously described [14].

The oxidation state of LDL, in terms of conjugated dienes
(CD) hydroperoxides and thiobarbituric acid-reactive sub-
stances (TBARS), was evaluated as previously reported [14].

oxLDL were then concentrated with centrifugal filter
devices according to the manufacturer’s instructions (Milli-
pore, Milan, Italy) to a value of 100μg protein/ml. All sam-
ples (nLDL and oxLDL) were filter-sterilized (0.2μm
Millipore filters, Milan, Italy), aliquoted, and stored at
-80°C up to one month.

2.4. Cell Culture. HUVEC (human umbilical vein endothelial
cells) were purchased from Lonza (Milan, Italy), grown in
endothelial growth medium (Lonza) at 37°C in a humidified
incubator under 5% CO2, subcultured by trypsinization, and
used up to passage 4.

2.5. HUVEC Treatment. In order to perform the experiments,
cells were seeded in 6-well plates at a density of 2× 104 cells/-
well. Upon 80% confluence, HUVEC were incubated, after
overnight starving, either in the absence (control cells) or in
the presence of 100μg oxLDL/ml for 16 h in a serum-free
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Figure 1: Chemical structure of indicaxanthin.
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endothelial basal medium (Lonza, Milan, Italy). When neces-
sary, HUVEC were pretreated for 1 h with indicaxanthin and
then stimulated with oxLDL as described above.

2.6. Cell Viability Test. Cytotoxicity of oxLDL was assessed
through MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide] conversion assay according to the
manufacturer’s instructions (Invitrogen, Milan, Italy). Cell
viability was expressed as percentage of the absorbance value
measured in control HUVEC.

2.7. Flow Cytometry Analysis. At the end of the incubation
time, HUVEC were washed with PBS, harvested with cell dis-
sociation medium, and diluted in a washing buffer contain-
ing PBS, 0.1% bovine serum albumin, and 1mM CaCl2.
Aliquots (0.1 to 0.5× 106 cells in 20μl) were seeded in a
96-well plate and incubated at 4°C with 2μg/well of a mouse
anti-human ICAM-1 or VCAM-1 or ELAM-1 or ABC-A1
monoclonal antibody FITC-conjugated (Invitrogen, Milan,
Italy). After 1 h at 4°C, cells were washed and analysed for
fluorescence on a flow cytometer (Epics II, Beckman Coulter,
US). At least 20000 events were analysed for each sample.
Data are expressed as median fluorescence intensity (MFI)
units, measured in the FL1 (green) channel with a 488 nm
(excitation) and 530nm (emission) filter set.

RONS concentration was evaluated by staining cells with
2′,7′–dichlorofluorescin diacetate dye (DCFDA) as reported
elsewhere [18].

2.8.QuantitativeReal-TimeReverse-TranscriptionPolymerase
Chain Reaction. Total RNA was isolated by employing an
RNeasy mini kit in accordance with the manufacturer’s
instructions (QIAGEN,Milan, Italy). RNA(5–10μg)was then
reverse-transcribed to cDNA using Superscript III Reverse
Transcriptase following themanufacturer’s protocol (Invitro-
gen, Milan, Italy) and stored at -20°C until tested. Real-time
PCR for ICAM-1, VCAM-1, ELAM-1, or ABC-A1 and
glucose-6-phosphate dehydrogenase (G6PDH) was carried
out with an RT Real-Time™ SYBR Green PCR Master Mix
and the RT2 PCR Primer Set in accordance with themanufac-
turer’s instructions (SuperArray, Milan, Italy) using an ABI
PRISM7700SequenceDetectionSystem(AppliedBiosystems,
Warrington, UK). The following primers were used in the
present study: human VCAM-1: (forward) 5′-CTTAAAATG
CCTGGGAAGATGGT-3′, (reverse) 5′-GTCAATGAGAC
GGAGTCACCAAT-3′; human ICAM-1: (forward) 5′
-GGCTGGAGCTGTTTGAGAAC-3′, (reverse) 5′-CTGA
CAAGTTGTGGGGGAGT-3′; human ELAM-1: (forward)
5′-GCCTGCAATGTGGTTGAGTG-3′, (reverse) 5′-ACGA
ACCCATTGGCTGGATT-3′; human ABC-A1: (forward) 5′
-TGTCCAGTCCAGTAATGGTTCTGT-3′, (reverse) 5′
-CGAGATATGGTCCGGATTGC-3′); and human GAPDH:
(forward) 5′-CCACATCGCTCAGACACCAT-3′, (reverse)
5′-CCAGGCGCCCAATACG-3. Thermal cycling conditions
included aprerunof 2min at 50°Cand15min at 95°C followed
by 40 cycles at 95°C for 30s, 55°C for 30s, and 72°C for 30s.
RT2-PCRdatawerequantifiedascycleof threshold (Ct)values,

and the relative expression of each gene was normalized to
housekeeping gene GAPDH.

2.9. Reporter Gene Assay. NF-κB activity was examined by
transfecting HUVEC with pNFκB-Luc luciferase construct
(Stratagene, CA, USA) as reported elsewhere [19]. Trans-
fected HUVEC were then cocultured with 100 μM oxLDL
in the absence or in the presence of indicaxanthin as detailed
above. After 6 h, cells were washed with PBS and lysed for
5min at 4°C using a lysis buffer according to the manufac-
turer’s instructions (Promega, WI, USA). Luciferase activity
is expressed as relative luminescence units (RLU)× 103 fol-
lowing reading in a TD/2020 luminometer (Turner Biosys-
tems, CA, USA).

2.10. Statistical Analysis. Data from all experiments are
reported as mean ± SD. Data were analysed and presented
using GraphPad Prism software (GraphPad). Comparisons
between two values were made using Student’s t-test, and
P < 0 001 were designated with triple asterisks. Multiple
comparisons were performed by one-way analysis of vari-
ance (ANOVA) followed by Tukey’s correction. Signifi-
cance was accepted when the null hypothesis was
rejected at the P < 0 001 level.

3. Results

3.1. Oxidative State Assessment of oxLDL. The oxidative state
of oxLDL was evaluated by assaying CD hydroperoxides and
TBARS levels. When compared to nLDL, treatment with
5 μM CuSO4 for 24 h determined a significant increase
(P < 0 001) of both CD and TBARS in the particle (Figure 2).

3.2. Effects of Indicaxanthin on the Viability of oxLDL-
Treated EC. Incubation of HUVEC with 100 μg oxLDL/ml
for 16 h determined a significant decrease (P < 0 001) of cell
viability as compared to control EC (Figure 3). On the other
hand, pretreatment of HUVEC with indicaxanthin at 5 μM
did not improve cell viability, while at 15 μM it caused a sig-
nificant (P < 0 001) inhibition of cell death that was
completely prevented with 20 μM indicaxanthin (Figure 3).

3.3. Effects of Indicaxanthin on oxLDL-Induced Protein and
mRNAUpregulation of AdhesionMolecules in EC. Incubation
of HUVEC with 100 μg oxLDL/ml for 16 h induced a signif-
icant (P < 0 001) increase of ICAM-1, VCAM-1, and ELAM-
1 regarding both protein and mRNA levels (Figures 4(a)–4(f
), respectively) in comparison with control cells. Noteworthy,
pretreatment of EC with indicaxanthin in a concentration
range between 5 and 20 μM caused a significant (P < 0 001)
concentration-dependent decrease of all the above-cited
adhesion molecules regarding both protein and mRNA levels
(Figures 4(a)–4(f), respectively). Importantly, incubation of
EC with 20 μM indicaxanthin in the absence of oxLDL did
not modify the adhesion molecule, regarding both protein
and mRNA levels, in comparison with control HUVEC.

3.4. Effects of Indicaxanthin on oxLDL-Induced
Downregulation of ABC-A1 in EC. Stimulation of EC with
100 μg oxLDL/ml induced a significant (P < 0 001) decrease
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of ABC-A1 regarding both protein andmRNA levels, in com-
parison with control HUVEC (Figures 5(a) and 5(b), respec-
tively). Noteworthy, pretreatment of EC with indicaxanthin
in a range between 5 and 20 μM caused a significant
(P < 0 001) concentration-dependent increase of ABC-A1
expression, regarding both protein and mRNA levels
(Figure 5). On the other hand, incubation of EC with 20 μM
indicaxanthin in the absence of oxLDL did not modify
ABC-A1atbothprotein andmRNAlevels, in comparisonwith
control HUVEC.

3.5. Effects of Indicaxanthin on oxLDL-Induced RONS
Production. In comparison with control HUVEC, stimula-
tion of EC with 100 μg oxLDL/ml induced a significant
increase of RONS levels (P < 0 001) (Figure 6). On the other
hand, pretreatment of EC with indicaxanthin in a concentra-
tion range between 5 and 20 μM caused a significant
(P < 0 001) concentration-dependent decrease of endocellu-
lar RONS production when compared to control EC
(Figure 6). Conversely, incubation of EC with 20 μM indicax-
anthin in the absence of oxLDL did not modify RONS levels,
in comparison with control HUVEC.

3.6. Effects of Indicaxanthin on oxLDL-Induced NF-κB
Transcriptional Activity. Stimulation of EC with 100 μg
oxLDL/ml induced a significant (P < 0 001) increase ofNF-κB
transcriptional activity, in comparison with control HUVEC
(Figure 7). Noteworthy, pretreatment of EC with indicax-
anthin in a concentration range between 5 and 20 μM caused
a significant (P < 0 001) concentration-dependent decrease
of the transcriptional activity (Figure 7). On the other hand,
incubation of EC with 20 μM indicaxanthin in the absence of
oxLDL did not modify the transcriptional activity of NF-κB,
in comparison with control HUVEC.

4. Discussion

The present investigation falls within the intense research on
the interplay between diet and immune function. The iden-
tity, the number, and the mechanisms of action of the protec-
tive agents we daily assume through our diet remain largely
unknown and require further research. However, before
defining appropriate clinical trials, it is crucial to evaluate,
through suitable in vitro assays, the health-promoting effects
of plant-derived compounds in order to identify the most
promising ones [1–3].

In line with this perspective, we investigated here the
protective effects exerted by indicaxanthin from cactus pear
fruits, at nutritionally relevant concentrations, in an in vitro
model of innate immunity activation represented by
oxLDL-induced endothelial dysfunction. Our findings dem-
onstrate that indicaxanthin protects EC from oxLDL-
induced damage in vitro, as evaluated by an increase of the
viability of EC pretreated with the phytochemical in the
range between 15 and 20 μM. ICAM-1, VCAM-1, and
ELAM-1 overexpression is a key event in the onset and the
development of EC dysfunction. Relevantly, it not only
increased indicaxanthin cell viability but also preserved cellu-
lar functions, counteracting the oxLDL-induced adhesion
molecule overexpression, from 5 to 20 μM. From a mecha-
nistic perspective, these effects were mediated by a modula-
tion of gene expression that led to a downregulation of
ICAM-1, VCAM-1, and ELAM-1 mRNA levels.

As stated above, many phytochemicals have shown
immunomodulatory effects, in vitro. However, a major limi-
tation for the employment of these compounds is their low
bioavailability. On the contrary, present results appear of
interest as indicaxanthin is effective at nutritionally relevant
concentrations, achievable in humans after the ingestion of
the fruit [14].

It is well established that endothelial adhesion molecule
expression is under control of several redox-regulated tran-
scription factors, including the master minder NF-κB [20].
Moreover, oxLDL have been demonstrated to activate vari-
ous transcription factors, NF-κB included. In line with this,
we demonstrated here an inhibition by indicaxanthin of the
transcriptional activity of NF-κB. This result appears consis-
tent with our previously reported findings on the NF-κB-de-
pendent immune-modulatory and anti-inflammatory effects
of indicaxanthin both in vivo and in vitro. Relevantly, the
inhibition of the NF-κB transcriptional activity appears to
be strictly consistent with the ability of indicaxanthin to
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inhibit oxLDL-induced endocellular oxidative and nitrosa-
tive stress. Along these lines, we therefore propone that the
phytochemical counteracted the oxLDL-induced adhesion
molecule overexpression by inhibiting NF-κB transcriptional
activity, through a redox-dependent mechanism.

Along with ICAM-1, VCAM-1, and ELAM-1 overex-
pression, disruption of the reverse cholesterol transfer across
the endothelium, via ABC-A1 downregulation, represents
another key aspect of EC dysfunction and cholesterol deposi-
tion within the arterial wall. It is well known that oxLDL
decreases ABC-A1 levels in EC via inhibiting liver receptor
X (LXR) [4]. We found here that indicaxanthin counteracted
the oxLDL-induced ABC-A1 downregulation. The observed
inhibitory effects of indicaxanthin of the transcriptional
activity of NF-κB can also be connected with its ability to
counteract the oxLDL-induced ABC-A1 downregulation.

Indeed, several lines of evidence show that ABC-A1 can be
upregulated, rather than through the activation of the LXR
pathway, via the inhibition of the redox-sensitive ERK/NF-
κB pathway [21–25].

Finally, notwithstanding that indicaxanthin at 5 μM does
not improve EC viability, it does, however, significantly
reduce adhesion molecule overexpression, NF-κB transcrip-
tional activity, and RONS production and increases ABCA-
1 expression.

5. Conclusions

Evaluating the activities of healthy, plant-derived com-
pounds to select the most promising ones through suitable
in vitro assays is imperative before defining appropriate clin-
ical trials. We demonstrated here that indicaxanthin, a
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bioavailable, redox-modulating phytochemical with anti-
inflammatory activity, is able to exert remarkable protective
effects in an in vitromodel of vascular inflammation, at nutri-
tionally relevant concentrations. In light of its ability to
modulate specific endothelial genes involved in leukocyte

adhesion and cholesterol transport, through a redox-depen-
dent, NF-κB-mediated mechanism, indicaxanthin might be
further investigated in vivo as a potential endothelial-
protective agent of dietary origin.
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Peripheral neuropathy is the major dose-limiting side effect of paclitaxel (PTX), affecting both the quality of life and the survival of
cancer patients. Nab-paclitaxel (nab-PTX) was developed to provide additional clinical benefits and overcome the safety drawbacks
of solvent-based PTX. However, the prevalence of peripheral neuropathy induced by nab-PTX was reported higher than that
induced by solvent-based PTX. Upon investigation, oxidative stress plays a major role in the toxicity of nab-PTX. In order to
assess if the antioxidant alphalipoic acid (α-LA) could prevent the nab-PTX-induced peripheral neuropathy, Sprague-Dawley
(SD) rats were treated with three doses of α-LA (15, 30, and 60mg/kg in normal saline, i.p., q.d. (days 1-30)) and/or nab-PTX
(7.4mg/kg in normal saline, i.v., q.w. (days 8, 15, and 22)). Body weight and peripheral neuropathy were measured and assessed
regularly during the study. The assessment of peripheral neuropathy was performed by the von Frey and acetone tests. A tumor
xenograft model of pancreatic cancer was used to assess the impact of α-LA on the antitumor effect of nab-PTX. Results showed
that α-LA significantly ameliorated the peripheral neuropathy induced by nab-PTX (p < 0 05) without promoting tumor growth
or reducing the chemotherapeutic effect of nab-PTX in a tumor xenograft model. Moreover, α-LA might significantly reverse
the superoxide dismutase (SOD), glutathione (GSH), and malondialdehyde (MDA) levels altered by nab-PTX in the serum and
the spinal cord of rats. Furthermore, α-LA could reverse the mRNA and protein expressions of Nrf2 (nuclear factor erythroid
2-related factor 2) and three Nrf2-responsive genes (HO-1, γ-GCLC, and NQO1) altered by nab-PTX in the dorsal root
ganglion (DRG) of rats. In conclusion, our study suggests that α-LA could prevent oxidative stress and peripheral neuropathy in
nab-PTX-treated rats through the Nrf2 signalling pathway without diminishing chemotherapeutic effect.

1. Introduction

Paclitaxel (PTX) is classified as a microtubule-binding agent,
which is widely used to treat several solid tumors including
breast, ovarian, and lung cancers [1–3]. Its primary antitu-
mor effect occurs by disrupting the mitotic spindle and
microtubule dynamics, leading to apoptosis [4–6]. Peripheral
neuropathy, a painful and major dose-limiting side effect of
PTX treatment, is predominantly sensory and worsens with
cumulative dosing [7]. The typical symptoms of peripheral
neuropathy include bilateral numbness, tingling, evoked

pain, and spontaneous pain to mechanical and cold stimuli
in the hands and/or feet [8, 9]. Peripheral neuropathy can
persist for months or years following cessation of PTX. At
present, no effective treatments exist to prevent the develop-
ment of PTX-induced neuropathy or reverse it once estab-
lished. Therefore, the emergence of peripheral neuropathy
during PTX therapy often results in the discontinuation of
otherwise successful chemotherapy, thus impacting both
the quality of life and the survival of cancer patients [10–12].

It was reported that peripheral neuropathy was associ-
ated with both the solvent (Cremophor EL) and PTX itself
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[13]. As a modified formulation of PTX, nanoparticle
albumin-bound paclitaxel (nab-PTX) is a water-soluble
and Cremophor EL-free formulation of PTX which has
no toxicities induced by Cremophor EL [14–16]. However,
various studies, including our preliminary experiment,
found that the prevalence and severity of peripheral neurop-
athy induced by nab-PTX were higher than those induced by
solvent-based PTX [17, 18]. Hence, more attention should be
given to peripheral neuropathy during nab-PTX treatment.
Effective measures must be explored and discovered to
prevent the development of peripheral neuropathy induced
by nab-PTX.

The exact mechanism of peripheral neuropathy induced
by paclitaxel has not been fully elucidated [19, 20]. In recent
years, oxidative stress has been considered a significant factor
responsible for chemotherapy-induced peripheral neuropa-
thy [21–24]. Some antioxidants, such as glutathione and
N-acetylcysteine, have been used for the prevention and
treatment of chemotherapy-induced peripheral neuropathy
[25, 26]. As a “universal antioxidant,” alphalipoic acid
(α-LA) diminishes the harmful effects of oxidative stress in
diabetic neuropathy [27, 28]. Not only does it act on pain,
but, as a pathogenesis-oriented treatment, it also improves
other symptoms, like paraesthesiae and numbness, along
with sensory deficits and muscle strength [27]. In addition,
the nuclear factor erythroid 2-related factor 2 (Nrf2)/antiox-
idant response element signalling pathway is the main mech-
anism preventing the effects of oxidative stress. Deleting Nrf2
gene expression led to an increase in neural oxidative stress
and rendered relatively less axonal regeneration [29]. There-
fore, enhancing nuclear Nrf2 expression and subsequent oxi-
dative stress inhibition may be an important approach in
preventing oxidative neural damage and promoting the
repair process after peripheral neuropathy. Furthermore,
α-LA was reported to attenuate oxidative damage by activat-
ing the Nrf2/HO-1 pathway [30].

Due to the similar pathogenesis between diabetic neurop-
athy and PTX-induced peripheral neuropathy, α-LA might
also have a therapeutic effect on PTX-induced peripheral
neuropathy. Considering the severity of peripheral neuropa-
thy induced by nab-PTX compared with solvent-based PTX,
the objective of this study was to investigate whether α-LA as
a neuroprotective agent and pretreatment can reduce the
peripheral neuropathy induced by nab-PTX while determin-
ing the underlying molecular mechanisms of the compound’s
neuroprotection. Additionally, we sought to determine
whether treatment with α-LA would have any effects on the
chemotherapeutic effect of nab-PTX.

2. Materials and Methods

2.1. Drugs and Reagents. The alphalipoic acid injection
(Yabao Pharmaceutical Group Co. Ltd.), nab-paclitaxel
injection (Fresenius Kabi USA, LLC), and normal saline
injection (Tianrui Pharmaceutical, Zhejiang, China) were
obtained from Zhongshan Hospital of Fudan University
(Shanghai, China). The mRNA extraction kit, cDNA extrac-
tion kit, RNA amplification kit, primer design, and synthesis
were provided by Takara (Takara Bio Inc., Shiga, Japan).

Protein antibodies were purchased from Abcam Inc.
(Cambridge, MA, USA).

2.2. Experimental Design. Adult male Sprague-Dawley (SD)
rats were purchased from Sippr-BK Experimental Animal
Center (Shanghai, China) and raised under standard condi-
tions of animal housing (a 12-hour light/dark cycle, temper-
ature 25°C, and humidity 55–60%) with free access to food
and water. All animal care and experimental protocols were
conducted in accordance with the Institutional Animal Care
and Use Committee (IACUC), School of Pharmacy, Fudan
University. The ethical approval was shown in Supplemen-
tary File 1. The experimental procedures complied with the
recommendations of the International Association for the
Study of Pain [31]. All efforts were made to minimize the
number of animals used and their suffering. After 1 week of
circumstance adaption, SD rats were randomly assigned to
5 groups according to body weight: vehicle (normal saline),
nab-PTX (7.4mg/kg in normal saline, i.v., q.w (days 8, 15,
and 22)), and nab-PTX (7.4mg/kg in normal saline, i.v.,
q.w. (days 8, 15, and 22)) combined with three doses of
α-LA (low dose,15mg/kg; middle dose, 30mg/kg; and high
dose, 60mg/kg, respectively, in normal saline, i.p., q.d. (days
1-30)) (Supplementary Figure 1). The body weight of rats was
measured every 3 to 4 days. The assessment of peripheral
neuropathy was performed blind with respect to the drug
administration on days 8, 15, 22, and 29 (days 1, 7, 14, and
21 after nab-PTX administration). The animals were
double-labelled, and then, the final data was back-analyzed
with the original groups of the animals.

2.3. von Frey Test for Mechanical Allodynia. All rats
were allowed to acclimate for approximately 30 minutes
before testing. The mechanical paw withdrawal threshold
was assessed using the von Frey filaments (U.S. North
Coast, NC12775-99). Each rat was placed in a chamber
(20 × 10 × 20 cm) with a customized platform made of iron
wires, which create a 10mm grid throughout the entire area.
A series of 7 calibrated von Frey filaments were applied to the
central region of the plantar surface of one hind paw in
ascending order (1, 2, 4, 6, 8, 10, and 15 g) with the highest
filament at 15 g. Each filament was applied to the midplan-
ter skin of each hind paw five times until the force slightly
bent the tip and was then held for 5 seconds. A trial consisted
of applying a von Frey filament to the hind paw 5 times at
15 sec intervals. When the hind paw withdrew from a par-
ticular filament in 4 of the 5 consecutive applications, the
value of that filament in grams was considered to be the
paw withdrawal threshold (PWT). Withdrawal responses
from both hind paws were counted, and the percentage
response was calculated as previously described [32, 33].
The test was performed on days 1, 7, 14, and 21 after
nab-PTX administration.

2.4. Acetone Test for Cold Hypersensitivity. The responses to
an acetone droplet on the hind paw were measured for the
assessment of cold hypersensitivity [34]. The use of acetone
for cold hypersensitivity in the peripheral and central neuro-
pathic pain animal models was examined and suggested to be
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similar to the response seen in human neuropathic pain
patients who suffered from mechanical and cold hypersen-
sitivity in previous studies [35, 36]. The rats were placed
in individual areas and allowed to acclimate for at least
30 minutes. For testing, 50μl of acetone was applied to
the plantar skin of the rat’s hind paw slowly over a period
of 2–3 seconds by a pipette. The injured rats quickly lifted
and vigorously shook the paw after the application of the
acetone to the hind paw. The uninjured rats generally
showed no lifting response to the application. Both the left
and right hind paws were tested with at least 5 minutes
between each application of acetone. The frequency of
responses was calculated from the number of times the
rat responded to an acetone application to the hind paw
skin out of 5 trials (response frequency % = number
of response/5 acetone trials × 100). Only reflexive responses
that also included head orientation, vocalization, or groom-
ing of the tested limb were counted as a positive response.

2.5. Oxidative Activity Evaluation by Biochemical Assessment.
As markers of oxidative stress, the superoxide dismutase
(SOD), glutathione (GSH), and malondialdehyde (MDA)
levels of the serum and the spinal cord of the SD rats were
measured by a microplate reader (Thermo Fisher Scientific)
using the assay kits (Nanjing Jiancheng Bioengineering
Research Institute, Nanjing, China) according to the proce-
dure recommended by the manufacturer (SOD, 450nm;
GSH, 405nm; and MDA, 530nm). The concentrations of
SOD, GSH, and MDA were calculated in nanomoles per
gram of protein.

2.6. Western Blotting. After mechanical and cold allodynia
testing on day 21, the rats were deeply anesthetized with
an i.p. injection of 10% chloral hydrate. For RNA assays,
the bilateral DRGs (L4-6) were harvested, immediately
frozen with liquid nitrogen, and then stored at -80°C. Pro-
teins were extracted from DRGs by cell lysis buffer for West-
ern blotting and IP (Dalian Meilun Biological Technology
Co. Ltd, China) according to the manufacturer’s protocol.
Protein concentrations were measured using a bicinchoninic
acid (BCA) protein assay kit (Beyotime, Jiangsu, China).
Total protein was electrophoresed in a 10% SDS-PAGE gel
and transferred onto polyvinylidene difluoride (PVDF)
membranes (Millipore, US). The membranes were blocked
with 5% nonfat milk in TBST. The membranes were incu-
bated with specific primary antibodies overnight at 4°C.
After the membranes were washed with PBST, they were
incubated with HRP-conjugated secondary antibodies for 2
hours at room temperature and then washed 3 more times
again. The antigen-antibody complexes were detected by
enhanced chemiluminescence (ECL) (Amersham Life Sci-
ence, England) and visualized by Bio-Rad ChemiDoc XRS
(Bio-Rad, USA).

2.7. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). The total RNA of the bilateral dorsal root gan-
glions (DRGs) (L4-6) was isolated by RNAiso Plus (Takara
Bio Inc., Shiga, Japan) according to the manufacturer’s
instruction. The first-strand cDNA was generated using the

PrimerScript™ RT Reagent kit with gDNA Eraser (Takara
Bio Inc., Shiga, Japan). The sequences of the primers used
for Nrf2, HO-1, γ-GCLC, NQO1, and GAPDH were shown
in Table 1. The Bio-Rad iCycler qPCR system and TB Green
Premix EX Taq II (Takara Bio Inc., Shiga, Japan) were used
to perform qPCR. The cycling conditions for all primer
pairs were as follows: 5 seconds at 95°C and 30 seconds
at 60°C, according to the manufacturer’s protocol. The
ratios of Nrf2, HO-1, γ-GCLC, and NQO1 mRNA expres-
sions to the GAPDH level in each sample were considered
to be the mRNA levels and were expressed relative to the
mRNA levels of the control group. Data were shown as
mean ± standard deviation.

2.8. Chemotherapeutic Effect Evaluation. After determin-
ing the neuroprotective effects of α-LA, we further inves-
tigated whether treatment with α-LA would have any
effects on the chemotherapeutic effect of nab-PTX through
the establishment of a subcutaneous xenograft model of
pancreatic cancer.

The pancreatic cancer cell line CFPAC-1 was purchased
from the Cell Bank of Shanghai Institute of Cell Biology, Chi-
nese Academy of Sciences (Shanghai, China). CFPAC-1 cells
were cultured in IMDM (Hyclone, China) with 10% (v/v)
FBS and incubated at 37°C in 5% CO2 in a CO2 incubator
(Thermo Scientific Forma). Cells were routinely checked for
Mycoplasma contamination.

CFPAC-1 (5 × 106 cells) was injected subcutaneously into
the right of Sippr-BK Balb/c nude mice (6-7 weeks old).
Cohorts of athymic mice with an average tumor volume of
approximately 150-200mm3 were randomized to 4 groups
according to the tumor volume: vehicle (normal saline),
α-lipoic acid (60mg/kg in normal saline, i.p., q.d (days
1-30)), nab-paclitaxel (7.4mg/kg in normal saline, i.v.,
q.w (days 8, 15, and 22)), and their combination (α-lipoic
acid, 60mg/kg in normal saline, i.p., q.d (days 1-30); nab--
paclitaxel, 7.4mg/kg in normal saline, i.v., q.w (days 8, 15,
and 22)). The body weight and tumor volume of the mice
were measured and recorded 2 to 3 times per week. The
tumor volume measurement was performed blind with

Table 1: Sequences of the primers used for Nrf2, HO-1, γ-GCLC,
NQO1, and GAPDH.

Gene Sequences of primers

Nrf2
Forward: 5′-TTGGCAGAGACATTCCCATTTGTA-3′
Reverse: 5′-GAGCTATCGAGTGACTGAGCCTGA-3′

HO-1
Forward: 5′-AGGTGCACATCCGTGCAGAG-3′

Reverse: 5′-CTTCCAGGGCCGTATAGATATGGTA-3′

γ-GCLC
Forward: 5′-CTGCACATCTACCACGCAGTCA-3′
Reverse: 5′-ATCGCCGCCATTCAGTAACAA-3′

NQO1
Forward: 5′-TGGAAGCTGCAGACCTGGTG-3′

Reverse: 5′-CCCTTGTCATACATGGTGGCATAC-3′

GAPDH
Forward: 5′-GGCACAGTCAAGGCTGAGAATG-3′
Reverse: 5′-ATGGTGGTGAAGACGCCAGTA-3′
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respect to the drug administration. The animals were dou-
ble-labelled, and then, the final data was back-analyzed
with the original groups of the animals. Tumor volume was
calculated using the following formula: tumor volume =
length × width2 /2. At the end of the experiment, the mice
were sacrificed and tumor xenografts were removed and
weighed (Supplementary Figure 2 ).

2.9. Statistical Analysis. Experimental data were presented
as mean ± standard deviation from at least 3 independent
experiments. One-way ANOVA followed by S-N-K multi-
ple comparisons was used to evaluate the statistical signif-
icance of the differences among multiple groups in vitro, and
one-way ANOVA followed by Dunnett’s multiple compar-
isons was applied to the in vivo comparisons among mul-
tiple groups. A p value less than 0.05 was considered to be
statistically significant.

3. Results

3.1. Body Weight and Peripheral Neuropathy Assessment.
The administration of alphalipoic acid, nab-paclitaxel, and
vehicle was well tolerated by the rats, without any cases of

mortality. Rats that received nab-paclitaxel showed a slight
but insignificant reduction in body weight compared with
that of the controls (Supplementary Figure 3).

Mechanical and cold allodynia were tested on days 1, 4, 7,
14, and 21 after nab-PTX administration. As shown in
Figure 1(a), the bilateral paw withdrawal thresholds of rats
in the nab-PTX-treated group decreased significantly follow-
ing nab-PTX compared with those in the vehicle group
(p < 0 001), indicating a mirror-like mechanical allodynia.
In the 4, 8, and 15 g von Frey tests, nab-PTX-treated rats
showed significantly more responses than the controls
(Figure 1(c)). The acetone test for cold allodynia also indi-
cated that nab-PTX-treated rats showed significantly more
responses than the controls (p < 0 001, Figure 1(b)). Further-
more, we investigated whether α-LA could ameliorate neuro-
pathic pain and cold allodynia induced by nab-PTX. Our
results indicated that all 3 dosage regimens (15, 30, and
60mg/kg) of α-LA had significant effects on neuropathic
pain induced by nab-PTX (p < 0 05, Figure 1(a)). The
mechanical withdrawal thresholds of rats treated with α-LA
(three dosage regimens) plus nab-PTX increased significantly
compared with those of the single nab-PTX-treated ones. In
the 4, 8, and 15 g von Frey tests, the rats treated with α-LA
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Figure 1: Changes of mechanical and cold withdrawal responses in rats. ∗p < 0 05, nab-PTX versus vehicle group; ∗∗p < 0 01, nab-PTX versus
vehicle group; △p < 0 05, α-LA (low dose)+nab-PTX versus nab-PTX group, △△p < 0 01, α-LA (low dose)+nab-PTX versus nab-PTX group;
∇p < 0 05, α-LA (middle dose)+nab-PTX versus nab-PTX group; ∇∇p < 0 01, α-LA (middle dose)+nab-PTX versus nab-PTX group; ◇p < 0 05,
α-LA (high dose)+nab-PTX versus nab-PTX group; and ◇◇p < 0 01, α-LA (high dose)+nab-PTX versus nab-PTX group.
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Figure 2: The oxidative activities of the serum and spinal cord tissues in rats. ∗p < 0 05 versus vehicle group, ∗∗p < 0 01 versus vehicle group,
#p < 0 05 versus nab-PTX group, and ##p < 0 01 versus nab-PTX group.
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plus nab-PTX displayed significantly reduced responses than
the single nab-PTX-treated group (p < 0 05, Figure 1(c)). The
cold withdrawal responses of α-LA plus nab-PTX-treated
rats were also significantly reduced compared with those of
the single nab-PTX-treated ones (p < 0 05, Figure 1(b)).

3.2. Alphalipoic Acid Inhibits Oxidative Stress in
Nab-Paclitaxel-Treated Rats. The oxidative activities in the
serum and spinal cord tissues of rats were measured. The
contents of SOD and GSH in both serum and spinal cord tis-
sues were significantly decreased by nab-PTX, suggesting
that nab-PTX could disrupt the antioxidant defense systems
in the serum and the spinal cord. However, activities of
SOD and GSH in both serum and spinal cord tissues could
be restored by α-LA administration at 3 dosage regimens
(15, 30, and 60mg/kg), respectively (Figures 2(a), 2(b),
2(d), and 2(e)). The contents of MDA in both serum and spi-
nal cord tissues were significantly increased by nab-PTX but
significantly decreased by α-LA (Figures 2(c) and 2(f)).

3.3. Alphalipoic Acid Activates the Nrf2 Pathway in
Nab-Paclitaxel-Treated Rats. Compared with the controls,
the protein levels of Nrf2, HO-1, and NQO1 in DRGs
decreased significantly in the nab-PTX-treated mice. Cotreat-
ment with α-LA significantly increased Nrf2, HO-1, and
NQO1 protein expressions in the DRGs (Figure 3). The
mRNA levels of Nrf2, HO-1, γ-GCLC, and NQO1 were sig-
nificantly decreased by nab-PTX, and α-LA administration
upregulated the mRNA expressions of these Nrf2 target
genes (Figure 4).

3.4. Alphalipoic Acid Does Not Reverse the Antitumor Effect of
Nab-Paclitaxel in a Mouse Xenograft Model. The administra-
tion of α-LA (60mg/kg), nab-PTX (7.4mg/kg), or vehicle
was well tolerated by the mice, without any cases of mortal-
ity. The body weight of the mice in the 4 groups had no sig-
nificant differences (Supplementary Figure 4), indicating
that α-LA and nab-PTX had no significant impact on the
body weight of the mice in our experiment.
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Figure 3: The protein expression of Nrf2, HO-1, and NQO1 of DRGs in rats. ∗p < 0 05 versus vehicle group, ∗∗p < 0 01 versus vehicle group,
#p < 0 05 versus nab-PTX group, and ##p < 0 01 versus nab-PTX group.
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As shown in Figure 5(a), we found that the growth of
CFPAC-1 xenograft tumor was inhibited significantly by
α-LA as compared with that of controls (p < 0 05). However,
combinational use of α-LA and nab-PTX caused no signifi-
cant growth inhibition compared with that of single
nab-PTX, indicating that α-LA had no additional effect on
the antitumor effect of nab-PTX. Comparisons of the tumor
weight in each group found that the tumor weight of
α-LA-treated mice was significantly lighter than that of the
controls (p < 0 001, Figures 5(b) and 5(c)). In addition,
although there was no significant difference of tumor weight
between α-LA plus nab-PTX and single nab-PTX groups, the
tumor weight of α-LA plus nab-PTX-treated mice tended to

be lighter than that of the single nab-PTX-treated ones
(Figure 5(c)).

4. Discussion

The management of peripheral neuropathy induced by many
commonly used chemotherapeutic agents, such as taxanes
and platinum drugs, continues to be an important challenge
for both clinicians and cancer patients, because it can be
extremely painful and/or disabling, causing significant loss
of functional abilities and decreasing the quality of life [37].
The current standard care of cancer patients includes the
dose reduction and/or discontinuation of chemotherapy
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Figure 4: The mRNA levels of Nrf2, HO-1, γ-GCLC, and NQO1 of DRGs in rats. (a) Nrf2, (b) HO-1, (c) γ-GCLC, and (d) NQO1. ∗p < 0 05
versus vehicle group, ∗∗p < 0 01 versus vehicle group, #p < 0 05 versus nab-PTX group, and ##p < 0 01 versus nab-PTX group.
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treatment which influences chemotherapeutic effect and sur-
vival of cancer patients [38].

As a new formulation of PTX, nab-PTX is widely used
in clinical practice with a better chemotherapeutic effect
and no solvent-related toxicities [15, 39]. However, nab-
PTX was reported to have a higher prevalence and severity
of peripheral neuropathy in several studies [17, 18]. Our
meta-analysis indicated that the incidence of all-grade
peripheral neuropathy in cancer patients receiving nab-
PTX and solvent-based PTX was 65% (95% CI, 47%-80%)
and 54% (95% CI, 44%-63%), respectively. Additionally, the

incidence of high-grade peripheral neuropathy between
nab-PTX and solvent-based PTX was 16% (95% CI,
11%-23%) and 5% (95% CI, 3%-8%), respectively (p < 0 001)
(unpublished). Therefore, great attention must be paid to the
peripheral neuropathy accompanying the use of nab-PTX
in clinical practice. Yet, due to the scarcity of conclusive evi-
dence, no agent is currently recommended for the treatment
or prophylaxis of nab-PTX-induced peripheral neuropathy.

Currently, the underlying mechanism of peripheral neu-
ropathy induced by PTX is not entirely understood. Oxida-
tive stress has been known as an imbalance between the
free radicals and antioxidant defense system. Neurons were
more sensitive to oxidative stress because of the low activity
of antioxidant enzymes [40]. Experimental studies supported
that there was evidence about PTX-induced neuropathy
related to oxidative stress [41]. Alphalipoic acid (α-LA) is a
physiologic antioxidant that has been examined quite exten-
sively as a treatment for diabetic neuropathy. Moreover,
α-LA was effective in the treatment of distal sensory motor
neuropathy, as well as in the modulation of peripheral neu-
ropathy and pain reduction in diabetic patients [27]. α-LA
could also ameliorate the docetaxel/cisplatin-induced poly-
neuropathy [42]. The neuroprotective mechanism of α-LA
was related to the reduction of oxidative stress from free
radical formation [43]. Experimental evidence suggested
that α-LA could restore the glutathione levels, prevent lipid
peroxidation, increase the activity of antioxidant enzymes
(such as catalase and superoxide dismutase in peripheral
nerves), and increase the blood flow, glucose uptake, and
metabolism in peripheral nerves along with nerve conduc-
tion velocity (NCV) [44–46]. Moreover, α-LA could correct
the deficits of neuropeptides (such as substance P and Neu-
ropeptide Y) in the spinal cord [47] and restrain the activa-
tion of NF-κB in peripheral nerves [48]. α-LA could also
exert a neuroprotective action against the reperfusion injury
[49], promote the activity of adenosine triphosphate [50],
reduce the excess lipid oxidation [45], and ameliorate
hyperalgesia [51]. In addition, α-LA could protect sensory
neurons through its antioxidant and mitochondrial regula-
tory functions in vitro [52]. Although α-LA could ameliorate
diabetic neuropathy and peripheral neuropathy induced
by various types of chemotherapy drugs, it is still unclear
whether α-LA could have neuroprotective effects on nab-
PTX-induced peripheral neuropathy because of the different
pathogenic mechanisms [53].

Our study has shown that α-LA could significantly ame-
liorate neuropathic pain and cold allodynia induced by
nab-PTX in rats via Nrf2 activation and oxidative stress inhi-
bition, suggesting that α-LA ameliorated the peripheral neu-
ropathy in this experimental model by protecting against
oxidative system damage caused by nab-PTX. Although our
experimental number of 6 per group sounds small to permit
consistent conclusions for behavioral assessments, the results
of power analysis indicate that it is acceptable in the present
study (data not shown). After determining the neuroprotec-
tive effects of α-LA, we were not sure whether α-LA could
influence the chemotherapeutic effect of nab-PTX. There-
fore, we established a subcutaneous xenograft model of pan-
creatic cancer and found that α-LA had a potential antitumor
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Figure 5: Tumor volume changes and tumor weight of mice.
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effect, although the antitumor effect was not significant when
combined with nab-PTX. Several studies also indicated that
α-LA could sensitize lung cancer cells to chemotherapeutic
agents [54], promote synergistic antitumor effects [55], and
inhibit breast cancer cell proliferation [56].

Although our study has confirmed that α-LA could ame-
liorate the peripheral neuropathy induced by nab-PTX with-
out diminishing the chemotherapeutic effect, there are still
some limitations in our study. First, our study was done in
rats and whether this conclusion is also applicable to humans
would require further study. Additionally, we established a
subcutaneous xenograft model of pancreatic cancer; whether
the results could also be consistent in the orthotopic xeno-
graft tumor model in consideration of the complexity of pan-
creatic cancer, further research needs to be performed.

5. Conclusions

In conclusion, the data presented here suggests that α-LA
could significantly prevent oxidative stress and peripheral
neuropathy in nab-PTX-treated rats through the Nrf2 signal-
ling pathway without diminishing the chemotherapeutic
effect of nab-PTX in a subcutaneous xenograft tumor model.
To employ this inexpensive, relatively safe neuroprotective
drug in chemotherapeutic regimens that induce neuropathy,
larger preclinical and clinical studies need to be performed.
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Aim. Pancreatic stellate cells (PSCs) play a pivotal role in pancreatic fibrosis. Any remedies that inhibit the activation of PSCs
can be potential candidates for therapeutic strategies in pancreatic fibrosis-related pancreatic ductal adenocarcinoma (PDAC)
and chronic pancreatitis (CP). Our study is aimed at exploring the protective effect of coenzyme Q10 (CoQ10) against
pancreatic fibrosis. Methods. Pancreatic fibrosis was induced by 20% L-arginine (250mg/100 g) at 1 h intervals twice per
week for 8 weeks in C57BL/6 mice. CoQ10 was administered for 4 weeks. Isolated primary PSCs from C57BL/6 mice were
treated with 100μM CoQ10 for 72 h, as well as Rosup and specific inhibitors. The effects of CoQ10 on the activation of
PSCs, autophagy, collagen deposition, histological changes, and oxidative stress were analyzed by western blotting, biochemical
estimations, immunofluorescence staining, and hematoxylin-eosin, Masson, and Sirius red staining, as well as with a reactive
oxygen species (ROS) assay. Results. Pretreatment and posttreatment of CoQ10 decreased autophagy, activation of PSCs,
oxidative stress, histological changes, and collagen deposition in the CP mouse model. In primary PSCs, expression levels of
p-PI3K, p-AKT, and p-mTOR were upregulated with CoQ10. A rescue experiment using specific inhibitors of the
PI3K-AKT-mTOR pathway demonstrated that the PI3K-AKT-mTOR signaling pathway was the underlying mechanism by
which CoQ10 ameliorated fibrosis. With the addition of Rosup, expression levels of the autophagy biomarkers LC3 and Atg5
were elevated. Meanwhile, the levels of p-PI3K, p-AKT, and p-mTOR were lower. Conclusions. Our findings demonstrated that
CoQ10 alleviates pancreatic fibrosis by the ROS-triggered PI3K/AKT/mTOR signaling pathway. CoQ10 may be a therapeutic
candidate for antifibrotic methods.

1. Introduction

In recent years, several lines of evidence have suggested that
pancreatic stellate cells (PSCs) play pivotal roles in the
development of pancreatic fibrosis, which is conceivably a
dynamic process involved in the transition to pancreatic
ductal adenocarcinoma (PDAC) [1]. In a normal pancreas,
PSCs are quiescently localized in the periacinar region,
while displaying retinoid-containing droplets and com-
pounding low amounts of extracellular matrix (ECM) pro-
teins. When PSCs are activated, they transform into a
myofibroblast-like phenotype that can be recognized by the
existence of alpha-smooth muscle actin (α-SMA), various
kinds of growth factors and cytokines, and a large amount
of ECM proteins [2, 3]. Furthermore, the colocalization of

major ECM proteins and α-SMA appeared to be associated
with the degree of fibrogenesis [4, 5]. In short, the activation
of PSCs is vital to the development of pancreas-related dis-
eases, including PDAC and chronic pancreatitis (CP).

Therefore, in-depth study of the processes related to PSC
activation is important for the development of efficient
therapeutic methods for pancreas-related diseases. Any
remedies that can suppress the activation of PSCs may be
potential candidates for clinical therapy strategies in PDAC
and CP.

Many studies have shown that oxidative stress occurs in
PDAC and CP, proven through increased levels of products
of oxidative stress and reduced maintenance of antioxidant
capacity in patients with PDAC and CP [6, 7]. Further-
more, antioxidant supplementation can lower oxidative
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stress levels in patients with alcoholic and idiopathic CP
[8, 9]. Animal studies demonstrated a cessation of the
fibrotic cascade with antioxidant supplement treatment.
Antioxidant therapy also reduced high glucose-induced
PSC activation in PSCs [10].

Coenzyme Q10 (CoQ10) is a naturally occurring coen-
zyme with powerful antioxidant effects that is involved in
electron transport in the mitochondria, as well as being an
anti-inflammatory agent [11, 12]. Our recent study found
that in primary mouse PSCs, CoQ10 suppressed the activa-
tion of PSCs [13]. It appeared that the PI3K/AKT/mTOR
signaling pathway participated in this process. To provide
more groundwork regarding CoQ10 in the treatment of
PSC-related diseases, we further studied the effect of CoQ10

on pancreatic fibrosis in a C57BL/6 mouse model, as well as
the related molecular mechanisms in this study.

2. Materials and Methods

2.1. Animals. Healthy male C57BL/6 mice (15-30 g) from
Beijing Chao-Yang Hospital, Capital Medical University,
were used. They were acclimated for 2 weeks before experi-
mentation. The investigations were conducted according to
ethical standards and the Declaration of Helsinki. This study
was also approved by the Beijing Chao-Yang Hospital,
Capital Medical University. All methods and procedures
including animals were performed according to the guide-
lines of the Animals Committee.
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Figure 1: (a) Representative images of the morphology of the pancreas in various treatment groups. (∗The white arrow is placed next to the
pancreas.) (b) Effect of CoQ10 and CP on the absolute pancreas weight (∗P < 0 05; N = 3). (c) Effect of CoQ10 and CP on the body weight
with the time changing.
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2.2. Experimental Design, Animal Treatment, and Dose
Selection. Animals were randomized into 6 groups. Each
group included 10 animals. CP was induced by 20%
L-arginine hydrochloride (250mg/100 g) in normal saline
in C57BL/6 mice (18–30 g) through i.p. injection at 1 h
intervals twice per week for 8 weeks. Normal controls
received normal saline at 1 h intervals twice per week for 8
weeks. CP animals received 20% L-arginine hydrochloride
(250mg/100 g) in normal saline at 1 h intervals twice per
week for 8 weeks. CoQ10 pretreatment animals received
20% L-arginine hydrochloride (250mg/100 g) in normal
saline at 1 h intervals twice per week for 8 weeks. After 4
weeks, animals received CoQ10 in the drinking water until
the end of the 8th week. CoQ10 posttreatment animals
received 20% L-arginine hydrochloride (250mg/100 g) in

normal saline at 1 h intervals twice per week for 8 weeks, with
CoQ10 in the drinking water for 5 weeks. Both L-arginine
(L-Arg) and CoQ10 were dissolved in saline freshly at the
time of injection.

2.3. Reactive Oxygen Species (ROS) Staining. Pancreas tissues
(5mm3 in volume) were cut into pieces to obtain single cells
using single-cell suspension preparation equipment. Nylon
membrane (200-mesh) was used to filter the single-cell sus-
pension. The suspension was centrifuged at 4000 g for
10min at 4°C. The single-cell precipitates were resuspended,
and the supernatants were discarded. The ROS fluorescent
probe 2′,7′-dichlorofluorescein diacetate (DCFH-DA, Sigma,
USA) was added to the precipitates and incubated for 30min
in a 37°C incubator. Stained single-cell suspensions were
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Figure 2: (a) ROS levels were tested using flow cytometry by the DCFH-DA fluorescent probe. There were significant differences
between the CoQ10-treated group and the CP group in terms of ROS levels (∗P < 0 05; N = 3). (b) The MDA levels were reduced
with CoQ10 treatment compared with the CP group (∗P < 0 05; N = 3). (c) The GSH-PX levels were increased with CoQ10
treatment compared with the CP group (∗P < 0 05; N = 3). (d) The SOD levels were increased with CoQ10 treatment compared with
the CP group (∗P < 0 05; N = 3).

3Oxidative Medicine and Cellular Longevity



centrifuged at 12,000 g for 8min. The precipitates were
washed with phosphate buffered saline (PBS). The fluores-
cence intensities of the single-cell suspensions were mea-
sured at random using flow cytometry.

2.4. Hematoxylin-Eosin (H&E), Masson, and Sirius Red
Staining. Routine H&E, Masson, and Sirius red staining
were performed as described in a previous study [14].
The results were assessed independently and blindly by
two investigators.

2.5. Measurement of GSH, SOD, and MDA Content. Serum
GSH (U/L), SOD (U/mL), and MDA (nmol/mL) levels were
measured according to methods previously described [15].
GSH, SOD, and MDA levels were calculated by a standard
reference curve using reduced glutathione as a standard.

2.6. Immunofluorescence (IF) Staining. Tissues were incu-
bated with primary antibodies (Supplementary Materials
(available here)). Immunofluorescence was photographed
using a confocal laser scanning microscope (Leica, Heidel-
berg, Germany).

2.7. Isolation of PSCs and CoQ10 Treatment. C57BL/6
PSCs were isolated and cultured as described [16]. In each

experiment, PSCs were seeded at 1× 105 cells/mL, and
CoQ10 was added at 100μM (FBS) with the conditions of
incubation temperature 37°C and 5% CO2 for 72 h. Then,
cells were collected for analysis.

2.8. Western Blotting Analysis.Western blotting analysis was
performed as described [17]. Samples of 16–50μg of total
protein were used for western blotting. The list of primary
antibodies is displayed in Supplementary Materials. Protein
bands were visualized using West Pico Chemiluminescent
Substrate (Thermo Fisher Scientific, USA).

2.9. Statistical Analyses. Statistical significance was calculated
using Student’s t-test (SPSS19.0, Chicago, USA). Quantita-
tive variables are expressed as the mean ± S D for at least
three experiments. P < 0 05 was considered significant.

3. Results

3.1. The Effect on the Pancreas Weight, Body Weight, and
Morphological Characteristics. In the CP group, the pan-
creas appeared abnormal in morphology, showing adhesion
to surrounding tissues, with decreased and reduced pancre-
atic tissue mass (Figure 1(a)). Compared to the CP group,
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Figure 3: (a) Representative photomicrographs showing the effect of CoQ10 and CP histological alterations in the pancreatic tissue, stained
with H&E. Histogram showing the quantitative histological evaluation of histological damage in the pancreas of different treatment groups.
All values are expressed as themean ± SEM (n = 3); ∗P < 0 05. (b) Representative photomicrographs showing the effect of CoQ10 and CP on
the collagen deposition in the pancreas of the various treatment groups, evaluated by Sirius red staining. Histograms showing the quantitative
analysis of the percentage of fibrotic area. All values are expressed as themean ± SEM (n = 3); ∗P < 0 05. (c) Representative photomicrographs
showing the effect of CoQ10 and CP on collagen deposition in the pancreas of various treatment groups, evaluated by Masson trichrome
staining. Histograms showing quantitative analysis of the percentage of fibrotic area. All values are expressed as the mean ± SEM (n = 3);
∗P < 0 05.
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pretreatment and posttreatment with CoQ10 showed a
smoother surface of the pancreas, softer in texture and less
adherent to the surrounding tissue, as well as increased
pancreatic tissue weight (Figure 1(b)). In the CP group,
the growth rate of mice over time slowed down and weight
loss even occurred. However, pretreatment and posttreat-
ment with CoQ10 restored body weight compared to the
respective controls (P < 0 05) (Figure 1(c)).

3.2. The Effect on Oxidative Stress. The CP group showed
higher tissue ROS production compared with the normal
group (P < 0 05). Compared with the respective CP control
group, a significant decrease in tissue ROS production was
observed with pretreatment and posttreatment with CoQ10
(P < 0 05) (Figure 2(a)). In the CP group, there were signifi-
cantly higher MDA levels, whereas pretreatment and
posttreatment with CoQ10 decreased those levels compared
with the respective controls (Figure 2(b)). Moreover, com-
pared with the respective controls, pretreatment and
posttreatment with CoQ10 increased the L-Arg-induced
decrease in GSH and SOD levels (P < 0 05) (Figures 2(c)
and 2(d)).

3.3. The Effect on Histological Changes. Light microscopic
investigations showed that control animals had normal histo-
logical architecture of the pancreas. However, there were
severe histological changes in the CP group, including
inflammatory cell infiltration and vacuolization with com-
plete loss of the cytoplasm as well as acinar cell atrophy.
The pancreas in the CP group also presented with relatively
more significant histological changes selectively in acinar
cells. Pretreatment and posttreatment with CoQ10 resulted
in a remarkable alteration of the abovementioned histological
changes (Figure 3(a)).

3.4. The Effect on Collagen Deposition. Sirius red staining
displayed more red-stained areas, validating the fibrosis and
collagen deposition in the pancreas of the CP group, while
pretreatment and posttreatment with CoQ10 significantly
decreased the percentage of the Sirius red-positive area
(red) (Figure 3(b)). Pretreatment and posttreatment with
CoQ10 significantly decreased pancreatic fibrosis as demon-
strated by a decrease in the percentage of fibrotic area
(blue) on Masson trichrome staining compared to the
respective controls (Figure 3(c)).

Normal

LC3

P62

CP CP+CoQ10 pre CP+CoQ10 post CP+water postCP+water pre

Figure 5: Pancreas tissue stained positively for LC3 by IF (Alexa Fluor 488 staining for LC3, original magnification, ×100). Pancreas tissue
stained positively for P62 by IF (Alexa Fluor 594 staining for P62, original magnification, ×100).
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Figure 4: (a) Quantification of western blots for α-SMA expression levels in various groups compared to the normal control group (∗P < 0 05;
N = 3). (b) Western blotting analysis for α-SMA expression levels of activated PSCs was performed with CoQ10 treatment.
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Figure 6: (a) Western blotting analysis for p-PI3K, p-AKT, and p-mTOR expression levels of activated PSCs was performed after 72 h with
CoQ10 treatment, as well as the addition of LY294002 (PI3K-specific inhibitor), perifosine (AKT-specific inhibitor), or rapamycin
(mTOR-specific inhibitor). (b) Quantification of western blots for p-PI3K, p-AKT, and p-mTOR expression levels in the various groups
with the addition of LY294002 compared to the normal control group (∗P < 0 05; N = 3). (c) Quantification of western blots for p-PI3K,
p-AKT, and p-mTOR expression levels in the various groups with the addition of perifosine compared to the normal control group
(∗P < 0 05; N = 3). (d) Quantification of western blots for p-PI3K, p-AKT, and p-mTOR expression levels in the various groups with the
addition of rapamycin compared to the normal control group (∗P < 0 05; N = 3).

6 Oxidative Medicine and Cellular Longevity



3.5. The Effect on the Activation of PSCs. In western blotting
analysis, compared with the normal control group, there
was a significant increase in the expression of α-SMA.
CoQ10 treatment reduced the α-SMA expression compared
to the respective CP controls (Figure 4). Taken together,
these results suggested that CoQ10 treatment inhibited the
activation of PSCs.

3.6. The Effect on Autophagy. As shown in Figure 5, com-
pared with the normal control group, the CP group had a
higher autophagy level in the pancreas tissue, with an
increase in the levels of LC3-II and a decrease in the levels
of p62. Furthermore, IF showed that pretreatment and post-
treatment with CoQ10 reduced the accumulation of LC3-II
and impaired p62 clearance compared with the CP group.
CoQ10 induced a decrease in the levels of LC3-II and an
increase in the levels of p62, indicating that CoQ10 sup-
pressed tissue autophagy levels in CP.

3.7. The Underlying Mechanism of CoQ10 Suppression of
the Activation of PSCs. Our previous study showed that
expression levels of p-PI3K, p-AKT, and p-mTOR were
dose-dependently upregulated by CoQ10 in primary PSCs.
We suspected that CoQ10 suppressed PSC cell autophagy
through the PI3K/AKT/mTOR signaling pathway. Therefore,

in this study, we added specific inhibitors of the PI3K-
AKT-mTOR signaling pathway to study that underlying
mechanism more deeply. After 72 hours of CoQ10 treat-
ment of PSCs, the expression levels of p-PI3K, p-AKT, and
p-mTOR increased. With the addition of LY294002, a
PI3K-specific inhibitor, the expression levels of p-PI3K,
p-AKT, and p-mTOR were significantly lower. After the
administration of perifosine, an AKT-specific inhibitor, the
expression of p-PI3K was not significantly changed, and the
expression levels of p-AKT and p-mTOR were lower. After
treatment with rapamycin, an mTOR-specific inhibitor, the
expression levels of p-PI3K and p-AKT were not significantly
changed, and the expression levels of p-mTOR were lower.
These results suggest that CoQ10 suppresses PSC autophagy
via the PI3K/AKT/mTOR signaling pathway (Figure 6). The
α-SMA, p-PI3K, p-AKT, and p-mTOR expression levels with
the inhibition by LY294002 and perifosine treatment in PSCs
are shown in Figure 7. It indicated that LY294002 and perifo-
sine can increase the expression of α-SMA in PSCs. There is
no obvious morphological change for PSCs treated with
LY294002 and perifosine in this study.

3.8. ROS Are Upstream of Autophagy in PSCs.With the addi-
tion of Rosup, the expression levels of the autophagy bio-
markers LC3 and Atg5 were higher. Meanwhile, the levels
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Figure 7: (a) Quantification of western blots for α-SMA expression levels in the various groups compared to the normal control group
(∗P < 0 05; N = 3). (b) Quantification of western blots for p-PI3K expression levels in the various groups compared to the normal control
group (∗P < 0 05; N = 3). (c) Quantification of western blots for p-AKT expression levels in the various groups compared to the normal
control group (∗P < 0 05; N = 3). (d) Quantification of western blots for p-mTOR expression levels in the various groups compared to the
normal control group (∗P < 0 05; N = 3). (e) Western blotting analysis for α-SMA, p-PI3K, p-AKT, and p-mTOR expression levels with
inhibition by Ly294002 and perifosine treatment in PSCs.
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of p-PI3K, p-AKT, and p-mTOR were lower, suggesting that
it is at the level of upstream autophagy that CoQ10 reduces
intracellular levels of ROS in PSCs (Figure 8).

4. Discussion

Several studies have suggested that the activation of PSCs
has an essential role in the progression of pancreatic fibrosis
[18, 19]. Any remedies that suppress the activation of PSCs
may be potential candidates for therapy strategies in pancre-
atic fibrosis. The present study verified the beneficial effects
of CoQ10 in CP-associated fibrosis. CoQ10 ameliorated
pancreatic fibrosis via the ROS-triggered mTOR signaling
pathway. All of these results indicated that CoQ10 could
be an effective therapy for pancreatic fibrosis.

CP correlates with progressive fibrosis and necrosis [20].
Patients with CP have abdominal pain and endocrine and
exocrine insufficiency [21, 22]. Histologically, there are
excess collagen deposits and loss of pancreatic islets and aci-
nar cells in CP [23]. Reports on pancreatic fibrosis have
shown that PSCs are activated in the course of pancreatic
damage, and they are the main sources of collagen in pancre-
atic fibrosis [24].

Our study demonstrated the suppressive effect of CoQ10
on activated PSCs. CoQ10 significantly inhibited collagen
deposition and the production of fibrogenic mediators
(α-SMA) in the CP animal model. Meanwhile, compared
to the respective controls, CoQ10 led to a remarkable ame-
lioration of histological changes, including acinar cell atro-
phy and vacuolization with complete loss of the cytoplasm
and inflammatory cell infiltration.

Following the accumulation of extensive reports on oxi-
dative stress in CP [9], subsequent studies concentrated on
antioxidants, and it was shown that patients with CP have
poor antioxidant status [25]. It is known that ROS generation
precedes downstream cellular cascades, involving autophagy.
Depending on the stimulus, autophagy and ROS can regulate
one another. There have been many complications in dissect-
ing the interplay between autophagy and ROS in terms of cell
fate [26–28].

Our previous study found that CoQ10 reduced intracel-
lular levels of ROS in PSCs [13]. In the present study, in the
CP animal model, a significant decrease in tissue ROS pro-
duction was seen in the pretreatment and posttreatment with
CoQ10 groups (P < 0 05). Furthermore, there was also a sig-
nificant increase in MDA levels and decreases in GSH and
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Figure 8: (a) Quantification of western blots for LC3 expression levels in the various groups compared to the normal control group
(∗P < 0 05; N = 3). (b) Quantification of western blots for Atg5 expression levels in the various groups compared to the normal
control group (∗P < 0 05; N = 3). (c) Quantification of western blots for p-PI3K expression levels in the various groups compared to
the normal control group (∗P < 0 05; N = 3). (d) Quantification of western blots for p-AKT expression levels in the various groups
compared to the normal control group (∗P < 0 05; N = 3). (e) Quantification of western blots for p-mTOR expression levels in the
various groups compared to the normal control group (∗P < 0 05; N = 3). (f) Western blotting analysis for LC3, Atg5, p-PI3K,
p-AKT, and p-mTOR expression levels of activated PSCs was performed after 72 h with CoQ10 treatment, as well as the addition
of Rosup.
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SOD levels during pretreatment and posttreatment with
CoQ10. Because ROS can trigger autophagy, we believe that
it is the upstream occurrence of cell autophagy where
CoQ10 reduces intracellular levels of ROS in PSCs. There-
fore, we performed a rescue experiment using Rosup to test
that speculation. We showed that expression levels of
autophagy biomarkers were higher and that the levels of
PI3K-AKT-mTOR signaling molecules were lower with the
addition of Rosup.

In our previous study, we found that CoQ10 correlated with
the downregulation of autophagy via the PI3K-AKT-mTOR
signaling pathway [13]. These may be the underlying mech-
anisms for CoQ10 suppressing the activation of PSCs. There-
fore, in this study, we performed a rescue experiment using
specific inhibitors of the PI3K-AKT-mTOR signaling path-
way to investigate that underlying mechanism more deeply.

Currently, CoQ10 is used to treat many diseases. Further
studies related to the clinical suppressive effect of CoQ10 for
activated PSCs are still needed. To conclude, our study indi-
cated that CoQ10 may be a remedy for clinical therapy of
pancreatic fibrosis.
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Radiation-induced fibrosis (RIF) develops months to years after initial radiation exposure. RIF occurs when normal fibroblasts
differentiate into myofibroblasts and lay down aberrant amounts of extracellular matrix proteins. One of the main drivers for
developing RIF is reactive oxygen species (ROS) generated immediately after radiation exposure. Generation of ROS is known to
induce epigenetic changes and cause differentiation of fibroblasts to myofibroblasts. Several antioxidant compounds have been
shown to prevent radiation-induced epigenetic changes and the development of RIF. Therefore, reviewing the ROS-linked
epigenetic changes in irradiated fibroblast cells is essential to understand the development and prevention of RIF.

1. Introduction

Fibrosis is characterized by an aberrant accumulation of extra-
cellular matrix (ECM) proteins that result in the loss of normal
tissue and organ function [1]. It is a significant cause of
morbidity and mortality worldwide [2–9]. Exposure to radi-
ation can trigger a condition known as radiation-induced
fibrosis (RIF). The cell type involved in developing fibrosis
is the myofibroblast, which primarily arises from fibroblasts
upon radiation. Myofibroblasts can also arise from other
cell types through the process of differentiation or by
epithelial/endothelial-mesenchymal transitions [1]. Under
normal conditions, myofibroblasts play a critical role in
normal wound closure after injury [10]. After wound heal-
ing and restoration of ECM to homeostatic levels, the myo-
fibroblasts undergo apoptosis [1]. However, wounds that
fail to heal correctly contain persistent myofibroblasts that
leave a keloidal or hypertrophic scar. These active myofi-
broblast cells do not undergo apoptosis after healing and
continue to damage the tissues and organs by producing
excessive amounts of ECM proteins. The persistent nature
of an activated myofibroblast is maintained through molec-
ular feedforward loops by autocrine and paracrine signaling

and the influx of inflammatory cells [11, 12]. Reactive oxy-
gen species (ROS) are one such signal that helps maintain
the myofibroblast phenotype [13].

Ionizing radiation used in cancer therapy includes
high-energy gamma rays and X-rays, which have sufficient
energy to displace electrons from atoms. Interaction of
these waves with water molecules leads to the excitation
and ionization of water to form free radicals and ROS that
include eaq

−, hydroxyl radicals (•OH), hydroperoxy radi-
cals (HOO•), hydrogen peroxide (H2O2), and superoxide
(O2

•−) [13]. Generation of ROS also leads to an acute
increase in oxidative stress within cells following radiation
[14]. ROS can increase the levels and activity of several
prooxidant enzymes, such as NADPH oxidases (NOXs),
cyclooxygenases (COXs), nitric oxide synthases (NOSs),
and lipoxygenases (LOXs) [15], which further promote
ROS generation and the development of RIF. In addition
to ROS, reactive nitrogen species (RNS), such as peroxyni-
trite (ONOO−), are also generated and result in changes to
signaling pathways, gene transcription, mitochondrial func-
tioning, metabolism, and the chromatin architecture.

RIF is often observed in patients that have undergone
radiation therapy for cancer treatment and persists long
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after the initial exposure to radiation [16]. RIF reduces the
quality of life of patients after treatment [2–8], and there
are no safe, approved therapies to mitigate this problem.
Hence, the focus on understanding the ROS-mediated
changes in chromatin-modifying proteins that lead to the
development of RIF is essential. We will review the differ-
ences in expression and posttranslational modifications of
chromatin regulators caused by ROS generated after radia-
tion exposure. These changes could serve as biomarkers to
estimate the severity and susceptibility of patients to
develop RIF after radiation therapy. In some cases, epige-
netic regulation has not been studied in the context of
RIF. Therefore, we will review the reported changes in
other fibrotic conditions. Lastly, we will discuss the poten-
tial of antioxidant drugs and epigenetic inhibitors used to
prevent the development of RIF.

2. ROS-Mediated Metabolic Changes in RIF

The mitochondria are essential cell organelle involved in
regulating both metabolism and ROS levels that impact
the epigenome. Under normal metabolic conditions, the
mitochondria produce low basal levels of superoxide via
the electron transport chain, which is required for normal
cellular signaling. Through normal metabolism, the mito-
chondria can also regulate the generation of epigenetic
metabolites such as nicotinamide adenine dinucleotide
(NAD), α-ketoglutarate (α-KG), S-adenosyl methionine
(SAM), and acetyl-CoA. These molecules serve as cofac-
tors for several epigenetic proteins and control epigenetic
modifications such as DNA or histone methylation, his-
tone acetylation, and ADP-ribosylation. Therefore, damage
to the mitochondria can increase both levels of ROS and
epigenetic metabolites, thereby promoting epigenetic alter-
ations in the nucleus.

Ionizing radiation can directly damage mitochondrial
DNA and nuclear DNA that codes for mitochondrial
proteins, which leads to several functional changes in the
mitochondrial structure, activity, and function [17–19].
Radiation exposure can result in excessive production of
mitochondrial ROS due to an increase in mitochondrial
abundance and loss in mitochondrial membrane integrity/-
potential [17, 20, 21]. Further, radiation-induced mito-
chondrial damage reduces production of the tricarboxylic
acid (TCA) metabolites and causes a slight increase in
fatty acid metabolism. Alteration of global metabolism
and changes in the production of epigenetic metabolites
or cofactors for chromatin-modifying proteins results in
the modification of the fibroblast epigenome [22]. Also,
antioxidant molecules, such as glutathione and NAD+,
are significantly reduced following radiation and remain
reduced for many hours following radiation exposure. As
reported, many of the depleted metabolites are associated
with oxidative stress and DNA repair pathways [23]. Thus,
epigenetic changes in fibroblast cells and the development
of RIF can be influenced by the changes in ROS and
metabolism affected by damaged mitochondria as shown
in Figure 1.

3. ROS-Mediated TGF-β Signaling
Changes in RIF

The impact of ROS on TGF-β signaling is the most studied
in the context of RIF [24–27]. An increase in ROS after radi-
ation exposure leads to the activation of the TGF-β signaling
pathway through the oxidation of cysteine residues of the
latency-associated peptide (LAP). Oxidation of LAP leads
to a conformational change in LAP, which allows the release
of TGF-β from the latent complex. An active TGF-β, upon
binding to TGF-β receptors, leads to the phosphorylation
and activation of transcription factors, such as Smad2 and
Smad3 [28]. As shown in Figure 1, it is known that ROS
and TGF-β are interlinked by both feedforward and feed-
back mechanisms [25, 29]. TGF-β stimulation increases
the basal level of ROS through several NADPH oxidases
(NOXs), including NOX4, via the canonical Smad2/3 signal-
ing factors [30] and activation of PI3K [28, 31]. Generation
of ROS through NOX4 upregulation can also lead to the
activation of the noncanonical Smad signaling pathway,
which includes the activation of c-Src and FAK kinases
[32]. These changes in the TGF-β signaling pathway can also
crosstalk with the PI3K/AKT signaling pathway that leads to
changes in the epigenome and the development of fibrosis.

4. ROS-Mediated DNA Methylation
Changes in RIF

The covalent addition of methyl (CH3) groups to DNA is
controlled by DNA methyltransferases (DNMTs). In gen-
eral, an increase in DNA methylation or hypermethylation
of CpG islands at gene promoters is responsible for suppres-
sion of gene transcription. DNMTs can transfer methyl
groups from SAM, and other methyl donors, to cytosines
in DNA. The three enzymes involved in DNA methylation
are DNMT1, DNMT3a, and DNMT3b. DNMT1 is a
maintenance enzyme that copies methylation patterns onto
an existing or new DNA strand following replication.
DNMT3a and DNMT3b are classified as de novo DNMTs
and are not dependent on preexisting methylation marks
on DNA strands.

Aberrant DNA methylation is responsible for myofibro-
blast activation and changes in expression of fibrotic genes
[32–34]. Changes in expression of DNMT1 [35, 36],
DNMT3a [36, 37], and DNMT3b [36] have been identified
in different models of fibrosis [38–40]. Upregulation of
DNMT1 can be detected in fibrotic skin, kidneys, lungs,
and liver tissues [32, 35, 41, 42]. Both DNMT1 and
DNMT3a protein expression were found to be upregulated
following 15Gy irradiation of lung fibroblast cells [35]. This
in vivo upregulation of DNMT1 and DNMT3a was observed
at six weeks postradiation and was maintained up to six
months following radiation exposure [35]. In contrast, frac-
tionated low-dose radiation exposure leads to a small
decrease in DNMT1 and DNMT3a expression, along with
a reduction in methyl-CpG-binding protein MeCP2 [43].
This change in DNMT levels causes hypermethylation of
antifibrotic genes: RASAL1 [44–50], PTCH1 [34, 51]
PPAR-γ [52], SOCS1/3 [53, 54], DKK1 [55], E-cadherin
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[56], p14 (ARF) [57, 58], FlI1 [59], Thy-1 [40], PTGER2 [60],
and hypomethylation of profibrotic gene promoters: TGF-β1
[44], Smad4/7 [61–63], TP53 [64–66], MMP7 [67], and SPP1
[68]. Therefore, the expression of DNMT with radiation
exposure is dependent on the cell type, radiation dose, tissue
type, and sex of the organism as reported by Raiche et al. [69].

Changes in the levels of DNA methyltransferases are
closely associated with the TGF-β signaling pathway [32,
40, 44, 70]. Alternatively, crosstalk of the TGF-β signaling
pathway with the PI3K/Akt pathway can also increase
DNMT expression via a transcription-independent mecha-
nism involving an increase in phosphorylation and inactiva-
tion of glycogen synthase kinase-3β, leading to a decrease in
ubiquitination of DNMT1 [32]. Increase in DNMT3a is
attributed to an increase in protein translation due to the
activation of the mammalian target of rapamycin complex
1 by Akt [32]. This reported mechanism has been studied
in the context of activation and differentiation of fibroblast
cells but not in the context of radiation exposure.

Inhibition of DNMTs using 5-aza-2′-deoxycytidine [37,
64, 71] or siRNA-mediated knockdown of DNMT1 expres-
sion prevents the activation of fibroblast cells and hepatic
stellate cells [16, 37] and protects against the development
of fibrosis. This reduction in activated fibroblast cells is also
associated with a reduction in ROS levels [72–74]. Moreover,
the addition of hydrogen peroxide to embryonic lung fibro-
blasts rapidly increases DNMT levels [35]. Conversely,
decreasing oxidative stress, using a superoxide scavenger
Mn (III) TBAP [35], N-acetylcysteine [75], or L-NAME
(NOS inhibitor) [75], resulted in decreased DNMT1 levels

and loss of global DNA methylation. Therefore, it is sus-
pected that superoxide and hydrogen peroxide are the ROS
intermediates involved in the regulation of DNMT in RIF.

In certain cell types, such as cardiac fibroblast cells, stim-
ulation with recombinant TGF-β leads to downregulation of
DNMT1 and DNMT3a expression and inhibition in global
DNMT activity [76]. This has been linked to a decrease in
DNA methylation at the promoter of COL1A1 and an
increase in the expression of COL1A1 mRNA [76]. There-
fore, changes in expression of DNMT proteins and changes
in DNA methylation by the direct activation of the TGF-β
signaling pathway or indirect activation through radiation
and ROS can be variable and dependent on the tissue and
organ under investigation.

Along with an increase in levels of DNMTs, an increase
in the methylated DNA-binding protein, MeCP2, is also
observed during fibrosis [77, 78]. Binding of MeCP2 to meth-
ylated CpG regions causes transcriptional repression. Similar
to DNMT1, expression levels of MeCP2 are sensitive to
changes in oxidative stress and redox balance [79–82]. It is
believed that MeCP2 levels increase to maintain DNA meth-
ylation by the formation of DNMT1-MeCP2 complexes in an
increasingly oxidative environment of fibrosis [83, 84]. Frac-
tionated low-dose radiation exposure has been reported to
cause an increase in MeCP2 in the brain [85] and downregu-
lation in the spleen [86] and thymus [43]. Upregulation of
MeCP2 was found to be associated with downregulation of
antifibrotic genes, such as PPAR-γ [87], RASAL1 [88], and
PTCH1 [34, 88], thereby promoting myofibroblast differenti-
ation and the development of fibrosis [87].

ROS

TGF-�훽

Fibrotic
transcription 
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reprogramming 
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Figure 1: Radiation induces reactive oxygen species (ROS) generation, which drives epigenetic changes in fibroblast cells. ROS can be directly
generated due to radiation exposure and through the damage of mitochondria. This leads to the activation of the TGF-β signaling pathway,
which sustains an increase in ROS levels by increasing NOX4 expression, thereby setting up a vicious cycle of high oxidative stress, which
drives epigenetic reprogramming of fibroblast cells to myofibroblasts. Further, damaged mitochondria have altered production of
redox-sensitive epigenetic metabolites that serve as cofactors for chromatin-modifying proteins. NOXs: NADPH oxidases; NAD+:
nicotinamide adenine dinucleotide; SAM: S-adenosylmethionine; α-KG: α-ketoglutarate; ECM: extracellular matrix.
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Some of the DNA methylation changes at specific gene
promoters may be independent of changes in the expression
of DNMTs. This is because it is suggested that superoxide is
a strong anion that can participate in nucleophilic substitu-
tions and free radical abstraction, leading to changes in
DNA methylation and histone modifications. Superoxide
neutralizes positive charges of methyl donors, SAM, and
acetyl-CoA, which can then deprotonate the cytosine mol-
ecule at the C-5 position and accelerate the reaction of
DNA with SAM; thereby, causing methylation of DNA
[89, 90]. However, this has not been tested in the context
of fibrosis.

In summary, increased oxidative stress after radiation is
intimately interconnected with increased DNMT levels,
activity, and DNA methylation. Activation of the TGF-β sig-
naling pathway by ROS mechanistically drives the sustained
high levels of DNMTs. Further, changes in interaction with
binding partners (MeCP2, HMTs, and HDACs) and
cofactors (SAM) can lead to changes in DNMT levels
and DNA methylation at specific gene promoters. Target-
ing DNMTs, the TGF-β signaling pathway, or oxidative
stress has been shown to modulate DNA methylation
and reduce fibrosis. However, large-scale genome-wide
DNA methylation studies are needed to delineate hypo-
methylation and hypermethylation status at different gene
promoters during RIF.

5. ROS-Mediated Histone Modification
Changes in RIF

Histones can be modified through covalent posttransla-
tional modifications (PTMs) that control the open or
closed architecture of the chromatin for gene expression.
These modifications include methylation, acetylation,
phosphorylation, ubiquitylation, and sumoylation. Changes
in histone modifications have been associated with altered
expression of profibrotic and antifibrotic genes that lead to
fibrosis. Furthermore, changes in the expression of micro-
RNAs have also been associated with histone modifications
and fibrotic gene expression. PTMs such as histone acety-
lation and histone methylation marks are redox sensitive
and are inherited by daughter cells in RIF.

5.1. Role of Histone Acetylation in RIF. Histone acetylation
is regulated by histone acetyltransferases (HATs) and
histone deacetylases (HDACs). The balance between the
epigenetic marks added by HATs and removed by
HDACs helps to control gene transcription. In general,
acetylated histones are associated with transcriptionally
active chromatin and deacetylated histones with inactive
chromatin [87].

HATs are enzymes that catalyze the transfer of an acetyl
group from acetyl-CoA to the ε-amino group of histone
lysine residues. Out of the 30 known HAT enzymes, only
EP300 (p300) and CREBBP (CBP) have been reported to
play a role in RIF [91]. Levels of p300/CBP were found to
be significantly elevated in skin fibroblast cells 12 hours after
radiation exposure but not after 24 or 36 hours [91]. This
increase in p300/CBP also correlated with an increase in

alpha-smooth muscle actin (αSMA), which is a marker for
myofibroblast cells.

The mechanism of p300/CBP upregulation and/or
increased activity is also linked to an active TGF-β/ROS
signaling pathway [91–100]. p300 is a direct transcrip-
tional target of TGF-β signaling and is known to form a
feedforward loop with an active TGF-β signaling pathway
[101–103]. Interaction of p300 with Smad3 is essential for
the TGF-β-mediated synthesis of collagen [101]. Also,
inhibition of p300 expression or activity reduces fibrosis
[96, 100, 104–107]. The role of p300 in fibroblast biology
and fibrosis has been studied by Ghosh et al., and the tar-
geted disruption of p300-mediated histone acetylation has
been proposed as a viable antifibrotic strategy [101].

The redox environment can directly alter the activity of
p300 due to the oxidation of key cysteine residues. Specifi-
cally, the oxidation of these thiols results in reduced p300
activity. Redox-active compounds such as MnTE-2-PyP
and hydroxynaphthoquinones can downregulate p300 activ-
ity [108–111]. The use of alpha-lipoic acid, a dietary antiox-
idant supplement, has been shown to protect against RIF in
mice by downregulating expression and activity of
p300/CBP [112–115]. Similarly, inhibition of p300 activity
using curcumin also reduces cardiac fibrosis and hypertro-
phy [32, 94, 116]. However, thiol oxidation of p300 during
RIF has not been studied.

Both p300 and CBP have high sequence homology and
can act as transcriptional coactivators, which recruit basal
transcriptional machinery, including RNA polymerase II,
to gene promoters. p300 and CBP promote the transcrip-
tion of fibrotic genes, such as matrix metalloproteinase-2
(MMP2), matrix metalloproteinase-9 (MMP9), αSMA,
and plasminogen activator inhibitor-1 (PAI-1) [91] in this
manner. Moreover, increased histone acetylation at the
H3K9/14 and H3K18 marks has been associated with
an upregulation of TGF-β1, TGF-β3, and another potent
profibrotic factor, connective tissue growth factor
(CTGF) [117].

During fibrosis, an increase in histone acetylation can
also be mediated by an increase in activity of ATP citrate
lyase (ACL), an enzyme that converts citrate to acetyl--
CoA, which is a substrate for HATs [117]. Thus, histone
acetylation is affected by changes in glucose metabolism
and oxidative stress during fibrosis [118, 119]. Corre-
spondingly, high-glucose treatment can increase oxidative
stress and increase pan-H3 histone acetylation marks
[108, 120]. However, this process has not been studied in
the context of RIF.

In summary, histone acetylation in RIF is attributed to
an increase in the level of expression and activity of HAT
enzymes, p300 and CBP. HAT expression is further
upregulated by the TGF-β signaling pathway. Antioxidants
have been shown to inhibit HAT activity and prevent the
development of fibrosis. However, the mechanism of inhi-
bition of HAT activity by antioxidants has not been deter-
mined in the context of RIF. Other studies, unrelated to
fibrosis, point towards susceptibility of p300 to several
PTMs that are influenced by a change in the oxidative
environment [101, 108, 121, 122].
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5.2. Role of Histone Deacetylation in RIF. HDACs are a class
of enzymes that compress the chromatin by removing acetyl
groups, which results in a downregulation in gene expres-
sion. There are a total of 11 known HDACs that are depen-
dent on the cofactor, Zn2+, to deacetylate histones. Another
class of enzymes known as sirtuins (Sirt) contains seven
members that deacetylate histones and are dependent on
NAD+ as a cofactor.

Upregulation of several HDAC enzymes is known to
be in involved in the development of fibrosis [123–131].
Profibrotic stimulation, using TGF-β or the platelet-
derived growth factor (PDGF), upregulates the expression
of HDAC1, HDAC2, and HDAC4, which results in fibro-
sis of a variety of tissues [124, 125, 132]. Also, all three
HDAC proteins involved in fibrosis are redox sensitive.
Upregulation of certain HDACs can lead to the deacetyla-
tion of histones associated with antifibrotic genes and
downregulation of genes that prevent the development of
fibrosis. Hence, HDAC proteins are reported to be poten-
tial targets for fibrotic disorders [133]. However, the role
of HDAC proteins and HDAC inhibitors in RIF has not
been studied.

HDAC1, a well-known epigenetic and cell cycle regula-
tor, is redox sensitive and plays a crucial role in normal devel-
opment and tumor progression [134, 135]. During fibrosis,
HDAC1 upregulation causes epithelial-mesenchymal tran-
sition by suppressing the transcription of ZO-1 and
E-cadherin [124]. In addition, HDAC1 promotes fibrosis
by inhibiting the expression of the antifibrotic Smad7 pro-
tein in renal fibrosis [95]. In agreement with this finding,
the HDAC inhibitor, suberoylanilide hydroxamic acid,
was successful in stabilizing Smad7 levels, thereby prevent-
ing fibroblast differentiation and collagen expression in a
lung fibrosis model in rats [123].

Similarly, HDAC4 upregulation enhances the expression
of profibrotic genes in lung fibrosis [136, 137] and causes
transdifferentiation of hepatic stellate cells to myofibroblast
cells [138]. Knockdown of HDAC4 inhibits fibrosis by
reversing the TGF-β-stimulated transformation of fibro-
blasts to myofibroblasts [139]. HDAC4 is a redox-sensitive
protein, where oxidation of Cys667 and Cys669 affects its
activity and is independent of other phosphorylation modi-
fications [140, 141]. Specifically, reduction of these two
cysteine residues has also been shown to prevent its nuclear
export [141].

In liver fibrosis, HDAC2 was found to be upregulated,
which activates hepatic stellate cells through the suppression
of the antifibrotic protein, Smad7 [142]. Moreover, HDAC2
and DNMT1 have been suggested to cooperate in adding
repressive chromatin marks at gene promoters to suppress
the expression of antifibrotic genes, such as RASAL1 [46,
143]. Oxidative stress causes tyrosine nitration of HDAC2,
thereby reducing its activity [144]. These PTMs are pre-
vented with the use of antioxidants, such as glutathione
monoethyl ester or polyphenol-curcumin [145, 146]. Over-
expression of SOD2 decreases HDAC2 expression due to
an increase in ubiquitination of HDAC2 molecules [147].
Therefore, a change in expression and activity of HDAC2
is highly regulated by the redox environment [148–151].

Reduction in HDAC1/2 expression using gallic acid or
valproic acid sodium (VPA) attenuates hypertension, car-
diac remodeling, and fibrosis in mice [152]. RNS, such
as nitric oxide, has an inhibitory effect on HDAC activity
resulting in the hyperacetylation of specific genes [153].
The inhibitory effects of RNS on HDAC proteins are
associated with nitrosylation of tyrosine residues and
aldehyde-adduct formation on HDAC1, HDAC2, and
HDAC3 proteins [145]. As mentioned previously, PTMs
of HDACs due to oxidative modification of conserved cys-
teine residues have also been linked to nuclear export
[154]. However, these changes mediated by RNS have
not been studied extensively in the context of RIF.

HDAC inhibitor (HDACi) drugs, romidepsin [155], tri-
chostatin A [156, 157], suberoylanilide hydroxamic acid
[123, 158], sodium valproate [159], panobinostat [160,
161], and valproic acid [162, 163], have all been shown to
suppress fibrosis. In a standard animal model of cutaneous
radiation syndrome, application of topical formulations of
phenylbutyrate, an HDACi [164] and oxidative stress inhib-
itor [165–167], reduced acute skin damage and protected
from late radiation-induced effects, such as fibrosis and
tumor formation [168]. This reduction in RIF after HDAC
inhibition further correlated with suppression of TGF-β
and TNF-α signaling [168]. Therefore, HDAC inhibitors
have been used and are proposed as radioprotectors for
treating RIF [168]. However, the potential nonspecificity
of these broad inhibitors may produce many unwanted
side effects, making these drugs potentially unsuitable for
therapeutic use.

In summary, HDACs are upregulated during radiation
and are associated with fibrosis but vary with the tissue type
and radiation dose. The majority of upregulated HDAC pro-
teins during fibrosis can be countered with the use of either
HDACi or antioxidants. Some changes in PTMs of HDAC
proteins due to oxidative stress have been associated with
changes in HDAC activity but have not been studied in the
context of RIF.

5.3. Role of Sirtuin Deacetylases in RIF. Sirtuin proteins are
deacetylase enzymes that are redox sensitive because they
require NAD+ as a cofactor to be active. As mentioned
above, radiation-associated damage to the mitochondria
can alter levels of NAD+, which can change the activity of
sirtuin proteins. These enzymes are involved in the deacety-
lation of both histone and nonhistone proteins depending
on their localization. Sirt1, Sirt6, and Sirt7 localize to and
exert distinct deacetylation functions in the nucleus [169],
while Sirt3, Sirt4, and Sirt5 localize to the mitochondria
[170] and are indirectly involved in epigenetic reprogram-
ming during fibrosis and are involved in the modulation of
oxidative stress by regulating mitochondrial antioxidant
proteins and cellular metabolism.

In contrast to HDACs, Sirt1 overexpression or upregula-
tion protects against fibrosis by attenuating the TGF-β and
NF-κB signaling pathways [32, 92, 171–180]. Moreover,
Sirt1 is a negative regulator of p300 expression [92, 181].
Ionizing radiation, cigarette smoke extract, and carbon tetra-
chloride increase oxidative stress and downregulate Sirt1
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gene expression [32, 182, 183]. Nonionizing radiation, such
as UV irradiation, also decreases Sirt1 activity [184], which
may result in fibrosis. This change in Sirt1 activity needs to
be further investigated in relation to the cellular NAD+ levels
[184] and oxidative stress-dependent NAD+ metabolism
[185] during fibrosis. The decrease in Sirt1 expression, activ-
ity, and changes in its subcellular localization can be linked
to changes in Sirt1-catalyzed PTMs influenced by oxidative
stress [32, 148, 186–189]. Treatment of fibroblast cells with
H2O2 downregulates Sirt1 levels [190], while the use of anti-
oxidants such as resveratrol [191–197], curcumin [198],
phenylephrine [182], and vitamin D [199, 200] has been
shown to upregulate Sirt1 expression after radiation.

To combat and repair the cell from radiation-induced
oxidative damage, fibroblast cells upregulate and/or increase
the activity of Sirt1 [171, 172, 192, 201–203]. Sirt1 knock-
down and overexpression have been shown to alter ROS
levels within a variety of cell types [203–207]. Sirt1 is
involved in deacetylation of histones, specifically the removal
of H3K9Ac, H3K14Ac, H4K16Ac, and H1K26Ac marks,
which leads to an upregulation of antioxidant genes such
as superoxide dismutase (SOD) [148]. Further, deacetyla-
tion of transcriptional factors such as the nuclear factor
erythroid-related factor (Nrf), Nrf1 or Nrf2 [208, 209],
and peroxisome proliferator-activated receptor gamma
coactivator-1 alpha (PGC1-α) [174, 176, 178, 210–212] is
also involved in controlling the expression of SOD. The
Nrf2 transcription factor is a crucial regulator of the
antioxidant defense pathway and has been reported to
inhibit the TGF-β signaling pathway [208]. Therefore, Sirt1
is a redox sensor that acts as an antifibrotic protein via
deacetylation of both histones and nonhistone proteins.

Similarly, Sirt3, Sirt6, and Sirt7 are all redox-sensitive pro-
teins and modulate oxidative stress in fibrotic tissues. Sirt3
upregulation has a protective effect against radiation-induced
lung injury by exerting anti-inflammatory and antioxidative
properties [213–215]. Further, Sirt3 is responsible for pre-
venting epithelial-mesenchymal transition (EMT) by elevat-
ing the levels of Nrf2 and PGC1-α expression [216, 217]. In
parallel to this, Sirt3 deficiency has been shown to promote
lung fibrosis [214] and its activity is required to deacetylate
and activate MnSOD. An active MnSOD enzyme is necessary
to detoxify mitochondrial ROS and prevent mtDNA damage
[214]. Sirt6 overexpression prevents hepatic fibrosis by curb-
ing inflammation and oxidative stress [218], and Sirt6 defi-
ciency results in progressive renal inflammation and fibrosis
[219]. Moreover, it is known that Sirt6 exhibits an inhibitory
effect on the activity of TGF-β [220] and NF-κB signaling
[221] that are activated in RIF. In addition, a decrease in
expression of Sirt7 is associated with the development of
lung fibrosis [222, 223] and fibroblast differentiation in
cardiac tissue [216].

Paradoxically, Sirt2 and Sirt4 downregulation prevents
fibrosis and is also modulated by treatment of antioxidant
molecules [224, 225]. Sirt2 potentiates radiation-induced
damage in fibroblast cells by interacting with β-catenin
and, thereby, inhibiting Wnt signaling [226]. Inhibiting Sirt2
activity prevents transformation and preserves the integrity
of aging fibroblast cells against ROS [226]. However, in the

brain, Sirt2 has been shown to be essential in preventing
neurotoxicity and cognitive dysfunction after whole brain
radiation [227] and plays a role in preventing neuroinflam-
mation and brain injury [228]. Sirt4 is involved in the devel-
opment of cardiac fibrosis after angiotensin II treatment and
is involved in the regulation of oxidative stress [229]. Treat-
ment with a SOD mimetic, 5, 10, 15, and 20-tetrakis-(4-ben-
zoic acid) porphyrin, inhibited ROS accumulation and
Sirt4-mediated development of cardiac fibrosis [229].

In contrast to the upregulation of HDAC proteins,
upregulation of most sirtuins protects from RIF develop-
ment. The upregulation and increase in activity of sirtuins
combat radiation-induced oxidative stress and counterbal-
ance the increase in expression of HAT enzymes and
radiation-induced epigenetic modifications. Like HATs,
increase in sirtuin protein levels or activity occurs through
acute changes in signaling pathways, redox environment,
and metabolite production after radiation. The protective
effects of sirtuin proteins are thought to be mediated, in
part, by deacetylating histones and key transcription
factors involved in the antioxidant pathway, such as
Nrf2 and PGC1-α.

5.4. Role of Histone Methylation in RIF. Histone methylation
can either increase or decrease transcription of genes
depending on the amino acid methylated (lysine or argi-
nine), position on the histone tail, and the number of methyl
groups added. This dynamic process is regulated by more
than 40 histone methyltransferases (HMTs) and demethy-
lases, which are involved in the establishment of a histone
methylome. For these reasons, specific histone methylation
alterations have not been studied in the context of radiation.
However, reports indicate that histone methylation plays a
critical role in fibrotic gene expression and fibrosis [230].

TGF-β stimulation increases the expression of EZH2,
SET7 [231], SET9 [231], and G9a [232]. Furthermore, an
active TGF-β pathway has been linked to an increase in
H3K4Me1, H3K4Me2, and H3K4Me3 (active chromatin
marks) and a decrease in H3K9Me2 and H3K9Me3 (repres-
sive chromatin marks) at profibrotic gene promoters [230,
231, 233, 234]. Among the several HMTs, EZH2 was shown
to be upregulated during the differentiation of fibroblasts to
myofibroblasts in the lungs of patients with idiopathic pul-
monary fibrosis [235]. Induction of EZH2 expression after
TGF-β stimulation can lead to an increase in H3K27Me3
(repressive marks) at COX-2 gene promoters (antifibrotic
gene), which promotes fibrosis [236, 237]. This increase in
EZH2 expression also correlates with an increase in the
expression of ECM proteins, such as COL3A1 [233]. Impor-
tantly, antifibrotic genes, such as Caveolin-1 [238], are
exclusively regulated by histone methylation [239] and not
by DNA methylation. Further, EZH2 forms repression com-
plexes with MeCP2 and SIN3A, transcriptional repressors,
which can suppress the expression of antifibrotic genes [87,
240]. Treatment of epithelial cells with H2O2 causes the
translocation of EZH2 from the nucleus to the cytoplasm
by regulating its phosphorylation status [241]. Inhibition of
HMTs, using 3-deazaneplanocin A (DZNep), suppressed
the progression of renal and pulmonary fibrosis [242, 243].
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Further, inhibition of the TGF-β and TNF-α signaling path-
ways using a novel indole compound, MA-35, resulted in the
attenuation of renal inflammation and fibrosis by decreasing
H3K4me1 histone modification at the COL1A1 and PAI-1
fibrotic gene promoters [244]. Inhibition of H3K9me1 using
BIX01294, an inhibitor of G9a methyltransferase, prevented
the development of renal fibrosis by maintaining expression
of the antifibrotic gene, Klotho [232]. Therefore, an active
TGF-β pathway, due to the generation of ROS after radia-
tion, can lead to an upregulation of these HMTs leading to
the development of RIF [232].

Activation of hepatic stellate cells (HSC), by bile duct
ligation procedure, leads to transdifferentiation of HSC to a
myofibroblast-like phenotype [245]. This transdifferentiation
is associated with an increase in HMTs such as KMT2H (aka
ASH1), KMT1A (aka SUV39H1), KMT1B (aka SUV39H2),
KMT1D (aka GLP), KMT6 (aka EZH2), KMT3C (aka
Smyd2), KMT2A (aka MLL1), KMT2E (aka MLL5), and
KMT2F (aka SET1A) and a compensatory increase in histone
demethylases (HDMs) such as KDM1 (aka LSD1), KDM5B
(aka JARID1b), KDM4A (aka JMJD2a), and KDM4B (aka
JMJD2b) [245]. This is also associated with the upregulation
of profibrotic genes, such as αSMA, TIMP-1, collagen I, and
TGF-β. Several of these methylase enzymes are activated and
inhibited by metabolic cofactors that are considered redox
intermediates such as NAD+, SAM, flavin adenine dinu-
cleotide (FAD), and 2-oxoglutarate. Further, the jumonji
domain-containing (jmjC) family of proteins, which is
involved in histone demethylation, is highly redox sensitive
due to the presence of a transition metal, iron (Fe), at the
enzyme active site. Fe (II) is used as a cofactor for the histone
demethylation reaction and can interact with H2O2 to pro-
duce ·OH, leading to an increase in oxidative damage and
histone methylation [246, 247]. Changes in the redox envi-
ronment have also been reported to increase the activity of
LSD1, which is involved in DNA repair after oxidative dam-
age [248]. HDMs, such as KDM6B, can be induced by the
TGF-β pathway and promote EMT transition during fibrosis
[249], which can also have implications in the context of RIF.
However, the role of these histone methylation-regulating
proteins has not been extensively studied in the context of
changing oxidative stress and fibrosis.

6. ROS-Mediated Noncoding RNA
Changes in RIF

Noncoding RNAs that regulate epigenetic processes in RIF
include, micro-RNAs (miRs), long noncoding RNA
(lncRNA), and circular RNA (circRNA). miRs are consid-
ered to play an essential role in regulating the epigenome
and are modulated by changes in oxidative stress during
radiation exposure [26, 250]. Further, expression of miRs is
interconnected with the TGF-β signaling pathway [16, 36,
132, 250–259]. DROSHA and DICER regulate the biogenesis
of the majority of miRs in healthy cells and are involved in
radiation damage responses due, in part, to the production
of ROS [260]. Increase in ROS inactivates DROSHA and
DICER, which impairs DNA damage responses in human
fibroblasts after radiation [261]. TGF-β signaling pathway

proteins, p-Smad-2 and p-Smad-3, have been shown to
interact with DROSHA and DICER to regulate the process-
ing of miR-21 in cardiac fibroblasts [262, 263]. Mature
miR-21 has been implicated in the development of RIF in
several tissues [264–267]. In endothelial cells, H2O2 treat-
ment downregulates the expression of DICER [268–270].
However, in hepatic stellate cells (HSC), inhibition of
DICER suppresses HSC activation as well as ECM expres-
sion [271]. It is unknown if ROS are directly involved in
PTMs of DROSHA and DICER activity. However, downreg-
ulation of DICER prevents the generation of ROS by lower-
ing expression of the p47phox protein, which is a part of the
NOX2 complex that generates ROS [272]. Therefore, there
exists a close relationship between the miR-processing pro-
teins, an active TGF-β signaling pathway, and ROS that
needs to be further investigated in the context of RIF.

Following radiation, ten miR species have been found to
be upregulated: let-7d, let-7g, let-7i, miR-26b, miR-663,
let-7e, miR-15b, miR-21, miR-768-3p, and miR-768-5p.
Seven miRs were found to be downregulated: miR-24, let-7a,
miR-100, miR-125b, miR-222, let-7b, and miR-638 in nor-
mal human fibroblasts [250]. Out of these 17 miRs, changes
in intracellular levels of hydrogen peroxide have been associ-
ated with altered expression of let-7d, let-7b, let-7e,
miR-15b, miR-768-3p, miR-768-5p, miR-24, miR-21, and
miR-638. Some miRs such as the miR-29 family members
are not directly regulated by changes in ROS and are depen-
dent on the TGF-β signaling pathway. MiR-29 family mem-
bers are downregulated after radiation, which leads to an
increase in expression of type I collagen genes that contrib-
ute to the development of RIF [273]. Further, loss of radio-
protective miR-140 is observed in human lung fibroblasts,
which is known to regulate the TGF-β signaling pathway
and expression of fibronectin [274]. These miRs could
potentially drive acute and chronic changes in molecular
connections to combat oxidative stress during fibrosis [275].

Treatment with a thiol antioxidant, cysteine, prevents
changes in the expression of some of the above miRs initi-
ated by ionizing radiation [250]. The potential to regulate
miR expression using locked nucleic acid- (LNA-) modified
anti-miR inhibitors in combination with antioxidants is an
attractive avenue for prevention of RIF [264]. Moreover,
these miRs can be used as potential biomarkers for patients
at risk of developing RIF [276–279].

Apart from miRs, other noncoding RNAs such as
lncRNA, which are >200 nucleotides [280], and circRNA
[281, 282] have also been shown to be dysregulated in RIF.
lncRNAs play a role in epigenetic regulation by forming
complexes with chromatin-modifying proteins. However,
these RNA molecules have not been extensively studied in
the context of changing oxidative stress. In normal human
bronchial epithelial cells, overexpression of long intergenic
radiation-responsive RNAs (LIRRs), noncoding RNAs,
increased radiosensitivity through a DNA damage response
(DDR) signaling mechanism that is p53 dependent [280].
Similarly, lnc-RI is a radiation-inducible lncRNA molecule
involved in radiation-induced DDR [283]. In hepatic stellate
cells, 179 circRNAs were found to be upregulated and 630
circRNAs were downregulated after irradiation [281].

7Oxidative Medicine and Cellular Longevity



Inhibition of hsa-circ-0071410 has been shown to attenuate
radiation-induced hepatic stellate cell activation [281]. Two
other circRNAs, KIRKOS-73 and KIRKOS-71, are upregu-
lated following radiation exposure and can serve as a diag-
nostic radiotherapy biomarkers [282]. However, the role of
these noncoding RNAs have not been studied in the context
of ROS-mediated development of RIF. We do not know

whether the use of antioxidants influences the expression
of these molecules.

7. Conclusion

Radiation therapy leads to the development of RIF and
decreases the overall quality of life of irradiated cancer
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Figure 2: Changes in expression or activity of chromatin-modifying proteins that are redox sensitive, which lead to epigenetic
reprogramming and transformation of fibroblast cells to myofibroblast cells after radiation. The red arrow indicates the increase or
decrease in expression or activity driving transformation to myofibroblast. The green arrow indicates the increase in expression or activity
preventing transformation to myofibroblast.
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Table 1: Antioxidants/antifibrotic agents used to prevent radiation-induced damage and fibrosis.

Antioxidant/antifibrotic
agents

Region
Radiation

dose/animals
Dose Effects Reference

AEOL 10150 (catalytic
SOD mimic)

Lung 28Gy/rats
10-30mg/kg/day, for

10 weeks
Inhibits TGF-β signaling [291]

Alpha-lipoic acid

Small intestine 15Gy/mice
100mg/kg, 3 days
before radiation

Reduces inflammation and
cell death and reduces

p-NF-κB, MMP9, and MAPK
signaling and facilitates

regeneration of vitamins C
and E and elevates glutathione

levels [292]

[293]

Thyroid 18Gy/rats
100mg/kg, 24 h
before radiation

Inhibits TGF-β signaling [115]

Salivary gland 18Gy/rats
100mg/kg, 24 h
before irradiation

Reduces oxidative stress by
inhibiting gp91 mRNA

expression
[294]

Amifostine (WR-2721)

Head and neck 20–70Gy/humans
200mg/m2 to
400mg/m2

Thiol compound and free
radical scavenger; reduces
oxidative radicals and

prevents xerostomia (dry
mouth) postradiation.

[295, 296]

Heart 22.5Gy/rats
160mg/kg, 15 minutes

before radiation
Reduces cardiac damage [297]

Heart 18Gy/mice
200mg/kg, 30 minutes

before radiation
Prevents vasculitis and

vascular injury
[298]

Kidney 15Gy
200mg/kg, 30 minutes

before radiation

Prevents glomerular and
tubular changes and

interstitial fibrotic lesions
postradiation

[299, 300]

Atorvastatin Kidney 2Gy/mice
50mg/kg/day
for 1 week

Reduces the levels of oxidative
stress biomarkers

[301]

CpG
oligodeoxynucleotide

Lung 15Gy/mice 50 μg CpG-ODN

Prevents radiation-induced
pulmonary fibrosis by shifting
the imbalance of Th1 and Th2

responses

[302]

Curcumin

Lung 18Gy/rats
200mg/kg/day, 1 week

before radiation

Boosts antioxidant defenses by
increasing HO-1, prevents
COX-2 upregulation, and
inhibits proinflammatory
cytokines and NF-κB

signaling

[303]

Lung 13.5Gy/mice 1% or 5% (w/w)

Prevents radiation-induced
pulmonary fibrosis and

reduces LPS-induced TNF-α
production

[304]

Erdosteine Whole body/kidney 5Gy/rats
100mg/kg/day, 1 week
before irradiation by

gastric tube

Inhibits production of
proinflammatory cytokines
TNF-α, IL-1, IFNγ, and IL-6

[305]

Eukarion-189 (catalytic
SOD catalase mimic)

Lung 10 to 20.5Gy/rats
30mg/kg, 30 minutes

before radiation
Inhibits TGF-β signaling [306]

Eukarion-207 (catalytic
SOD catalase mimic)

Lung 12Gy/rats 8mg/kg/day
Reduces oxidative damage,
TGF-β, and NF-κB signaling
and activated macrophages

[307]
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Table 1: Continued.

Antioxidant/antifibrotic
agents

Region
Radiation

dose/animals
Dose Effects Reference

Flaxseed Lung 13.5Gy/mice 10% (w/w)

Reduces expression of lung
injury biomarkers (Bax, p21,
and TGF-β) and contains
omega-3 fatty acids and
lignans with antioxidant

properties

[308]

Follistatin Hindlimb 35Gy/mice

4 μg, 24 hours before, 2
days after radiation,
and then 3/week over

6 months

Inhibits TGF-β signaling [285]

GC4401 Whole body/liver 2 × 2 Gy/mice
2mg/kg before every

fraction

Protects the liver in Sirt3−/−

animals from
radiation-induced injury

[309]

GC4419 Oral cavity 60 to 72Gy/humans

15 to 112mg/day,
60min before

radiation for 3 to
7 weeks

Reduces the frequency and
duration of oral mucositis

[310]

Genistein (isoflavone) Lung 12Gy/rats 50mg/kg/day

Reduces oxidative damage,
TGF-β, and NF-κB signaling
and activated macrophages

and fibrosis

[307]

Ginger extract Kidney 2, 4, and 8Gy/rats
50mg/kg/day for 10

days

Alleviates functional and
structural alterations in the

kidney due to antioxidant and
anti-inflammatory effects

[311]

Gingko biloba

Whole body 8Gy/rats
50mg/kg/day, 15-day

pretreatment

Attenuates
irradiation-induced oxidative
organ injury, by preventing an

increase in LDH and
TNF-alpha levels

[312]

Eye 5Gy/rats
40mg/kg/day, 3 days
pretreatment and up
to 7 days postradiation

Prevents increase in xanthine
oxidase (XO) activity

postradiation
[313]

Whole body 6Gy/rats
50 and 100mg/kg/day

for 7 days

Corrects the metabolic
disturbances induced in the
brain by lowering dopamine,
calcium, and zinc contents

while increasing iron content
and restores the activities of
lactate dehydrogenase and
cholinesterase enzymes

[314]

GTS-21 (α7-nAChR
agonist)

Lung 12Gy/mice 4mg/kg/day

Reduces TNF-α, IL-1β, and
IL-6 production in serum via
inhibition of NF-κB and
downregulates TLR-4 and
HMGB1 expression in the

lungs and reduces ROS levels
and HIF-1α expression along
with inhibition of NOX1 and

NOX2 expression

[315]

Hesperidin Heart 18Gy/rats
100mg/kg/day
for 7 days

Decreases inflammation,
fibrosis, mast cell and

macrophage numbers, and
myocyte necrosis after

radiation

[316]
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Table 1: Continued.

Antioxidant/antifibrotic
agents

Region
Radiation

dose/animals
Dose Effects Reference

JP4-039 (TEMPOL) Skin/leg 35Gy/mice
50 μL of formulation,
0.5, 24, and 48 h after

radiation

Reduces radiation-induced
skin damage

[317]

KL4 surfactant
(21-amino acid peptide)

Lung 13.5Gy/mice 120mg/kg twice daily
Reduces lung inflammation

and oxidative stress
[318]

Matrine (alkaloid) Whole body 6-7Gy/rats

30, 10, and
3mg/kg/day, 3 days

before or after
radiation

Reduces radiation-induced
damage by altering 21

pathways
[319]

Melatonin Lung 18Gy/rats
100mg/kg once 30
minutes before

radiation

Reduces lipid peroxidation
product malondialdehyde

[320]

MnTnHex-2-PyP
(catalytic SOD mimic)

Lung 28Gy/rats
0.05mg/kg/day for 2

weeks, 2 h
postradiation

Decreases HIF-1alpha,
TGF-β, and VEGF A

expression after radiation
[321]

Lung
28Gy/rhesus
monkeys

0.05mg/kg twice daily
for 2 months

Prevents radiation injury in
the lungs

[322]

MnTE-2-PyP Or AEOL
10113 (catalytic SOD
mimic)

Prostate 10Gy/mice
6mg/kg/day, day

1 to 16

Inhibits TGF-β signaling and
protects against decreases in
RBC counts, hemoglobin, and

hematocrit

[323]

Pelvic region 20-30Gy/rats
5mg/kg/week, 1 h
before radiation

Ameliorates both acute and
chronic radiation proctitis

[324]

Pelvic region 37.5Gy/mice

10mg/kg/week, 24 h
before radiation; for
the first two weeks, 3
times/week at a dose of

5mg/kg

Reduces collagen deposition,
inflammation, senescence,

and fibroblast to
myofibroblast differentiation

and upregulates NQO1
expression

[286]

Lung 28Gy/rats
6mg/kg/day, 15min
before radiation

Inhibits TGF-β signaling [325]

Lung 28Gy/rats
6mg/kg/day for

10 weeks

Decreases HIF-1alpha,
TGF-β, and VEGF A

expression after radiation
[326]

MnTnBuOE-2-PyP5 or
BMX-001 (catalytic
SOD mimic)

Brain 5Gy/mice
1.5mg/kg, twice daily,

for 14 days
Protects hippocampal

neurogenesis
[288]

Brain 8Gy/mice
1.6mg/kg, twice daily,
24 h before radiation

Protects the brain from
negative effects of cranial

irradiation
[327, 328]

Colon 2Gy/mice
0.25 μM every 3 days,
for in vitro studies

Prevents activation and
increase in cell size of

fibroblast cells from the colon
[287]

N-Acetyl cysteine
(NAC)

Whole body 18Gy/mice
500mg/kg/day, 3 days
before and up to 3 days

postradiation

Protects the lung and red
blood cells from glutathione

depletion following
irradiation

[329]

Whole body 6Gy/rats
1000mg/kg, 15min
before radiation

Protects rat femoral bone
marrow cells from
radiation-induced

genotoxicity and cytotoxicity

[330]

Abdomen 10Gy/rats 300mg/kg/day

Alleviates the negative effects
of radiotherapy on incisional
wound healing by means of
reducing oxidative stress

markers

[331]
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Table 1: Continued.

Antioxidant/antifibrotic
agents

Region
Radiation

dose/animals
Dose Effects Reference

Abdomen 20Gy/mice
300mg/kg/day,

for 7 days

Prevents gastrointestinal
injury, damage to bone

marrow stromal cells, and
radiation-induced acute death

[326]

Plasminogen activator
inhibitor-1 (PAI-1)
truncated

Lung 30Gy/mice
5.4 μg/kg/day for 18
weeks beginning 2

days before radiation

Prevents RIF with increased
fibrin metabolism, enhanced
matrix metalloproteinase-3
expression, and reduced
senescence in type 2

pneumocytes

[332]

Pirfenidone

Lung 16Gy/mice
300mg/kg/day for

four weeks
Inhibits TGF-β signaling

[333]

Intestine 20Gy/mice
200 and

400mg/kg/day for
12 weeks

[334]

Head and neck 60-72Gy/humans
800mg three
times/day

— [335]

Podophyllotoxin and
rutin combination
(G-003M)

Lung 11Gy/mice 5mg/kg once
Reduces radiation-induced
oxidative and inflammatory

stress
[336]

Polydatin Lung 15Gy/mice 100mg/kg/day

Exerts anti-inflammation and
antioxidative properties

through Nrf2 signaling and
Sirt3 upregulation

[213]

Quercetin
Intestine 13Gy/mice

100mg/kg/day for 6
days before and after

radiation Inhibits TGF-β signaling
[337]

Skin/hind leg
35Gy and
10Gy/mice

Quercetin-formulated
chow (1% by weight)

[338]

Resveratrol

Intestine 7Gy/mice
40mg/kg/day, 1-day
pretreatment and up

to day 5

Prevents intestine damage via
the activation of Sirt1,
improves intestinal

morphology, decreases
apoptosis of crypt cells,

maintained cell regeneration,
ameliorated SOD2 expression
and activity, regulates Sirt1,
and acetylated p53 expression

that is perturbed by
irradiation

[339]

Whole body 3Gy/mice
100mg/kg/day, 2 days
pretreatment and up

to 30 days

Reduces radiation-induced
chromosome aberration

frequencies
[340]

Salivary gland 15Gy/mice 20mg/kg/day

Inhibits TGF-β signaling and
protects the salivary glands
against the negative effects of

irradiation

[341]

Ovary 21Gy/rats
25mg/kg/day for 2

weeks

Counteracts the effect of
radiation and upregulates the
gene expression of PPAR-γ

and Sirt1, leading to inhibition
of NF-κB-provoked

inflammatory cytokines

[191, 342]
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Table 1: Continued.

Antioxidant/antifibrotic
agents

Region
Radiation

dose/animals
Dose Effects Reference

Whole
body/hematopoietic

stem cell
6Gy/mice

20mg/kg/day for 7
days before and then

up to 30 days
postradiation

Protects from
radiation-induced injury, in
part, via activation of Sirt1

[343]

Skin 35Gy/mice 1% by weight Inhibits TGF-β signaling [338]

Lung 13Gy/mice
100mg/kg/day for

7 days

Prevents lung injury by
reducing inflammation and

fibrosis
[344]

rhNRG-1β Heart 20Gy/rats
15 μg/kg, 3 days before

and 7 days after
radiation

Prevents fibrosis and
preserves cardiac function via

the ErbB2-ERK-Sirt1
signaling pathway

[345]

Silibinin Breast 46.8-50.4Gy/humans 400 IU for 6 months

Vitamin E may be clinically
useful in preventing fibrosis
after radiation in high-risk

patients

[346]

SOD gliadin Hind leg/skin 25Gy/mice
10000 units/kg/day for

8 days
Reduces dermal thickness and

fibrosis after irradiation
[347]

Soy isoflavones

Prostate
73.8 to

77.5 Gy/humans

200mg tablet
containing 50mg soy
isoflavones (genistein,
daidzein, and glycitein
at a ratio of 1.1 : 1 : 0.2)

Reduces the urinary,
intestinal, and sexual adverse

effects in patients with
prostate cancer receiving

radiation therapy

[348]

Lung 12Gy/mice
50mg/kg/day, 3 days
before and up to 4

months after radiation

Mitigates inflammatory
infiltrates and

radiation-induced lung injury
[349]

Lung 10Gy
250mg/kg/day, 3-day

pretreatment

Inhibits the infiltration and
activation of macrophages and

neutrophils induced by
radiation in the lungs

[350]

Lung 12Gy/mice

250mg/kg/day, 3-day
pretreatment and up
to 4 months after

radiation

Inhibits the infiltration and
activation of macrophages and

neutrophils induced by
radiation in the lungs

[349]

Taurine

Lung 14Gy/mice 32mg/kg/day

Inhibits TGF-β signaling;
taurine essential amino acid is
involved in osmoregulation,
antioxidation, detoxification,
membrane stabilization,
neuromodulation, cardiac

function, and central nervous
system development

[351]

Brain 6Gy/rats
2 oral doses of

500mg/kg/day for
2 weeks

Taurine has antioxidant,
anti-inflammatory, and
antiapoptotic effects

[352]

Sperm cells
8Gy/mice

spermatocytes (GC-2
cells)

40mM
Activates Nrf2/HO-1

signaling
[353]

Vitamin E

Lung & heart 20Gy/rats

2.5% of diet 2 weeks
before radiation or
150mg injected 4 h
before radiation

Protects lungs and heart
tissues from radiation damage

[354]

L4ung 14Gy/rats
1.1mg/day dissolved
in 0.1mL olive oil

injected

Protects against the
development of RIF

[355]
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patients. ROS is one of the main drivers of epigenetic repro-
gramming of myofibroblasts, and targeting ROS could pre-
vent many of the changes associated with fibrosis, as
shown in Figure 2. To treat and prevent RIF, there are sev-
eral strategies that can be used including inhibition of epige-
netic modulators, inhibition of the TGF-β signaling pathway
[284, 285], or inhibition of ROS, using antioxidants as
shown in Table 1. Targeting the TGF-β signaling pathway
or targeting the epigenetic modifications directly can prevent
the epigenetic reprogramming of fibroblast cells and RIF.
However, the main problem with these strategies is that
there are side effects due to lack of specificity. Globally
reducing epigenetic factors or TGF-β signaling can result
in damage to other cells or organs not affected by RIF. How-
ever, increasing the antioxidant capacity of cells to physio-
logically relevant levels during and after radiation therapy
is an ideal strategy to prevent RIF with minimal side effects.
As discussed above, antioxidants also prevent the activation
of the TGF-β signaling pathway and/or epigenetic modifica-
tions observed after radiation exposure. Therefore, removing
or scavenging ROS by natural antioxidant compounds
and/or mimics of antioxidant enzymes that are safe and well
tolerated for clinical use may have significant potential to
prevent RIF safely in patients.

Several different types of antioxidants and antifibrotic
agents have demonstrated efficacy in preventing radiation
damage and inhibiting acute molecular changes that drive
the fibrotic phenotype in a variety of RIF animal models
(see Table 1). Recent studies using small molecule
antioxidants that mimic SOD activity, MnTE-2-PyP or
MnTnBuOE-2-PyP, protect from acute and chronic fibrosis
by preventing fibroblast activation and underlying repro-
gramming into activated myofibroblasts [286, 287]. For this
reason, MnTnBuOE-2-PyP is currently in clinical trials as a
radioprotector for several kinds of cancer [288–290]. In
addition, another SOD mimic, GC4419, has also been shown
to be an effective radioprotector and is in clinical trials for
head and neck cancers. Given that these molecules do not
protect tumors from radiation damage, these SOD mimics
are a very promising therapy for the prevention of RIF. We
predict that in the near future, these compounds will be
available for patients to protect from RIF and potentially

treat other fibrotic disorders by mitigating the epigenetic
changes that drive fibrosis.
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Purpose. To investigate the effects of grape seed proanthocyanidin extract (GSPE) on oxidative damage and arsenic (As)
methylation and to clarify the role of Nrf2 in the process. Methods. L-02 cells were treated with arsenic (25 μM) and GSPE (10,
25, and 50mg/L) for 24 h. Cell viability was analyzed by MTT assay. Cell apoptosis and ROS fluorescence were detected by flow
cytometry. Oxidative stress marker levels were measured using commercial kits. mRNA and protein expression were detected by
qRT-PCR and western blotting. The cellular concentrations of methylation products were measured by HPLC-HGAFS. Arsenic
methylation ability of cells was determined. Results. Cell survival rate was significantly lower in the As group than in the control
group (P < 0 05), while cell apoptosis increased and the number of apoptotic cells decreased gradually after GSPE intervention.
Superoxide dismutase, glutathione, and sulfhydryl levels in the intervention group were significantly higher (P < 0 05), while
MDA and ROS levels were significantly lower (P < 0 05) than those in the As group. The mRNA and protein expression of
Nrf2, HO-1, NQO1, and glutathione-S-transferase increased in the As +GSPE group compared with that in the As group
(P < 0 05). GSPE significantly increased methylated As level, primary methylation index, secondary methylation index, average
growth rate of methylation, and average methylation speed compared with the GSPE untreated group (P < 0 05). After Nrf2
inhibition, the effect of GSPE decreased significantly. Conclusion. GSPE activates the Nrf2 signaling pathway to antagonize
As-induced oxidative damage and to promote As methylation metabolism. Therefore, GSPE may be a potential agent for
relieving As-induced hepatotoxicity.

1. Introduction

Arsenic is a metalloid toxin and carcinogen present widely in
soil, rocks, and water [1]. Our previous studies have proved
that arsenic can cause reproductive toxicity [2, 3], but the
mechanism of arsenic toxicity is not completely clear and
should be further studied. In recent years, China has gradu-
ally become one of the countries with the highest impact
and incidence rate of endemic arsenism [4].

The liver is one of the important target organs of arsenic
toxicity. Arsenic is mainly metabolized by methylation in the
liver [5]; however, the methylation of arsenic is not exactly a
detoxification process. Arsenic methylation is regulated by
glutathione (GSH). The toxicity of monomethylarsonic acid
(MMA)3+ produced by arsenic metabolism is much higher

than that of inorganic arsenic (iAs). Different metabolism
levels of arsenic methylation may be an important reason
for arsenic-induced liver damage. Lipid peroxidation caused
by oxidative stress is considered one of the important mech-
anisms of arsenic poisoning [6]. Therefore, antagonizing the
toxicity of arsenic through antioxidation has become an
important breakthrough in the prevention and control of
arsenic poisoning. Nuclear factor E2-related factor (Nrf2),
which is regulated by Kelch-like ECH-associated protein-1
(Keap1), is an important regulatory factor of cell resistance
to oxidative stress [7]. Nrf2 can regulate various antioxidant
enzymes, such as glutathione-S-transferase (GST), heme
oxygenase 1 (HO-1), NADPH: quinone oxidoreductase-1
(NQO1), and γ-glutamate-cysteine ligase (γ-GCL) [8], to
improve the antioxidant capacity of the body.
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Proanthocyanidins can effectively remove various reac-
tive oxygen species (ROS) and have many biological activi-
ties, such as antioxidant, free radical scavenging [9],
antitumor, cardiovascular protective, and cell proliferative
effects [10]. Up till now, there are many health products con-
taining proanthocyanidins in the domestic and foreign mar-
kets, such as proanthocyanidin capsule and grape seed
antioxidant [11]. Proanthocyanidins can be added to yogurt,
cakes, and other foods as a food supplement. In addition,
proanthocyanidins are widely used in cosmetics, such as
hand cream and sunscreen cream [12].

Many animal experiment data [13–15] have shown that
proanthocyanidins could decrease the content of malondial-
dehyde (MDA), increase the levels of antioxidant enzymes,
such as glutathione peroxidase (GSH-PX), catalase (CAT),
and superoxide dismutase (SOD), and alleviate the oxidative
damage induced by zearalenone, aflatoxin B1, and lead in
mice. Cell experiments [16, 17] and clinical trials [18, 19]
have also shown that proanthocyanidins can effectively
reduce oxidative product levels and increase the total anti-
oxidant capacity (T-AOC). Proanthocyanidins, as a natural
and efficient free radical scavenger and antioxidant, can
help the body to resist lipid peroxidation induced by envi-
ronmental factors. On the one hand, oxidative stress is an
important reason for arsenic-induced liver injury. On the
other hand, it can regulate cytotoxicity caused by arsenic
methylation metabolism.

Grape seed proanthocyanidin extract (GSPE) has high
antioxidant activity. However, it is not clear whether
proanthocyanidins antagonize arsenic toxicity through the
Nrf2 pathway in L-02 cells. In addition, the effects of
proanthocyanidins on arsenic methylation metabolism have
not yet been reported. In our study, L-02 cells were treated
with arsenic and/or GSPE for 24h. We evaluated the
antagonistic effect of proanthocyanidins on liver cell toxic-
ity induced by arsenic and explored the possible mechanism
by which proanthocyanidins antagonized arsenic-induced
oxidative damage of hepatocytes. The findings of this study
provide a basis for the development and utilization of grape
seed procyanidin resources and a reference for the preven-
tion and control of endemic arsenic poisoning in Xinjiang.

2. Materials and Methods

2.1. Materials and Reagents. Standards of iAs3+ (NaAsO2),
iAs5+, sodium methyl arsenate, and sodium dimethylarsinate
were purchased from Sigma-Aldrich Co. (San Francisco,
USA). Commercially available GSPE powder was obtained
from Solarbio Science & Technology Co. Ltd. (Beijing, China;
purity≥ 95%). Human hepatocytes (L-02 cells) were pur-
chased from Obio Technology Co. Ltd. (Shanghai, China).

SOD, GSH, MDA, sulfhydryl (-SH), alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), and ROS
kits were purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). Anti-Nrf2, anti-HO-1, anti--
NQO1, and anti-GST antibodies were obtained from
Abcam Ltd. (Abcam, Cambridge, UK). ML385 (Lot no.
846577-71-9), an Nrf2 inhibitor, was purchased from
MedChemExpress (New Jersey, USA).

Dulbecco’s modified Eagle’s medium (DMEM), hyper-
glycemic medium, fetal bovine serum (FBS), and trypsin
were all purchased from Gibco (California, USA).

2.2. Cell Culture. L-02 cells were cultured in DMEM contain-
ing 100U/mL penicillin, 100mg/mL streptomycin, and 10%
(v/v) FBS. The cells were cultured in 25 cm2

flasks and seeded
onto 6-well tissue culture plates at 37°C with 5% CO2. The
medium was replaced every 2 days until the cells reached
80–90% confluence (3–5 days). After reaching 80–90% con-
fluence, arsenic (final concentration 0 and 25μmol/L) and/or
GSPE (final concentration 0, 10, 25, and 50mg/L) were added
into the medium at the same time for 24 h. Each experiment
was repeated three times.

2.3. Inhibition of Nrf2 Expression. ML385 [20] was used to
inhibit the expression of Nrf2. The concentration of ML385
standard was 10mmol/L. The medium without penicillin-
streptomycin was used to dilute the standard to 2, 4, 6, 8,
and 10μmol/L. L-02 cells were treated with the diluted stan-
dard for 48 and 72 h. The optimal intervention concentration
and intervention time were screened according to Nrf2
expression; see Figure S1.

2.4. Detection of Indicators

2.4.1. MTT Viability Assay. MTT (3-(4,5-dimethylthiazo-
l-2-yl)-2,5-diphenyltetrazolium bromide) is a tetrazolium
dye that is reduced by NAD(P)H-dependent cellular oxidore-
ductase enzymes, primarily within the mitochondria of viable
cells, to yield an insoluble formazan derivative, which can be
solubilized and assayed colorimetrically as an indicator of cell
viability. L-02 cell lines were seeded (about 5× 103 cells were
added at 100μL per well) in 96-well plate. Cells were treated
with As or GSPE after adherence at 37°C and 5% CO2 atmo-
sphere for 12, 24, and 48 hours. Results were expressed as
survival rate, with 100% representing control cells. MTT data
were obtained from duplicate wells per treatment shown for
three independent experiments.

2.4.2. Annexin V-FITC/Propidium Iodide Apoptosis Assay.
The percentage of early apoptosis and necrosis was mea-
sured using an annexin V-FITC/propidium iodide (PI)
apoptosis kit for flow cytometry, according to the manu-
facturer’s instructions (Invitrogen, Grand Island, NY,
USA). After treatment, the cells were harvested, washed twice
with phosphate-buffered saline (PBS), and then incubated
with 5μL FITC-annexin V and 1μL PI working solution
(100μg/mL) for 15min in the dark at 37°C. Cellular fluores-
cence was measured by flow cytometry analysis using a flow
cytometer (FACSCalibur, BD Biosciences, CA, USA).

2.4.3. Measurement of ROS. 2′,7′-Dichlorodihydrofluores-
cein diacetate (DCFH-DA) fluorescent labeling was used to
measure intracellular ROS production in L-02 cells. For the
procedure, L-02 cells were exposed to GSPE (10, 25, and
50mg/L), arsenic (25mM), or arsenic +GSPE for 24 h. Then,
the cell supernatants were removed and DCFH-DA was
added to each group. After incubation with DCFH-DA for
30min at 37°C, the cells were washed twice with PBS and
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maintained in 1mL serum-free medium. The fluorescence
images were captured by a fluorescence microscope (OLYM-
PUS U-RFLT50, Japan) under ×100 magnification, with a
filter at excitation and emission wavelengths of 500 and
525nm, respectively.

2.4.4. Detection of Oxidative Stress and Liver Function. GSH
specifically deoxidizes dithiobisnitrobenzoic acid (DTNB)
to form a yellow product 2-nitro-5-SH-benzoic acid, which
can be measured by colorimetry at 532nm. SOD activity was
measured using a tetrazolium salt for detection of superoxide
radicals generated by xanthine oxidase and hypoxanthine.
One unit of SOD is defined as the amount of enzyme needed
to exhibit 50% dismutation of the superoxide radical at 37°C.
The reaction product was measured at 450nm. MDA, a
marker of lipid peroxidation, was measured with a com-
mercial kit according to the manufacturer’s instructions.
Briefly, the samples were treated with thiobarbituric acid,
which produces a red compound with an absorption maxi-
mum at 532nm in the presence of MDA. The concentration
of MDA was calculated by comparing its absorbance to
that produced by the standard, 1,1,3,3-tetraethoxypropane.
DTNB can react with compounds containing -SH to form a
yellow compound.

At 37°C and pH7.4, ALT and AST can react with alanine
and α-ketoglutarate, respectively, to form pyruvic acid and
glutamic acid. However, DNPH can terminate the reaction
and react with pyruvic acid to form phenylpyruvate, which
is rufous under alkaline conditions.

2.4.5. Determination of Arsenic Methylation. High-perfor-
mance liquid chromatography-hydride generation atomic
fluorescence spectra (HPLC-HGAFS) method was used to
determine the methylation products of arsenic inside and
outside cells, including iAs3+, iAs5+, MMA, and dimethylarsi-
nic acid (DMA). Cells and culture media were collected after
completion of cell intervention. After cell disruption, the cells
(200μL) were filtered with 0.2μm filtration membrane.
Chromatographic eluent was 15mmol/L (NH4)2HPO4 solu-
tion (pH=6.0, filtered with 0.45μm fiber membrane before
use), and the flow rate was 1.0mL/min. The negative pressure
of the photomultiplier tube was 285V. The total current of
the hollow cathode lamp was 80mA, and the auxiliary cur-
rent was 36mA. The flow rate of carrier gas was 400mL/min.
The current-carrying was 7% hydrochloric acid. The reduc-
ing agent included 1.5% KBH4 solution and 0.35% KOH
mixture. The chromatographic column needs to be cali-
brated for 30 minutes before use. The percentage of

Table 1: qRT-PCR primer design.

Genes Size F R

Nrf2 155 bp 5′-CCCAGCACATCCAGTCAGAAA-3′ 5′-AAACGTAGCCGAAGAAACCTC-3′
HO-1 101 bp 5′-GGCCAGCAACAAAGTGCAAGA-3′ 5′-TAAGGACCCATCGGAGAAGCG-3′
NQO1 129 bp 5′-CGCAGACCTTGTGATATTCCAGT-3′ 5′-GGTCCTTTGTCATACATGGCAGC-3′
GST 246 bp 5′-AGGACCTTGGATGACTTTCTGA-3′ 5′-CACCTTTGGCGTTGCGATCTTTT-3′
β-Actin 240 bp 5′-CACGATGGAGGGGCCGGACTCATC-3′ 5′-TAAAGACCTCTATGCCAACACAGT-3′
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Figure 1: Viability changes of L-02 cells after arsenic or grape seed procyanidin extract treatment (mean and 95% CI). Cell viability was
detected by MTT assay. &12 h versus the control group, P < 0 05; ∗24 h versus the control group, P < 0 05; #48 h versus the control group,
P < 0 05. CI: confidence interval. Cell viability decreased significantly with increase in concentration and intervention time of arsenic.
GSPE had no significant effect on cell viability.
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Figure 2: Effects of arsenic and/or grape seed procyanidin extract on apoptosis. (a1) The control group showed normal levels of L-02 cell
apoptosis. The percentage of apoptotic cells was less than 5%. (a2–a4) GSPE (10, 25, and 50mg/L for 24 h) treatment groups showed
normal L-02 cell apoptosis compared with the control group. In the arsenic (25 μM for 24 h) treatment group, apoptosis increased
significantly and was mainly advanced apoptosis (20.2%). (b2–b4) The arsenic (25μM)+GSPE (10, 25, and 50mg/L) group (for 24 h)
showed gradual decrease in apoptosis with increase in GSPE concentrations.
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Figure 3: ROS fluorescence intensity in L-02 cells. (a) The control group showed weak ROS fluorescence intensity. (b–d) The GSPE (10, 25,
and 50mg/L for 24 h) groups showed weaker fluorescence intensity than the control group. (e) Intense green fluorescence of ROS was found
in the arsenic (25 μM) treatment group. (f–h) The arsenic (25 μM)+GSPE (10, 25, and 50mg/L) group (for 24 h) displayed gradual decrease
in fluorescence intensity with increase in GSPE concentrations. ROS fluorescence intensity was significantly higher in the arsenic group
(Figure 3(e)) than in the control group (Figure 3(a)). However, GSPE effectively removed ROS induced by arsenic (Figures 3(f)–3(h)).
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Figure 6: Oxidative stress changes in L-02 cells after arsenic and/or grape seed procyanidin extract treatment for 24 h (mean± SD, n = 3).
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iAs3+, iAs5+, MMA, and DMA, as well as primary methyl-
ation index (PMI) and secondary methylation index (SMI)
were calculated.

PMI = DMA
total arsenic TAs

,

SMI =
DMA

MMA+DMA

1

In addition, arsenic methylation results were detected
at 12, 24, and 48h. To evaluate the arsenic methylation
capacity of cells at each period, we introduced two new con-
cepts: average growth rate of methylation and methylation
average speed in the corresponding period. For example,
12 h–24h average growth rates of monomethylation=
(MMA 24h+DMA 24h−MMA 12h−DMA 12h)/(TAs
24 h−MMA 12h−DMA 12h), 12 h–24h average growth
rates of dimethylation = (DMA 24h−DMA 12h)/(MMA
24h+DMA 24h−DMA 12h), 12 h–24h monomethylation

average speed= (MMA 24h−MMA 12h+DMA 24h−
DMA 12h)/12 h, and 12 h–24 h dimethylation average
speed= (DMA 24h−DMA 12h)/12 h.

2.4.6. Detection of mRNA of Nrf2-Related Genes by Real-Time
Polymerase Chain Reaction. Total RNA was extracted by
TRIzol extraction method (Invitrogen), according to the
manufacturer’s instructions. Equal amounts of RNA (2μg)
were reverse-transcribed into cDNA using the Transcriptor
First-Strand cDNA Synthesis Kit (Roche, Indianapolis,
IN, USA). The primers were synthesized by Sigma-Aldrich
(St. Louis, MO, USA) for the following genes (Table 1).

All samples were tested in triplicate [3]. Real-time
quantitative polymerase chain reaction (qRT-PCR) was
performed on a mixture containing 10μL PCR Supermix
(Bio-Rad Laboratories, Hercules, CA, USA), 1μL forward
and reverse primers (Sangon, Beijing, China), 1μL tem-
plate DNA, and 8μL distilled water. The qPCR conditions
were as follows: one cycle of initial denaturation (94°C for
3min), 30 cycles of amplification (94°C for 30 s, 57°C for
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significantly higher in the 25 and 50mg/L GSPE groups than in the arsenic group. DMA content in each GSPE group was higher than
that in the arsenic group.
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30 s, and 72°C for 25 s), one cycle of melting curve mea-
surement (95°C for 5 s, 65°C for 60 s, and a gradual
increase in temperature to 97°C), and a cooling period
(40°C for 30 s). The data presented were mRNA levels nor-
malized relative to β-actin.

2.4.7. Detection of Protein Expression of Nrf2-Related Proteins
by Western Blotting. L-02 cells were homogenized in one
volume of sample buffer (50mM Tris-Cl, 100mM DTT,
10% glycerol, and 2% sodium dodecyl sulfate (SDS)) and
centrifuged at 14800×g at 4°C for 15min to remove debris.
The samples were subjected to SDS-polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride
membranes. After blocking with skim milk (5%), the blots
were probed with primary antibodies (Abcam, Cambridge,
UK) for Nrf2 (1 : 1000), HO-1 (1 : 1000), NQO1 (1 : 1000),
GST (1 : 1000), and β-actin (1 : 1000) at 4°C for 8 h. Incuba-
tion with primary antibodies was followed by incubation
with secondary antibodies (conjugated to horseradish
peroxidase) after washing in Tris-buffered saline and Tween
20. The blots were processed using an enhanced chemilumi-
nescence (ECL) kit (Santa Cruz Biotechnology Inc.) and
exposed to film. All experiments were repeated three times.

2.5. Statistical Analysis. The results were expressed as the
mean± standard deviation. Analysis of variance (ANOVA)
was used to detect differences among experimental groups
(control, arsenic, GSPE, and arsenic +GSPE). ANOVA was
followed by pairwise comparisons with Bonferroni’s multiple
comparison tests. The data were analyzed using SPSS software
for Windows version 17.0 (SPSS Inc., Chicago, IL, USA). A
P value<0.05 was considered statistically significant.

3. Results

3.1. Effects of GSPE and Arsenic on Cell Viability. We first
examined the effects of GSPE and arsenic on cell viability
by MTT assay. Cell viability decreased significantly with
increase in concentration and intervention time of arsenic
(P < 0 05) when compared with the control group. However,
after 12 and 24 h of GSPE intervention, the cell activity did
not change significantly (P > 0 05) (Figure 1).

To confirm the protective effects of GSPE on
arsenic-induced cytotoxicity, cell apoptosis was examined
by flow cytometry. GSPE did not induce noticeable apoptosis
of L-02 cells (Figure 2(a2, a3, and a4)), while arsenic exposure
resulted in significant apoptosis (Figure 2(b1)). All these
changes were mitigated by GSPE (Figure 2(b2, b3, and b4)).

3.2. GSPE Alleviated Oxidative Stress and Liver Damage
Induced by Arsenic. In our study, we found that ROS fluores-
cence intensity was significantly higher in the arsenic group
(Figure 3(e)) than in the control group (Figure 3(a)). How-
ever, GSPE effectively removed ROS induced by arsenic
(Figures 3(f)–3(h)). Further quantitative detection of ROS
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Figure 8: Proportion of arsenic methylated metabolites in cells and medium (mean± SD, n = 3). The cells were treated with arsenic (25 μM)
and grape seed procyanidin extract (GSPE; 10, 25, and 50mg/L) for 24 h. ∗P < 0 05 compared with the GSPE untreated group. Compared with
the GSPE untreated group, 25 and 50mg/L GSPE reduced the proportion of iAs3+ and increased the proportion of iAs5+, MMA, and DMA in
cells. Similarly, treatment with GSPE for 24 h increased the proportion of DMA in medium compared with the untreated group.

Table 2: Effect of grape seed proanthocyanidin extract on primary
methylation index and secondary methylation index.

Indices
GSPE (mg/L)

0 10 25 50

PMI 2 12 ± 0 25 3 25 ± 0 27∗ 3 89 ± 0 23∗ 5 06 ± 0 40∗

SMI 32 22 ± 1 10 48 30 ± 0 98∗ 52 70 ± 0 75∗ 55 28 ± 0 42∗

∗P < 0 05 versus the GSPE untreated group.
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Figure 9: Effects of grape seed procyanidin extract on average growth rate of methylation and average methylation speed (mean± SD, n = 3).
#Versus 0–12 h groups at the same dose of GSPE, P < 0 05. The average growth rates of monomethylation and dimethylation in the GSPE
treatment groups at 12, 24, and 48 h were higher than those in the GSPE untreated group (a, b). Furthermore, GSPE promoted the average
methylation speed of monomethylation and dimethylation at 12, 24, and 48 h compared with the GSPE untreated group (c, d).
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in cells was performed by flow cytometry, and similar results
were obtained (Figure 4).

We tested the activities of ALT and AST in culture
medium and found that ALT and AST activities in the
arsenic group were markedly higher than those in the con-
trol group (P < 0 05). Arsenic +GSPE treatment decreased
the activities of ALT and AST compared with the arsenic
group (Figure 5).

We used arsenic as an exogenous oxidative stressor in
cells. See Figure 6. We tested GSH, SOD, and -SH levels in
cells to assess the effects of arsenic on the antioxidant system.
Treatment with arsenic caused a prominent decrease in GSH,
SOD, and -SH levels compared with the control group
(P < 0 05). MDA content was significantly higher in the arse-
nic group than in the control group (P < 0 05). As shown in
Figure 6, treatment with arsenic +GSPE elevated GSH, -SH,
and SOD levels in L-02 cells compared with the arsenic
group. In addition, the arsenic +GSPE group had a lower
MDA content than the arsenic group. Hence, GSPE reduced
oxidative stress induced by arsenic.

3.3. Effects of GSPE on Arsenic Methylation. To investigate
the effects of GSPE on arsenic methylation, we examined
the contents of different valence states of arsenic in L-02 cells,
including iAs3+, iAs5+, MMA, and DMA. Treatment with
50mg/L GSPE caused a marked decrease in iAs3+ levels com-
pared with the arsenic group (P < 0 05). However, MMA
content was significantly higher in the 25 and 50mg/L GSPE
groups than in the arsenic group (P < 0 05). DMA content in
each GSPE group was higher than that in the arsenic group
(P < 0 05; Figure 7).

Furthermore, the proportions of various arsenic com-
pounds in cells and medium were calculated. Compared with
the GSPE untreated group, 25 and 50mg/L GSPE reduced
the proportion of iAs3+ (P < 0 05) and increased the propor-
tion of iAs5+, MMA, and DMA (P < 0 05) in cells. Similarly,
treatment with GSPE for 24h increased the proportion
of DMA in medium compared with the untreated group
(Figure 8). PMI and SMI were calculated, and the results
showed that GSPE significantly increased PMI and SMI in
a dose-dependent manner (P < 0 05; Table 2).
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Figure 11: Quantitative protein analysis after treatment with arsenic and/or grape seed procyanidin extract. Nrf2, NQO1, HO-1, and GST
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To explore the effect of GSPE on arsenic methylation
further, the average growth rate of methylation and average
methylation speed were calculated. We found that the
average growth rates of monomethylation and dimethyla-
tion in the GSPE treatment groups at 12, 24, and 48 h were
higher than those in the GSPE untreated group (P < 0 05;
Figures 9(a) and 9(b)). Furthermore, GSPE promoted the
average methylation speed of monomethylation and dimethy-
lation at 12, 24, and 48h compared with the GSPE untreated
group (Figures 9(c) and 9(d)).

3.4. Changes in the Nrf2 Signal Pathway. L-02 cells were
treated with arsenic (25μM) and GSPE (10, 25, and
50mg/L) for 24 h, and the mRNA and protein expression
of Nrf2 and its target genes were detected by qRT-PCR
and western blotting. We found that treatment with GSPE
(25 and 50mg/L) significantly elevated the protein contents
of Nrf2, NQO1, HO-1, and GST in a dose-dependent manner
compared with the control group (P < 0 05). Compared with
the control group, arsenic (25μM) markedly decreased
the protein expression of Nrf2 and its downstream genes
after 24 h (P < 0 05). However, the protein contents of
Nrf2, NQO1, HO-1, and GST in the arsenic +GSPE group

increased gradually compared with the contents in the
arsenic group (Figures 10 and 11). Similar trends were
observed for mRNA expression of Nrf2 and its downstream
genes (Table 3).

3.5. Changes in Liver Function and Oxidative Stress after
Nrf2 Inhibition. ML385 (5μM) was used to inhibit the
expression of Nrf2. ALT and AST levels in the arsenic group
after Nrf2 inhibition were significantly higher than those in
the control group (P < 0 05) and higher than those in the
arsenic group before Nrf2 inhibition (P < 0 05). After Nrf2
inhibition, high-dose GSPE could still reduce ALT and AST
levels compared with the arsenic group, but the reducing
effect of GSPE on arsenic-induced ALT and AST levels was
weak (Figure 12).

Oxidative stress indicators were detected after Nrf2
inhibition. We found that 50mg/L GSPE could increase
SOD activity and reduce MDA level compared with the
control group (P < 0 05). SOD, GSH, and -SH levels in
the arsenic group decreased further after Nrf2 inhibition
(P < 0 05) when compared with the control group and
were lower than those in the arsenic group before Nrf2
inhibition (P < 0 05). MDA content increased further after
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Figure 12: Effects of arsenic and/or grape seed procyanidin extract on liver function after Nrf2 inhibition. After Nrf2 inhibition, L-02 cells
were treated with arsenic and/or grape seed procyanidin extract for 24 h. ∗Compared with the control group, P < 0 05; #compared with the
arsenic group, P < 0 05. After Nrf2 inhibition, high-dose GSPE could still reduce ALT and AST levels compared with the arsenic group,
but the reducing effect of GSPE on arsenic-induced ALT and AST levels was weak.

Table 3: mRNA expression of Nrf2 and its downstream genes.

Indices Control
GSPE (mg/L) As (μmol/L) As +GSPE

10 25 50 25 10 25 50

Nrf2 1 00 ± 0 00 1 19 ± 0 20 1 34 ± 0 27 1 69 ± 0 35∗ 0 41 ± 0 02∗ 0 77 ± 0 04 0 99 ± 0 12# 1 04 ± 0 11#

HO-1 1 00 ± 0 00 1 36 ± 0 20 2 37 ± 0 36∗ 2 64 ± 0 28∗ 0 44 ± 0 10∗ 0 66 ± 0 27 1 03 ± 0 34# 2 17 ± 0 12∗#

NQO1 1 00 ± 0 00 1 57 ± 0 02∗ 2 21 ± 0 24∗ 2 67 ± 0 22∗ 0 50 ± 0 16∗ 0 62 ± 0 11 1 00 ± 0 18# 1 35 ± 0 07#

GST 1 00 ± 0 00 1 24 ± 0 05 1 57 ± 0 10∗ 1 64 ± 0 12∗ 0 40 ± 0 16∗ 0 55 ± 0 08∗ 1 12 ± 0 07# 1 45 ± 0 10∗#

Note: the results were described as mean ± SD (n = 3). ∗Significant difference from the control group at P < 0 05. #Significant difference from the arsenic group
at P < 0 05.
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Nrf2 inhibition (P < 0 05) and was higher than that in the
arsenic group before Nrf2 inhibition (P < 0 05). SOD and
-SH levels in the arsenic +GSPE group increased after
Nrf2 inhibition (P < 0 05) compared with the levels in
the arsenic group, but were still lower than the levels in
the arsenic +GSPE group before Nrf2 inhibition (P < 0 05;
Figure 13).

3.6. Role of Nrf2 in Arsenic Methylation. After Nrf2 inhibi-
tion, treatment with 50mg/L GSPE caused a prominent
increase in iAs3+ levels compared with the same interven-
tion in Nrf2 normal cells (P < 0 05). However, DMA con-
tent in the 50mg/L GSPE group after Nrf2 inhibition was
lower than that in Nrf2 normal cells treated with the same

dose (P < 0 05). In Nrf2-suppressed cells, GSPE had no sig-
nificant effect on MMA compared with Nrf2 normal cells
(P > 0 05). In addition, MMA content in Nrf2-suppressed
cells was higher than that in Nrf2 normal cells (P < 0 05)
(Figure 14).

Furthermore, the proportions of various arsenic com-
pounds in Nrf2-suppressed cells and its medium were calcu-
lated. The iAs3+ proportion was higher in Nrf2-suppressed
cells treated with GSPE (50mg/L) than in Nrf2 normal cells
treated with the same dose (P < 0 05). However, the DMA
proportions in Nrf2-suppressed cells treated with GSPE
(50mg/L) and in medium were lower than that in Nrf2 nor-
mal cells and medium treated with the same dose (P < 0 05)
(Figure 15).
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Figure 13: Effects of arsenic and/or grape seed procyanidin extract on oxidative stress after Nrf2 inhibition. After Nrf2 inhibition, L-02 cells
were treated with arsenic and/or grape seed procyanidin extract for 24 h. ∗Compared with the control group, P < 0 05; #compared with the
arsenic group, P < 0 05. 50mg/L GSPE could increase SOD activity and reduce MDA level compared with the control group. SOD, GSH,
and -SH levels in the arsenic group decreased further after Nrf2 inhibition when compared with the control group and were lower than
those in the arsenic group before Nrf2 inhibition. MDA content increased further after Nrf2 inhibition and was higher than that in the
arsenic group before Nrf2 inhibition. SOD and -SH levels in the arsenic +GSPE group increased after Nrf2 inhibition compared with the
levels in the arsenic group, but were still lower than the levels in the arsenic +GSPE group before Nrf2 inhibition.

12 Oxidative Medicine and Cellular Longevity



Table 4 shows that the SMI was lower in Nrf2-suppressed
cells treated with GSPE (50mg/L) than in Nrf2 normal
cells treated with the same dose (P < 0 05). The average
growth rate of methylation and average methylation speed
in Nrf2-suppressed cells were calculated. We found that
between 0 and 12 h, the average growth rate of dimethylation
in Nrf2-suppressed cells of each group cells was lower
than that in Nrf2 normal cells treated with the same doses
(P < 0 05). Between 12 and 24 h, the average growth rate of
monomethylation in each GSPE group and the average
growth rate of dimethylation of the GSPE (25 and 50mg/L)
group were lower (P < 0 05) in Nrf2-suppressed cells than
in Nrf2 normal cells treated with the same doses. Between
24 and 48h, the average growth rate of monomethylation
in each GSPE group and the average growth rate of dimethy-
lation of the GSPE (50mg/L) group were lower (P < 0 05) in
Nrf2-suppressed cells than in Nrf2 normal cells treated with
the same doses (Figures 16(a) and 16(b)).

We calculated the average methylation speed of mono-
methylation and dimethylation as well. Between 12 and
24 h, the average methylation speed of monomethylation
and dimethylation in Nrf2-suppressed cells treated with
GSPE (10 and 50mg/L) was lower than that in Nrf2 normal
cells treated with the same doses (P < 0 05). Between 24
and 48 h, the average methylation speed of monomethylation
and dimethylation in Nrf2-suppressive cells treated with
GSPE (25 and 50mg/L) was lower than that in Nrf2 normal
cells treated with the same doses (P < 0 05; Figures 16(c)
and 16(d)).

3.7. Effects of GSPE on the Nrf2 Pathway after Nrf2 Inhibition.
The mRNA expression of Nrf2 and its downstream genes sig-
nificantly decreased after Nrf2 inhibition. In Nrf2-suppressed
cells, low-dose GSPE had no significant effect on the mRNA
expression of Nrf2 and its downstream genes (P > 0 05)
compared with the control group. In Nrf2-suppressed
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Figure 14: Effects of grape seed procyanidin extract on arsenic methylation in Nrf2-suppressed cells (mean± SD, n = 3). Nrf2-suppressed
cells were treated with arsenic (25 μM) and grape seed procyanidin extract (GSPE; 0, 10, 25, and 50mg/L) for 24 h. ∗Versus the GSPE
(0mg/L) group, P < 0 05. Treatment with 50mg/L GSPE caused a prominent increase in iAs3+ levels compared with the same intervention
in Nrf2 normal cells. However, DMA content in the 50mg/L GSPE group after Nrf2 inhibition was lower than that in Nrf2 normal cells
treated with the same dose. In Nrf2-suppressed cells, GSPE had no significant effect on MMA compared with Nrf2 normal cells. In
addition, MMA content in Nrf2-suppressed cells was higher than that in Nrf2 normal cells.
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cells, GSPE could still mitigate arsenic-induced decrease in
mRNA expression of Nrf2 and downstream genes; how-
ever, its effect was weaker than that in Nrf2 normal cells
(Figure 17). Similar effect was found in the expression of
Nrf2 and its downstream proteins (Figure S2).

4. Discussion

In this study, we aimed to determine the effects of GSPE
on oxidative damage and arsenic methylation and to
clarify the role of Nrf2 in the process. We found that
GSPE activates the Nrf2 signaling pathway to antagonize
arsenic-induced oxidative damage and to promote arsenic
methylation metabolism.

Arsenic exposure can cause liver fibrosis, cirrhosis, and
even liver cancer in severe cases [21]. Therefore, analyzing
the hepatotoxicity of arsenic and its toxic action mechanism
is of great importance for preventing and treating arsenic
poisoning. Proanthocyanidins are a type of powerful free
radical scavenger and antioxidant found in nature. In this
study, arsenic was found to inhibit the Nrf2 signaling
pathway, which led to oxidative damage of cells and cell apo-
ptosis. Moreover, the cytotoxic effect of arsenic is closely
related to its metabolism in cells. GSPE can activate the
Nrf2 signaling pathway and antagonize arsenic-induced oxi-
dative damage, promote arsenic methylation metabolism,
and accelerate the metabolism and excretion of arsenic to
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Figure 15: Proportion of arsenic compounds in Nrf2-suppressed cells (mean± SD, n = 3). Nrf2-suppressed cells were treated with arsenic
(25 μM) and grape seed procyanidin extract (GSPE; 0, 10, 25, and 50mg/L) for 24 h. ∗Versus the GSPE (0mg/L) group, P < 0 05; #versus
the same intervention group in Nrf2 normal cells, P < 0 05. The proportions of various arsenic compounds in Nrf2-suppressed cells and
its medium were calculated. The iAs3+ proportion was higher in Nrf2-suppressed cells treated with GSPE (50mg/L) than in Nrf2 normal
cells treated with the same dose. However, the DMA proportions in Nrf2-suppressed cells treated with GSPE (50mg/L) and in medium
were lower than that in Nrf2 normal cells and medium treated with the same dose.

Table 4: Effects of grape seed proanthocyanidin extract on
primary methylation index and secondary methylation index in
Nrf2-suppressed cells.

GSPE
(mg/L)

Nrf2
normal cells

Nrf2-suppressed cells

0 50 0 10 25 50

PMI
Mean 2.12 5.06∗ 1.80 2.71∗ 3.45∗ 4.40∗

SD 0.25 0.40 0.22 0.20 0.28 0.32

SMI
Mean 32.22 55.28∗ 31.02 47.63∗ 49.43∗ 51.63∗#

SD 1.10 0.42 0.44 0.88 0.40 0.15
∗Versus the GSPE (0mg/L) group, P < 0 05; #versus the same intervention
group in Nrf2 normal cells, P < 0 05.
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reduce cell damage. The results of this experiment also pro-
vide the basis and evidences for future studies on the action
mechanism of arsenic and proanthocyanidins.

Our study showed that arsenic changed the morphology
and structure of cells. Arsenic also decreased cell activity
and increased apoptosis. Arsenic is cytotoxic and can cause
liver damage, and this aspect is speculated to be related
to the fact that arsenic can cause oxidative stress in cells
[22, 23]. On the other hand, arsenic may inhibit the expres-
sion of Bcl2 [24] leading to apoptosis. When proanthocya-
nidins were treated alone, no significant change in cell
activity, apoptosis, and liver function were observed. There-
fore, proanthocyanidins have been identified as a safe antiox-
idant [25]. Moreover, proanthocyanidins could significantly
improve cell activity reduction and apoptosis induced by
arsenic, indicating that they could antagonize the cytotoxicity
of arsenic. These activities are speculated to be related to the
antioxidation of proanthocyanidins. Another possibility is
that proanthocyanidins promoted the expression of Bcl2
and inhibited apoptosis.

Oxidative stress is one of the action mechanisms of arse-
nic. Our study proved that arsenic can cause oxidative dam-
age to cells probably via ROS generation [26], antioxidant
enzyme reduction [27], and MDA production. In addition,
GSH could easily combine with iAs3+ and other trivalent
arsenides [28], resulting in the reduction of GSH. Moreover,
GSH is used during the methylation process of iAs3+ [29].
Arsenic can reduce the expression of Nrf2 and its down-
stream genes. The reduction of antioxidant enzymes induced
by arsenic was more obvious in Nrf2-suppressed cells, indi-
cating that arsenic may inhibit the Nrf2 pathway [30, 31]
and reduce antioxidant capacity. The mechanism by which
arsenic inhibits Nrf2 expression may involve acceleration
of Nrf2 degradation by promoting Keap1 protein expres-
sion [32]. Proanthocyanidins can improve oxidative dam-
age induced by arsenic [33, 34]. However, the effect of
proanthocyanidins on antioxidant enzymes was significantly
decreased in Nrf2-suppressed cells. Furthermore, proantho-
cyanidins could promote the expression of Nrf2 and its
downstream genes. It indicated that Nrf2 plays an important
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Figure 16: Effects of grape seed procyanidin extract on average growth rate of methylation and average methylation speed in Nrf2-suppressed
cells (mean± SD, n = 3). Nrf2-suppressed cells were treated with arsenic (25 μM) and grape seed procyanidin extract (GSPE; 0, 10, 25, and
50mg/L) for 24 h. #Versus 0–12 h group, P < 0 05; red shapes indicate the level in Nrf2 normal cells versus the same intervention group in
Nrf2-suppressed cells, P < 0 05.
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role in the action of proanthocyanidins. The underlying
mechanism may be through promotion of Nrf2 dissociation
from Keap1 [35], after which Nrf2 enters the nucleus to com-
bine with antioxidant responsive element (ARE) on DNA
[36], which induces the expression of its downstream antiox-
idant enzymes. Proanthocyanidins contain a large amount of
H+, which can block free radical chain reaction, thus improv-
ing the activity of various antioxidant enzymes and antioxi-
dant substances in cells. See Figure 18.

Arsenic toxicity is also closely related to its metabolism in
cells. Trivalent arsenic compounds, which have a high affinity
to sulfhydryl, are more easily absorbed by the cells than any
other valence states of arsenic. Therefore, trivalent arsenic
can inhibit the activity of enzymes that contain sulfhydryl;
consequently, cell respiration, division, and proliferation are
affected and cell metabolism is disturbed [37, 38]. Epidemio-
logical studies have reported individual differences in arsenic

methylation, and people with weak methylation are more
sensitive to arsenic-induced health damage [39]. It has been
found that curcumin and sodium mercaptosulfonic acid
can promote the metabolism and excretion of arsenic in
mouse [40] and Chang liver cells [41], and these effects are
considered to be related to the activation of the Nrf2 signal-
ing pathway. In our study, we found that GSPE can promote
arsenic methylation metabolism in cells and improve the
arsenic methylation ability. After Nrf2 inhibition, the cells
still showed methylation metabolism ability, and GSPE
improved the arsenic metabolism ability of the cell. However,
arsenic methylation ability in Nrf2-suppressed cells was infe-
rior to that in normal cells, and the effect of GSPE on arsenic
metabolism in Nrf2-suppressed cells was weaker than that in
normal cells. In addition, GSPE significantly improved the
dimethylation capacity of arsenic compared with the mono-
methylation ability. These findings suggest that GSPE can
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Figure 17: mRNA expression of the Nrf2 pathway in Nrf2-suppressed cells (mean± SD, n = 3). L-02 cells were treated with arsenic and/or
grape seed procyanidin extract (GSPE) for 24 h. ∗In Nrf2 normal cells versus the control group, P < 0 05; #in Nrf2 normal cells versus the
arsenic group, P < 0 05; ain Nrf2 inhibition cells versus the control group, P < 0 05; bin Nrf2 inhibition cells versus the arsenic group, P <
0 05. In Nrf2-suppressed cells, GSPE could still mitigate arsenic-induced decrease in mRNA expression of Nrf2 and downstream genes;
however, its effect was weaker than that in Nrf2 normal cells.
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promote arsenic methylation metabolism in L-02 cells,
improve the arsenic methylation ability of cells, especially
dimethylation metabolism, reduce the action time of MMA
to cells, and decrease toxicity of arsenic to cells.

At present, endemic arsenism is still a worldwide public
health problem, and our study found that proanthocyanidins
have a good effect on the liver damage caused by arsenic.
In addition, proanthocyanidins have been widely used in
many fields such as medicine, foods, and cosmetics, and
the safety of proanthocyanidins has been well verified [42].
Proanthocyanidins have been used in the adjuvant therapy
of patients with obstructive sleep apnea hypopnea syndrome
(OSAHS) [43]. Therefore, we believe that proanthocyani-
dins can be used as a potential adjuvant therapy for arse-
nic poisoning. For example, arsenic poisoning people can
eat more fruits rich with proanthocyanidins and take some
proanthocyanidins nourishment while receiving treatment.
Procyanidins can also be added to people’s daily diet in a
right amount.

There is a limitation to this study. ML385 was used to
inhibit the Nrf2 signaling pathway and reduce the expres-
sion of Nrf2 and its downstream genes for exploring the
relationship between proanthocyanidins and the Nrf2

signaling pathway. Since ML385 is an inhibitor of Nrf2
and not a knockout agent, a small number of Nrf2 genes
were still expressed.

In conclusion, proanthocyanidins can activate the Nrf2
signaling pathway to antagonize arsenic-induced oxidative
damage and to promote arsenic methylation metabolism.
Proanthocyanidins can reduce arsenic toxicity and promote
arsenic elimination. The Nrf2 signaling pathway plays an
important role in the antioxidation process of proanthocya-
nidins and is of great significance for the prevention and
treatment of arsenic poisoning.
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Supplementary Materials

Figure S1. The inhibition effect of ML385 on Nrf2 ML385
was used to inhibit the expression of Nrf2. The concentration
of ML385 standard was 10mmol/L. The medium without
penicillin-streptomycin was used to dilute the standard to
2, 4, 6, 8, and 10μmol/L. L-02 cells were treated with the
diluted standard for 48 and 72h. The optimal intervention
concentration and intervention time were screened accord-
ing to Nrf2 expression. 6 and 10μmol/L ML385 significantly
inhibited Nrf2 expression after 72 h. However, high concen-
tration of ML385 may cause certain cytotoxicity. Therefore,
6μmol/L and 72h were selected as the final intervention
concentration and intervention time of ML385. Figure S2.
Protein expression of the Nrf2 pathway in Nrf2-suppressed
cells. The protein expression of Nrf2 and its downstream
genes significantly decreased after Nrf2 inhibition. In Nrf2-
suppressed cells, 10mg/L GSPE had no significant effect on
the protein expression of Nrf2, NQO1, and HO-1 compared
with the control group. 25 and 50mg/L GSPE could increase
the protein expression of Nrf2 and its downstream genes sig-
nificantly compared with the control group. Arsenic inter-
vention led to further decrease of Nrf2 and its downstream
genes than the control group. GSPE could still mitigate
arsenic-induced decrease in protein expression of Nrf2 and
downstream genes; however, its effect was weaker than that
in Nrf2 normal cells. (Supplementary Materials)
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The disruption of balance between production of reactive oxygen species and antioxidant systems in favor of the oxidants is termed
oxidative stress (OS). To counteract the damaging effects of prooxidant free radicals, all aerobic organisms have antioxidant defense
mechanisms that are aimed at neutralizing the circulating oxidants and repair the resulting injuries. Antioxidants are either
endogenous (the natural defense mechanisms produced by the human body) or exogenous, found in supplements and foods. OS
is present at the early stages of chronic kidney disease, augments progressively with renal function deterioration, and is further
exacerbated by renal replacement therapy. End-stage renal disease patients, on hemodialysis (HD) or peritoneal dialysis (PD),
suffer from accelerated OS, which has been associated with increased risk for mortality and cardiovascular disease. During HD
sessions, the bioincompatibility of dialyzers and dialysate trigger activation of white blood cells and formation of free radicals,
while a significant loss of antioxidants is also present. In PD, the bioincompatibility of solutions, including high osmolality,
elevated lactate levels, low pH, and accumulation of advanced glycation end-products trigger formation of prooxidants, while
there is significant loss of vitamins in the ultrafiltrate. A number of exogenous antioxidants have been suggested to ameliorate
OS in dialysis patients. Vitamins B, C, D, and E, coenzyme Q10, L-carnitine, a-lipoic acid, curcumin, green tea, flavonoids,
polyphenols, omega-3 polyunsaturated fatty acids, statins, trace elements, and N-acetylcysteine have been studied as exogenous
antioxidant supplements in both PD and HD patients.

1. Introduction

Every substance that can accept electrons is defined as oxi-
dant, while a compound donating electrons is considered a
reductant. Subsequently, a chemical process that includes
loss of electrons is defined as oxidation, while reduction is a
chemical reaction in which a compound gains electrons.
When an oxidant gains electrons, it triggers the oxidation
of another compound, and when a reducing agent donates
its electrons, it causes the reduction of another substance.
Therefore, an oxidation reaction is always accompanied by
a reduction process and vice versa. These chemical reactions
are called redox reactions. “Oxidant” and “reductant” are
biochemical terms, and in cells and tissues, they should be

replaced with the terms “prooxidant” and “antioxidant,”
respectively. The redox potential or redox state is defined as
the ratio between prooxidant and antioxidant agents, and
under pathologic conditions, this state can be altered towards
redosis or oxidosis. Oxidation results in production of reac-
tive oxygen species (ROS). Although ROS are associated with
several harmful events, they are also essential for cellular
growth and proliferation. [1]. The disruption of balance
between production of ROS and antioxidant systems is
termed oxidative stress (OS) [2]. Based on this OS paradox,
abundant antioxidants in a cellular environment might
scavenge an excessive amount of ROS and therefore inhibit
their beneficial role in stimulating important biochemical
reactions, crucial for cell homeostasis [3]. The two-sided
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disruption of balance of the redox state to either excessive
reduction or oxidation results in injury and damage of the
biological systems [4].

Antioxidants are either endogenous (the natural defense
mechanisms produced by the human body) or exogenous,
found in food and supplements. Endogenous antioxidants
can be either enzymatic or nonenzymatic, including water-
or fat-soluble molecules. Table 1 summarizes the numerous
biomarkers of OS, including both oxidants and antioxidant
molecules. Since excessive loading of antioxidants might have
damaging results in biological systems, antioxidant therapy for
patients at high risk for OS should be carefully designed.

Chronic kidney disease (CKD) is a worldwide health
problem which has taken the form of an epidemic during
the past decades. Its increasing incidence rates and the heavy
associated cardiovascular (CV) burden [5] cannot be solely
explained by traditional risk factors. OS is highly prevalent
in uremia and is considered as an important pathogenetic

mechanism and a novel nontraditional risk factor for
all-cause and CVmortality in these patients [2, 6]. OS is pres-
ent even at the early stages of CKD [7], augments in parallel
with the progression of the disease to end-stage renal disease
(ESRD) [8], and is further exacerbated in hemodialysis (HD)
patients [9, 10]. ESRD patients on peritoneal dialysis (PD)
manifest significantly enhanced OS compared to nondialysis
uremic patients, but lower than HD patients [11].

A number of interventions have been suggested to ame-
liorate OS in dialysis patients [12]. This review is aimed at
presenting the available data regarding the exogenous
administration of antioxidants and their possible protective
effects on renal replacement therapy (RRT) patients.

2. Renal Replacement Therapy and OS

Several factors are implicated in the pathogenesis of OS in
HD and PD. ESRD patients commonly have multiple

Table 1: Possible biomarkers of oxidative stress (oxidants and antioxidants) in hemodialysis.

Lipid oxidation Free radicals Protein oxidation DNA oxidation Antioxidants

TBARS
MDA
Ox-LDL
F2-isoprostanes
Lipoperoxides
PCOOH

Nitric oxide
ROS

Oxidized albumin
MPO
ADMA
AOPPs
AGEs

Homocysteine
Thiols

Carbonyls

8-OHdG
8-OxodG

Endogenous
TAC
SOD
CAT
GSH

GSH-Px
GST
GSSG

GSH/GSSG
Ox-LDL antibodies

Uric acid
Albumin

Transferrin, ferritin
Exogenous
Zn, Cu, Se

NAC
Vitamin B complex

Vitamin E (a-tocopherol)
Vitamin C (ascorbic acid)

Polyphenols
A-Lipoic acid
Flavonoids
L-Carnitine

Q-enzyme Q10
Green tea
Curcumin
Statins

Omega-3 fatty acids

Measured in
(i) Plasma
(ii) Whole blood
(iii) White blood cells
(iv) Red blood cells
(v) Platelets

TBARS: thiobarbituric acid reactive substances; MDA: malondialdehyde; ox-LDL: oxidized low-density lipoproteins; PCOOH phosphatidylcholine
hydroperoxide; ROS: reactive oxygen species; MPO: myeloperoxidase; ADMA: asymmetric dimethylarginine; AOPPs: advanced oxidation protein products;
AGEs: advanced glycation end-products; 8-OHdG: 8-hydroxy deoxyguanosine; 8-oxodG: 8-oxo-2′-deoxyguanosine; TAC: total antioxidant capacity; SOD:
superoxide dismutase; CAT: catalase; GSH: glutathione; GSH-Px: glutathione peroxidase; GST: glutathione transferase; GSSG: reduced oxidized glutathione;
GSH/GSSG: ratio of glutathione/oxidized glutathione; Zn: zinc; Cu: copper; Se: selenium; NAC: N-acetyl-cysteine.
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comorbidities related to excessive production of prooxi-
dants, like hypertension, dyslipidemia, diabetes mellitus
(DM), vascular calcification, and old age [13]. Chronic
inflammation and malnutrition that usually accompany dial-
ysis patients are well-known triggers of ROS production [14].
RRT-related factors also contribute to formation of prooxi-
dants. Due to blood exposure to bioincompatible dialysate,
dialyzers, use of heparin, and intravenous iron administra-
tion, white blood cells and platelets are activated, leading to
acute production of ROS, within minutes of HD session
initiation. Each HD session causes a 14-fold increase in
circulating ROS levels [15–17]. In PD, the bioincompat-
ibility of PD solutions, including high osmolality, elevated
lactate levels, low pH, and accumulation of advanced gly-
cation end-products (AGEs) trigger formation of prooxi-
dants, while there is significant loss of vitamins in the
ultrafiltrate [11].

Besides formation of prooxidant molecules, patients on
RRT are characterized by significant depletion of antioxidant
defense mechanisms, due to a number of reasons: both the
traditional, strict dietary restrictions and the malnutrition
status that usually accompanies ESRD patients are character-
ized by limited consumption of fruits and vegetables and thus
poor intake of antioxidants such as vitamins C, D, and E
[18], while treatment with both PD or HD has been asso-
ciated with loss of vitamins and trace elements [19–21].
Therefore, it has been hypothesized that administration
of several exogenous antioxidants might protect RRT
patients from OS-derived cardiovascular morbidity, inflam-
mation, and mortality.

3. Exogenous Antioxidant Supplementation in
HD and PD Patients

3.1. Vitamin E (Alpha-Tocopherol)

3.1.1. Biological Structure and Role. Vitamin E is formed
by eight lipid-soluble compounds, including four tocotrie-
nols and four tocopherols. Of these eight isomers,
alpha-tocopherol (a-tocopherol) is the only form of vitamin
E that is abundantly found in food, maintained in the human
body, and is the most biologically active compound. Vitamin
E has been identified as the only biological specific free ROS
scavenger with the capacity to abrogate peroxidation of cells
and molecules by terminating chain reactions. Moreover,
through its antioxidant properties, vitamin E acts beneficially
on human health, with alleged implications including
decrease in various chronic, degenerative diseases’ progres-
sion, like Alzheimer’s disease, cancer, atherosclerosis, CV
disease (CVD), allergies, and nonalcoholic fatty liver disease.
Although recommendations for dietary intake of vitamin E
have long been established, the majority of the population
worldwide has suboptimal vitamin E status. In the last
decade, there is a growing body of evidence suggesting not
only traditional but also novel, unexpected molecular antiox-
idant properties of vitamin E, and it is hypothesized that the
recommended dietary allowance of this vitamin might be
reassessed in the following years [22]. During catabolism of
vitamin E in the liver, side-chain oxidation leads to formation

of bioactive long-chain metabolites. In the last few years,
several investigators have increasingly highlighted the
crucial role of these vitamin E long-chain metabolites as bio-
logical active compounds exerting effects on inflammation,
cell apoptosis, lipid metabolism, and proliferation, different
from that of their precursors [23, 24]. Moreover, a recent
study showed that compared to healthy controls, HD
patients presented a defective metabolism of vitamin E,
including decreased production rate and subsequent reduced
plasma levels of long-chain metabolites and compounds [23].
Galli et al. measured plasma levels of vitamin E metabolites
(carboxyethyl hydroxychromans (CEHC)) in patients with
CKD stages 3 and 4, HD subjects, and healthy controls and
found that the progressive deterioration of renal function
was accompanied by a parallel, exponential rise in plasma
CEHC concentration [25]. Similarly, two other studies
showed that compared to healthy controls, chronic HD
patients were characterized by dysregulated vitamin E
metabolism and enhanced accumulation of vitamin E metab-
olites (CEHC) in plasma and serum [26, 27]. The authors of
these studies suggested that a higher daily vitamin E intake
might be recommended to HD patients.

Lipid peroxides such as malondialdehyde (MDA) cause
severe deformation of the erythrocytic membrane, cell apo-
ptosis, and hemolysis. A-tocopherol bonds tightly in lipopro-
teins and is the most powerful chain-breaking antioxidant in
biological membranes of white and red blood cells. The path-
ophysiological mechanisms underlying the antioxidant effect
of vitamin E include preserving the stability and homeostasis
of cell membranes, preventing RBC membrane phospho-
lipids from oxidative damage caused by circulating ROS
and lipoperoxides, and activation of cell response and
defense against OS [28]. Moreover, a-tocopherol may exert
an antiatherogenic effect, since it ameliorates the oxidation
of low-density cholesterol (LDL), the first and crucial step
towards atheromatosis [29, 30].

3.1.2. In Vitro Studies and Animal Models. Bioincompatibil-
ity of HD dialyzers, dialysate, and intravenous (i.v.) medica-
tions (e.g., iron) trigger activation of polymorphonuclear
neutrophils (PMNs) and subsequently ROS production. Sev-
eral in vitro studies reported the beneficial antioxidant effect
of vitamin E supplementation on HD patients’ white blood
cells (WBCs). Lubrano et al. showed that oxidation response
of WBCs was suppressed and their membranes were more
stable after vitamin E administration in 10 HD patients,
[31], while MDA levels of WBCs were significantly decreased
to normal values [32]. Likewise, Hodkova et al. examined the
activation of PMNs from the blood of 7 maintenance HD
patients, after sessions with i.v. iron and oral vitamin E, and
showed that a daily oral intake of 200mg vitamin E for a
week can successfully ameliorate the iron-mediated activa-
tion of PMNs, a well-known precursor of OS [33]. Although
vitamin E is an antioxidant agent, it has been reported as
cytotoxic to the human mesothelium, causing irreversible cell
damage [34]. To examine the effect of vitamin E on lipid oxi-
dation and stability of the peritoneal membrane, PD rats
were dialyzed with peritoneal solutions enriched with vita-
min E. Although vitamin E supplementation caused a
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significant reduction in peritoneal MDA levels, the structure
of the peritoneum was significantly altered and the perme-
ability to protein and glucose significantly increased [34].
Therefore, despite its antioxidant protective role, vitamin E
may cause severe structural and functional injuries in the
human peritoneum.

3.1.3. Vitamin E for Renal Anemia Improvement. Although
vitamin E is a well-known and powerful antioxidant agent,
its effect on ESRD-associated anemia remains controversial.
In dialysis patients, MDA levels of erythrocytes reflect oxi-
dation of their membranes and are directly associated with
anemia status [35, 36]. Since vitamin E can reduce red blood
cells’ (RBC) MDA levels, it was reasonable to hypothesize
that a-tocopherol intake could improve renal anemia.
Giardini et al. treated 19 stable HD patients with intra-
muscular administration of 300mg/day a-tocopherol for
15 days, measured the fatty acid composition and vitamin
E and MDA levels of RBCs before and after the supple-
mentation, and found that administration of a-tocopherol
resulted in reduced lipoperoxidation of erythrocytes’ mem-
branes and improvement of anemia [37]. Another study
with a similar design (intramuscular daily administration
of a-tocopherol 300mg/day for 15 days in 9 HD patients)
showed that after treatment, RBC levels of vitamin E
increased significantly; lipid peroxidation of erythrocytes,
assessed by RBC MDA levels, were significantly decreased
and anemia significantly improved [38]. Similarly, Ono
reported that HD patients that were supplemented with
an oral, daily high dosage of 600mg a-tocopherol for
one month showed a significant increase in serum and
RBC vitamin E levels, increase in hemoglobin levels, and
decrease in RBC osmolarities, compared to untreated
patients. The authors of the study suggested that the ben-
eficial effect of vitamin E supplementation in correcting
uremic anemia was attributed to the reduction in RBCs’
osmotic fragility resulting in stable cell membranes [39].
In another study, 12 HD patients treated with erythropoi-
etin (EPO) for anemia management were divided to either
additional everyday oral intake of 500mg/day of vitamin E
or no intake for 6 months. After the study period, supple-
mentation of vitamin E resulted in a significant decrease
in lipid peroxidation status (assessed by serum MDA
levels), improvement of renal anemia status, and decreased
EPO requirements [40]. The effect of combined therapy
with EPO and vitamin E in children on HD was examined
in another study. Ten of them were initially treated with
EPO for 2 weeks and then with a combination of EPO
and vitamin E (15mg/kg/day per OS) for another 2 weeks.
Compared to monotherapy with EPO, the combined treat-
ment with vitamin E resulted in a significant decrease in
the ratio of oxidized to reduced glutathione (GSSG/GSH)
and a significant improvement of anemia status [41].
Although iron supplementation is necessary for renal ane-
mia management in dialysis patients, it is well-established
that intravenous iron administration during HD triggers
formation of lipid peroxides and OS. Roob et al. showed
that a single oral dose of 1200 IU of vitamin E before the
HD session can successfully ameliorate the iron-mediated

OS [42]. Another study showed that daily oral supplementa-
tion with 400 IU of a-tocopherol for 2 months in a cohort of
11 HD patients doubled serum a-tocopherol levels and
increased postdialysis hemoglobin levels but had no effect
on OS status [43]. Therefore, it could be hypothesized that
vitamin E could exert a beneficial effect on renal anemia,
independently of its antioxidant role.

In disagreement with these findings, several investigators
found no effect of vitamin E on anemia status of HD patients.
A randomized, prospective, double-blind study was con-
ducted by Sinsakul et al., to investigate the possible beneficial
effect of vitamin E on anemia status of chronic HD patients.
Thirty-five stable, chronic HD patients were randomized to
either 400 IU of oral vitamin E twice daily for a period of
20 weeks or placebo. Although serum vitamin E levels were
significantly increased in the treated group compared to the
placebo, vitamin E supplementation had no effect on the
anemia status of HD patients [44]. Similarly, Lillo-Ferez
et al. found that oral administration of a-tocopherol at a
high dose (600mg/day) for 30 days had no effect on anemia
status in a cohort of 10 chronic HD patients [45]. Another
study with a similar design showed that, in a group of 24
chronic HD patients, hemoglobin and EPO levels remained
unchanged after 3 months of daily treatment with 400mg
oral a-tocopherol [46].

3.1.4. Vitamin E as Antiatherogenic Agent. Large
population-based studies supported that a high dietary intake
of vitamin E was associated with a significantly lower risk of
coronary heart disease in both men and women [29, 30].
However, a number of interventional studies failed to show
any beneficial effect of vitamin E intake on progression of
atherosclerosis [47]. A randomized, placebo-controlled, mul-
ticenter study included 27 maintenance HD patients from 4
dialysis units that were randomized to oral intake of 800 IU
of a-tocopherol daily or placebo for 2 years. Oxidation of pro-
teins, lipids, and AGEs was measured at the end of the study
period. Oral administration of a-tocopherol failed to show
any protective antioxidant effect [48]. In agreement with
these results, Islam et al. treated 17 PD, 16 HD patients,
and 16 healthy age/gender-matched controls with oral
a-tocopherol (800 IU/day) for 12 weeks. At the end of the
study period, although the lipid profile of all three groups
remained unchanged, susceptibility of LDL cholesterol to
oxidation was significantly decreased in both dialysis groups.
Vitamin E supplementation increased LDL a-tocopherol con-
centrations (controls = 94%, HD = 94%, and PD = 135%),
indicating that the possible antioxidant effect of vitamin
E was significantly greater in patients on PD subjects
than on HD or healthy controls [49]. Since oxidation
of LDL is the first step in the pathogenesis of athero-
sclerosis, a-tocopherol supplementation, according to these
results, might exert both antioxidant and antiatherogenic
effects at least on PD patients. Moreover, Giray et al. showed
that 600mg/day per OS treatment with vitamin E for 14
weeks in HD patients decreased the risk of OS-induced
CVD [50].

There is accumulating evidence that vitamin E attenuates
OS in RRT patients. Inal et al. examined the effect of vitamin
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E on endogenous antioxidant systems and lipid peroxidation
status in 46 maintenance HD patients, divided in 3 groups: 10
untreated patients, 36 receiving EPO (100U/kg) thrice
weekly for 3 months, and 36 treated with a combination of
EPO at a 50% lower dosage and 300mg/day of oral vitamin
E for 3 months. Compared to the two other groups, those
treated with the combination of EPO and vitamin E had sig-
nificantly decreased serum MDA levels and significantly
improved antioxidant status—assessed by superoxide dis-
mutase (SOD) and catalase (CAT) activities [51]. Galli
et al. treated 7 stable HD patients with oral intake of
800mg/day of a-tocopherol for 3 weeks and showed that
compared to baseline, after the treatment period, the lipid
peroxidation status was significantly decreased [52]. In
another study, a low dose of oral 300mg vitamin E thrice
weekly also inhibited OS-derived DNA injury in dialysis
patients on HD or PD [53]. Similarly, in a placebo-controlled
study, 13 PD and 34 HD patients were randomized to either
oral intake of vitamin E (300mg daily) or placebo for a period
of 20 weeks. Treatment with vitamin E significantly sup-
pressed OS status in both HD and PD patients [54]. In agree-
ment with these results, another study in PD subjects
demonstrated that oral intake of the combination of vitamins
E and C inhibited formation of prooxidants in urine, blood,
and peritoneal fluid [55]. Three open-label trials in mainte-
nanceHDpatients also reported a beneficial antioxidant effect
of oral intake of vitamin E at a dose of 500-800mg/day [50, 52,
56]. A meta-analysis of 46 randomized controlled trials
showed that among various nutritional interventions, only
omega-3 fatty acids and vitamin E resulted in a significant
decrease in circulating inflammatory markers [57].

In disagreement with these findings, at least six studies
reported no effect of vitamin E on OS, while another one
surprisingly showed that a-tocopherol triggered oxidation
in HD subjects. After oral daily supplementation of
400-800 IU for 2-6 months in cohorts of maintenance
HD patients, OS serum biomarkers remained unchanged
[43, 48, 58–61]. Antoniadi et al. reported that compared
to the placebo group, HD patients treated with oral intake
of a-tocopherol 500mg/day for a year had significantly
lower serum levels of antioxidants and therefore were more
prone to oxidation [62]. The authors speculated that vitamin
E might act as a prooxidant instead of as an antioxidant in
certain conditions. Such a condition is often encountered in
HD patients, when an adequate amount of vitamin E is com-
bined with severe depletion of other antioxidants which is
crucial for the reduction of vitamin E, such as vitamin C.

A systematic review found 56 clinical trials examining
the effects of several antioxidant treatments on biomarkers
of OS in HD patients. A-tocopherol was by far the most
investigated antioxidant agent, with the majority of the
studies (20/25) supporting that its administration reduced
OS [63]. Furthermore, the SPACE trial, a randomized
placebo-controlled study in 196 HD patients with preexist-
ing CVD, showed that compared to placebo, high-dose
a-tocopherol supplementation (800 IU/day) for a long
period (519 days) reduced the risk of a major CV event
(defined as myocardial infarction, angina, peripheral arterial
disease, or stroke) [64]. Although several observational

studies support vitamin E intake for prevention of OS and
CV events, a recent meta-analysis of 135,967 subjects in 19
studies showed that a high dosage of vitamin E (>400 IU/day)
was associated with an increased risk for all-cause mortality
and therefore should be avoided [65].

3.1.5. Vitamin E-Coated Membranes. Since the biocompati-
bility of the HD dialyzer triggers formation of ROS during
HD sessions, use of vitamin E-coated membranes (VECM)
might normalize serum vitamin E levels, improve dialyzer
biocompatibility, and subsequently suppress OS [66]. Usberti
et al. showed that compared to dialysis with conventional
membranes, treatment with VECM was accompanied not
only by higher plasma a-tocopherol levels, decreased total
thiols, and reduced lipid peroxidation status but also by
a significantly better degree of anemia correction [67]. In
another study, 43 maintenance HD patients were transferred
from high-flux synthetic dialyzers to VECM polysulfone dia-
lyzers. After a 3-month dialysis on VECM, the antioxidant
capacity of RBCs was significantly improved (assessed by
increased levels of vitamin E and increased SOD activity in
RBCs), accumulation of AOPPs was significantly abrogated,
and EPO resistance index was reduced [68]. Similarly, a recent
study by Locatelli et al. found that in a cohort of 93 chronic
HD patients, treatment with VECM polysulfone dialyzers
improved the EPO resistance index significantly, compared
to treatment with low-flux synthetic membranes [69]. Accord-
ing to these studies, in HD patients, RBC survival and EPO
responsiveness are directly influenced and improved by high
vitamin E plasma levels and a more effective management of
anemia could be achieved by increasing vitamin E levels.

Sosa et al. conducted a systematic review and
meta-analysis including 14 trials including 158 HD patients
and reported that conversion of HD patients to VECM is
accompanied by improvement of the lipid peroxidation
status [70]. Another meta-analysis of 15 randomized con-
trolled studies and 503 stable HD subjects demonstrated that
VECM significantly decreased circulating plasma levels of
c-reactive protein (CRP), interleukin-6 (IL-6), thiobarbituric
acid-reactive substances (TBARS), and oxidized-LDL
(ox-LDL), without affecting dialysis adequacy [71]. More-
over, in a recent meta-analysis of 60 trials with 2118 mainte-
nance HD patients, VECM was reported to improve
erythropoietin resistance index and inhibit oxidation of
lipids and inflammation status [72]. Treatment with VECM
seems to ameliorate lipid peroxidation status and improve
inflammation, anticoagulation, and anemia. Among these
beneficial effects of VECM, better management of renal
anemia is supported by the most therapeutically relevant
and convincing data [73]. There is a growing body of
evidence suggesting that in HD patients, the use of VECM
is well-tolerated, with no serious adverse effects, and may
exert beneficial antioxidant effects.

3.2. Vitamin C (Ascorbic Acid). During HD therapy, a signif-
icant amount of vitamin C is lost and also ascorbic acid free
radicals are formed contributing thus to enhanced OS.
Clermont et al. found that a dialysis session with a highly bio-
compatible synthetic membrane was accompanied by a
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significant decrease in plasma vitamin C levels and formation
of ascorbyl free radicals. Moreover, when the conventional
synthetic dialyzers were replaced with VECM, vitamin C
levels were increased and ascorbyl radicals were significantly
decreased [21]. Since deficiency of the powerful antioxidant
vitamin C is frequent in dialysis patients, several investigators
hypothesized that its supplementation might suppress OS in
HD patients.

Compared to placebo, daily oral administration of
vitamin C (250mg) significantly decreased plasma OS bio-
markers in cohorts of stable HD patients [74, 75], while only
a single high dose of vitamin C (2 g) successfully suppressed
OS induced by the HD procedure [76]. Moreover, the com-
bined therapy with daily oral vitamins E (600mg) and C
(200mg) attenuated lipid peroxidation and subsequently
improved microcirculation in a cohort of maintenance HD
patients [77]. Intravenous administration of vitamin C (1 g)
and use of dialysate enriched with ascorbic acid during HD
sessions inhibited formation and accumulation of free radi-
cals [17, 78], reduced serum levels of lipid peroxides and
AGEs [79], and suppressed DNA oxidation in lymphocytes
[80]. In disagreement with these results, several investigators
reported that vitamin C failed to attenuate OS, while two
studies reported enhanced oxidative activity after vitamin C
supplementation. Four trials in maintenance HD patients
reported that although either oral or intravenous administra-
tion of vitamin C normalized serum vitamin C deficiency, OS
status remained unchanged [81–84]. Regardless of the route
of administration, both oral (1.5 g) and intravenous (480mg
per HD session) vitamin C triggered oxidative response in
chronic HD patients [85, 86].

Although vitamin C deficiency is well-established in PD
patients [87, 88] and accompanied by enhanced inflamma-
tion [89], only a few investigators examined the possible
antioxidant effect of vitamin C supplementation in these
patients. Sundl et al. showed that vitamin C levels are
strongly and independently correlated with OS status in PD
patients and low-dose intake of ascorbic acid might be bene-
ficial [88]. Boudouris et al. reported that oral supplementa-
tion of a combination of vitamins C and E in 20 PD
patients resulted in significant inhibition of MDA and car-
bonyl formation and increased TAC [55]. Moreover, vita-
min C was strongly and independently associated with
hemoglobin levels in a cohort of 56 stable PD patients
suggesting that its daily intake might improve erythropoi-
esis in these patients [90].

As already mentioned, Coombes and Fassett conducted a
systematic review including 56 clinical trials examining the
antioxidant therapies for OS amelioration in HD patients.
The data on vitamin C was controversial; vitamin C was
found to reduce OS only in 4 of the 11 studies, increase in
3, and have no effect in 4 other studies, while one trial showed
no impact of vitamin C treatment in mortality [63]. The
authors of the study hypothesized that the different doses,
duration, and routes of administration might explain the het-
erogeneity of findings. Although vitamin C deficiency is fre-
quent in dialysis patients, based on the existing data,
vitamin C supplementation for OS suppression in dialysis
patients cannot be recommended.

3.3. Vitamins B and Folic Acid. Vitamin B family refers to a
group of similar essential nutrients. Vitamin B1 (thiamin),
B6 (pyridoxine), B12 (cobalamin), and B9 (folic acid) are
the most active compounds of the group. Folic acid belongs
to the vitamin B complex and is essential for DNA synthesis
and amino acid metabolism. In both the general population
and CKD patients, folic acid along with vitamins B6 and
B12 are a well-established treatment for reducing serum
levels of homocysteine, a biomarker of protein oxidation
linked with CVD [91, 92].

In vitro, supplementation with folic acid and B12 signifi-
cantly attenuates the genomic damage in chronic HD
patients’ lymphocytes [93]. A growing body of evidence sug-
gests that B6 is an effective inhibitor of advanced glycation
and lipoperoxidation processes [94–96], directly scavenging
free radicals formed during lipid oxidation and neutralizing
them. In diabetic rats, supplementation with pyridoxamine
improved albuminuria and prevented deterioration of renal
function [97].

Two multicenter placebo-controlled trials in patients
with established diabetic nephropathy showed that com-
pared to placebo, a daily oral intake of pyridoxamine (doses
ranged from 100 to 500mg) for 6 months resulted in signifi-
cant preservation of renal function and decreased urinary
levels of inflammatory cytokines [98]. Bayes et al. enrolled
16 chronic HD patients who received 400mg of the
well-known antioxidant vitamin E for 3 months per OS daily.
After a 4-week washout period, all patients were treated with
intravenous 10mg of folic acid, thrice weekly after dialysis
sessions for another 3 months. The authors found that com-
pared to vitamin E, folic acid significantly decreased serum
homocysteine (-44%) and MDA levels (-40%) (a biomarker
of lipid peroxidation) and therefore might reduce the risk
of atherosclerosis [19]. In agreement with these results, a
multicenter, longitudinal, open intervention trial in 32 main-
tenance HD patients showed that compared to baseline,
three-month treatment with low dose of folic acid (1mg
intravenously, thrice weekly after every HD session) resulted
in a significant decrease in serum homocysteine and MDA
levels [99]. A randomized, double-blind, placebo-controlled
trial including 46 chronic HD patients investigated the effect
of supplementation of folic acid (oral 10mg, thrice weekly
after dialysis session) or placebo for 6 months on total antiox-
idant capacity (TAC), homocysteine, and hydroperoxide
plasma levels [100]. Folic acid treatment successfully reduced
serum homocysteine levels and increased TAC in this study
and therefore might ameliorate CV risk. On the other hand,
Nascimento et al. conducted a multicenter, randomized,
double-blind, placebo-controlled study on 50 stable HD
patients to investigate the possible effect of B6 and B1
intake on OS. Patients were randomly assigned to a com-
bination of high doses of pyridoxine (200mg) and thia-
mine (250mg) or placebo for 2 months. After the study
period, both groups had similar plasma levels of OS and
inflammation biomarkers [101].

Although combination therapywith folic acid and B6/B12
is considered a favorable treatment for homocysteinemia in
HD subjects, a recentmeta-analysis of 6 studies and 2452 dial-
ysis patients showed that homocysteine-lowering therapy
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(including folic acid, B6, and B12 supplementation) had little
or no effect on CV events and all-cause and CV mortality in
these patients [102].

3.4. Vitamin D Analogues. Dialysis patients with secondary
hyperparathyroidism (SHP) exhibit accelerated OS and
inflammation [103]. Wu et al. conducted a study to assess
the effect of vitamin D analogues—currently a first-line treat-
ment for SHP—on the oxidation and inflammatory status in
25 stable HD patients. The authors demonstrated that, com-
pared to baseline, after a 16-week treatment with calcitriol,
several serum inflammatory and OS biomarkers were signif-
icantly suppressed [103]. Similarly, Tanaka et al. showed that
intravenous calcitriol not only attenuated accumulation of
free radicals but also strengthened endogenous antioxidant
activity in HD subjects with SHP [104]. In a similar group
of patients, serum levels of several OS and inflammatory bio-
markers were markedly decreased, while activity of the circu-
lating antioxidants CAT, SOD, and GSH was significantly
upregulated after a 3-month intravenous treatment with
selective vitamin D receptor activators [105]. A randomized,
controlled, double-blind study enrolled 60 diabetic HD
patients, randomly divided to receive 50,000 IU vitamin D3
or placebo every 2 weeks for 12 weeks. Compared to placebo,
those treated with vitamin D exhibited significantly reduced
plasma levels of MDA and high-sensitivity CRP (hsCRP)
and higher TAC [106].

In PD patients, the data regarding the effect of vitamin D
analogues on OS are scarce and only derived from experi-
mental studies. In vitro as well as in vivo studies in mice
showed that the active form of vitamin D inhibited accumu-
lation of free radicals and glycoxidation and therefore might
preserve the peritoneum homeostasis, through amelioration
of OS status [107–109].

One of the pleotropic effects of vitamin D in dialysis
patients might be amelioration of OS status. Currently, the
data on this are extremely limited and therefore its supple-
mentation should not be based on its antioxidant properties.

3.5. Coenzyme Q10. Coenzyme Q10 is a vitamin-like
fat-soluble element, essential for energy metabolism. The
liver, heart, and kidneys have increased energy requirements
and therefore have the highest coenzyme Q10 endogenous
levels [110]. Coenzyme Q10 is an electron carrier and
therefore might act as an ROS scavenger. Q10 supplemen-
tation suppressed PMN activation and therefore decreased
the OS status in a cohort of 11 kidney transplant recipi-
ents. Studies in animal models with hypertension and dia-
betes showed that coenzyme Q10 improved hypertension,
protected the kidney from damage [111, 112], reversed
OS biomarkers in the liver, heart, and kidneys [113], and
neutralized the accumulating free radicals resulting from
drug nephrotoxicity [114, 115].

Sanaka et al. investigated the effect of coenzyme Q10 sup-
plementation on the OS status of 36 stable HD patients for 6
months and found that although the plasma concentrations
of oxidative marker MDA and advanced oxidation protein
products (AOPPs) were significantly reduced, serum indica-
tors of antioxidant status were also paradoxically decreased

[116]. To examine the safety and efficacy of several doses
of Q10 administration in HD patients, Yeung et al. con-
ducted a dose escalation study in 15 maintenance HD
patients and reported that daily, oral Q10 supplementation
at doses as high as 1800mg was well-tolerated and signifi-
cantly reduced serum F2-isoprostanes, in a dose-dependent
manner [117]. In disagreement with these results, a random-
ized, placebo-controlled trial including 23 stable HD patients
failed to show any significant beneficial effect of daily low
dose of Q10 (200mg) on exercise performance and OS bio-
markers, compared to placebo [118]. Rivara et al. conducted
a recent randomized, double-blind, placebo-controlled trial
in 65 maintenance HD patients, randomly divided to 3
groups: oral daily supplementation with 600mg or 1200mg
Q10 or matching placebo for 16 weeks. Compared to placebo
and low-dose, only 1200mg of Q10 was accompanied by a
significant reduction in serum F2-isoprostane levels [119].
Based on the recent published data, a safe and efficient
antioxidant dose of Q10 in HD patients could be 1200–
1800mg per day, but its beneficial effects remain to be fur-
ther confirmed.

3.6. L-Carnitine. L-Carnitine is an amino acid-derived com-
pound crucial to energy metabolism. Additional to its antiox-
idant activity, L-carnitine may play a pivotal role in
preventing deterioration of renal function in CKD patients
[120]. Moreover, carnitine supplementation in HD patients
improved several indices including renal anemia, fatigue,
cardiac function, physical function, and quality of life
[120–122]. Although at first, carnitine therapy was consid-
ered to improve anemia status [123], a more recent
meta-analysis of 49 trials failed to show any effect of carnitine
supplementation on hemoglobin levels and EPO dose in
1734 HD patients [124]. In 2014, a meta-analysis of 25 ran-
domized, placebo-controlled trials including 1172 mainte-
nance HD patients failed to show any beneficial effect of
carnitine intake on anemia, dyslipidemia, SHP, nutritional,
inflammation, and OS status [125]. However, another
meta-analysis also published in 2014, including 49 random-
ized controlled trials with 1734 stable HD patients, reported
that carnitine supplementation significantly decreased
plasma LDL and CRP levels and therefore might protect
against CV events in this group of patients [124]. The dis-
agreement of the two meta-analyses could be attributed to
the heterogeneity and different designs of the studies
included. In dialysis patients, carnitine supplementation as
an antioxidant and anti-inflammatory supplement cannot
be justified in routine clinical practice.

3.7. Statins/Omega-3 Polyunsaturated Fatty Acids. Omega-3
fatty acids are long-chain polyunsaturated fatty acids,
obtained through diet. The most bioactive types of omega-3
are eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA). Due to their structure, omega-3 fatty acids are sus-
ceptible to oxidation, and since dialysis patients are prone
to lipid peroxidation and atherosclerosis, supplementation
with omega-3 in dialysis may protect from CV events [126].
Besides their anti-inflammatory properties, omega-3 fatty
acids have been suggested to exert antioxidant effects,
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through upregulation of the GSH antioxidant system.
Administration of EPA and DHA reduced renal fibrosis,
inflammation, and OS status in rats with obstructive renal
disease [127] and significantly suppressed inflammation
and endothelial damage in HD patients [128]. Two random-
ized placebo-controlled trials in chronic HD patients
highlighted the beneficial effect of EPA intake on several oxi-
dative and inflammatory markers [129, 130], while another
recent study with a similar design reported that daily EPA
supplementation had no effect on OS status, in a cohort of
chronic HD patients [131]. Intake of omega-3 fatty acids in
HD patients has been shown to improve nutritional, inflam-
matory, and anemia status and subsequently OS [132, 133]. A
very recent meta-analysis of 46 randomized controlled trials
demonstrated that among various nutritional interventions,
only omega-3 fatty acids and vitamin E reduced significantly
serum CRP levels [57].

There is limited data on the effects of omega-3 acid
administration in PD patients. A randomized, placebo-con-
trolled, double-blind study included 90 ESRD patients on
chronic ambulatory PD (CAPD), randomized to placebo or
oral daily treatment with 3 g of omega-3 for 8 weeks. After
the study period, treatment with omega-3 failed to show
any change in lipid parameters, erythropoiesis status, and
OS status assessed by serum levels of antioxidants SOD and
GSH [134]. Two other randomized, controlled, double-blind
trials on CAPD patients showed that compared to placebo,
oral treatment with omega-3 for 2 months did not affect
the lipid profile or inflammatory markers [135, 136].

Moreover, two recent meta-analyses, one including 710
studies and 7,917 patients with history of coronary heart dis-
ease -and therefore with heavy CV burden similar to ESRD
patients- and another including 79 trials and 112,059 subjects
from the general population generated the same result;
omega-3 fatty acid supplement failed to show any protective
effect on all-cause mortality, CV mortality, and CV events in
both cohorts [137, 138].

Statins are lipid-lowering drugs, inhibiting directly the
HMG-CoA reductase enzyme. In addition to prevention of
CV events, several investigators have suggested that statin
use might ameliorate OS in dialysis patients. The 4D study
showed that compared to the placebo group, stable HD
patients that were treated with atorvastatin 40mg/day for 3
months had a mean 36.5% reduction of ox-LDL plasma levels
[58]. Likewise, a cohort of 103 maintenance HD patients was
randomized to either statin treatment or no treatment for 6
months; statin use significantly increased the serum levels
of selenium, an antioxidant trace element [139]. In a similar
patient cohort, even a low daily intake of simvastatin (5mg
for 6 months) can prevent the formation of lipid peroxides
in [140]. Likewise, another study showed that treatment with
simvastatin for just one week improved endothelial dysfunc-
tion and ameliorated OS status assessed by ox-LDL and iso-
prostane serum levels in HD patients [141].

A meta-analysis of 14 studies and 2086 dialysis patients
(HD and PD) showed that compared to placebo, statins failed
to decrease all-cause and CV mortality, although one single
study in 1255 HD patients reported a lower incidence of non-
fatal CV events with statins compared to placebo [142].

Another meta-analysis included 9 studies and 3098 HD
patients and highlighted that statins can successfully suppress
the chronic, systemic inflammation that accompanies ESRD
and therefore might ameliorate inflammation-derived
OS [143].

The data regarding statin and omega-3 supplementation
as antioxidants in dialysis patients are controversial and lim-
ited, and therefore, the current evidence cannot justify their
administration. Additional studies on large cohorts are
needed in order to draw a definite conclusion.

3.8. A-Lipoic Acid. A-Lipoic acid (ALA) is a mitochondrial
element with an important role in energy metabolism. ALA
is a natural inhibitor of cell oxidation by directly scavenging
ROS, chelating trace elements and iron ions, and recycling
endogenous antioxidant enzymes and vitamins including
Q10, GSH, and vitamins E and C [144–146]. Moreover,
ALA is involved in lipid and glucose metabolism [146] and
inhibits vascular calcification [147]. In vitro and in vivo
studies showed that acute kidney injury (AKI) caused by
ischemia/reperfusion could be significantly ameliorated by
ALA [148, 149]. Experimental animal models with diabetic
nephropathy showed that ALA prevented renal injury and
glomerulosclerosis by decreasing MDA, improving glycemic
control, and increasing GSH levels [150–152]. Several inves-
tigators highlighted the renoprotective effect of ALA on
adriamycin-induced nephrotoxicity, a state of enhanced OS
[153, 154], cyclosporin nephrotoxicity [155, 156], and toxic
doses of acetaminophen [157]. These studies suggested that
ALA could have a therapeutic result in cases where tissue
injury is a result of free radicals and therefore human studies
in dialysis patients were initiated.

The data on the effect of ALA supplementation on OS,
inflammation, and erythropoiesis in dialysis patients remains
however controversial. Khabbazi et al. randomized 63 main-
tenance HD patients to oral daily intake of 600mg ALA or
placebo for 8 weeks and found that although ALA intake
caused a significant decrease in hsCRP serum levels, there
was no effect on TAC and MDA concentrations [158]. Safa
et al. reported no effect of ALA administration on IL-8 and
tumor necrosis factor (TNF-a) serum levels of HD patients
[159]. In disagreement with these results, Chang et al. ran-
domized 50 chronic HD patients to ALA supplementation
(600mg/day for 12 weeks) or no treatment and showed that
ALA intake caused a significant decrease in serum asymmet-
ric dimethylarginine (ADMA), a well-known biomarker of
OS and independent risk factor for CVD in these populations
[160]. In another trial, 44 HD patients treated with EPO were
divided in two groups: those treated with 600mg ALA oral
daily for 3 months and the control group. Although MDA,
ADMA, ox-LDL, IL-6, and TNF-a plasma levels were similar
in both groups at baseline and at the end of the study, EPO
doses and the EPO resistance index were significantly
reduced in the ALA group, but remained unchanged in
the control group [161]. In a randomized controlled,
double-blind study, a combination of ALA (600mg/day)
and vitamin E (400 IU) for 8 weeks improved nutritional
and inflammatory status but had no effect on lipid perox-
idation status of 85 chronic, HD subjects [162].
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Himmelfarb et al. carried out a randomized, placebo-con-
trolled, double-blind trial to examine the effects of antioxi-
dant therapy on anemia, inflammation, OS, mortality, and
morbidity in a large cohort of 353 stable, chronic HD patients
[163]. All patients were randomized to receive either combi-
nation of ALA (600mg/d) and mixed a and γ tocopherols
(666 IU/d) or placebo for 6 months. Antioxidant therapy
had no effect on circulating inflammatory biomarkers
(hsCRP, IL-6), serum levels of F2-isoprostanes, isofurans,
and anemia status. Mortality and hospitalization rates were
similar in both groups. The authors concluded that although
administration of mixed tocopherols with ALA was
well-tolerated with no major side effects, it failed to show
any beneficial effect in this group of patients.

3.9. Trace Elements. Trace elements are compounds with very
low concentrations (<50mg/kg of body weight) in the
human body but with very important functions. Zinc (Zn),
copper (Cu), and selenium (Se) are micronutrients playing
a pivotal role in biological systems. Zn is an essential element
for enzymes and proteins, including the natural endogenous
antioxidant SOD. Cu is used for hemoglobin synthesis and
bone metabolism and is present in SOD. Se is important
for thyroidal metabolism, growth of the human body,
and fertility. It is a natural inhibitor of lipid oxidation and
an important component of the endogenous antioxidant glu-
tathione peroxidase (GPx). Moreover, in HD patients Se defi-
ciency has been associated with risk for all-cause mortality
[164, 165], hospitalization [165], and accelerated OS status
[2]. Plasma levels of trace elements might be altered in both
HD and PD patients [166]. There is a growing body of evi-
dence suggesting that trace elements and especially selenium
levels in plasma, RBCs, and WBCs are low in HD and PD
patients compared to healthy controls [164, 167–171].
Healthy controls had higher serum Se levels compared to
PD patients, and HD patients had even lower levels than
PD counterparts [167, 170].

In a cohort of HD patients, randomly assigned to
either Zn intake (oral 220mg/day) or placebo for 42 days,
Zn supplementation led to a significant reduction in CRP
serum levels [172]. In agreement with these results, two
double-blind, placebo-controlled, randomized studies in 60
HD patients showed that compared to placebo, 2-month sup-
plementation with Zn (100mg/day per OS) resulted in signif-
icant upregulation of antioxidant enzymes [173], increased
antioxidant status (assessed by a significant increase of serum
TAC, GSH, and SOD), and improved lipid peroxidation sta-
tus by decreasing plasma MDA levels [174]. Moreover, Zn
supplementation in dialysis patients (HD and PD) improved
Se serum levels and ameliorated OS status [175]. A recent
meta-analysis of 15 randomized controlled studies examined
the effects of Zn intake on HD patients and demonstrated
that Zn supplementation was strongly and independently
associated with reduced serum CRP levels, higher SOD
plasma levels, improved nutrition status, and lower plasma
MDA concentrations [176]. Zn beneficial effects presented
a time-effect relationship.

In a cohort of stable HD patients, Se supplementation
resulted in upregulation of RBC GPx activity compared to

placebo, although plasma GPx remained unchanged [177].
The authors of this study concluded that in dialysis patients,
the damaged kidney loses the ability to synthesize GPx, even
after Se supplementation. In HD patients, Se intake (200μg
per OS daily) for 3 months prevented oxidation of DNA in
leukocytes [178], improved nutrition and inflammation sta-
tus, and reduced MDA serum levels [179]. Furthermore,
combined supplementation of 600μg Se with 400 IU vitamin
E before the HD session attenuated the iron infusion-induced
MDA accumulation in the circulation [180].

Although all trace elements are deficient in dialysis
patients, only Se plasma levels have been directly and
inversely linked with mortality. Further studies, in larger
cohorts, with longer periods of treatment could be useful
for providing more evidence regarding the clinical utility of
Se intake.

3.10. Curcumin. Curcumin is a polyphenol, active element
of the herbal spice Curcuma longa (or turmeric) with
surprisingly pleiotropic beneficial properties, including
anti-inflammatory and antioxidant activity. Due to its com-
plex chemical structure, curcumin has the ability to scavenge
free radicals directly by donating hydrogen ions and there-
fore neutralizing them and upregulate indirectly the expres-
sion of the antioxidant enzymes SOD, CAT, and GSH
[181]. In vitro studies showed that preincubation of activated
macrophages of rat peritoneum with curcumin inhibited the
accumulation of ROS by macrophages [182] and might be a
stronger inhibitor of lipid peroxidation compared to
a-tocopherol [183]. Similarly, intraperitoneal injection of
curcumin in rats with endotoxin-induced peritonitis amelio-
rated protein and lipid oxidation [184]. Several in vivo
studies reported that daily supplementation of curcumin
(15-150mg/kg) for 2 to 8 weeks in rats preserved kidney
function and inhibited macrophage activation through
upregulation of antioxidant enzymes and suppression of
inflammatory cytokines [185–188]. Similarly, in animal
models with severe CKD or AKI, curcumin administration
markedly preserved renal function, suppressed OS, and ame-
liorated albuminuria and inflammation [189–197].

Thedata regarding the antioxidant andanti-inflammatory
effects of curcumin administration in HD patients is lim-
ited but quite promising. Shoskes et al. randomized 43
HD-dependent kidney transplant recipients to 3 groups:
low dose of 480mg/day curcumin per OS, high dose of
960mg, or placebo. The study period started after trans-
plant surgery for a period of one month. Treatment with
a high dose of curcumin was associated with early graft
function and prevention of acute graft rejection, probably
through suppression of OS and inflammation [198].
Another randomized, double-blind study included 50 stable
HD patients, randomly divided to either treatment with
curcumin (1500mg/day per OS) or placebo for 2 months.
Compared to placebo, therapy with curcumin resulted in sig-
nificant reduction in serum MDA levels and upregulation of
the antioxidant CAT activity and concentration in erythro-
cytes [199]. A double-blind, placebo-controlled randomized
study with a very similar design showed that compared to
placebo, daily oral administration of 500mg of curcumin
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for 2 months was accompanied by significant decrease in
plasma MDA levels and increase in antioxidants GPx,
and CAT in RBCs, in a cohort of 45 maintenance HD
patients [200]. Besides its antioxidant properties, a recent
trial in HD patients showed that oral supplementation
with curcumin in HD patients suppressed chronic sys-
temic inflammation (serum levels of IL-6, hsCP) and sub-
sequently might protect against inflammation-derived OS
in these patients [201].

3.11. Polyphenols. Resveratrol (3,5,4-trihydroxystilbene) is a
plant polyphenolic compound found in grapes, red wine,
and berries. Resveratrol is a direct free radical scavenger
and indirectly upregulates expression of the endogenous
antioxidant genes and enzymes SOD, CAT, and GPx
[202]. In animal models of ischemia/reperfusion AKI
[203, 204], septic AKI [205, 206], gentamycin [207], cis-
platin [208], and cyclosporin nephrotoxicity [209], as well
as diabetic nephropathy [210], resveratrol, due to its
anti-inflammatory and antioxidant properties, attenuated
OS-mediated kidney damage.

In humans, Castilla et al. randomly divided 32 mainte-
nance HD patients to groups of dietary supplementation with
red grape juice, vitamin E, both, or placebo for 2 weeks. In
this cohort of patients, red grape juice, a source of polyphe-
nols, decreased oxidative activation of PMNs, serum
ox-LDL levels, and circulating inflammatory biomarkers to
a greater extent compared to vitamin E and placebo [211].
The authors concluded that polyphenols might reduce CV
risk in HD patients. To investigate the possible antioxidant
beneficial effect of polyphenols in HD patients, the same
group of investigators randomly assigned 38 HD patients to
either daily consumption of 100mL red grape juice for 2
weeks or nothing. Polyphenol juice intake led to a significant
increase in TAC, decrease in serum ox-LDL levels, and
improved lipid profile parameters [212]. Spormann et al.
enrolled 21 HD patients to consume daily 200mL of
polyphenolic-rich red fruit juice (21 days run-in, 30 days
juice intake, and 21 days washout period) and found that
protein, lipid, and DNA oxidation were significantly
decreased and glutathione serum levels were increased dur-
ing juice consumption [213]. Wu et al. randomized 33 HD
patients to daily per OS intake of 100mg purified pomegran-
ate polyphenol extract or placebo for 6 months and demon-
strated that compared to the placebo group, polyphenol
treatment decreased blood pressure and increased antioxi-
dant activity [214]. In agreement with these results, another
recent study reported that 6-month supplementation of
unfermented grape juice, rich in polyphenols, decreased
the levels of DNA oxidation in a cohort of HD patients
[215]. Moreover, in PD patients, high-dose supplementa-
tion with resveratrol improved ultrafiltration by attenuat-
ing angiogenesis and OS derived by use of PD fluids
[216]. A recent meta-analysis of 12 studies evaluated the
effect of polyphenol-rich supplementation (including grape,
pomegranate, and turmeric) on CV risk in patients undergo-
ing maintenance HD. Although polyphenol-rich interven-
tions significantly decreased blood pressure and serum
triglycerides and MPO (a biomarker of protein oxidation

status) levels, the studies included had unclear risk of bias
and provided low evidence.

3.12. Green Tea.Green tea is composed of vitamins, minerals,
and catechins-well known and effective free radical scaven-
gers. Besides its antioxidant properties, green tea has been
suggested to protect against atheromatosis and CVD, in the
general population as well as CKD and dialysis patients
[217–219]. A meta-analysis of 31 studies found low-grade
evidence that chronic, daily, consumption of green tea at
600-1500mL decreases lipid oxidation, enhances TAC, and
subsequently might protect against CVD. These beneficial
effects of green tea were more profound in patients exposed
to high OS [220], and since CKD and dialysis are states of
accelerated oxidation, it seemed legitimate to hypothesize
that green tea might be beneficial for these patients.

Several studies in animal models with various types of
renal damage (diabetic nephropathy, lupus nephritis, glo-
merulonephritis, and urethral obstruction) suggested that
green tea treatment might protect against protein and lipid
oxidation, prevent atherosclerosis, and preserve renal func-
tion [221–226].

Human studies in dialysis patients consuming green tea
are scarce. Park et al. divided 40 chronic dialysis patients to
two groups: those that consumed green tea at a high dose
(5 g/day) and those who consumed equal amounts of water
for 4 weeks and found that green tea intake improved signif-
icantly the endothelial function through suppression of OS
and inflammation [218]. Similarly, another study in 44 HD
patients showed that compared to placebo, those treated with
455mg/day of catechins (green teat extract) were benefitted
by significant reduction of plasma proinflammatory, prooxi-
dant, and atherogenic molecules [219]. In the same cohort,
catechins were reported as more efficient antioxidant scaven-
gers than vitamin C. In agreement with these results, Calo
et al. reported that 6-month supplementation with green
tea (1 g/day) in 20 stable, chronic HD patients led to a signif-
icant decrease in OS and inflammatory state and improve-
ment of cardiac function (assessed by a decrease in left
ventricular mass). The authors of the study concluded that
green tea, besides its anti-inflammatory and antioxidant
properties, might also exert an antiatherogenic protective
effect in these high-risk patients [227].

There is some evidence that green tea consumption
might offer protection from atherosclerosis and CVD and
ameliorate OS in dialysis patients. The data however is
extremely limited and insufficient to draw any definite con-
clusion. Since there are no serious adverse effects, further
large cohort studies are warranted in order to establish its
antioxidant and antiatherogenic effect in dialysis patients.

3.13. Flavonoids. Flavonoids are natural compounds with
pleiotropic properties and potential therapeutic applications.
Silibinin is a flavonolignan bioactive ingredient of silymarin,
a flavonoid extracted from the milk thistle plant. Due to its
anti-inflammatory and antifibrotic effects, silymarin is a
traditionally used natural supplement for liver and kidney
conditions. For over 20 years, silymarin has been successfully
used for prevention and treatment of mushroom
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poising-derived AKI in both animals [228, 229] and humans
[230]. Adriamycin and cisplatin are powerful chemothera-
peutic drugs with important side effects such as kidney injury
(owing to severe acute oxidative and inflammatory cell dam-
age). Several investigators suggested that silymarin may pre-
vent renal injury caused by these drugs through antioxidant
and anti-inflammatory processes [231–233]. Since mush-
room poising, cisplatin, and adriamycin cause nephrotoxicity
through enhancing OS, it was reasonable to hypothesize that
silymarin might protect against accumulation of free radicals
in CKD. Silymarin is a natural free scavenger of ROS that
inhibits oxidation of lipid cell membranes [234]. In vitro,
silymarin not only prevented oxidative damage in renal cells
incubated with high glucose concentrations [235] but also
stimulated biosynthesis of DNA and protein in monkey renal
cells [236]. Tager et al. treated peritoneal macrophages from
peritoneal effluent of 30 stable, chronic CAPD subjects with
silibinin for 35 days and found that flavonoid treatment ame-
liorated thiol oxidation and restored peritoneal cell func-
tional abilities [237]. In a similar in vitro study, Dietzmann
et al. measured thiol status and TNF-a release of blood lym-
phocytes from healthy controls and 30 maintenance HD
patients with diabetes. Compared to controls, HD cells pre-
sented a significant thiol deficiency which correlated directly
to elevated production of TNF-a. Compared to untreated
dialysis lymphocytes, treatment of blood white cells with
350mg silibinin resulted in restoration of thiol status
in vitro and in vivo, accompanied with reduction in TNF-a
production [238].

In animal models, although silymarin in rat renal cells
failed to decrease DNA and lipid oxidation caused by glycerol
[239], other investigators demonstrated that pretreating rats
with silymarin can lessen or prevent structural and func-
tional injury of kidney cells caused by ischemia/reperfu-
sion [240, 241].

A randomized, controlled, double-blind study in 60
patients with diabetic kidney disease showed that compared
to placebo, daily therapy with 420mg silymarin resulted in
a significant decrease in albuminuria and reduction in uri-
nary levels of TNF-a and MDA [242]. Therefore, the authors
suggested that silymarin might be beneficial for preventing
albuminuria and progression of diabetic nephropathy,
through suppression of inflammatory and oxidative pro-
cesses. Roozbeh et al. randomized 80 HD patients to 4
groups: 420mg/day silymarin per OS, 400 IU/day vitamin
E, combination of silymarin and vitamin E, or placebo for 3
weeks. Compared to the other groups, combination of vita-
min E and silymarin led to a decrease in serum MDA levels,
increase in RBC levels of the antioxidant GPx, and increase in
hemoglobin levels [243]. Nazemian et al. treated 15 chronic
PD patients with 210mg/day silymarin for 8 weeks and
demonstrated that silymarin supplementation significantly
elevated hemoglobin levels and decreases serum TNF-a con-
centrations [244]. The authors of this study concluded that
silymarin might be useful in the treatment of OS and inflam-
mation for PD patients. In a recent study, 50 PD patients
were randomized to 420mg/day of silymarin or placebo for
2 months and OS biomarkers were measured in plasma and
erythrocytes at baseline and after the end of the study period.

Compared to placebo, silymarin significantly increased the
activity of the antioxidant endogenous enzyme CAT in RBCs
and improved anemia status (assessed by an increase of
hemoglobin levels) [245].

Studies with larger cohorts, hard end-points, and longer
treatment periods are required to elucidate the effect of flavo-
noids on CV outcomes and OS in dialysis patients.

3.14. N-Acetylcysteine (NAC). Due to impaired thiol renal
metabolism and imbalance of circulating redox pairs (such
as cysteine/cystine and reduced/oxidized glutathione), a
defective homeostasis of blood thiols accompanies CKD
and is further exacerbated by HD treatment [246]. Khazim
et al. conducted a cross-sectional study in 33 maintenance
HD patients and 21 healthy controls and found that com-
pared to controls, the RBC GSH/GSSG redox potential was
significantly lower and both glutathionylated and cysteiny-
lated hemoglobins were significantly higher in HD subjects.
Moreover, these thiols were strongly associated with mea-
sures of uremia [247]. In a population of 98 maintenance
HD patients, Galli et al. showed that compared to the stan-
dard 4h thrice weekly schedule, frequent, 2 h daily HD
resulted in an improved plasma thiol status [248]. NAC is a
water-soluble, thiol-containing antioxidant that directly
scavenges circulating free radicals and replenishes glutathi-
one stores [249]. NAC has been repeatedly demonstrated to
protect against contrast-induced nephropathy, through sup-
pression of the OS-derived by renal tubular injury [250]. In
vitro, NAC not only ameliorated oxidative activation of HD
subjects’ leukocytes, triggered by accumulating oxidative
products (such as AOPPs), but also reversed WBCs’ oxida-
tive activation. The authors of these studies suggested that
NAC might have a therapeutic clinical use to relief
dialysis-induced OS [251, 252]. Recent in vitro studies
showed that compared to the hydrophilic NAC, the lipo-
philic precursor form of NAC (NAC ethyl ester) is even
more effective in increasing the intracellular concentra-
tions of the antioxidant thiol, GSH. This fact might
explain the discrepancy between results of in vitro/preclinical
trials where NAC was found to be an effective GSH enhancer
and clinical studies that failed to show any beneficial effect
of NAC [253].

During PD, the accumulating AGEs generated in the
peritoneum gradually cause severe injury and damage
through glycoxidation and inflammation. Several investiga-
tors showed that NAC might ameliorate AGE-related OS
and therefore protect the peritoneum from injury [254]. In
vitro, NAC suppressed formation of N (epsilon)-(carboxy-
methyl)lysine, an antigen of AGEs involved in the pathogen-
esis of peritoneal damage found in PD patients [255] and
protected human peritoneal mesothelial cells from peritoneal
solution-derived injury by preserving the endogenous
antioxidant-reduced glutathione and therefore suppressing
OS status [256, 257]. Studies on experimental animal models
showed that NAC improved ischemia/reperfusion kidney
injury [258, 259], attenuated cisplatin nephrotoxicity [260],
and inhibited uremia-derived vascular calcification [261].
Moreover, in rat models, NAC was reported to be more ben-
eficial compared to peritoneum resting in preventing
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peritoneal sclerosis [262] and inhibited the structural and
functional ROS-induced damages [263].

The first study of NAC intake in HD patients was carried
out by Trimachi and coworkers: compared to no treatment,
oral administration of NAC (600mg twice daily) for 4 weeks
resulted in significant reduction in plasma MDA levels
[264]. A randomized, controlled, double-blind trial included
40 maintenance HD patients randomly allocated to receive
high-dose intravenous NAC (5 g) or placebo. NAC treat-
ment was accompanied by significant reduction in serum
ADMA levels, compared to the placebo group [265]. Like-
wise, Hsu et al. demonstrated that compared to placebo, oral
administration of NAC (600mg per OS daily) not only sig-
nificantly reduced serum concentrations of 8-isoprostanes
and ox-LDL but also improved renal anemia status [266].
Similar results were published by Giannikouris et al.; treat-
ment with NAC reduced circulating levels of ADMA and
MDA and improved anemia status in HD patients [267].
Moreover, 1200mg daily per OS treatment of NAC for 3
months successfully suppressed SHP, chronic inflammation,
and OS status in a cohort of maintenance HD patients [268].
A double-blind, randomized, placebo-controlled trial evalu-
ated the effect of NAC on antioxidant defense mechanisms
of chronic HD patients and demonstrated that compared
to placebo, oral NAC supplementation was accompanied
by a significant increase in serum TAC levels [269]. Another
study with a similar design randomly allocated 37 mainte-
nance HD patients undergoing kidney transplantation, to
receive NAC (per OS 600mg twice daily) or placebo for 15
days. Compared to the placebo, the NAC group presented
significant improvement in GPx activity in RBCs, immediate
graft function, and estimated glomerular filtration rate
(eGFR) in the first week [270]. The authors concluded that
NAC might exert a combination of antioxidant and reno-
protective properties in kidney transplant recipients. Several
investigators examined the possible effect of NAC on homo-
cysteine serum levels in dialysis patients. Friedman et al.
found no effect of 2400mg of daily per OS treatment with
NAC on homocysteine serum levels, compared to placebo
in a cohort of 38 HD patients [271], and Bostom et al. failed
to show any effect of oral NAC administration (1200mg)
on total plasma homocysteine levels of 11 maintenance
HD patients [272]. In disagreement with these results, a
randomized, placebo-controlled, crossover trial reported a
NAC-dependent rise of homocysteine removal during
HD session which resulted in improved endothelial dys-
function [273]. Moreover, intravenous NAC during HD
sessions was found to significantly decrease total homocys-
teine plasma levels in maintenance HD patients [274, 275].
The beneficial effect of NAC on homocysteine removal
was more pronounced in dialysis patients with residual
renal function (RRF). Furthermore, NAC supplementation
not only inhibited the accumulation of prooxidants (serum
MDA levels) induced by intravenous iron administration
during HD sessions but also fortified the antioxidant
defense mechanisms in these patients [276, 277].

Similarly, the data on NAC administration in PD
patients for antioxidant protection is promising. Nasci-
mento et al. enrolled 30 chronic, stable PD patients in a

placebo-controlled trial and divided them to two
age-matched groups: the placebo group and those treated
with oral NAC (600mg twice daily) for 2 months. At
baseline and after the study period, OS markers (AOPPs,
ADMA, GSH, and homocysteine) and proinflammatory
cytokines (hsCRP, IL-6, and TNF-a) were determined in
serum. The authors found that, although NAC treatment
led to a significant decrease in serum IL-6 levels, all other
OS and inflammatory biomarkers remained unaffected.
Purwanto and Prasetyo conducted a placebo-controlled trial
to examine the possible effect of NAC on inflammation status
of CAPD subjects. Thirty-two CAPD patients were allocated
to either daily oral supplementation with NAC (600mg twice
daily) or placebo for 2 months. Compared to placebo, NAC
administration significantly reduced the levels of several
inflammatory biomarkers such as IL-1, IL-6, hsCRP, TNF,
and procalcitonin in this group of patients [278]. In dialysis
patients, loss of RRF was strongly and independently associ-
ated with high risk for CV morbidity and all-cause mortality
[279]. Moreover, preservation of RRF was tightly linked with
reduction of OS status in these patients [280, 281]. NAC
intake might help RRF preservation in both HD and PD
patients, possibly through attenuation of OS status. Feldman
et al. treated 10 PD patients with oral NAC (1200mg twice
daily for 1 month) and found that compared to baseline, at
the end of the study, RRF was significantly improved [282].
In a following study by the same group of investigators, oral
supplementation with NAC (1200mg twice daily for 2
weeks) in a cohort of 20 chronic HD patients with residual
urine volume > 100mL/24 h improved RRF significantly
[283]. In agreement with these results, Ahmadi et al. con-
ducted a recent randomized, multicenter, open-label study
in 47 maintenance HD patients and found that compared
to no treatment, NAC intake (1200mg twice daily, per OS
for 3 months) led to significant improvement of RRF [284].

A systematic review of antioxidant treatment in HD
patients included 56 studies and showed that compared to
all other agents, NAC was the most efficacious supplement
for ameliorating OS [63].

Besides its antioxidant properties, NAC might protect
dialysis patients from CVD. In a cohort of HD patients, Sahin
et al. suggested that treatment with NAC improved endothe-
lial dysfunction, the first crucial step in the pathogenesis of
atherosclerosis [285]. Tepel et al. conducted a randomized,
placebo-controlled trial including 134 maintenance HD
patients, randomly allocated to receive 600mg daily oral
NAC or placebo for 2 years. Compared to the placebo group,
NAC treatment significantly reduced CV events and CV
mortality in this group of patients [286].

NAC is an inexpensive, well-tolerated powerful antioxi-
dant with promising results in dialysis patients.

Currently, there are 12 ongoing clinical trials examining
the effect of antioxidants on OS in CKD and HD patients: 2
studies on vitamin E (alone or combined with NAC) in
HD, 1 trial on VECM treatment of critically ill patients
requiring HD, and 1 study on vitamin C in HD subjects.
Statin used as an antioxidant in CKD is examined in 2 stud-
ies, curcumin is studied in 2 cohorts of CKD and diabetic
nephropathy patients, and coenzyme Q10 and resveratrol
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are examined in similar populations. Moreover, in patients
with diabetic kidney disease, green tea consumption and
combination of NAC and silibinin are currently tested as
potential antioxidants.

4. Conclusions

Patients on RRT exhibit excessive OS and subsequently
increased risk for CVD and mortality. Both HD and PD
trigger the oxidation process, through different pathogenetic
mechanisms. Supplementation with several exogenous anti-
oxidants to suppress OS and inflammation has been sug-
gested in these patients. The data regarding the beneficial
antioxidant effect of omega-3 fatty acids, statins, coenzyme
Q10, curcumin, trace elements, vitamins B and D, green
tea, flavonoids, and polyphenols remain controversial; NAC
and a-tocopherol seem to have the most promising results
in dialysis patients. However, currently none of these com-
pounds are recommended by PD or HD guidelines. Further
studies in large cohorts of dialysis patients are required, to
establish causality between antioxidant supplementation
and clinical hard end-points of CVD and all-cause mortality.
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The purpose of an experimental design is to improve the productivity of experimentation. It is an efficient procedure for planning
experiments, so the data obtained can be analyzed to yield a valid and objective conclusion. This approach has been used as an
important tool in the optimization of different analytical approaches. A D-optimal experimental design was used here, for the
first time, to optimize the experimental conditions for the detection of reactive oxygen species (ROS) produced by human blood
from healthy donors, a biological matrix that better resembles the physiologic environment, following stimulation by a potent
inflammatory mediator, phorbol-12-myristate-13-acetate (PMA). For that purpose, different fluorescent probes were used,
as 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA), 2-[6-(4′-amino)-phenoxy-3H-xanthen-3-on-9-yl] benzoic acid
(APF), and 10-acetyl-3,7-dihydroxyphenoxazine (amplex red). The variables tested were the human blood dilution, and the
fluorescent probe and PMA concentrations. The experiments were evaluated using the Response Surface Methodology and
the method was validated using specific compounds. This model allowed the search for optimal conditions for a set of responses
simultaneously, enabling, from a small number of experiments, the evaluation of the interaction between the variables under
study. Moreover, a cellular model was implemented and optimized to detect the production of ROS using a yet nonexplored
matrix, which is human blood.

1. Introduction

The scientific research on reactive oxygen species (ROS), for
a deeper insight into their biological functions and/or delete-
rious effects, still is a matter of intense research. Fluorescent
probes have been mainly used to detect ROS in isolated cells,
namely neutrophils [1, 2]. However, the isolation process
itself often leads to artifactual cell activation, which repre-
sents an experimental confounder, being also expensive
and time-consuming [3]. Moreover, in the detection of
ROS, it is important to account the interaction of all blood
components to resemble as closely as possible the in vivo
physiologic state. In that sense, human blood is the most
complex biological matrix that better resembles the physio-
logical environment. There are just a few reports in literature
about the detection of reactive species in human blood [3–5],

but none of them described the experimental optimization of
the method.

In this work, we use a D-optimal experimental design.
This type of design is particularly useful when full factorial
design cannot be applied due to experimental constrains,
for example, when biological samples are used, as human
blood. In a D-optimal design, the best subset of experiments
is selected in order to maximize the determinant of the
matrix X’X for a predetermined regression model. This
means that the experimental runs chosen span the largest
volume possible in the experimental region [6, 7]. Despite
the usefulness of the D-optimal experimental design, this
method is not usually applied to biologic matrices, being used
here, for the first time, to optimize the experimental condi-
tions for the in vitro detection of ROS produced by human
blood cells, from healthy donors, following stimulation by a

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2019, Article ID 7198484, 11 pages
https://doi.org/10.1155/2019/7198484

http://orcid.org/0000-0001-6424-0976
http://orcid.org/0000-0001-9114-9967
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/7198484


potent inflammatory mediator, phorbol-12-myristate-
13-acetate (PMA), using different fluorescent probes,
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA), 2-
[6-(4′ -amino)-phenoxy-3H-xanthen-3-on-9-yl] benzoic acid
(APF), and 10-acetyl-3,7-dihydroxyphenoxazine (amplex
red). The variables tested were the human blood dilution,
and the fluorescent probe and PMA concentrations. The
experiments were evaluated using the Response Surface
Methodology (RSM), and the method was validated using
specific inhibitors of ROS production, for example, amino-
benzoyl hydrazide (ABAH), diphenyleneiodonium chloride
(DPI), N,N-dimethylurea (DMTU), and also a known anti-
oxidant, the flavonoid luteolin.

2. Material and Methods

2.1. Chemicals. Dulbecco’s phosphate buffer saline, without
calcium chloride and magnesium (PBS), DCFH-DA, diphe-
nyleneiodonium chloride (DPI), horseradish peroxidase
(HRP), amplex red, catalase (from bovine liver), luteolin,
and N,N-dimethylurea (DMTU), and phorbol-12-myris-
tate-13-acetate (PMA) were obtained from Sigma-Aldrich
Co. LLC (St. Louis, USA). 4-Aminobenzoyl hydrazide
(ABAH) was obtained from Calbiochem (San Diego, CA,
USA). APF was obtained from Invitrogen, Life Technologies
Ltd. (Paisley, UK). The erythrocyte-lysing buffer (BD Pharm
Lyse) was obtained fromBDBiosciences (San Jose, CA, USA).

2.2. Blood Samples. All patient-related procedures and
protocols were performed in accordance with Helsinki
Declaration. Following informed consent, venous blood was
collected, in themorning, fromhealthy humanmale and non-
pregnant female volunteers aged 18–65 years. Experiments
were performed within 30min following blood collection.

2.3. Experimental Design. The optimization of the experi-
mental conditions for the in vitro detection of ROS by
DCFH-DA, amplex red, and APF was undertaken by using
the RSM and an interaction D-optimal experimental design
with 3 levels, two quantitative factors: probe and PMA con-
centrations, and a qualitative factor: blood dilution. The
RSM methodology allows a deeper understanding of a prod-
uct or process by optimizing and stablishing a robust exper-
imental process.

All analyses were carried out at least six times, and the
mean data obtained in the experiments was analyzed using
the RSM so as to fit the model equation that related the
response to the factors varied by the Modde software ver-
sion 10.1.1 (Umetrics AB, Umeå, Sweden). In order to cor-
relate the response variable to the independent variables,
multiple linear regression was used to fit the coefficient of
the model. The model goodness-of-fit was evaluated using
analysis of variance (ANOVA) at the level of 95% of signif-
icance. For all models, the R2 and the Q2 values were calcu-
lated. R2 is an indication of the model fit, and Q2 shows an
estimate of the future prediction precision. Q2 should be
greater than 0.1 for a significant model and greater than
0.5 for a good model.

To validate the optimization, at least six experiments
were conducted under the chosen optimal conditions to
compare to the results obtained by the experimental design
and, in this way, allowing to verify the predictability ability
of the model.

2.4. Detection of ROS. Experimental optimization was con-
ducted for each of the three probes under study. After this
optimization, the method effectiveness was attested by using
the following compounds: specific inhibitors of the enzymes
responsible for the generation of reactive species as DPI
(NADPHoxidase inhibitor) [8] andABAH [myeloperoxidase
(MPO) inhibitor] [9], the scavenger of hydrogen peroxide
(H2O2), DMTU [10], and catalase, that catalyzes H2O2
decomposition into H2O [11].

The known antioxidant flavonoid luteolin [12] was
also tested to validate the method. The antioxidant activity
of luteolin has been associated with their ability to scav-
enge ROS, as anion radical superoxide (O2

⋅-) and hypochlor-
ous acid (HOCl) [13], to inhibit the prooxidant enzymes
NADPH oxidase [14–16] and myeloperoxidase (MPO)
[17], and to chelate transition metals involved in Fenton
reaction [18]. All the concentrations cited in the following
sections are final concentrations.

2.4.1. DCFH-DA Assay

(1) Experimental Optimization. DCFH-DA is a nonpolar
and nonfluorescent molecule that has the ability to diffuse
through cell membranes into the cytoplasm where it is
enzymatically cleaved by intracellular esterases to the polar
nonfluorescent 2′,7′-dichlorodihydrofluorescein (DCFH).
This molecule then becomes trapped inside the cell and is
oxidized by ROS, producing the highly fluorescent 2′,7′
dichlorofluorescein (DCF) [19].

Whole blood (630μL), diluted in PBS (ratio of 1 : 5,
1 : 10, and 1 : 20), was placed in 24-well plates and incu-
bated in a humidified atmosphere with 5% CO2 at 37°C,
with 100μL of DCFH-DA (50, 100, and 200μM) during
30 minutes. Then, 20μL of PBS (same volume used for
inhibitors) was added and incubated with the mixture
for 15 minutes. In sequence, 50μL of PMA (100, 200,
and 400nM) was added. The fluorescence was measured
at λexcitation = 485± 20nm and λemission = 528± 20 nm in a
microplate reader (Cytation 3, Biotek, Vermont, USA).
The D-optimal design consisted on a total of 16 experi-
ments with 2 central points. Effects are expressed as the
percentage of DCFH-DA oxidation, comparing with the
blank (without PMA).

(2) Effect of ROS Production Inhibitors. Whole blood
(diluted 1 : 20 in PBS) was placed in 24-well plates and
incubated in a humidified atmosphere with 5% CO2 at
37°C, with DCFH-DA (120μM) during 30 minutes. Then,
DPI (0-5μM), ABAH (0-2.5mM), DMTU (0-60mM), cata-
lase (0-1300U/mL), or luteolin (0-100μM) were added and
incubated with the reaction mixture for 15 minutes. In
sequence, PMA (120nM) was added. The fluorescence
was measured as previously described in the Experimental
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Optimization section (2.4.1. Effects are expressed as the
percentage of inhibition of DCFH-DA oxidation, compar-
ing with the control (with PMA).

2.4.2. Amplex Red Assay

(1) Experimental Optimization. Amplex red is a highly spe-
cific and sensitive fluorogenic probe for the detection of
extracellular H2O2. Amplex red is a colourless and nonfluo-
rescent compound that, when oxidized by H2O2, in the pres-
ence of HRP, originates resofurin, which is a highly
fluorescent product [20].

Whole blood (630μL), diluted in PBS (ratio of 1 : 5,
1 : 10, and 1 : 20), was placed in 24-well plates and incu-
bated in a humidified atmosphere with 5% CO2 at 37°C,
with 25μL of HRP (1U/mL) and 25μL of amplex red
(6.3, 12.5, and 25μM) during 10 minutes. Then, 20μL of
PBS (same volume used for inhibitors) was added and
incubated with the mixture for 15 minutes. In sequence,
50μL of PMA (25, 100, and 200 nM) was added. The fluo-
rescence was measured at λexcitation = 560± 20nm and
λemission = 585± 20 nm in a microplate reader (Cytation 3,
Biotek, Vermont, USA). The D-optimal design consisted
on a total of 17 experiments with 3 central points. Effects
are expressed as the percentage of amplex red oxidation,
comparing with the blank (without PMA).

(2) Effect of ROS Production Inhibitors. Whole blood (diluted
1 : 20 in PBS) was placed in 24-well plates and incubated in a
humidified atmosphere with 5% CO2 at 37°C, with HRP
(1U/mL) and amplex red (10μM) during 10 minutes. Then,
DPI (0-2.5μM), ABAH (0-500μM), catalase (0-1000U/mL),
DMTU (0-60mM), or luteolin (0-100μM) were added and
incubated with the reaction mixture for 15 minutes. In
sequence, 150 nM of PMA was added. The fluorescence
was measured as previously described in the Experimental
Optimization section (2.4.2). Effects are expressed as the
percentage of inhibition of amplex red oxidation, compar-
ing with the control (with PMA).

2.4.3. APF Assay

(1) Experimental Optimization. APF is a nonfluorescent
derivative of fluorescein that originates fluorescein intracel-
lularly, byO-dearylation, upon reaction with HOCl, hydroxyl
radical (HO⋅) and peroxynitrite anion (ONOO−) leading to
its characteristic fluorescence [21].

Whole blood (630μL), diluted in PBS (ratio of 1 : 5, 1 : 10,
and 1 : 20), was placed in 24-well plates and incubated in a
humidified atmosphere with 5% CO2 at 37°C, with 100μL
of APF (1, 5, and 10μM) during 10 minutes. Then, 20μL of
PBS was added and incubated with the mixture for 15
minutes. In sequence, 50μL of PMA (50, 200, and 400nM)
was added and incubated for 30 minutes.

The samples were subsequently transferred to conic
tubes with 8mL of an erythrocyte lysing solution (BD
Pharm Lyse), according to the manufacturer specifications
and incubated at room temperature, protected from light,
for 15 minutes. Then, samples were centrifuged at 200 g
for 5 minutes, followed by the removal of the

supernatant. The pellet was resuspended in 300μL of
PBS. The fluorescence was measured at λexcitation = 485
± 20 nm and λemission = 528± 20nm in a microplate reader
(Cytation 3, Biotek, Vermont, USA). The D-optimal
design consisted on a total of 16 experiments with 2 cen-
tral points. Effects are expressed as the percentage of APF
oxidation, comparing with the blank (without PMA).

(2) Effect of ROS Production Inhibitors. Whole blood (diluted
1 : 20 in PBS) was placed in 24-well plates and incubated in a
humidified atmosphere with 5% CO2 at 37°C, with APF
(5.5μM) during 10 minutes. Then, DPI (0-5μM), ABAH
(0-2.5mM), DMTU (0-60mM), or luteolin (0-100μM)
were added and incubated with the reaction mixture for
15 minutes. In sequence, PMA (150nM) was added and
incubated for 30 minutes.

Then the samples were treated as mentioned in the
Experimental Optimization section (2.4.3). Effects are
expressed as the percentage of inhibition APF oxidation,
comparing with the control (with PMA).

2.5. Statistical Analysis. The IC50 value (concentration that
reduces the studied effect by 50%) was calculated using
GraphPad Prism™ (version 7.0; GraphPad Software). Results
are expressed as mean± standard error of the mean (SEM)
(from at least three individual experiments, performed in
triplicate in each experiment).

3. Results

3.1. Optimization of Experimental Settings in the DCFH-DA
Assay. The examination of the model regression coefficients
(p < 0 05) showed that the qualitative factor (blood dilution)
was not significant for the model and that the oxidation
increases with the increase of DCFH-DA and PMA concen-
trations. The model for the percentage of DCFH-DA oxida-
tion [equation (1)] fitted the experimental data with a R2 of
0.95 and a Q2 value of 0.88, demonstrating that a model with
a good fit and good predictability ability was obtained.

Oxidation of DCFH −DA % = 0 080 + 3 060X1
+ 0 150X2 – 0 009X1

2

1

In equation (1), X1 is the DCFH-DA concentration (μM)
and X2 is the PMA concentration (nM). Taking into account
that all tested dilutions of human blood originated a good
range of oxidation percentage of the probe, we choose the
1 : 20 dilution in order to use less quantity of human blood
in each assay, making the biologic sample more profitable.
Equation (1) and the response surface plot (Figure 1) allow
us to choose the percentage of oxidation of the probe that
better fits our aims. In this case, to obtain a probe oxidation
around 250% (indicative value to validate the Equation),
the concentrations of DCFH-DA and PMA should be
120μM and 120nM, respectively. The validation of the
model was executed (n = 6), and the results showed that the
percentage of oxidation of the probe was around the expected
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value (232± 45%). No significant difference (p < 0 05) was
found between the validation experiments and those pre-
dicted by the model, confirming the good model prediction
ability.

To better understand which reactive species are involved
in the oxidation of DCFH-DA in this model, we used DPI
(inhibit NADPH oxidase), catalase (catalyzes H2O2 decom-
position into H2O), DMTU (scavenges H2O2), ABAH (inhib-
itor of MPO), and luteolin (a known antioxidant). As it can
be seen in Figure 2, among the inhibitors used, only DPI,
ABAH, and DMTU avoided the oxidation of DFCH-DA in
a concentration-dependent manner. The IC50 values
obtained for DPI was IC50 = 0.22± 0.05μM, for ABAH was
0.65± 0.05mM, and for DMTU was IC50 = 18.9± 2.1mM.
Catalase increased the fluorescence value per se, suggesting
a possible interference with the methodology. These results
indicate that, using human blood as cellular model, DCFH-
DA preferentially detects NADPH oxidase-derived ROS as
H2O2 and HOCl. Luteolin originated an IC50 = 30.2± 0.5μM.

3.2. Optimization of Experimental Setting in the Amplex Red
Assay. The examination of the model regression coefficients
(p < 0 05) showed that the qualitative factor (blood dilution)
was not significant for the model and that the oxidation
increases with the increase of amplex red and PMA concen-
tration. The model for the percentage of amplex red oxi-
dation [equation (2)] fitted the experimental data with a
R2 of 0.85 and a Q2 value of 0.67 demonstrating that a model
with a good fit and good predictability ability was obtained.

Oxidation of amplex red % = 1174 07 – 3 184X1 + 1 093X2

2

In equation (2), X1 is the amplex red concentration (μM)
and X2 is the PMA concentration (nM). Taking into account
that all tested dilutions of human blood originated a good
range of oxidation percentage of the probe, we choose the
1 : 20 dilution in order to use less quantity of human blood in
each assay, making the biologic sample more profitable.

In this case, we also choose a probe oxidation around
250% as an indicative value to validate the Equation. Accord-
ing to equation (2) and as it can be seen in the response sur-
face plot (Figure 3), to obtain a percentage of probe oxidation
around 250%, a concentration of amplex red and PMA of
10μM and 150nM, respectively, was chosen. The validation
of the model was executed (n = 6), and the results showed
that the percentage of oxidation of the probe was around
the expected value (268± 18%).

No significant difference (P < 0 05) was found between
the validation experiments and those predicted by the model,
confirming the good model prediction ability.

To guarantee that, in this model, amplex red continues to
be a specific probe to detect H2O2, we tested the enzymatic
inhibitors DPI (inhibitor of NADPH oxidase) and ABAH
(inhibitor of MPO). Figure 4 shows that 2.5μMof DPI totally
hindered the oxidation of amplex red, demonstrating that the
detection of H2O2 by amplex red is dependent on the
NADPH oxidase activation. The lack of inhibition of amplex
red oxidation by ABAH (data not shown) corroborates that
HOCl production was not detected by this probe, in this cel-
lular model. Catalase interferes with this method by inducing
an HRP-independent oxidation of amplex red in the pres-
ence or absence of blood. This interference with the probe
led us to use a scavenger of H2O2, DMTU, which inhibited
the oxidation of amplex red in a concentration-dependent
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Figure 1: Response surface plot obtained for the percentage of oxidation of the DCFH-DA by the predictive model of the D-optimal design
for the 1 : 20 blood dilution.
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manner, proving that amplex red mainly detects H2O2. In
addition, we also studied the flavonoid luteolin that was
very effective in inhibiting the H2O2 production, present-
ing an IC50 of 25.6± 4.4μM.

3.3. Optimization of Experimental Settings in the APF
Assay. The examination of the model regression coeffi-
cients (P < 0 05) showed that the qualitative factor (blood
dilution) was not significant for the model and that the
oxidation increases with the increase of APF and PMA
concentration. The model for the percentage of APF oxida-
tion [equation (3)] fitted the experimental data with a R2 of
0.98 and a Q2 value of 0.95, demonstrating that a model with
a good fit and good predictability ability was obtained. In this
case, a logarithmic transformation was made to the data to
improve the model robustness.

log10 Oxidation of APF % = 1 26 + 0 289X1
+ 0 001X2 – 0 018X1

2 3

In equation (3), X1 is the APF concentration (μM) and X2
is the PMA concentration (nM). Taking into account that all

the tested dilutions of human blood originated a good range
of oxidation percentage of the probe, we choose the 1 : 20
dilution in order to use less quantity of human blood in each
assay, making the biologic sample more profitable. Once
again, we choose 250% of the probe oxidation as an indicative
value to validate the Equation. According to equation (3) and
as it can be seen in the response surface plot (Figure 5), to
obtain a percentage of oxidation of the probe around 250%,
a concentration of APF and PMA of 5.5μM and 150 nM,
respectively, was chosen. There were no significant differ-
ences (P < 0 05) between the validation experiments and
those predicted by the model, confirming its good prediction
ability. The validation of the model was executed (n = 6), and
the results showed that the percentage of oxidation of the
probe was around the expected value (257± 45%).

As it can be seen in Figure 6, DPI, ABAH and DMTU
almost avoided the oxidation of APF at the concentrations of
5.0μM, 2.5mM, and 60mM, respectively. Since DMTU scav-
enges H2O2, this could indicate that APF can detect H2O2 or
other ROS that derived fromH2O2, asHOCl. To test this cellu-
lar model, we also studied the flavonoid luteolin that was very
effective in inhibiting the ROS production, presenting an
IC50 = 22.2± 2.8μM.
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Figure 2: Inhibitory effects of DPI (0.08-1.25μM) (a), ABAH (0.16-2.50mM) (b), DMTU (3.8-60mM) (c), and luteolin (12.5-100μM) (d) on
the oxidation of DCFH-DA, by whole blood-generated ROS, when stimulated by PMA. Values are given as mean± SEM (n ≥ 3).
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4. Discussion

The detection of reactive species has been a matter of intense
debate. Most of the studies described the detection of
ROS in different cells types, primary or cell line, as neu-
trophils [14, 22], monocytes [23, 24], and macrophages
[25]. However, in these studies lack the interaction among
all the cells present in the blood, which could interfere and
dictate a different behavior than that obtained using a single
cell type. Therefore, here, we used human blood, from
healthy donors, as cellular model, since it is a more complex
and physiologic in vitro system, preserving all cell-cell and
cell-matrix interactions. Besides that, the manipulation of
this cellular model is easier, faster, and cheaper than the iso-
lation process and the maintenance of a cell culture of a sin-
gle cell type.

A D-optimal experimental design was used, for the first
time, to optimize the experimental conditions for the
in vitro detection of ROS produced by PMA-stimulated
human blood cells, using fluorescent probes. The use of the
D-optimal experimental design allows the optimization of
the experimental conditions in a single step using few exper-
iments. In this way, the region of interest is covered optimally
by the chosen experimental settings. Moreover, this optimi-
zation and the provided equations increase the time and cost
effectiveness of the experiments. For that purpose, three dif-
ferent but complementary fluorescent probes were used for
ROS detection, namely, DCFH-DA, amplex red, and APF.
The detection of reactive species was done using a common
equipment of microanalysis, a microplate reader, which is
cheaper and easy to use than other equipments used in this
type of assays, as flow cytometer [26, 27] or HPLC [28]. In

the DCFH-DA system, a quadratic equation was obtained
with PMA concentration interacting with itself. This means
that there is a quadratic relationship between the percentage
of oxidation and the PMA concentration. The APF system
also has a quadratic relationship between the response and
the concentration of PMA. Moreover, in this system, the
response was logarithmized to normalize the distribution of
the response in order to improve estimates and statistics.

DCFH-DA has been used formany years for the detection
ofROS in isolated cells such as leukocytes [3, 29, 30].However,
to the best of our knowledge, there are only two reports using
DCFH-DA to detect ROS in human blood [3, 31]. Here,
we innovate and optimized the experimental conditions
using a D-optimal experimental design in order to achieve
the conditions that best fit the objectives. Analyzing the
response surface plot, and to obtain a percentage of oxidation
of the probe of approximately 250%, it was possible to fix the
concentrations of DCFH-DA and PMA into 120μM and
120 nM, respectively, and the blood dilution in 1 : 20.

DCFH-DA is a small, nonpolar, and nonfluorescent
molecule that can diffuse into the cell, where intracellular
esterases hydrolyze the acetate groups resulting in dichlor-
ofluorescin that then reacts with a variety of ROS such as
H2O2, HO⋅, and ROO⋅ and also with reactive nitrogen spe-
cies such as ⋅NO, ⋅NO2, and ONOO− [20], resulting in an
increase in the fluorescent signal. Nevertheless, there is no
information about which ROS are detected by this probe
using a complex matrix as human blood. To clarify this
point, we used the inhibitors of the most important
enzymes responsible for the ROS production, such as
DPI (inhibitor of several flavoenzymes, including NADPH
oxidase [32]) and ABAH (inhibitor of MPO [33]). DPI
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and ABAH avoided the oxidation of DFCH-DA in a
concentration-dependent manner. These results indicate
that DCFH-DA can detect several ROS as O2

⋅- or H2O2 and
also ROS derived fromMPO, as HOCl. To understand which
ROS, O2

⋅- or H2O2, were detected by DCFH-DA, we also
tested catalase (catalyzes H2O2 decomposition into H2O)
and DMTU (a cell-permeable scavenger of H2O2 [34]).
Surprisingly, catalase increased the fluorescence of the
probe by itself. As reported before, catalase may act as
an intracellular factor able to oxidize fluorescent probes and
also act as a cofactor for the reaction with H2O2, due to per-
oxidase activity [35]. Therefore, we used DMTU, which
decreased the fluorescent signal, indicating that DCFH-DA
essentially detects H2O2.

One of the main advantages of DCFH-DA assay is its
simplicity of use, as it can be seen in the materials and
methods section, but it also has other advantages as high sen-
sitivity, an affordable price, and a nonselective detection of
intracellular ROS, providing an overview of the overall pro-
oxidant status. Nevertheless, the use of this probe has also

some limitations that should be taken into account. One of
them is the autooxidation and photoreduction, whether in
the presence of visible light or by action of UVA radiation,
that can be easily overcome by properly protecting the probe
[20, 36]. The presence of antioxidants, naturally present in
the cells or in the culture media, could compete with the
probe for reaction with ROS resulting in the underestimation
of ROS production. As such, it is important to use a high
probe concentration to establish appropriate intracellular
concentration or stimulate the cells properly to overcome
this interference [36].

We also tested amplex red, which selectively reacts with
H2O2 at the stoichiometry of 1 : 1 in a reaction catalyzed by
HRP to generate the highly fluorescent product resorufin
[37]. H2O2 is one of the most stable forms of ROS; thus, its
detection allows the observation of oxidation processes in
real time. Similar to DCFH-DA, amplex red has been used
in isolated leukocytes [29, 38]. There is only one paper
describing the use of amplex red in rat blood applied for
the measurement of acetylcholinesterase activity [39]. The
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use of amplex red as probe for the detection of H2O2 in
human blood is described here for the first time.

Interestingly, our results show that the percentage of
amplex red oxidation increases with the decrease of amplex
red concentration, indicating a higher sensitivity for lower
concentrations of amplex red. This could be related with
the higher baseline background fluorescence caused by
higher concentrations of amplex red. This effect was already
reported by Mohanty et al. [40], which stated that reducing
the concentration of amplex red from 50μM to 10μM,
increased the detection limiting, enabling the detection of
2 pmol instead of 0.1 to 2 nmol of H2O2. Accordingly, by ana-
lyzing the response surface plot derived from a D-optimal
experimental design, the concentration of amplex red was
fixed at 10μM together with 150nM of PMA and the blood
dilution 1 : 20 to obtain a percentage of oxidation of the probe
around 250%. DPI totally inhibited the oxidation of amplex
red, showing that it detects H2O2 that can derive from
NADPH oxidase and/or mitochondria activities. Catalase
and DMTU were also tested. Once again, catalase interfered
with the assay, increasing by itself, the fluorescent signal,
independently of the presence of blood and PMA in the reac-
tion mixture. The depletion of fluorescent signal induced by
DMTU, together with the absence of an effect of ABAH, rein-
forces the idea that amplex red selectively detects H2O2. As
such, using blood as cellular model, amplex red continues
to be highly sensitive and selective for H2O2 detection. In
addition, resofurin, the highly fluorescent product of amplex
red oxidation, is stable, and its longwave spectrum avoids
inference from autofluorescence originated in biological
samples [37]. It is important to note that this methodology,
as other HRP-dependent methodologies, is susceptible to

the interference from substances that oxidize this enzyme
[1]. Nevertheless, given its high sensitivity, specificity, and
chemical stability, amplex red is suitable for the detection
of H2O2 in human blood.

APF was successfully used to quantify MPO activity in
isolated cells by few researchers [14, 15]. To the best of our
knowledge, there is only one report from our group, using
APF in human blood [31]. Once again, we felt that the liter-
ature lacks information about this issue, and most impor-
tantly, the optimization process should be clarified. As it
was mentioned above, there is a current need to use human
blood as a cellular model to truthfully understand the influ-
ence of all blood components in the activity of anti- or proox-
idant compounds. In the case of APF, we have to perform a
hypotonic lysis of erythrocytes before the reading of the fluo-
rescent signal in the microplate reader. This step was essen-
tial to obtain a difference of values between the blank
(without PMA) and the control (with PMA) assays. Our pro-
cedure is in agreement with Flemmig et al. [41], who used a
flow cytometer to detect the APF fluorescence in human
blood and also reported the elimination of erythrocytes.
However, in contrast with what was reported in the work of
Flemmig et al. [41], in the present study, the blood was
incubated with PMA and/or the compounds under study,
before the erythrocytes lysis, precisely to guarantee their
interaction with the different type of the cells, including
erythrocytes. In addition, here, we proposed an analysis in a
microplate reader that is of easy use and cheaper than a
flow cytometer.

APF is a nonfluorescent derivative of fluorescein that
detects HOCl, HO⋅, and ONOO− intracellularly [42].
Our previous reports have shown that APF is more
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sensitive to HOCl than to the other ROS [14, 15, 43]. As
it was done with the other probes, we also tested several
inhibitors of the ROS production. ABAH also avoided the
production of reactive species, suggesting that HOCl
strongly contributes to APF oxidation. Interestingly,
DMTU also inhibited the APF fluorescent signal. This
indicates that H2O2 influences, directly or indirectly, the
oxidation of APF. As the majority of the produced
H2O2 is used by MPO to originate HOCl, it seems that
DMTU removes the produced H2O2 that will not be con-
sumed by MPO and consequently originates a decrease in
the fluorescent signal.

Compared to the other probes, APF is not light sensitive;
however, it is the more expensive and time-consuming probe
[42]. Nevertheless, APF allowed the selective detection of one
of the main ROS produced during the inflammatory process.
The overproduction of HOCl is related to the development of
several human diseases such as arthritis, cancer, and neuro-
degeneration [44]. As such, due to its biological importance,
the use of sensitive and selective probes for its detection is of
utmost importance.

To validate the methods discussed here, luteolin, a
known antioxidant, was used as a positive control. Luteolin

decreased the production of ROS, using all of the three
probes, proving its ability to modulate the production of
reactive species, also in a complex cellular model, as human
blood, as it was already described in other type of in vitro
assays, using isolated human neutrophils [14–16].

5. Conclusions

In this work, a D-optimal experimental design was used for
the first time to optimize the experimental conditions for
the in vitro detection of ROS produced by human blood,
from healthy donors, using three different and comple-
mentary fluorescent probes, DCFH-DA, amplex red, and
APF. Our results will help researchers to accurately choose
the conditions that better fit their scientific objectives,
saving time and money, and most importantly, using a
physiological in vitro system that mimics the in vivo set-
tings and which is yet unexplored.

Data Availability

The data used to support the findings of this study are
included within the article.
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Figure 6: Inhibitory effects of DPI (0.31-5.00 μM) (a), ABAH (0.08-2.50mM) (b), DMTU (3.75-60.0mM) (c), and luteolin (6.25-100μM) (d)
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Diabetes-related cardiovascular diseases are leading causes of the mortality worldwide. Our previous study has explored the
protective effect of curcumin analogue C66 on diabetes-induced pathogenic changes of the aorta. In the present study, we
sought to reveal the underlying protective mechanisms of C66. Diabetes was induced in male WT and JNK2−/− mice with a
single intraperitoneal injection of streptozotocin. Diabetic mice and age-matched nondiabetic mice were randomly treated with
either vehicle (WT, WT DM, JNK2−/−, and JNK2−/−DM) or C66 (WT+C66, WT DM+C66, JNK2−/−+C66, and JNK2−/−DM
+C66) for three months. Aortic oxidative stress, cell apoptosis, inflammatory changes, fibrosis, and Nrf2 expression and
function were assessed by immunohistochemical staining for the protein level and real-time PCR method for mRNA level. The
results suggested that either C66 treatment or JNK2 deletion can reverse diabetes-induced aortic oxidative stress, cell apoptosis,
inflammation, and fibrosis. Nrf2 was also found to be activated either by C66 or JNK2 deletion. However, C66 had no extra
effect on diabetic aortic damage or Nrf2 activation without JNK2. These results suggest that diabetes-induced pathological
changes in the aorta can be protected by C66 mainly via inhibition of JNK2 and accompanied by the upregulation of Nrf2
expression and function.

1. Introduction

Cardiovascular diseases are associated with a substantial
morbidity and mortality worldwide. People with diabetes
mellitus exhibit a higher risk of cardiovascular diseases com-
pared with that of the general population. Cardiovascular
complications caused more than a half of death in diabetic
patients [1, 2]. There is a prediction that the number of
diabetic patients reaches almost 600 million by 2035 [3].
Hyperglycemia causes irreversible damage to blood vessels
by inducing both micro- and macrovascular complications
in various organs like the skin, muscles, heart, brain, eyes,
and kidneys [4, 5]. Poor control of blood glucose at the early
stage of diabetes has been demonstrated to accelerate the
incidence and progression of vascular damage. Therefore,

new therapies to prevent diabetic complications should be
paid more attention.

There is considerable evidence that hyperglycemia-
induced vascular damage is associated with the generation
and accumulation of reactive oxygen species, ultimately lead-
ing to increased oxidative stress [6, 7]. Oxidative stress
exhibits an imbalance between the free radical production
and the endogenous physiological antioxidant mechanisms
that lead to the activation of stress-sensitive intracellular sig-
naling pathways and increased cellular damage. The damage
of endothelial cells contributes to vasoconstriction, cellular
proliferation, leukocyte aggregation, thrombosis, and inflam-
mation predisposing to atherosclerosis [8]. It has been
reported that the lipid bilayer of endothelia cells can be
destroyed by reactive oxygen species, releasing inflammatory
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and apoptotic cytokines [9]. Moreover, injury to endothelial
cells causes collagen exposure, platelet activation, and aggre-
gation at the injury site, thus contributes to a cascade of
thrombosis and inflammation [10]. It is believed that oxida-
tive stress and inflammation are reciprocal causes and out-
comes. Nuclear factor (erythroid-derived 2)-like 2 (Nrf2)
plays a crucial role in the regulation of the environmental
stress by inducing the expression of detoxification and anti-
oxidant enzymes. Under unstressed condition, Nrf2 can be
ubiquitinated and degraded by its inhibitor Kelch-like
ECH-associated protein 1 (Keap1). When cells are exposed
to oxidative stress, Nrf2 can dissociate from Keap1 and trans-
locate to the nucleus, leading to its activation [7]. Once Nrf2
is activated, it regulates the expression of a vast number of
genes, including those genes that regulate antioxidants and
detoxification enzymes as well as inflammatory responses
[11]. It has been shown that the activation of Nrf2 can reduce
oxidative stress and inflammation in diabetes, while its
absence can aggravate the diabetic complications [12, 13].
Therefore, the activation of Nrf2 may be particularly helpful
in combating the deleterious effects of hyperglycemic stress.

The c-Jun N-terminal kinases (JNKs) can be activated by
a range of stimuli and were known as “stress-activated pro-
tein kinases”. JNKs, belonging to the mitogen-activated pro-
tein kinase superfamily, play a crucial role in stress responses,
cell survival, and apoptosis [14]. There are three isoforms:
JNK1, JNK2, and JNK3; JNK1 and JNK2 are ubiquitously
expressed, and JNK3 expresses strictly in the brain, heart,
and testis [15].

It has been reported that JNK2 is associated with
hypercholesterolemia-induced endothelial dysfunction and
oxidative stress and is required for foam cell formation
within the atherosclerotic plaque [16, 17]. And JNK2 iso-
form has shown a more prominent role in the development
of obesity-associated insulin resistance [18]. Moreover,
deletion of JNK2 has been demonstrated to block
diabetic-induced protein nitroxylation [19]. Thus, we spec-
ulate that JNK2 plays an important role in diabetes-induced
aortic damage.

Curcumin, a natural compound, is the most active agent
of the polyphenolic curcuminoids derived from the root of
turmeric (Curcuma longa). Traditionally, it has been widely
used as an herbal medicine and/or food flavoring. Recently,
compelling studies show the protective effect of curcumin
on human health through its anti-inflammatory, antioxi-
dant, and antimicrobial properties [20–22]. Therefore, cur-
cumin and its analogues have attracted extensive
attention. Several studies have reported that (2E,6E)-2,6-
bis[2-(trifluoromethyl)benzylidene]cyclohexanone (so-called
compound C66), a novel curcumin, has memorable effects
in diabetes-related complications based on its anti-inflam-
matory, antifibrotic, antioxidative, and antiapoptotic prop-
erties [23–25]. These studies have also demonstrated that
the C66 protection in diabetes is accompanied by inhibi-
tion of JNK function. A molecular docking predicted that
C66 may target JNK2, which leads to its protective proper-
ties [26]. Therefore, we use JNK2 gene knockout mice to
verify that the protection of C66 on diabetes-induced
aortic damage is associated with inhibition of JNK2.

2. Material and Methods

2.1. Animals. JNK2−/− and wild-type (WT) male mice on
B6.129S2-Mapk9tm1Flv/J genetic background, 6-8 weeks of
age, were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA). Animals were housed in the Animal
Center of Jilin University at a constant room temperature
with a 12 : 12 light-dark cycle. A standard rodent diet and
water were provided. All animals were acclimatized to the
environment for 1 week before being used. Type 1 diabetic
mouse model was established by intraperitoneal injection of
STZ ((Sigma-Aldrich, St. Louis, MO, USA), dissolved in
0.1M sodium citrate buffer (pH4.5)) at 150mg/kg, while
the control animals received the same volume of sodium cit-
rate buffer. Three days after STZ injection, the blood glucose
was tested by a glucometer, and the blood glucose
levels≥ 250mg/dl were considered as diabetic (DM). Then,
both diabetic WT mice and JNK2−/−mice were randomly
divided into two groups: WT DM (n = 8) and C66-treated
WT DM (WT DM+C66, n = 8) and JNK2−/− DM (n = 8)
and C66-treated JNK2−/− DM (JNK2−/−DM+C66, n = 8).
The age-matched control WT and JNK2−/− mice were also
randomly divided into two groups, respectively: WT (n = 8)
and C66-treated WT (WT+C66, n = 8) and JNK2−/− (n = 8)
and C66-treated JNK2−/− (JNK2−/−+C66, n = 8). In the four
C66-treated groups, mice were orally administered C66 at
5mg/kg once a day in alternating days for 3 months, while
the four matched groups were given 1% CMC-Na solution
alone according to the same schedule.

2.2. Aorta Preparation and Histology Staining. Animals
were executed after anesthesia, and the thoracic aortas
were isolated. Aortic tissues were fixed in 4% paraformal-
dehyde for more than 24h, and then they were dehydrated
and paraffin-embedded. The fixed tissues were cut into
4μm thick sections for Masson’s trichrome staining and
immunohistochemical staining.

For immunohistochemical staining, the tissue slices were
deparaffinized by dimethylbenzene, dehydrated by graded
ethanol, and then microwaved for 10min in 1% PBS buffer
(pH 7.4, Sangon Biotech Inc., Shanghai, China) for antigen
retrieval. When the tissue slices were cooled at room temper-
ature, they were washed with 1% PBS three times and infil-
trated with 0.1% Triton X-100 for 15min. In order to block
endogenous peroxidase, all tissue slices were incubated with
3% hydrogen peroxide for 10min in the dark. The tissue
slices were incubated with 10% goat serum for 60min at
37°C and then with primary antibodies (anti-MCP-1 1 : 250,
anti-TNF-α 1 : 300, anti-CTGF 1 : 150, anti-TGF-β1 1 : 200,
anti-HO-1 1 : 150, and anti-SOD-1 1 : 50 (Abcam Inc.,
America)) at 4°C overnight. Thereafter, all sections were
incubated with secondary antibodies (HRP-labeled goat
anti-rabbit IgG (H+L) 1 : 400 or HRP-labeled goat anti-
mouse IgG (H+L) 1 : 400 (Beyotime Inc., Shanghai, China))
for 40min at 37°C and then stained with DAB.

For immunofluorescent staining, after antigen retrieval
and 0.1% Triton X-100 infiltration, primary antibody
anti-Nrf2 was used at 4°C overnight. Thereafter, all sec-
tions were incubated with secondary antibody (Cy3-labeled
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goat anti-rabbit IgG (H+L) (Beyotime Inc., Shanghai,
China)) for 40min at 37°C and then stained with DAPI.
A negative control was performed just by incubating with
secondary antibody.

2.3. Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick End Labelling (TUNEL) Staining. TUNEL staining was
performed with formalin-fixed and paraffin-embedded sec-
tions using TUNEL staining kit (DeadEnd™ Colorimetric
TUNEL System, Promega Inc., USA) according to the manu-
facturer’s instructions. Positively stained apoptosis cells were
counted in at least five random microscopic fields for each
slice. Each group had five slices. Cells with TUNEL-positive
nuclei were counted under high magnification 400x. The
results were presented as TUNEL-positive nuclei per 100
vascular cell nuclei.

2.4. Quantitative Real-Time PCR (qRT-PCR). Total RNA was
extracted from aortic tissues using the AxyPrep™ multi-
source total RNA kit (Axygen Scientific Inc.). RNA was
reverse transcribed to cDNA using the TransScript All-in-
One First-Strand cDNA Synthesis SuperMix (Transgen
Biotech Inc., Beijing, China). Real-time quantitative RT-
PCR analysis was carried out using the TransStart Top Green
qPCR SuperMix (Transgen Biotech Inc., Beijing, China) and
the ABI 7300 Real-Time qPCR System. The primers of CTGF,
TGF-β1, MCP-1, TNF-α, HO-1, SOD-1, and Nrf2 were syn-
thesized by Sangon Biotech (Shanghai, China), and the
sequences are listed in Table 1. Data were expressed as num-
ber of fold increase comparedwith levelsmeasured in controls
by using the ΔΔCt method and β-actin as a reference gene.

2.5. Statistical Analysis. Variation between different groups
was analyzed by one-way analysis of variance (ANOVA) test
using Tukey test with Origin 8.0 Lab data analysis. Statistical
significance was considered if P < 0 05.

3. Results

3.1. Either JNK2 Deletion or C66 Treatment Can Attenuate
Diabetes-Induced Aortic Fibrosis. At the end of the experi-
ment, the collagen accumulation in tunica media of the aor-
tas was examined by Masson staining (Figure 1). The results
showed that C66 treatment or JNK2 deletion can signifi-
cantly reverse collagen accumulation in the aortas in diabetic

mice. However, there was no significant difference between
the DM group and DM+C66 group in JNK2−/− mice.

Immunohistochemical stain was used to evaluate the
expression of profibrotic mediators, CTGF (Figure 2(a))
and TGF-β1 (Figure 2(d)) in aortic tunica media. Supple-
mentation with C66 or deletion of JNK2 obviously pre-
vented these fibrotic responses in the aortas of diabetic
mice (the WT DM+C66 group and JNK2−/− DM group)
(Figures 2(b) and 2(e)). Similarly, C66 has not shown its
further effect in JNK2−/− DM mice. We also used qPCR to
evaluate the mRNA levels of CTGF (Figure 2(c)) and
TGF-β1 (Figure 2(f)). The results were consistent with the
immunohistochemical stain.

3.2. Either JNK2 Deletion or C66 Treatment Can Attenuate
Diabetes-Induced Aortic Cell Apoptosis.We used the TUNEL
assay to analyze apoptosis of aortic cells (Figure 3(a)). The
results showed that diabetes-induced increased apoptosis
can be significantly reversed by C66 treatment or JNK2
deletion, but C66 seemed to have no effect on JNK2 deletion
diabetic mice (Figure 3(b)). Similar result was also found in
the mRNA expression of apoptosis-related protein caspase-3
(Figure 3(c)) via qPCR.

3.3. Either JNK2 Deletion or C66 Treatment Can Attenuate
Diabetes-Induced Aortic Inflammation and Oxidative Stress.
On account of the fact that both inflammation and oxidative
damage are primary risk factors for the vascular endothelial
remodeling, the expression of TNF-α (Figure 4(a)) and
MCP-1 (Figure 4(d)) was examined with immunohistochem-
ical staining, which showed a significant increase in aortic
tunica media of diabetic mice, an effect that was completely
prevented by C66 treatment or JNK2 deletion. Additionally,
C66 was found to have no special effects on these inflamma-
tory factors in JNK2−/− DM mice (Figures 4(b) and 4(e)).
The results of qPCR of TNF-α (Figure 4(c)) and MCP-1
(Figure 4(f)) were consistent with immunohistochemical
staining.

Considering that inflammation and oxidative stress
are reciprocal cause and outcomes, 3-NT (Figure 5(a))
and 4-HNE (Figure 5(b)) were examined by immunohisto-
chemical staining to evaluate oxidative and nitrative damage.
The elevation of 3-NT and 4-HNE in the diabetic aorta can
be significantly decreased by C66 or JNK2 deletion. However,

Table 1: Primer sequences for real-time quantitative PCR.

Gene Forward primer Reverse primer

CTGF GGGCCTCTTCTGCGATTTC ATCCAGGCAAGTGCATTGGTA

TGF-β1 CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG

MCP-1 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT

TNF-α CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

HO-1 AAGCCGAGAATGCTGAGTTCA GCCGTGTAGATATGGTACAAGGA

SOD-1 AACCAGTTGTGTTGTCAGGAC CCACCATGTTTCTTAGAGTGAGG

Nrf2 CTTTAGTCAGCGACAGAAGGAC AGGCATCTTGTTTGGGAATGTG
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C66 had no significant effect on 3-NT and 4-HNE in the
aorta of JNK2−/− diabetic mice.

3.4. The Expressions of Nrf2 and Its Downstream Genes. Oxi-
dative stress has been extensively considered as a crucial
mediator for various cardiovascular complications of diabetic
patients. We assumed that the above pathological changes in
the aortas of diabetic mice may predominantly attribute to
the increased oxidative stress. The protective effect of C66
on diabetes-induced aortic pathogenesis may be mediated
by upregulation of endogenous antioxidants. Our previous
study showed that C66 can upregulate the expression of
Nrf2 in diabetic mice [25]. In our present study, immunoflu-
orescent staining showed that diabetics have slightly
increased expression and nuclear translocation of Nrf2,
which can be significantly increased by C66 treatment or
JNK2 deletion (Figures 6(a), 6(b), and 6(d)). However, C66
treatment had no extra effect on Nrf2 expression in JNK2−/−

DM mice. The mRNA level of Nrf2 was consistent with
immunofluorescent staining (Figure 6(c)).

The Nrf2 downstream genes SOD-1 (Figures 7(a)–7(c))
and HO-1 (Figures 7(d)–7(f)) were also evaluated by immu-
nohistochemical staining and qPCR. The results were consis-
tent with Nrf2.

4. Discussion

We have provided the first evidence to show the significant
protective effect of C66 on diabetes-induced aortic damage.
In STZ-induced WT diabetic mice, significant increase in
aortic oxidative damage, inflammation, apoptosis, and fibro-
sis has been found. All these pathogenic changes were obvi-
ously decreased by C66 treatment or JNK2 deletion. We

also demonstrated that in the JNK2 deletion DM mice, the
protective effect of C66 in the aorta cannot be revealed. These
results suggest that C66 prevents diabetes-induced patho-
genic changes in the aorta via inhibition of JNK2 function.

Inflammation plays a critical role in the development of
diabetes and its complications. Chronic inflammation
induces oxidative stress, apoptosis, endothelial dysfunction,
and fibrosis, all of which contribute to tissue damage and
the formation of new vascular structures [12, 25]. In our
study, we showed the increased expressions of TNF-α and
MCP-1 (Figure 4), as inflammation markers, in the aorta of
the WT DM group, which was accompanied with increased
expressions of markers of aortic fibrosis (CTGF, TGF-β1)
(Figure 2), apoptosis (caspase-3) (Figure 3), and oxidative
stress (3-NT, 4-HNE) (Figure 5) in theWTDM group. Either
C66 treatment or JNK2 deletion can eliminate these
increased expressions of markers in the aortas of diabetic
mice. And C66 treatment was found no further effect on
the JNK2−/− DM group suggesting that the protection of
C66 may target on JNK2 inhibition.

JNK, as a member of the mitogen-activated protein
kinase family, regulates various cell stress responses, includ-
ing inflammatory responses, oxidative stress, cell death, cell
survival, and proteins expression [27]. In diabetes, obvious
and sustained JNK activation is observed in different tissues
[23, 25, 28, 29]. Thus, deregulating the activation of JNK is
a potent therapeutic strategy for diabetes. Curcumin has
shown to protect cardiovascular diseases via inhibition of
JNK [30, 31]. In the previous studies from our team, C66,
as a novel curcumin analogue, has also been revealed signifi-
cant effect on inhibition of JNK [23, 25]. Moreover, Pan et al.
have reported that C66 exhibits a high JNK2-binding affinity
in a molecular docking, which leads to its anti-inflammatory
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Figure 1: The accumulation of collagen was detected by Masson staining. n = 8; ∗P < 0 05 DM vs. corresponding control group; &P < 0 05
DM+C66 vs. corresponding DM; #P < 0 05 JNK2−/− mice vs. corresponding WT mice. DM: diabetes mellitus.
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Figure 2: Protective effect of C66 or JNK2 deletion on diabetes-induced aortic fibrosis. Immunohistochemical staining for the expression of
CTGF (a, b) and TGF-β1 (d, e) and qPCR for the mRNA expression of CTGF (c) and TGF-β1 (f). n = 8; ∗P < 0 05 DM vs. corresponding
control group; &P < 0 05 DM+C66 vs. corresponding DM; #P < 0 05 JNK2−/− mice vs. corresponding WT mice. DM: diabetes mellitus.
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actions [26]. In our present study, we have demonstrated that
JNK2 deletion indeed alleviated diabetes-induced aortic
inflammation, oxidative stress, apoptosis, and fibrosis, but
there was no obvious effect in the JNK2−/− diabetic mice
aorta after C66 treatment. These results suggest that the pro-
tection of C66 on diabetes-induced aortic damage may
depend on JNK2 suppression.

Oxidative stress is involved in the pathogenesis of
diabetes-induced cardiovascular changes, and hyperglycemia
is the causal link between diabetes and increased oxidative
stress [32, 33]. Excessive ROS generation has been identified
as an initial pathogenic factor of diabetic aortic damage.
Hence, enhanced endogenous antioxidative capacity has
been considered effective in attenuating these damages.
Nrf2 regulates multiple adaptive responses to oxidative stress
and is also involved in cell migration, proliferation,

apoptosis, and differentiation [34]. And Nrf2 has been shown
therapeutic effects in diabetic complications by contributing
to the inducible expression of antioxidant enzymes. Nrf2
silencing has been verified to inhibit the migration, prolifer-
ation, and secretion of endothelial progenitor cells, but
increases oxidative stress and cell senescence [35]. Further-
more, overexpression of Nrf2 inhibits ROS and inflammatory
cytokine expression in the high glucose-cultured endothelial
progenitor cells [36]. As a downstream factor of JNK, we
speculated that Nrf2 may involve in the C66 protection.
Here, we verified that diabetes can slightly increase Nrf2
expression and function, which were reflected by HO-1 and
SOD-1. It is suggested that at certain early stages, Nrf2 acts
as a protective mechanism attempting to protect the tissue,
which was consistent with our previous research [25]. In
the present study, a mild increase in Nrf2 expression and
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Figure 3: Protective effect of C66 or JNK2 deletion on diabetes-induced aortic apoptosis. The apoptotic cell was examined by TUNEL
staining (a, b); the expression of caspase-3 mRNA (c) reflects the apoptotic level. n = 8; ∗P < 0 05 DM vs. corresponding control group;
&P < 0 05 DM+C66 vs. corresponding DM; #P < 0 05 JNK2−/− mice vs. corresponding WT mice. DM: diabetes mellitus.
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Figure 4: Protective effect of C66 or JNK2 deletion on diabetes-induced aortic inflammation. Immunohistochemical staining for the
expression of TNF-α (a, b) and MCP-1 (d, e) and qPCR for the mRNA expression of TNF-α (c) and MCP-1 (f). n = 8; ∗P < 0 05 DM vs.
corresponding control group; &P < 0 05 DM+C66 vs. corresponding DM; #P < 0 05 JNK2−/− mice vs. corresponding WT mice. DM:
diabetes mellitus.
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Figure 5: Protective effect of C66 or JNK2 deletion on diabetes-induced aortic oxidative stress. Immunohistochemical staining for the
expression of 3-NT (a) and 4-HNE (b). n = 8; ∗P < 0 05 DM vs. corresponding control group; &P < 0 05 DM+C66 vs. corresponding DM;
#P < 0 05 JNK2−/− mice vs. corresponding WT mice. DM: diabetes mellitus.
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Figure 6: The expression of Nrf2 in the aortas. Aortic expression of Nrf2 was examined by immunofluorescent staining for its protein
expression (red) (a, b) and real-time PCR for its mRNA level (c). The nuclear translocation of Nrf2 was also evaluated (d). n = 8; ∗P < 0 05
DM vs. corresponding control group; &P < 0 05 DM+C66 vs. corresponding DM; #P < 0 05 JNK2−/− mice vs. corresponding WT mice.
DM: diabetes mellitus.
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Figure 7: The expression of Nrf2 downstream genes. Immunohistochemical staining for the expression of SOD-1 (a, b) and HO-1 (d, e) and
qPCR for the mRNA expression of SOD-1 (c) and HO-1 (f). n = 8; ∗P < 0 05 DM vs. corresponding control group; &P < 0 05 DM+C66 vs.
corresponding DM; #P < 0 05 JNK2−/− mice vs. corresponding WT mice. DM: diabetes mellitus.
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function may remain not enough to compensate the severe
damage induced by diabetes. Either C66 treatment or JNK2
deletion effectively increased Nrf2 expression and function
(Figures 6 and 7). However, the JNK2−/− DM+C66 group
has not shown significant increase of Nrf2 expression and
its function, compared with the JNK2−/− DM group. It indi-
cated that JNK2 may be the key factor that regulates Nrf2
and its function in the protection of C66.

In conclusion, we have investigated that the protective
effect of C66 in the diabetic aorta mainly depends on JNK2
inactivation. Either C66 treatment or JNK2 deletion can
reverse and/or prevent the progression of diabetes-induced
aortic inflammation, oxidative damage, apoptosis, and fibro-
sis. Mechanism responsible for this protective effect of C66 is
mediated by inhibition of JNK2 that may be related to upreg-
ulation of Nrf2 expression and function.
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Camalexin is a phytoalexin that accumulates in various cruciferous plants upon exposure to environmental stress and plant
pathogens. It was shown that camalexin has potent antitumor properties, but its underlying mechanisms are still elusive. In the
present study, we evaluated the effects of camalexin on human leukemic cells and normal polymorph nuclear cells. CCK-8 assay
was used to determine cell viability after camalexin treatment. Apoptosis, intracellular reactive oxygen species (ROS) levels, and
loss of mitochondrial membrane potential (MMP) were measured by flow cytometry. The activity of SOD, catalase, and ratio of
GSH/GSSG were assayed. ER stress and apoptotic signaling pathway was examined by Western blot. Xenograft mice were used
to verify the effect of camalexin in vivo. Our results indicated that camalexin inhibited viability of leukemic but not normal
polymorph nuclear cells. Furthermore, camalexin induces apoptosis via the mitochondrial pathway in a caspase-dependent
manner. We also observed ER stress is located upstream of apoptosis induced by camalexin. Besides, ROS levels, SOD activity,
CAT activity, and GSSG levels were significantly enhanced while the GSH level was decreased after treatment of camalexin. In
addition, the generation of ROS is critical for the ER stress and apoptosis induced by camalexin. Finally, administration of
camalexin suppresses xenograft tumor graft growth without obvious toxicity. Taken together, this study indicates that camalexin
exerts antitumor effects against leukemia cells via the ROS-ER stress-mitochondrial apoptosis pathway.

1. Introduction

Acute myeloid leukemia (AML), a life-threatening hemato-
logical malignancy, is clinically aggressive and characterized
by the accumulation of malignant myeloid precursors that
halt in differentiation [1], although great advances have been
made in the treatment of AML over past years. The 5-year
overall survival of adult patients is still unsatisfied, and only
one-fifth of elderly AML patients survive more than 2 years
[2]. The extremely poor prognosis of AML is largely due to
resistance to chemotherapy agents which can also affect nor-
mal cells and causing unwanted side effects such as anemia,
bleeding, and infection. Therefore, it is urgent to identify
novel agents to treat AML.

In recent years, the application of natural products has
been widely accepted as an option for the treatment of can-
cers due to their relatively safety. For example, curcumin, a
dietary polyphenolic phytochemical, is able to exert antitu-
mor effects against various cancers [3]. In addition, resvera-
trol inhibits the proliferation and induces apoptosis in
many cancer cells and currently under the evaluation of clin-
ical trials [4]. Camalexin is an indole phytoalexin that accu-
mulates in various cruciferous plants after exposure to
environmental stress and plant pathogens. Camalexin has
been extensively studied for its role in plant chemical defense
mechanisms and has been shown to exert cytotoxic against
human protozoan pathogen, Trypanosoma cruzi [5]. Cama-
lexin also exhibits antitumor effects against prostate cancer
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and leukemia cells [6, 7]. However, the underling mecha-
nisms of the antitumor activities of camalexin are still elusive.

In the present study, we examined the antitumor effects
of camalexin on primary leukemia cells and leukemia cell
lines. Our results showed that camalexin inhibited the viabil-
ities of leukemia cells but not normal polymorph nuclear
cells. Our results showed that camalexin induced apoptosis
via the ROS-ER stress-mitochondrial pathway in human
leukemia cells. Furthermore, in vivo results also indicated
that induction of apoptosis may account for camalexin-
mediated inhibitory effects on tumor growth of xenograft
mouse model. Our findings provide a novel mechanistic basis
for camalexin as an agent against leukemia.

2. Materials and Methods

2.1. Cell Culture. Human AML cell lines HL-60 and NB4
cells were purchased from Shanghai Bank of Cell Culture
(Shanghai, China). Fresh leukemia mononuclear cells from
peripheral blood of 3 AML patients (FAB classification
system) and 2 healthy donors were enriched by Ficoll separa-
tion as described before [8]. Informed consent was obtained
according to institutional guidelines. Cells were cultured in
RPMI-1640 medium (Gibco, NY, USA) supplemented with
10% inactivated FBS (Gibco, NY, USA) and 1% penicillin
and streptomycin (Sigma, St. Louis, MO, USA) at 37°C with
5% CO2.

2.2. Cell Viability Assay. To assess cell viability, cells were
seeded in 96-well plates at a density of 1× 104 cells/well.
Then, cells were incubated with various concentrations of
camalexin (Sigma, St. Louis, USA) for the indicated times.
10μl of CCK-8 solution (Sigma) was added to each well
followed by incubation for 2 h at 37°C. The cell viability was
then assessed by detection of absorbance at 450nm using a
spectrophotometer (BioTek, Winooski, VT, USA).

2.3. Apoptosis Assay. Cells were seeded into 96-well plates
and incubated with the indicated doses of camalexin. The
apoptosis rates were measured by annexin V-FITC apoptosis
detection kit (BD Biosciences, San Jose, CA, USA) according
to the manufacturer’s guide. The apoptosis rates were ana-
lyzed by flow cytometry (FACScan, BD, NJ, USA).

2.4. Detection of Mitochondrial Membrane Potential (MMP).
Mitochondrial membrane potential (MMP) was assayed
using the fluorescent dye JC-1 (Sigma) according to the man-
ufacturer’s guide. Briefly, cells were stained with JC-1 for
15min and rinsed twice with PBS. The concentration of
retained JC-1 dye was detected by flow cytometry (BD
Biosciences).

2.5. ROS Detection.Generation of ROS was measured by 2′,7′
-dichlorofluorescin diacetate (DCFH-DA) (Sigma) staining
which is converted into fluorescent 2′,7′-dichlorofluorescin
(DCF) in the presence of peroxides. Therefore, increase
in DCF fluorescent is an indicator of ROS. ROS detec-
tion assay kit (Beyotime, Beijing, China) was applied to
measure intracellular oxidative stress according to the
manufacturer’s guide.

2.6. Transfection. For knockdown experiments, Bax, PERK,
and the negative control (si-NC) shRNA lentiviral were
purchased from Sigma. For overexpression of Mcl-1 and
catalase, human Mcl-1, catalase, and mitocatalase were
synthesized and cloned into the plenti6.3/V5 TOPP vector
(Genepharm, Suzhou, China). The 293FT cells were trans-
fected using the ViraPower™ hiPerform™ Lentiviral expres-
sion system (Life Technologies). 16 h after transfection,
medium was replaced with fresh culture medium. After
another 72 h of culture, media were collected and filtered;
the supernatant was used for infection.

2.7. Measurement of SOD Activity, Catalase Activity, and
GSH and GSSG Levels. After treatment with camalexin,
the supernatant and cells were collected. The activity of cat-
alase (CAT) and superoxide dismutase (SOD) was assayed
by the catalase activity assay kit (ab83464) and superoxide
dismutase activity assay kit (ab65354), respectively (Abcam,
San Diego, CA, USA). The levels of GSH and GSSG were
measured by the GSH and GSSG assay kit (Beyotime,
Haimen, China).

2.8. Caspase Activity Assay. To detect the activities of caspase-
3 and caspase-9, caspase-3 and caspase-9 colorimetric kits
were purchased from R&D system. After treatment, the cells
were lysed and Ac-DEVD-pNA and Ac-LEHD-pNA were
used as caspase-3 and caspase-9 substrates, respectively. Cas-
pase activity and absorbance were measured at OD405.

2.9. Western Blot. After treatment, cells were collected and
lysed in RIPA buffer. The protein concentrations were
measured by Bradford protein assay kit (Sigma-Aldrich).
Equal amount of protein was loaded and subjected to SDS-
PAGE and transferred to PVDF membrane (Millipore, Bos-
ton, MA, USA). After blocking with 5% skimmed milk for
1h at room temperature, PVDF membrane was incubated
with primary antibody overnight at 4°C. The following anti-
bodies were used in our study: anti-caspase-3, anti-caspase-
9, anti-Bcl-2, anti-Bcl-xl, anti-Mcl-1, anti-Bid, anti-Bax,
anti-cytochrome c, anti-Smac/DIABLO, anti-Bax (6A7),
anti-ATF4, and anti-CHOPwere purchased fromCellular Sig-
naling Technology (Danvers, MA, USA) and anti-p-PERK,
anti-PERK, anti-p-eIF2α, and anti-GAPDH (Abcam, San
Diego, CA, USA) Then, the membrane was incubated with
secondary antibody and visualized by ECL (Thermo Scientific,
Rockford, USA). Purification of cytosolic fraction and Bax
immunoprecipitation were performed as described earlier [9].

2.10. Tumor Xenograft Model. Tumor xenograft model was
established to investigate the effect of camalexin in vivo.
NB-4 and HL-60 cells were implanted (107 cells/ml) into
6-week-old male BALB/c mice (Wei Tong Li Hua Company,
Beijing, China). When the tumor size reached approximate
100mm3, mice were randomly divided into four groups,
and treated with intravenous injection of DMSO (vehicle)
or different doses of camalexin. Tumors were measured
using a caliper every 3 days, and two perpendicular
diameters of each tumor were recorded. The tumor volume
was calculated in the following formula: volume = width2 ×
length /2. Then, tumors were resected and frozen for the
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Western blot analysis to evaluate the effect of camalexin
combination in vivo. All animal experiments followed
ethical standards, and all protocols have been approved
by the Animal Use and Management Committee of
Zhejiang University.

2.11. Statistical Analysis. Statistical analysis was performed
using the SPSS software (Chicago, IL, USA). Data are
expressed as mean± SD. Differences among groups were
tested by one-way ANOVA. A value of p < 0 05 was consid-
ered as significantly different.

3. Results

3.1. Camalexin Inhibited Viability of AML Cells but Not
Normal Cells. Firstly, we investigated the effects of camalexin
(Figure 1(a)) in AML cells. We found that camalexin
decreased viability of NB4 and HL-60 cells in a dose- and
time-dependentmanner (Figure 1(b)). To determine whether
camalexin also has effects on primary human leukemia cells,
primary leukemia cells isolated from 3 leukemia patients were
treated with different doses camalexin for different time. As
indicated in Figure 1(c), exposure of cells to camalexin
resulted in decreased viability of primary leukemia cell. In
contrast, camalexin had little effect on viability of normal
bone marrow mononuclear cells (Figure 1(d)). Taken
together, these findings suggest that camalexin selectively
inhibited viability of primary and transformed human leuke-
mia cells but not normal hematopoietic cells.

3.2. Camalexin Induces Apoptosis of Leukemia Cells in a
Caspase-Dependent Manner. To investigate whether apopto-
sis accounted for the cytotoxicity of camalexin on leukemia
cells, flow cytometry analysis was performed and it was
shown that camalexin induced apoptosis of NB4 and HL-60
cells in a dose-dependent manner (Figure 2(a)). To elucidate
the molecular mechanisms underlying the apoptosis induced
by camalexin, caspase activity assays were conducted. As
indicated in Figure 2(b), camalexin treatment increased the
activity of caspase-3 and caspase-9 in a dose-dependent
manner. Consistently, Western blot analysis showed that
camalexin treatment leads to the cleavage of caspase-3 and
caspase-9 (Figure 2(c)). To explore whether or not activation
of caspases is necessary for apoptosis, we added the
zVAD.fmk, a pan-caspase inhibitor, to the treatment. As
shown in Figure 2(d), zVAD.fmk almost fully blocked apopto-
sis induced by camalexin. Taken together, these data sug-
gested that apoptosis induced by camalexin depends on
activation of caspase.

3.3. Camalexin Induces Apoptosis via the Mitochondrial
Pathway. Since the antiapoptotic Bcl-2 proteins have been
described to play essential roles in the process of apoptosis,
we then analyzed expression levels of Bcl-2, Mcl-1, Bcl-xl,
Bid, and Bax by Western blotting. The expression of Mcl-2
was significantly downregulated after treatment with cama-
lexin (Figure 3(a)). As antiapoptotic Bcl-2 proteins block
apoptosis via preventing the activation of the proapoptotic
multidomain Bcl-2 protein Bax, the protein level of Bax was
not affected after the treatment (Figure 3(a)). We examined

whether camalexin treatment results in activation of Bax.
To address this question, we immunoprecipitated Bax using
conformation-specific antibody that specifically detects the
active form. Of note, camalexin treatment leads to the activa-
tion of Bax (Figure 3(b)). Since Bax activation leads to the
release of mitochondrial proteins into cytosol and perme-
abilization of mitochondrial outer membrane, we also exam-
ined the release of cytochrome c and Smac/DIABLO. As
shown in Figure 3(c), the release of mitochondrial proteins
cytochrome c and Smac/DIABLO into cytosol was increased
by the treatment of camalexin. Moreover, exposure to cama-
lexin caused disruption of MMP as evidenced by an increase
in the proportion of cells with green fluorescent light
(Figure 3(d)). To examine the effects of camalexin on Mcl-1
downregulation, we measured the mRNA expression of
Mcl-1 by RT-PCR and it was shown that camalexin had little
effect on the mRNA levels of Mcl-1 (Figure 3(e)). Then, pro-
tein synthesis was blocked by cycloheximide (CHX, 100μM),
and the levels of Mcl-2 were examined in the presence or
absence of camalexin. As indicated, the Mcl-1 downregula-
tion was not affected by the CHX (Figure 3(f)). In contrast,
camalexin failed to repress the expression of Mcl-1 in the
presence of a proteasome inhibitor MG132 (Figure 3(f)).
Therefore, these findings suggest that camalexin might
inhibit Mcl-1 via the accelerated degradation by proteasome.
In order to further confirm the role of Mcl-1 in apoptosis
induced by camalexin, we overexpressed Mcl-1 and it was
revealed that ectopic expression of Mcl-1 significantly
decreased the apoptosis induced by (Figure 3(g)). Further-
more, we used siRNA to knockdown Bax, as confirmed by
Western blot analysis (Figure 3(h)). Of note, silencing of
Bax markedly impaired the release of mitochondrial proteins
and apoptosis induced by camalexin (Figure 3(h)).

3.4. Camalexin Induces ER Stress in Leukemia Cells. To test
whether camalexin also induces ER stress in leukemia cells,
we examined the ER stress marker expression after treatment
with camalexin in NB4 and HL-60 cells. As indicated in
Figure 4(a), camalexin effectively induced the expression of
ER stress-related proteins such as phosphorylated PERK
(PERK), eIF2a, ATF4, and CHOP in a dose-dependent man-
ner. Previous studies indicated that ER stress might cause
mitochondrial dysfunction and related apoptosis [10, 11].
So, we applied TUDCA (tauroursodeoxycholic acid), an ER
stress inhibitor, to investigate the relationship between the
ER stress and apoptosis induced by camalexin. As shown in
Figure 4(b), treatment of TUDCA significantly reduced the
apoptosis triggered by camalexin. In order to further confirm
the connection between ER stress and apoptosis, siRNA
against PERK was applied. After a successful knockdown
of PERK (Figure 4(c)), the cellular apoptosis of NB4 and
HL-60 cells induced by camalexin was greatly inhibited
(Figure 4(d)). Furthermore, the disruption of MMP
induced by camalexin was also impaired by silencing of
PERK (Figure 4(e)). The apoptosis-related proteins were
also examined after knockdown of PERK. Interestingly, it
was found that the activation of caspase-3 and caspase-9,
release of cytochrome c and Smac/DIABLO, and activation

3Oxidative Medicine and Cellular Longevity



of Bax were blocked by the knockdown of PERK
(Figures 4(f) and 4(g)).

3.5. Camalexin Induces ROS Generation in Leukemia Cells.
Mounting evidence suggests that ROS plays an essential role

in ER stress and apoptosis induced by various antitumor
agents [12]. Next, we investigated whether intracellular
ROS is associated with ER stress and apoptosis induced by
camalexin. As shown in Figure 5(a), the intracellular ROS
levels were increased in a dose-dependent manner after
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Figure 1: Camalexin decreases viability of human leukemia cells in a dose- and time-dependent manner. (a) The chemical structure of
camalexin. (b) NB4 and HL-60 cells were treated with various doses of camalexin (10 μM, 20μM, 40μM) for different time (24 h, 48 h, 72 h),
and then cell viability was assayed by CCK-8 assay. (c) Primary leukemia cells were isolated from the peripheral blood of 3 patients and
treated with various doses of camalexin (10 μM, 20 μM, 40 μM) for different time (24 h, 48 h, 72 h), and then cell viability was assayed by
CCK-8 assay. (d) Mononuclear cells were isolated from the peripheral blood of 3 healthy donors and treated with different doses of
camalexin (10 μM, 20 μM, 40μM) for different time (24 h, 48 h, 72 h), and then cell viability was assayed. Mean and SD of three
independent experiments performed in triplicate are shown; ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001.
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treatment with camalexin and this effect could be inhibited
by ROS scavenger NAC. Then, we used NAC to study the
effects of ROS on apoptosis and ER induced by camalexin.
It was shown that treatment with NAC significantly
impaired the apoptosis (Figure 5(b)) and disruption of
MMP (Figure 5(c)) induced by camalexin. Furthermore, the
effects of camalexin on ER stress (Figure 5(d)) and Mcl-1

and activation of caspase-3 and caspase-9 (Figure 5(e)) were
diminished by NAC. It was shown that NAC could also block
the release of cytochrome c and Smac/DIABLO and acti-
vation of Bax induced by camalexin (Figures 5(f) and
5(g)). Taken together, these data suggest that ROS gener-
ation is essential for the ER stress and apoptosis induced
by camalexin.
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Figure 2: Camalexin induces caspase activation and caspase-dependent apoptosis in leukemia cells. (a, b) Leukemia cells were treated with
indicated doses of camalexin for 24 h; cellular apoptosis was measured by annexin V staining and flow cytometry analysis. Caspase activity
was assayed by colorimetric assay kit. (c) Leukemia cells were treated with indicated doses of camalexin for 24 h; total cellular lysates were
subjected to Western blot analysis with indicated antibodies. (d) Cells were treated with 40 μM of camalexin in the presence or
absence of 50 μM zVAD.fmk and apoptosis was assayed. Mean and SD of three independent experiments performed in triplicate are
shown; ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001.
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Figure 3: Continued.
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3.6. Oxidative Stress Is Critical for the Apoptosis Induced by
Camalexin. Since cellular damage caused by ROS not only
depends on the intracellular levels of ROS but also relies on
the balance between ROS and endogenous antioxidant,
so we measured the activities of catalase (CAT) and super-
oxide dismutase (SOD) and increased activities of both
CAT and SOD were observed after treatment of camalexin
(Figures 6(a) and 6(b)). Meanwhile, the levels of glutathi-
one (GSH) were decreased and the levels of glutathione
disulfide (GSSG) were increased after treatment of camalexin
(Figures 6(c) and 6(d)). These data demonstrated that expo-
sure to camalexin induced oxidative stress in leukemia cells.
In order to further investigate the role of oxidative stress
in apoptosis induced by camalexin, we transfected cells
with lentivirus containing human catalase (CAT). After

transfection for 24 h, the levels of catalase were successfully
upregulated (Figure 6(e)). Then, cells were exposure to cama-
lexin (40μM) for another 12 h and the intracellular ROS levels
were significantly reduced after overexpression of CAT
(Figure 6(f)). Moreover, annexin V staining showed that the
apoptosis-induced camalexin was also diminished by overex-
pression of CAT (Figure 6(g)). Consistently, the activation of
caspase-3 and caspase-9 was also significantly impaired by
overexpression of CAT (Figure 6(h)). These results indicate
that camalexin-induced apoptosis is due to oxidative stress.

3.7. The Antitumor Effects of Camalexin In Vivo. To evaluate
the antitumor effects of camalexin that could be clinically
relevant, the antitumor activity of camalexin was evaluated
in male BALB/c mice bearing established NB4 or HL-60

0.0

0.5

1.0

1.5

NB4
HL-60

0 10 20 40 0 10 20 40

Pyocyanin (�휇g/ml)

Re
lat

iv
e M

cl-
1 

m
RN

A
 le

ve
ls

(f)

CHX
Pyocyanin −

− +
+−
−

+
+

−
− +

+−
−

+
+

Mcl-1

GAPDH

NB4 HL-60
CHX

MG-132 −
− +

+−
−

+
+

−
− +

+−
−

+
+

GAPDH

NB4 HL-60

Mcl-1

(g)

Bax

GAPDH

NB4 HL-60

Pyocyanin − + − + − + − +
si-NC

si-
N

C

si-Bax

si-
Ba

x

si-
N

C

si-
Ba

x

si-Baxsi-NC

Cytochrome c

Smac/DIABLO
0

10

20

30

40

NB4
HL-60

si-NC
si-Bax

Pyocyanin
−
−

+
+

+ +

+
+

−

−
−

−
−
−

+
+

+ +

+
+

−

−
−

−

A
nn

ex
in

 V
 p

os
iti

ve
 (%

)

⁎⁎
⁎⁎

(h)

Figure 3: Camalexin triggers the mitochondrial dysfunction pathway. (a, b, c) NB4 and HL-60 cells were treated with indicated doses of
camalexin, and then total cellular lysates were subjected to Western blot analysis with indicated antibodies. Activation of Bax was assessed
by immunoprecipitation using active conformation-specific antibody. The cytosolic fractions of cells were subjected to Western blot
analysis. (d) NB4 and HL-60 cells were exposed to various doses of camalexin for 6 h; disruption of MMP was indicated by the increase of
proportion of cells with green fluorescent (left) and decrease in the proportion of cells with higher red (JC-1 aggregates)/green (JC-1
monomers) ratio of JC-1 fluorescent (right). (e) NB4 and HL-60 cells were exposed to various doses of camalexin for 12 h, and then Mcl-1
mRNA levels were evaluated by RT-PCR. (f) NB4 and HL-60 cells were treated with CHX (100 μM) or MG132 (300 nM) in the presence
or absence of camalexin (40 μM) for 24 h, and then total cellular lysates were subjected to the Western blotting analysis. (g) Cells were
transfected with empty vector (EV) or Mcl-1; the expression of Mcl-1 was analyzed by Western blotting (left). After transfection for 24 h,
cells were treated with or without camalexin (40 μM) for another 24 h, and then cellular apoptosis was assayed by flow cytometry
(center and right). (h) NB4 and HL-60 cells were transfected with siRNA against Bax for 24 h, and then the expression levels of
Bax were evaluated by Western blotting (left). Then, cells were treated with or without camalexin (40 μM) for another 24 h and the
release of cytochrome c and Smac/DIABLO into cytosol was measured by Western blot (center). The cellular apoptosis was assayed
by flow cytometry (right). Mean and SD of three independent experiments performed in triplicate are shown; ∗p < 0 05, ∗∗p < 0 01,
and ∗∗∗p < 0 001.
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tumor xenografts. Mice were randomized into four groups
(vehicle, 2.5mg/kg, 5mg/kg, 10mg/kg) and received treat-
ments every five days. As indicated in Figures 7(a) and
7(b), mice treated with camalexin appeared with reduction
of tumor volume and weight. Notably, the mice tolerated
all of the treatments with no significant body weight
difference was observed, indicating that camalexin can be

well tolerated (Figure 7(c)). Furthermore, the intratumoral
biomarkers were assessed by Western blotting. Consistent
with in vitro results, the administration of camalexin signifi-
cantly induced caspase-3 and caspase-9 activation in tumors,
indicating elevated apoptosis (Figure 7(d)). Taken together,
these findings suggest that camalexin exerts antitumor effects
via induction of apoptosis in vivo.
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Figure 4: Camalexin induces ER stress in leukemia cells. (a) NB4 and HL-60 cells were treated with various doses of camalexin for 24 h, and
then total cellular lysates were subjected toWestern blot analysis with indicated antibodies. (b) NB4 and HL-60 cells were treated with various
doses of camalexin in the presence of TUDCA (20 μM) or not for 24 h, and then cellular apoptosis was assayed by flow cytometry. (c) NB4 and
HL-60 cells were transfected with si-PERK for 24 h, and then PERK levels were evaluated by Western blotting. (d) NB4 and HL-60 cells were
transfected with si-PERK for 24 h, and then cells were treated with camalexin (40 μM) for another 24 h and cellular apoptosis was measured
by flow cytometry. (e) NB4 and HL-60 cells were transfected with si-PERK for 24 h, and then cells were treated with camalexin
(40 μM) for another 24 h and disruption of MMP was measured. (f, g) NB4 and HL-60 cells were transfected with si-PERK for
24 h, and then cells were treated with camalexin (40 μM) for another 24 h, and then total cellular lysates, cytosolic fractions, and
activation of Bax were subjected to Western blotting analysis. Mean and SD of three independent experiments performed in triplicate are
shown; ∗p < 0 05 and ∗∗p < 0 01.

8 Oxidative Medicine and Cellular Longevity



3.8%

6.1%

10.2%

14.8%

18.7%

21.7%

47.7%

32.5%

7.3%

9.4%

0 10 20 40
40 �휇M + NAC

DCFH-DA

C
ou

nt

0

20

40

60

NB4
HL-60

0 10 20 40 0 10 20 4040 40
− − − − + − − − − +NAC

M
ea

n 
D

CF
flu

or
es

ce
nc

e (
%

)

⁎

⁎⁎

⁎⁎⁎ ⁎⁎⁎

⁎

⁎⁎

⁎⁎⁎ ⁎⁎⁎
NB4

HL-60

Camalexin (�휇M)

Camalexin (�휇M)

(a)

− + − +
NB4 HL-60

0

10

20

30

DMSO
NAC

0

10

20

30

40 ⁎⁎
⁎

A
nn

ex
in

 V
 p

os
iti

ve
 (%

)

A
nn

ex
in

 V
 p

os
iti

ve
 (%

)

Camalexin Camalexin 

(b)

DMSO
NAC

− +
NB4

Camalexin − +
HL-60

Camalexin 
0

50

100

150

0

50

100

150

Re
d/

gr
ee

n 
ra

tio
 o

f J
C-

1 
flu

or
es

ce
nc

e (
%

)

Re
d/

gr
ee

n 
ra

tio
 o

f J
C-

1
flu

or
es

ce
nc

e (
%

)

⁎⁎ ⁎⁎

(c)

NAC
− +
− − +

+
+

− − +
− − +

+
+

−

NB4 HL-60

p-PERK

p-eIF2�훼

ATF4

PERK

CHOP

GAPDH

Camalexin

(d)

NAC

NB4 HL-60

Mcl-1

Caspase-3

Cleaved’
caspase-3

Caspase-9

Cleaved’
caspase-9

GAPDH

− +
− − +

+
+

− − +
− − +

+
+

−Camalexin 

(e)

NAC
NB4 HL-60

Cytosolic fraction

Cytochrome c

Smac/DIABLO

− +
− − +

+
+

− − +
− − +

+
+

−Camalexin

(f)

Figure 5: Continued.

9Oxidative Medicine and Cellular Longevity



4. Discussion

In the present study, we demonstrate that camalexin, an
indole phytoalexin, shows toxicity towards human leukemia
cell lines and primary human AML cells. Interestingly, cama-
lexin has little toxicity on normal human peripheral blood
monuclear cells, indicating it may serve as a potential agent
for cancer chemotherapy.

By using two AML cell lines, we show that camalexin
induces apoptosis dependent on the activation of caspases,
suggesting the anti-AML activity of camalexin. This is consis-
tent with the previous work on the antileukemia activity of
camalexin using Jurkat cell lines [7]. Mezencev et al. detected
activation of caspase-8 and caspase-9 after treatment of
camalexin. However, we observed activation of caspase-3
and caspase-9 but not caspase-8 (data not shown). This dis-
crepancy may be due to different cell types. Previous studies
have indicated that changing expression of Bcl-2 family
proteins is associated with the apoptosis induced by various
chemotherapeutic agents [13]. Although the levels of Bcl-2,
Bcl-xl, Bid, and Bax remained relatively constant, there was
significant reduction in the level of Mcl-1 after treatment of
camalexin. The augmentation of proteasome activity plays
an essential role in the process of protein degradation. In
our study, we found that proteasome inhibitor MG132 could
inhibit the downregulation of Mcl-1 induced by camalexin.
This finding is in line with previous studies in which Mcl-1
degradation is associated with enhanced proteasome activity
[14, 15]. Moreover, we also observed activation of Bax and
release of mitochondrial proteins into cytosol. These findings
suggest that camalexin induced apoptosis via the mitochon-
drial pathway in leukemia cells.

The ER plays multiple essential roles in regulating vari-
ous cellular functions, such as proper protein folding, protein
synthesis, and calcium homeostasis [16]. In the presence of
stress, ER can react in various ways, including the induction
of the unfolded protein response (UPR) and apoptosis [17].
In our study, multiple ER stress markers such as phos-PERK,
phos-eIF2α, ATF4, and CHOPwere significantly upregulated
after exposure to camalexin. The PERK-eIF2α-ATF4-CHOP
pathway is a dominant apoptotic signaling pathway triggered
by prolonged ER stress [18]. Application of ER stress inhibi-
tor and siRNA against PERK could impede the apoptosis

induced by camalexin. Importantly, silencing of PERK also
impairs disruption of MMP, release of mitochondrial pro-
teins, and activation of Bax. These data suggest that ER stress
is responsible for the mitochondrial apoptosis induced by
camalexin. Our findings are in line with previous reports
which also showed ER stress could trigger dysfunction of
mitochondria and apoptosis [19, 20].

ROS plays a crucial role in the progression of tumors.
Tumor cells normally have higher levels of ROS compared
to normal cells [21]. Thereby, tumor cells are vulnerable to
ROS due to its excessive oxidative stress [22]. The effects of
ROS on the development of cancer are complex. It was
reported that ROS has the ability to induce DNA mutations
and prooncogenic signaling pathway and thereby promote
tumor formation [22]. ROS might also directly affect the cel-
lular processes such as proliferation and/or survival [23].
Therefore, abnormal ROS accumulation might be applied
as a useful strategy against tumor cells which are more sensi-
tive to ROS accumulation [22].Multiple agents such as artesu-
nate, NPI-0052, and plumbagin showed toxicity against
leukemia cells which are relied on its ability to generate ROS
[24–26]. According to previous studies, camalexin could
induce ROS in prostate cancer and leukemia cells [6, 7]. Inter-
estingly, camalexin was found unable to induce ROS in eryth-
rocytes in a recent study [27]. This discrepancy may be due to
different cell types.We hypothesize that camalexinmight pos-
sess ability to induce ROS in tumor cells but not normal cells.
It could explain the findings in our study that camalexin
showed toxicity toward leukemia cells while spares the normal
ones and further investigation is required to test this.

To date, little is known about the inhibitory effect of
camalexin on tumor growth of xenograft model. The results
from in vivo studies demonstrated that camalexin adminis-
tration significantly repressed the tumor growth of both
NB4 and HL-60 xenografts without obvious side effects.

5. Conclusion

In summary, our studies indicate that camalexin effectively
inhibits viability of human primary leukemia cells and leuke-
mia cell lines, as well as in leukemia xenografts. This effect
occurs in association with the activation of ER stress and
mitochondrial apoptosis which are relied on the generation
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Figure 5: Camalexin induces ROS generation in leukemia cells. (a) NB4 and HL-60 cells were treated with various doses of camalexin for 12 h,
and then intracellular ROS was measured by flow cytometry. (b) NB4 and HL-60 cells were pretreated with or without NAC (20 μM) for 4 h,
and then cells were incubated with camalexin (40 μM) for 24 h and cellular apoptosis was measured by flow cytometry. (c) NB4 and HL-60
cells were pretreated with or without NAC (20 μM) for 4 h, and then cells were incubated with camalexin (40 μM) for 48 h and disruption of
MMP was measured. (d, e) NB4 and HL-60 cells were pretreated with or without NAC (20 μM) for 4 h, and then cells were incubated with
camalexin (40 μM) for 24 h and total cellular lysates were subjected to Western blot analysis with indicated antibodies. (f, g) NB4 and HL-60
cells were treated as described above, and then the release of mitochondrial proteins and activation of Bax were assayed by Western blotting.
Mean and SD of three independent experiments performed in triplicate are shown; ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001.
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Figure 6: Camalexin-induced oxidative stress is essential for apoptosis. (a, b, c, d) NB4 and HL-60 cells were treated with various doses of
camalexin with or without NAC (20 μM), and then the activities of CAT and SOD and the levels of GSH and GSSG were assayed. (e) NB4
and HL-60 cells were transfected with empty vector (EV) or human catalase (CAT) for 24 h, and then the protein levels of CAT were
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of ROS. The antileukemia activity of camalexin found both
in vitro and in vivo makes it a potential antitumor agent for
hematologic malignancies. It would be intriguing to test
camalexin alone or in combination with other chemothera-
peutic agents to treat leukemia clinically.
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In sepsis, reactive oxygen species (ROS) production is increased. This process takes place mainly within the electron transport
chain. ROS production is part of the pathophysiology of multiple organ failure in sepsis. Succinate yields Dihydroflavine-
Adenine Dinucleotide (FADH2), which enters the chain through complex II, avoiding complex I, through which electrons are
lost. The aim of this work is to determine if parenteral succinate reduces systemic ROS production and improves kidney
function. Rats with cecal ligation and puncture were used as model of sepsis, and 4 groups were made: Control group; Succinate
group, which only received parenteral succinate; Sepsis group; and Sepsis which received parenteral succinate. Systemic ROS are
measured 24 hours after the procedure. Rats subjected to cecal puncture treated with succinate had less systemic ROS than
Septic untreated rats (p = 0 007), while there were no differences in creatinine levels (p = 0 07). There was no correlation
between creatinine and systemic ROS levels (p = 0 3). We concluded that parenteral succinate reduces ROS levels, but it does
not reduce creatinine levels. Since there is no correlation between both levels, the processes would not be related.

1. Introduction

Sepsis is a pathology whose incidence is increasing, with
a mortality rate that, according to a recent report, can
reach 40% [1]. Its mortality rate is related to multiple
organ failure [1].

Triggering mechanisms of organ failure appear to be
multiple. Oxidative stress seems to be one of these triggering
mechanisms. There are different definitions of oxidative
stress, but the most common and descriptive one is the
imbalance between the production of reactive oxygen species
(ROS) and cellular antioxidant capacity, which can poten-
tially damage cells and destroy tissue [2].

Reactive oxygen species are a group of molecules which
include oxygen radicals, such as superoxide (O2

⋅−), hydroxyl

(OH⋅), peroxide (RO2
⋅), and alkoxide (RO⋅), as well as nonra-

dicals that are oxidizing agents or that quickly become radi-
cals, such as hypochlorous acid (HOCl), singlet oxygen
(1O2), and hydrogen peroxide (H2O2) [3]. On the other hand,
there are also reactive nitrogen species (RNS), both radical
and nonradical, such as nitric oxide (NO), peroxynitrite
(ONOO−), and nitrogen dioxide (NO2

⋅) [4, 5].
Over the last few years, there have been a large num-

ber of studies that describe oxidative stress in patients
with sepsis, with evidence of ROS production, related
damage, and antioxidant depletion [6]. Serious conditions
are characterized by hyperinflammation, cellular immune
dysfunction, oxidative stress, and oxidative mitochondrial
dysfunction [7]. An activated immune system and mito-
chondrial dysfunction are the two most powerful sources
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of reactive molecular species. It has been proven that
sepsis is characterized by an increase in the production
of ROS, as well as reactive nitrogen species (RNS), both
in circulation (produced by cells of the immune system
and the endothelial system) and tissue (due to mitochon-
drial dysfunction and the modification of the antioxidant
state) [4, 5].

When antioxidant defenses are outnumbered, oxidative
stress, which can significantly damage lipids, proteins, and
nucleic acids, occurs both within the mitochondria and the
rest of the cell [2, 6, 7].

During sepsis, most ROS are produced in the mitochon-
dria. It is believed that this is due to the electron loss that
takes place when they are passed from complex I to complex
III of the mitochondrial electron transport chain. On the
other hand, the uncoupling of the chain also takes place
between complex I and complex II [8]. Electrons that reduce
complex I come from reduced coenzymes, Nicotinamide
adenine dinucleotide (NADH+H+), while Dihydroflavine-
Adenine Dinucleotide (FADH), which comes from succinate
oxidation in the Krebs cycle, is oxidized in complex II, with
electrons entering through the said complex [8]. In different
studies, succinate has improved oxygen consumption in sep-
tic rat muscle [8], prolonging the survival of the said septic
animals [9] and improving the hepatic metabolic profile [10].

The objective of this study is to observe whether the
administration of intraperitoneal succinate to rats subjected
to cecal ligation and puncture reduces ROS production and
improves sepsis-induced kidney failure.

2. Materials and Methods

2.1. Animals. Male Sprague Dawley rats of 200 grams of
average weight adapted to 12 h light cycles for 7 days and
fed ad libitum at a room temperature of 24°C were used.
The experiments were approved by the IACUC (Institutional
Animal Care and Use Committee) of the Faculty of Medicine
of the University of Buenos Aires, Argentina.

2.2. Groups. Four groups were formed: (1) Control group; (2)
Succinate group, to which intraperitoneal succinate was
administered 2 hours before initiating the surgery of groups
3 and 4 and 2 hours before the taking of the sample; (3) Cecal
Puncture group, on which the procedure described in the
following item was performed; (4) Cecal Puncture and

Succinate group, to which succinate was administered 2
hours before the surgery and 2 hours before the taking of
the sample. 24 hours passed between the surgery and the tak-
ing of the sample (Figure 1).

2.3. Cecal Ligation and Puncture. The procedure was per-
formed under sedation and anesthesia with 100mg/kg of
intraperitoneal Ketamine and 2.5mg/kg of intraperitoneal
Xylazine. In accordance with the technique described in
literature [11–16], a midline laparotomy was performed,
the cecum was identified, and 1 cm was ligated. Both sides
of the ligated cecum were punctured with a 25× 8 needle,
and subsequently, a layered ligation of abdominal wall was
performed. A single dose of 30mg/kg of intraperitoneal
ceftriaxone and 25mg/kg of clindamycin was adminis-
trated and then 20ml/kg of intraperitoneal NaCl 0.9%.

2.4. Succinate Solution. Intraperitoneal succinate solution
was administrated on groups 2 and 4, according to the
flow chart specifications. 5mmol/kg of intraperitoneal
succinate 0.4M solution was administered. Solution was
prepared from succinic acid (Sigma Chemical Co.), neu-
tralized with NaOH, and sterilized by filtration.

2.5. Procedure. Intraperitoneal succinate solution was admin-
istered to rats of groups 2 and 4. Two hours later, cecal liga-
tion and puncture was performed to rats of groups 3 and 4.
24 hours later, another administration of intraperitoneal
succinate solution was performed to rats of groups 2 and 4.
Two hours later, blood samples were taken, and rats were
sacrificed after that (Figure 1).

2.6. Blood Sample. A blood sample was taken through cardiac
puncture under anesthesia with 100mg/kg of intraperitoneal
Ketamine and 2.5mg/kg of intraperitoneal Xylazine, and the
animal was later euthanized. Blood was centrifuged in a dry
tube at 3000 rpm (900g) for 5 minutes. Then, the serum
was separated and frozen at −75°C until measurement.

2.7. Measurement of Systemic ROS. The measurement of
systemic ROS was taken using 2′,7′ dichlorofluorescein-
diacetate (DCFH) (Sigma Chemical Co.). 12μl of serum
was incubated for 10 minutes in 1000μl of TE buffer,
and 10μl of NaOH was added to hydrolyze the diacetate
and, thus, activate the dichlorofluorescein. Emitted

4 groups (5 rats each group)

Group 1 − control 5 mmol/kg of IP
0.4 M succinate

solution
Group 2 − succinate
Group 3 − cecal ligation
Group 4 − cecal ligation + succinate

2 hs 2 hs24 hs
Succinate

administration
Surgery Succinate

administration
Surgery

blood sample

Figure 1: Procedure flow chart. Surgery was made only in groups 3 and 4. Succinate was administered in groups 2 and 4.
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fluorescence was measured with Jasco FP770 equipment.
An emission spectrum between 500 and 550 nm was used
with each sample. The expressed value is the mean of the
emission at 525nm.

2.8. Creatinine Levels. Blood sample was taken as described
above. The measurements were processed on a Vitros
5600 Ortho Clinical Diagnostics analytical platform, using
the dry chemistry method. Average results are expressed
in mg/dl.

2.9. Statistical Analysis. The Statistix 7.0 program was used.
The Student t-test to highlight differences between 2 groups
and the ANOVA test for 4 groups were performed. A positive
of p < 0 05 was used. Pearson test was used to highlight
correlation between 2 variables.

3. Results

DCFH average emissions were as follows: group 1 (0.0332
(SD=0.008)); group 2 (0.0352 (SD=0.011)); group 3
(0.0759 (SD=0.037)); and group 4 (0.0598 (SD=0.006))
(Figure 2). There were significant differences among the 4
groups (ANOVA test p = 0 016). Furthermore, there were
significant differences between groups 1 and 3 (p = 0 007)
and groups 3 and 4 (p = 0 007). No differences were found
between groups 1 and 4 (p = 0 3).

Average serum creatinine levels were as follows: group1
(0.39mg/dl (SD=0.07)); group 2 (0.4mg/dl (SD=0.07));
group 3 (0.54mg/dl (SD=0.08)); and group 4 (0.6mg/dl
(SD=0.2)) (shown in Figure 3). There were also significant
differences among the 4 groups (ANOVA test p = 0 035),
but there were no differences between groups 1 and 3
(p = 0 33) or groups 3 and 4 (p = 0 07). However, there were
differences between groups 1 and 4 (p = 0 037). Finally, there
were no differences in serum lactate levels among the 4
groups (ANOVA test p = 0 3).

On the other hand, there was no correlation in creatinine
levels among the 4 groups (rho=0.24; p = 0 3) (Figure 4).

4. Discussion

It can be seen in this study that systemic ROS levels were ele-
vated in septic rats, and administering parenteral succinate
reduced ROS production in septic animal. Also, succinate
did not reduce creatinine levels. At last, creatinine levels did
not correlate with DCFH levels.

This study is innovative, as systemic ROS, or serum ROS,
were measured in sepsis. Literature describes the presence of
ROS at the tissue level and associates tissue damage with the
presence of these molecules. In other studies, we measured
the presence of ROS in yeast in the presence of Menadione
[17]. In the study, we used the DCFH technique to measure
the presence of molecules in the serum. The DCFH technique
measures ROS, mainly at the intracellular level [18–21], since
the fluorophore (Dichlorofluorescein Diacetate) needs diace-
tate to be separated in order to be activated and emit a signal
at 525nm. The separation of the diacetate takes place inside
the cells due to the presence of esterases. This technique is
also described for measurements in extracellular fluids. The
technique varies in that, during incubation, NaOH is added
to separate the diacetate without the need for esterases. This
technique has already been described in literature [21–24].

It is known that ROS at the tissue level damage pro-
teins, cell membranes, and nucleic acids. This damage can
lead to cell death via apoptosis, which has been described
many times. This description is mainly at an experimen-
tal level in cell lines or experimental models and at the
tissue level. In literature, the presence of systemic ROS
in an animal model of sepsis is described, but they are
measured with the TBARS technique, and they are also
increased in the model, but their presence is not associ-
ated with organ failure markers [25]. Furthermore, the
total antioxidant capacity was measured in a study on
septic patients, in which those who did not survive had
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Figure 2: Serum ROS levels. DCFH emission levels. ANOVA test showed differences between groups (p = 0 016). There were significant
differences between groups 1 and 3 (p = 0 007) and groups 3 and 4 (p = 0 007). No differences were found between groups 1 and 4 (p = 0 3).
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a higher total antioxidant capacity and, in turn, this was
a marker of 30-day mortality [26]. In this study, systemic
ROS were not measured, and their presence was not
associated with organ failure markers [26]. In a different
study, ROS in whole blood were measured in septic
patients with DCFH. It was shown that patients with a
SOFA score greater than 7 had higher ROS levels [27].

In vivo, ROS are produced through different pathways, in
different cells and in different amounts. Phagocytic cells
are the main producers of ROS in acute illness, as a
component of immune defenses which its objective is
destroying microorganisms [2]. Under physiologic condi-
tions, there is a continuous mitochondrial production of
ROS and more precisely in the electron transport chain,
which produces 90% of these molecules [3]. There is a
clear relation between inflammatory molecules and oxida-
tive stress levels though [2, 7].

This study is also innovative, as systemic ROS levels were
reduced in septic rats with succinate, a Krebs cycle interme-
diate, with no changes in nonseptic rats. This could be due
to the fact that the electron transport chain is not affected
in nonseptic rats; the effects of the drug are not the same as
those seen in septic rats.

Chouchani et al. [28], in their work, express that there
is succinate accumulation during hypoxia-reoxygenation.
Through several tests, they show that glucose, palmitate,
glutamine, and GABA do not contribute to the

accumulation. Instead, the origin of the accumulation is
fumarate. The reactions that carries out from the formation
of citric acid to succinate are all with negative standard
free-energy difference (ΔG°′), which means that they are
spontaneous. Instead, the reactions go after succinate are
with ΔG°′=0 (from succinate to fumarate) or positive ΔG
°′, which means that it is not spontaneous. The reaction
from succinate to fumarate will go in diverse ways depend-
ing on the concentration of the substrates [29]. During
hypoxia, electron transport chain is stopped because there
is no final substrate, oxygen. There is no reoxidation of
NAD+ and FAD, and anaerobic glycolysis occurs,
producing lactate. Also, as there is no NAD+ and FAD,
β-oxidation is also stopped, so there will be no acetyl-
CoA for Krebs. But hypoxia-reoxygenation is not the only
physiopathological issue in sepsis.

In sepsis, other mechanisms take place in the mito-
chondria. Several studies showed that there is low activity
in the electron transport chain, in different complex. Lor-
ente et al. showed lower activity of complex IV in plate-
lets of septic patients [30], while Brealey et al. [31]
showed a lower activity in complex I, while in complexes
II, III, and IV, there was no difference. The same group,
also, showed that complex II/III activity remained
unchanged in both the muscle and the liver of septic rats
[32]. Also, both skeletal muscle and liver complex I activ-
ity fell with increasing disease severity in septic rats [32].

In sepsis, electron transport chain activity and mito-
chondrial respiration are decreased, shown by the lower
levels in oxygen consumption and the decrease in ATP
levels and ATP/ADP ratio [33]. Also, several metabolic
pathways have been proposed as targets in sepsis, such as
the pathways that regulate glycolysis or fatty acid metabo-
lism, sources of Acetyl-coA, substrate of Krebs cycle [33].
Succinate has shown to improve mean survival time in sep-
tic rats with succinic acid infusion [9, 10]. Also, mitochon-
drial respiration was augmented in moderately-to-severely
septic animals, shown by the recovery of oxygen consump-
tion [8]. In the hepatocytes of lipopolysaccharide-injected
rats, the infusion of succinate improved the plasma concen-
tration of free fatty acids and B-hydroxybutyrate, the liver
ATP content, and the oxidation of D-glucose as well as
the pyruvate/lactate ratio [10].
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Several attempts have been made to reduce oxidative
stress in septic patients, most of them with inconclusive
results [34–37], being parenteral succinate an alternative
therapeutic option.

All these results might show that succinate in sepsis
can improve systemic ROS levels restoring the electron
transport chain, but this does not improve renal function
measured with creatinine levels. Also, there is no correla-
tion between systemic ROS and creatinine levels, indicat-
ing that ROS production and kidney damage are not
linked. At last, we showed [38] that septic patients in the
ICU do not have more ROS in the bloodstream than
healthy controls, and those patients who died in the ICU
do not have more systemic ROS than those who survived.

In this study, no correlation between systemic ROS
levels and creatinine was found. Sepsis is the most common
cause of kidney failure in the ICU [39]. This can be a
pathophysiologic mechanism of distant injury in sepsis or
a severity marker of the disease. Septic rats showed higher
creatinine levels, which were not reduced with the adminis-
tration of succinate. This can be due to the fact that the
uncoupling of the electron transport chain and the produc-
tion of ROS are not part of the pathophysiology or due to
the fact that creatinine is a late marker of kidney injury,
and the duration of the test was not enough to show
improvement. There are other earlier and more accurate
biomarkers of kidney injury, such as NGAL, which is not
routinely used yet [40–42]. Therefore, we chose creatinine
as a marker of kidney injury.

The question that needs to be solved is that do ROS cause
tissue damage or just molecules that show that mitochondrial
processes are not working correctly. More studies are needed
to solve this question.

5. Conclusions

Parenteral succinate reduces systemic ROS levels, but it does
not reduce serum creatinine levels. Further studies are
needed to understand this drug’s mechanism of action.
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Diabetic cardiomyopathy is a diabetic complication due to oxidative stress injuries. This study examined the protecting
influence of thymoquinone (TQ) on diabetes-caused cardiac complications. The intracellular means by which TQ works
against diabetes-caused cardiac myopathy in rats is not completely understood. In this study, Wistar male rats (n = 60)
were assigned into four groups: control, diabetic (diabetes induced by IP infusion of streptozotocin, 65mg/kg), diabetic + TQ
(diabetic rats given TQ (50mg/kg) administered once per day by stomach gavage), and TQ (50mg/kg) for 12 weeks. TQ
supplementation appreciably recovered the cardiac parameters alongside significant declines in plasma nitric oxide
concentrations and total superoxide dismutase (T.SOD) activities. Importantly, TQ downgraded expression of cardiac-
inducible nitric oxide synthase in addition to significantly upregulating vascular endothelial growth factor and erythropoietin
genes and nuclear factor-erythroid-2-related factor 2 (Nrf2) protein. TQ normalized plasma triacylglycerol and low-density
lipoprotein-cholesterol and significantly improved the high-density lipoprotein-cholesterol levels. Additionally, TQ
administration improved the antioxidant ability of cardiac tissue via significantly increased cardiac T.SOD and decreased
cardiac malondialdehyde levels. Oral supplementation with TQ prevented diabetic-induced cardiomyopathy via its inhibitory
effect on the E-selectin level, C-reactive protein, and interleukin-6. The TQ protecting effect on the heart tissue was shown
by normalization of the plasma cardiac markers troponin I and creatine kinase. This experiment shows the aptitude of TQ
to protect cardiac muscles against diabetic oxidative stress, mainly through upregulation of Nrf2, which defeated oxidative
damage by improvement of the antioxidant power of cardiac muscle that consequently protected the cardiac muscles and
alleviated the inflammatory process.

1. Introduction

Diabetes mellitus (DM) is a metabolic ailment that occurs
due to different factors including either genetic or environ-
mental influences. DM is distinguished by disturbances in
insulin metabolism that consequently alter carbohydrates,
lipids, and protein metabolisms [1]. A cascade of myocardial

variations that occur in DM with fibrosis, hypertrophy, and
microcirculatory imperfections characterizes diabetic cardio-
myopathy. These circulatory complaints hinder the heart
efficiency, then concomitantly result in cardiac failure [2].
Diabetic-induced cardiac complication is distinguished by
myocardial functional alterations in which oxidative stresses
are the main cause [3]. DM-generated reactive oxygen
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species (ROS) that led to injuries to cellular structures
subsequently led to functional, structural, and metabolic
impairments [4]. ROS creation triggers cardiomyocytes’
necrosis besides apoptosis, which induces cardiac alterations
and dysfunction. Therefore, the cellular antioxidant mole-
cules try to abolish the harmful effect of ROS to maintain cel-
lular integrity [5]. Oxidative stress-associated pathological
processes can be attenuated by the nuclear factor-erythroid-
2- (NF-E2-) related factor 2 (Nrf2) molecule that sustains
cellular redox homeostasis [6].

Diabetic cardiomyopathy is influenced by vascular endo-
thelial growth factor (VEGF) that is responsible for blood
vessels’ formation to counteract cellular degeneration [7].
Concomitantly, downregulation of VEGF occurs with low-
ering of endothelial cells’ apoptosis [8]. Treatment with
erythropoietin (EPO) during cardiac ischemia decreases the
chance of myocardial apoptosis [9]. EPO enhanced heart effi-
ciency by incitement of endothelial ancestor cell-interceded
endothelial turnover and VEGF upregulation [10].

Nigella sativa seeds (black cumin) have various beneficial
pharmacological properties [11]. Thymoquinone (TQ; 2-iso-
propyl-5-methyl-1,4-benzoquinone) is a potent antioxidant
phytochemical constituent present inN. sativa seeds that acts
mainly by scavenging ROS and prevents cellular damage due
to different prooxidants [12]. Herein, we investigated the
defensive role of TQ against cardiomyopathy due to diabetes
induction in rats regarding the intracellular pathway by
which TQ may relegate diabetic cardiomyopathy.

2. Materials and Methods

2.1. Chemicals. Streptozotocin (STZ, S0130), dimethyl
sulfoxide (DMSO, D2650), ethylenediaminetetraacetic acid
(EDS), thymoquinone (274666), glucose (D9434), 0.1M
citrate buffer, phosphate-buffered saline (PBS, P5493), and
sodium chloride solution (0.9%, 07982) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). β-Actin and Nrf2 anti-
bodies were purchased from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA).

2.2. Animals. The morals advisory group of Kafrelsheikh
University, Egypt, permitted this study (KVM021/2016;
March 2016). Sixty male rats weighing 180–200 g each were
raised in the Physiology Unit, Faculty of Veterinary Medi-
cine, Kafrelsheikh University, Egypt. Rats were maintained
and fed in the constant conditions recommended in our pre-
vious work [13].

2.3. Experimental Design. Animals were assigned into four
different groups (control, diabetic, diabetic +TQ, and TQ;
15 each), and every group was allocated into three repeats
(5 each). Control and TQ groups were injected intraperitone-
ally (IP) once with 0.5ml citrate buffer (pH 4.5) per rat.
Diabetes was induced and monitored in diabetic and dia-
betic +TQ groups according to Atta et al. [13]. At the end
of 12 weeks, the rats were anesthetized with intravenous infu-
sion of sodium pentobarbital (30mg/kg) to prevent suffering
for accurate sampling.

2.4. Sampling. After 12 weeks, whole blood, serum, and heart
samples for Western blot and RT-PCR were taken according
to Atta et al. [13].

2.5. Biochemical Analysis. Kits from Merck (India Ltd.) were
used for determination of plasma total cholesterol, triacyl-
glycerol (TAG), and high-density lipoprotein-cholesterol
(HDL-C). Low-density lipoprotein-cholesterol (LDL-C) was
calculated by the method of Friedewald et al. [14]. Commer-
cial ELISA diagnostic kits from BioCheck (Foster City, CA,
USA) were used for determination of plasma troponin I
(BC-1105) and creatine kinase-MB (CK-MB, BC-1121).

Heart inflammatory cytokines were assayed with
ELISA kits for E-selectin (MBS762069, MyBioSource, San
Diego, CA, USA), high sensitive C reactive protein (CRP)
(MBS268328, MyBioSource), and interleukin-6 (IL-6)
(MBS726707, MyBioSource). Malondialdehyde (MDA) con-
centrations in plasma and tissue homogenates were assessed
using a thiobarbituric acid method [15]. Total superoxide
dismutase (T.SOD) was measured in the plasma and cardiac
tissue supernatant using nitro blue tetrazolium following the
method of Nishikimi et al. [16]. Nitric oxide (NO) quantities
in tissue supernatant were quantified according to the
method of Miranda et al. [17].

Protein concentrations of cardiac homogenates were
assessed with the Bradford assay (5000002, Bio-Rad Labora-
tories, Watford, UK) for calibration of biochemical assess-
ment [18].

2.6. Assessment of Gene Expression. Total RNA contents
were extracted from heart tissue samples in 1ml QIAzol
(79306, QIAGEN Inc., Valencia, CA, USA) with chloro-
form. The RNA pellets were rinsed with 70% ethanol,
dried, and suspended in diethylpyrocarbonate (DEPC,
129112, QIAGEN Inc.). RNA amount and purity were
assessed using a spectrophotometer at 260nm. The ratio
of the 260/280 optical density of all RNA tested was 1.7–
1.9. RNA in samples was transcripted to the corresponding
cDNA with RevertAid Premium reverse transcriptase
(EP0733, Thermo Fisher Scientific, Deutschland, Germany).
EPO, VEGF, and inducible nitric oxide synthase (iNOS)
gene expressions’ concentration were examined with RT-
PCR using a Bio-Rad MJ Mini Opticon Real-Time PCR
System. The primer sequences for EPO, VEGF, iNOS,
and GAPDH (housekeeping) genes are listed in Table 1.
Data are presented relative to control values using three
separate experiments.

2.7. Western Blotting. Heart tissue was homogenized in ice-
cold lysis buffer and then centrifuged at 14,000×g for
20min at 4°C. Samples’ protein amount was evaluated fol-
lowing Bradford [18]. Samples of equivalent protein amounts
were subjected to electrophoresis using SDS/PAGE and
transferred to PVDF membrane (88518, Thermo Fisher Sci-
entific) after 1 h, and then blocked using 5% nonfat dried
milk in Tris-Tween. The membrane was kept with a poly-
clonal rabbit anti-Nrf2 antibody (1 : 200, Santa Cruz Biotech-
nology) and anti-β-actin (Santa Cruz Biotechnology) as
internal control diluted 1 : 1000 in Tris-Tween buffer. The
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membranes were treated with the secondary antibodies
(1 : 3000) (611-1302, Rockland Immunochemical, Boyer-
town, PA, USA) incubated with membranes for 1 h at room
temperature and rinsed. Protein bands were densitometri-
cally assessed by means of Image J software version 1.48
(National Institutes of Health, Bethesda, MD, USA). Band
density was normalized to the equivalent density of β-actin.

2.8. Histological Study. Heart samples were fixed in 10%
neutral buffer formaldehyde (F8775, Sigma-Aldrich) solu-
tion for a minimum of one day. Fixed tissues were handled
via paraffin embedding method and dehydrated via ascend-
ing sorts of ethanol (32205, Sigma-Aldrich), clearing in
xylene, and immersed in paraffin (327204, Sigma-Aldrich),
then implanted in paraffin wax at 60°C. Five μm thick sec-
tions were dyed with hematoxylin and eosin [21]. Vacuola-
tion percentages in the photomicrographs of all groups
were quantified with Image J software.

2.9. Statistical Assessment. Variance analysis (one-way
ANOVA) and results were subjected to Bonferroni’s multiple
comparisons post hoc test using GraphPad Prism 5 (Graph-
Pad Software, San Diego, CA, USA) with p < 0 05 considered
statistically significant. Results are shown as means± stan-
dard error.

3. Results

3.1. Thymoquinone and Plasma Biochemical Factors Related
to Cardiac Activity. Plasma TAG, LDL-C, troponin I, and
creatine kinase were significantly elevated in the diabetic rats
although they returned to close to control group levels in the
TQ group (Figure 1), while the diabetic group showed signif-
icant decreases in HDL-C compared to other groups as pre-
sented in Figure 1(c). Plasma NO was significantly elevated
in the diabetic rats and was reduced in diabetic +TQ rats
(Figure 1(f)). Plasma T.SOD activities were significantly
reduced in the diabetic rats matched with control and TQ
groups, which might be owing to damage due to diabetes
(Figure 1(g)).

3.2. Thymoquinone and the Proinflammatory Markers of
Cardiac Tissues. The protecting influence of TQ on the
inflammatory cytokines was evaluated. As presented in
Figure 2, E-selectin, CRP, and IL-6 levels were significantly

raised (p < 0 01) in the diabetic group vs. control and other
treated rats.

3.3. Thymoquinone and Cardiac Tissue Antioxidant Status.
Diabetic rats displayed a significant increase (p < 0 001) in
lipid peroxidation levels as monitored with levels of MDA,
as well as a significant decrease (p < 0 001) in the activities
of T.SOD as compared to control. Diabetic +TQ rats had sig-
nificantly decreased levels of MDA (p < 0 001) and expressed
a significant increase in T.SOD levels (p < 0 01). Conversely,
the diabetic +TQ group showed significantly decreased
(p < 0 001) T.SOD activity and significantly increased
(p < 0 001) MDA level, significantly increased in comparison
to control, as shown in Figure 3.

3.4. Thymoquinone and Cardiac EPO, VEGF, and iNOS
mRNA Levels and the Nrf2 Protein Level. The mRNA expres-
sion of EPO significantly decreased (p < 0 05) in the diabetic
group while the EPO mRNA expression increased signifi-
cantly (p < 0 05) in the diabetic +TQ group, even more than
control (Figure 4(a)). The VEGF gene significantly decreased
(p < 0 01) in the diabetic group, whereas in the diabetic +TQ
rats, the VEGF mRNA expression was significantly increased
(p < 0 001) in comparison to the diabetic group (Figure 4(b)).
Cardiac iNOS mRNA was significantly elevated (p < 0 001)
in the diabetic group vs. control, while in the TQ group,
the level of iNOS expression was similar to control
(Figure 4(c)). The protein level of Nrf2 assessed with
Western blot is displayed in Figure 4(d). The diabetic group
showed significant downregulation (p < 0 001) of Nrf2
protein expression in comparison to control and other TQ-
treated groups. The diabetic +TQ group displayed upregula-
tion of Nrf2 protein expression.

3.5. Histopathology. The histopathological assay of cardiac
tissue from control and TQ groups showed regular morpho-
logical appearances, normal myocardial fiber structure, and
architecture with no evidence of degeneration and vacuola-
tion (Figure 5(a) and 5(d)). The myocardial sections of
the diabetic group revealed marked myolysis and degener-
ation in addition to the vacuolation of myocardial fibers
(Figure 5(b)). The myocardial sections of the diabetic +TQ
group showed small areas of slight degeneration and vacuola-
tion (Figure 5(c)). Compared to control, the vacuolation
percentages in diabetic, diabetic +TQ, and TQ groups were
9.00± 2.54, 2.00± 0.65, and 0%, respectively (Figure 5(e)).

Table 1: Primers for gene expression by RT-PCR.

Gene Direction Primer sequence References

GAPDH
Sense CAAGGTCA TCCATGACAACTTTG

[19]
Antisense GTCCACCACCCTG TTGCTGTAG

EPO
Sense TACGTAGCCTCACTTCACTGCTT

[19]
Antisense GCAGAAAGTATCCGCTGTGAGTGTTC

iNOS
Sense TCTGTGCCTTTGCTCATGAC

[20]
Antisense CATGGTGAACACGTTCTTGG

VEGF
Sense TATGTTT GACTGCTGTGGACTTGA

[19]
Antisense AGGGATGGG TTTGTCGTGT
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4. Discussion

Diabetes mellitus is a disorder accompanied by an increased
glucose level and hyperlipidemia along with problems in
insulin and erythrocytic hemoglobin glycosylation [22]. In
this study, we have similar data of body weights, serum
insulin levels, and HbA1c (%) as presented in our previous
study [13], whereas the body weights and insulin concen-
trations in the diabetic group were significantly reduced

compared to the control and TQ-treated rats. TQ caused sig-
nificant improvement in the body weights in addition to the
insulin pattern in the diabetic +TQ group as opposed to the
diabetic group. The diabetic group had a significant increase
in the HbA1c (%) compared to control and other rat groups.
Additionally, there were no marked changes among the TQ
and control groups.

Diabetic rats had a significant elevation in plasma TAG
and LDL-C levels, while HDL-C levels were significantly
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Figure 1: Plasma levels of TAG (a), LDL-C (b), HDL-C (c), troponin I (d), CK-MB (e), NO (f), and T.SOD (g). ∗p < 0 05, ∗∗p < 0 01 and
∗∗∗p < 0 001 vs. control. +p < 0 05 and +++p < 0 001 vs. diabetic. xp < 0 05 and xxxp < 0 001 vs. TQ. TQ: thymoquinone; TAG: triacylglycerol;
LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; CK-MB: creatine kinase-MB; NO: nitric oxide;
T.SOD: total superoxide dismutase.
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reduced when compared to control rats. These findings are
consistent with results of Ighodaro et al. [23] and Zhang
et al. [24] in which the authors reported significant elevations
in total cholesterol, TAG, HDL-C, and LDL-C of STZ-treated

rats, and with our previous results that the plasma concentra-
tion of insulin was significantly reduced in diabetic rats,
which led to hyperglycemia with a high percentage of HbA1C
[13]. Alternatively, TQ significantly improved the plasma
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Figure 2: Cardiac levels of E-selectin (a), CRP (b), and IL-6 (c). ∗p < 0 05 and ∗∗∗p < 0 001 vs. control. +++p < 0 001 vs. diabetic. xxp < 0 01 vs.
TQ. TQ: thymoquinone; CRP: C reactive protein; IL-6: interleukin-6.
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Figure 3: Cardiac MDA levels (a) and T.SOD activities (b). ∗p < 0 05 and ∗∗∗p < 0 001 vs. control. +++p < 0 001 vs. diabetic. xxxp < 0 001 vs.
TQ. TQ: thymoquinone; MDA: malondialdehyde; T.SOD: total superoxide dismutase.
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levels of TAG, LDL-C, and HDL-C in the diabetic +TQ
group in relation to the diabetic group. Prabhakar et al.
[25] reported the antihyperlipidemic consequence of TQ in
contradiction to a high-fructose diet-induced metabolic
disorder in rats. Also, TQ attenuated the significant increase
in TAG and total cholesterol of cyclophosphamide-induced
cardiomyopathies in rats [26]. We previously reported that
TQ supplementation to diabetic rats reverted the plasma
level of insulin and erythrocytic HbA1C to near their nor-
mal levels, indicating the importance of TQ in the regen-
eration of β-cells injured by STZ [13]. Concomitantly,
TQ modulates hyperglycemia and decreases the rate of
hemoglobin glycation.

Troponin I and CK-MB are plasma cardiac biomarkers
that aid in the laboratory diagnosis of heart attack. STZ
induced a significant increase in plasma troponin I and CK-
MB, while TQ counteracted the oxidative injuries in cardiac
muscles due to STZ. Giribabu et al. [27] stated that STZ-
nicotinamide-induced cardiac injuries were accompanied
by significant increases in troponin I and CK-MB in diabetic
rats. On the contrary, TQ ameliorated the cardiac injuries
that occurred in diabetic rats through hindering inflamma-
tory progression and enhancing antioxidant status [28]. This
experiment revealed that TQ potentiated the antioxidant sta-
tus of plasma along with cardiac muscles of STZ-treated rats

via significant decreases in plasma NO and cardiac MDA,
while significantly increasing the plasma and cardiac T.SOD.
Similarly, TQ significantly decreased MDA levels and
increased T.SOD activities in β-cells of the STZ-induced dia-
betic group [29]. In addition, TQ significantly defeated oxida-
tive damages induced by STZ in rats via significant
decreases in testicular NO and MDA levels. Likewise, TQ
increased testicular reduced glutathione levels and T.SOD
activities, alleviating testicular injuries of diabetic rats [13].

Diabetes accompanied by inflammation and heart disor-
der is correlated with increased inflammatory biomarkers
and cytokines [30], and therefore, plasma E-selectin, CRP,
and IL-6 can be augmented in diabetic rats. Nawale et al.
[28] stated that alloxan-induced diabetic rats had a significant
level of CRP. Also, CRP, IL-6, E-selectin, and TNF-αwere sig-
nificantly raised in diabetic rats in response to oxidative dam-
age [5, 31, 32]. On the contrary, TQ lowered the plasma levels
of E-selectin, CRP, and IL-6. This result agreed with Karaca
et al. [33], who noticed a significant reduction in interleukin-
1 beta (IL-1β), IL-6, tumor necrosis factor-alpha (TNF-α),
and monocyte chemoattractant protein-1 (MCP-1) in rats
subjected to experimental induction of esophagitis. Also, it
was found that TQ has a role against inflammatory progres-
sion in the hippocampal tissues due to lipopolysaccharide-
induced inflammation in rats [34].

⁎

⁎
+++

+++
2.5

EP
O

 g
en

e e
xp

re
ss

io
n 

fo
ld

2.0

1.5

1.0

0.5

0.0
C

on
tro

l

D
ia

be
tic

D
ia

be
tic

 +
 T

Q TQ

(a)

+++

⁎⁎

+++
1.5

V
EG

F 
ge

ne
 ex

pr
es

sio
n 

fo
ld

1.0

0.5

0.0

C
on

tro
l

D
ia

be
tic

D
ia

be
tic

 +
 T

Q TQ

(b)

+++
⁎⁎⁎

+++
2.0

iN
O

S 
ge

ne
 ex

pr
es

sio
n 

fo
ld

1.0

1.5

0.5

0.0

C
on

tro
l

D
ia

be
tic

D
ia

be
tic

 +
 T

Q TQ

(c)

⁎⁎⁎

⁎⁎

+++
xx

+++
1.5

N
rf2

 p
ro

te
in

 ex
pr

es
sio

n

1.0

0.5

0.0

C
on

tro
l

D
ia

be
tic

D
ia

be
tic

 +
 T

Q TQ

Nrf2

�훽-Actin

(d)

Figure 4: Gene expression folds of cardiac EPO (a), VEGF (b), and iNOS (c) genes and Western blot of Nrf2 (d). ∗p < 0 05, ∗∗p < 0 01, and
∗∗∗p < 0 001 vs. control. +++p < 0 001 vs. diabetic. xxp < 0 01 vs. TQ. VEGF: vascular endothelial growth factor; EPO: erythropoietin; iNOS:
inducible nitric oxide synthase; Nrf2: nuclear factor erythroid 2-related factor 2.
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Here, the results revealed significant decreases of EPO
and VEGF expressions in diabetic rats, while iNOS gene
expression fold was significantly increased due to oxidative
injuries of cardiac muscles. In the same context, diabetic rats
had decreased renal mRNA expression of EPO as a result of
oxidative stress due to diabetes [35]. Also, the VEGF gene
was downregulated in cardiac tissue of diabetic rats, leading
to impairment of angiogenesis [36]. Furthermore, iNOS
expression was increased in STZ-diabetic group as shown
by Nagareddy et al. [37]. Diabetic rats orally given TQ
showed significant improvement of EPO and VEGF and

reduction in iNOS genes that led to enhancement of heart
angiogenesis and antioxidant status [13, 38].

A major function of Nrf2 is defeating the oxidant stress
that enhances the expression of cellular antioxidant mole-
cules that guard against oxidative injury [39]. Nrf2 defeats
ROS through induction of SOD and glutathione peroxidase
(GPx) along with regeneration of oxidized glutathione
(GSSG) [40]. Also, Nrf2 direct substrate and effector of pro-
tein kinase R- (PKR-) like endoplasmic reticulum kinase
(PERK) mediated cell survival through amelioration of the
endoplasmic reticulum and unfolded protein response
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Figure 5: Photomicrograph of the rat myocardium showed normal myocardial fiber architecture in the negative control group (a) and TQ
group (d). Photomicrograph of diabetic (b) and diabetic + TQ groups (c) showed myocardial degeneration (arrowhead) and vacuolation
(arrow). H&E, ×200. (e) Vacuolation percentages. ∗∗∗p < 0 001 vs. control. +++p < 0 001 vs. diabetic.
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(UPR) oxidative stresses [41]. Therefore, Nrf2 counteracts
the cellular damages due to numerous injuries. The current
study showed a considerable decrease in the Nrf2 protein
level in diabetic rats relative to normal, control rats. High
glucose-induced apoptosis in cardiomyocytes leads to
depletion of Nrf2 and antioxidant status of STZ-diabetic
rats [42]. Liu et al. [43] found that mulberry granules, a tradi-
tional Chinese medicine prescription, protect against STZ-
induced cardiomyopathy by suppressing the oxidative stress
through Nrf2. The current study displayed the defensive role
of TQ counter to the oxidative stress caused by STZ through
induction of Nrf2 and antioxidant enzymes (Figure 6). In a
like manner, it was shown that the antioxidant potential
of TQ through upregulation of Nrf2 consequently aug-
mented the cellular antioxidant status and defeated the cel-
lular oxidative injury [44]. Also, TQ has a crucial shielding
role against DNA oxidative damage [45]. The upregulation
of Nrf2 due to TQ is considered as a core of the TQ protec-
tive effect against cardiomyopathy in diabetic rats. Addi-
tionally, Liu et al. [46] suggested that the protective effect
of the TQ on cardiovascular function might be due to
downregulation of cyclooxygenase-2 levels and the
increased phosphorylated-protein kinase B (p-Akt) expres-
sion levels in diabetic rats. These findings are mutually sup-
portive to the cardioprotective effect of TQ against diabetic
cardiomyopathy demonstrated in our study.

STZ induces oxidative injuries in cardiac muscles
through increased production of ROS that leads to myolysis
and degeneration in cardiac muscles and finally to failure.
Wu et al. [47] reported a significant lessening in antioxidant
enzymes with an increased concentration of MDA, leading
to heart disease. On the contrary, TQ ameliorates the

histopathological changes induced in rat cardiac muscles
due to diabetes oxidative injuries and inflammation. Simi-
larly, TQ protects the cardiac cells against injurious effect
induced by different toxicants [48].

5. Conclusions

Diabetes exerts oxidative stress on the cardiac tissues by
increasing the oxidative damage, mostly through elevated
plasma NO and upregulation of cardiac tissue iNOS mRNA
expression. Diabetes decreases the antioxidant ability of heart
tissue by decreasing plasma and cardiac tissue T.SOD levels
and downregulating cardiac tissue EPO and VEGF mRNA
expressions, thereby increasing the major cardiac markers
plasma troponin I and CK-MB. Oral administration of TQ
protects the cardiac tissue from these oxidative stresses as
manifested by normalization of the cardiac markers troponin
I and CK-MB. This was achieved via improving the antioxi-
dant status of cardiac muscle and upregulating VEGF and
EPO expression, in addition to normalizing the protein
expression of Nrf2. Briefly, TQ ameliorates the cardiac inju-
ries in diabetic rats through upregulation of Nrf2 that allevi-
ates oxidative stress and induces cell survival.
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Hypercholesterolemia is a metabolic disorder associated with oxidative stress. The present study investigated the protective effect of
Monolluma quadrangula extract on hypercholesterolemia-induced oxidative stress in the liver and heart of high-cholesterol-diet-
(HCD-) fed rats. The experimental animals received HCD for 10 weeks and were concurrently treated with 300 or 600mg/kg
M. quadrangula extract. HCD-fed rats showed a significant increase in serum triglycerides, total cholesterol, LDL-cholesterol,
vLDL-cholesterol, and cardiovascular risk indices along with decreased HDL-cholesterol and antiatherogenic index. The
M. quadrangula extract significantly improved dyslipidemia and atherogenesis in HCD-fed rats. HCD induced a significant
increase in serum transaminases, creatine kinase-MB, and proinflammatory cytokines. In addition, HDC induced a significant
increase in hepatic and cardiac lipid peroxidation and decreased antioxidant enzymes. Treatment with the M. quadrangula
extract significantly alleviated liver and heart function markers, decreased proinflammatory cytokines and lipid peroxidation,
and enhanced the antioxidant defenses. Also, the M. quadrangula extract significantly reduced the expression of fatty acid
synthase (FAS) and increased the expression of LDL receptor in the liver of HCD-fed rats. In conclusion, the M. quadrangula
extract has a potent antihyperlipidemic and cholesterol-lowering effect on HCD-fed rats. The beneficial effects of the
M. quadrangula extract were mediated through the increased antioxidant defenses, decreased inflammation and lipid
peroxidation, and modulated hepatic FAS and LDL receptor gene expression.

1. Introduction

Hyperlipidemia is a lipid metabolism disorder associated
with the development of atherosclerosis and cardiovascular
disease [1, 2]. Excessive consumption of foods containing
high amounts of saturated fats and cholesterol is the major
risk factor of hyperlipidemia [3]. Studies have reported that
hyperlipidemia, particularly hypercholesterolemia, leads to
atherosclerosis which is a chronic inflammatory status
initiated by subendothelial retention and oxidation of low-
density lipoprotein (LDL) cholesterol [4].

Dyslipidemia/hypercholesterolemia leads to increased
accumulation of lipids in the liver, hence reducing its ability
to lower blood lipids [2]. Studies have reported the significant
role of hypercholesterolemia in inducing oxidative stress
[2, 5, 6]. Increased production of free radicals and decreased

enzymatic and nonenzymatic antioxidants are the main
features of oxidative stress [7]. Cholesterol accumulation
in endothelial cells, hepatocytes, leukocytes, erythrocytes,
and platelets provokes the production of reactive oxygen
species (ROS) and reduces antioxidant defenses [7, 8].
This can lead to redox imbalance, oxidative stress, and
metabolic alterations [9, 10]. Therefore, agents that combine
lipid-lowering and antioxidant potentials can prevent the
negative impact of cholesterol on the liver, heart, and other
body tissues.

Ethnopharmacological data has been the base for the
discovery of natural drugs from medicinal plants [11].
Monolluma quadrangula (Forssk.) Plowes belongs to family
Apocynaceae and is also known as Caralluma quadrangula
[11]. Plants of the Caralluma spp. have shown different
beneficial effects on the treatment of skin rashes, diabetes,

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2018, Article ID 3914384, 10 pages
https://doi.org/10.1155/2018/3914384

http://orcid.org/0000-0002-3017-9924
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/3914384


snake bites, inflammation, and cancer [12–16]. M. quadran-
gula is a succulent plant that has been used traditionally as an
appetite suppressant and as diabetes and peptic ulcer treat-
ment. Recently, the M. quadrangula hydroethanolic extract
has been reported to protect against ethanol-induced gas-
tric ulcers and to attenuate oxidative stress in rats [17].
The mechanism of the antihypercholesterolemic effect of
M. quadrangula has not been previously investigated.
Therefore, we carried out this investigation to study the
antihypercholesterolemic effect of M. quadrangula and its
protective effect against hypercholesterolemia-induced oxi-
dative stress in the liver and heart of rats. In addition, we
studied the effect of M. quadrangula on the gene expres-
sion levels of hepatic LDL receptor (LDLR) and fatty acid
synthase (FAS) in hypercholesterolemic rats.

2. Materials and Methods

2.1. Collection and Preparation of the M. quadrangula
Extract. M. quadrangula was collected from Abha-Al-Taif
road (Kingdom of Saudi Arabia) during the period from
September to November 2017. The plant samples were
identified and authenticated by an expert taxonomist. The
collected samples were air-dried in shade, and the hydroetha-
nolic extract was prepared as previously described [17].
Briefly, the dried M. quadrangula samples were ground into
a fine powder and soaked in ethanol/water (1 : 1 vol/vol) for
24 hr. The mixture was filtered, and the solvent was evapo-
rated in a rotary evaporator at temperature not exceeding
45°C. The dried extract was kept frozen at −20°C until it will
be used in the animal experiments.

2.2. Experimental Animals and Treatments. Male albino
Wistar rats, weighing 160–180 g, were obtained from the
animal house of King Saud University (Saudi Arabia). The
rats were housed in standard well-aerated cages (4 rats/cage)
in controlled 12hr dark/light cycles. The animals were pro-
vided a standard diet of known composition with free access
to water. All animal procedures were approved by the ethical
committee at Princess Nourah bint Abdulrahman University
(Riyadh, Saudi Arabia).

After a 10-day acclimatization period, the rats were
allocated into four groups, each comprising 8 rats. Group I
included control rats supplied with a normal diet for 10
weeks and a daily oral dose of distilled water. Groups II–IV
included rats fed with a hypercholesterolemic diet for 10
weeks. The hypercholesterolemic diet consisted of a normal
diet supplemented with 2% cholesterol. Group II received
distilled water daily via oral gavage for 10 weeks. Groups III
and IV received 300 and 600mg/kg body weightM. quadran-
gula, respectively, dissolved in distilled water via oral gavage
daily for 10 weeks. The doses of M. quadrangula were
selected based on the study of Ibrahim et al. [17] who showed
that rats receiving up to 5 g/kg body weight M. quadrangula
extract showed no signs of hepatotoxicity or nephrotoxicity
and no morbidity or mortality.

2.3. Sample Collection and Preparation. At the end of the
experiment, both the control and treated groups were fasted

overnight and sacrificed under anesthesia. Blood samples
were quickly collected in 5ml sterilized glass tubes, were left
to coagulate, and then centrifuged to separate serum. Imme-
diately, the rats were dissected, and the liver and heart were
excised, washed in cold phosphate-buffered saline (PBS),
and weighed. Samples from the liver and heart were
homogenized in cold 0.1M phosphate buffer (pH7.4) using
a polytron homogenizer. The homogenate was centrifuged
at 8000 rpm in a cooling centrifuge, and the clear supernatant
was collected and stored at −80°C for biochemical analyses.

2.4. Assay of Liver and Heart Function Enzymes. Alanine
transaminase (ALT) and aspartate transaminase (AST)
were determined in serum of rats using commercial kits
(Spinreact, Spain) based on the method of Reitman-Frankel
[25]. Serum creatine kinase-MB (CK-MB) was determined
using the commercial ELISA kit (EIAab, China) [18].

2.5. Determination of Serum Lipids and Cardiovascular Risk
Indices. The levels of triglycerides [19], total cholesterol
[20], and HDL-cholesterol [21] were determined in the
serum of rats using a commercially available reagent kit
supplied by Accurex (Mumbai, India). vLDL- and LDL-
cholesterol levels were calculated using the following formu-
las: vLDL-cholesterol = triglycerides/5 and LDL-cholesterol =
total cholesterol− (HDL-cholesterol+ vLDL-cholesterol).

Cardiovascular risk indices [22] and antiatherogenic
index (AAI) [23] were calculated as follows: cardiovascu-
lar risk index 1= total cholesterol/HDL-cholesterol, car-
diovascular risk index 2=LDL-cholesterol/HDL-cholesterol,
and AAI= (HDL-cholesterol×100)/(total cholesterol−HDL-
cholesterol).

2.6. Assay of Serum Cytokines and C-reactive Protein (CRP).
Serum levels of tumor necrosis factor alpha (TNF-α),
interleukin-6 (IL-6), and CRP were determined using
commercially available ELISA kits (Merck Millipore, USA)
according to the provided instructions.

2.7. Assay of Lipid Peroxidation and Antioxidants. The levels
of lipid peroxidation, reduced glutathione (GSH), superoxide
dismutase (SOD), and catalase (CAT) were determined in the
homogenates of the liver and heart following the instructions
of the assay kits purchased from OxiSelect (USA).

2.8. Gene Expression Assay of LDL Receptor (LDLR) and Fatty
Acid Synthase (FAS). Quantitative polymerase chain reaction
(qPCR) was used to analyze the mRNA expression levels of
LDLR and FAS in the liver of control and treated rats. Total
RNA was extracted using the RNA Mini kit (Bioline, USA)
according to the manufacturer’s protocol. RNA was quanti-
fied using Nanodrop 8000 (Thermo Scientific, USA), and
samples with a 260/280 absorbance ratio of 1.8–2.0 were
reverse-transcribed into cDNA using a reverse transcription
kit (Invitrogen, USA). cDNA amplification was carried out
using SYBR green (Invitrogen, USA) and the following
primer pairs (Metabion International AG, Germany): LDLR
(F: 5′-CAGCTCTGTGTGAACCTGGA-3′ and R: 5′-TTCT
TCAGGTTGGGGATCAG-3′), FAF (F: 5′-CTGGACTCG
CTCATGGGTG-3′ and R: 5′-CATTTCCTGAAGCTTC
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CGCAG-3′), and GAPDH (F: 5′-AACTTTGGCATCGTGG
AAGG-3′ and R: 5′-TACATTGGGGGTAGGAACAC-3′).
The results were analyzed using the 2−ΔΔCt method of analy-
sis as described by Livak and Schmittgen [24].

2.9. Statistical Analysis. All statistical comparisons were
made by means of the one-way ANOVA test followed by
Tukey’s test on GraphPad Prism (GraphPad Software, CA,
USA). Results were presented as mean± standard error
(SEM), and a P value less than 0.05 was considered
significant.

3. Results

3.1. Effect of the M. quadrangula Extract on Serum Lipids,
Cardiovascular Indices, and Antiatherogenic Index. In the
present study, the effect of the M. quadrangula extract on
the lipid profile in HCD-supplemented rats was evaluated
as shown in Figure 1. When compared with the control
group, HCD-induced rats showed a significant increase
in serum levels of triglycerides (P < 0 001), total choles-
terol (P < 0 001), LDL-cholesterol (P < 0 001), and vLDL-
cholesterol (P < 0 001). On the other hand, HCD-induced
rats showed a significant (P < 0 05) decrease in serum levels
of HDL-cholesterol (Figure 1). HCD-induced rats treated
with 300 and 600mg/kg M. quadrangula extract showed
a significant (P < 0 001) alleviation in serum levels of tri-
glycerides, total cholesterol, LDL-cholesterol, and vLDL-
cholesterol, while this treatment had a nonsignificant effect
on serum HDL-cholesterol levels.

HCD induced cardiac injury as shown by the significant
increase in serum CK-MB level (P < 0 001) when compared
with the control rats (Figure 2(a)). Similarly, HCD-induced
rats showed a significant increase in total cholesterol/HDL-
cholesterol (Figure 2(b)) and LDL-cholesterol/HDL-choles-
terol ratios (Figure 2(c)). On the other hand, HCD-induced
rats showed significantly decreased AAI (Figure 2(d)).
HCD-induced rats treated with 300 and 600mg/kgM. quad-
rangula extract showed a significant (P < 0 001) alleviation in
serum levels of CK-MB and total cholesterol/HDL-choles-
terol (Figure 2(b)) and LDL-cholesterol/HDL-cholesterol
ratios (Figure 2(c)), and the AAI (Figure 2(d)).

3.2. Effect of the M. quadrangula Extract on Liver Function
Indices. Rats receiving HCD for 10 weeks showed signifi-
cantly increased ALT (P < 0 001) and AST (P < 0 01)
levels in serum (Figure 3). Rats supplemented with the
HCD and concurrently treated with 300 and 600mg/kg
M. quadrangula extract showed significantly alleviated serum
ALT (P < 0 01) and AST (P < 0 05) levels as represented in
Figure 3.

3.3. Effect of the M. quadrangula Extract on Serum Cytokines
and CRP Levels. Rats receiving HCD for 10 weeks showed
a significant increase in serum TNF-α (P < 0 001), IL-6
(P < 0 001), and CRP (P < 0 001) when compared to control
rats (Figure 4). Rats supplemented with the HCD and treated
with 300 and 600mg/kg M. quadrangula extract showed
significantly alleviated serum levels of TNF-α, IL-6, and CRP.

3.4. Effect of the M. quadrangula Extract on Lipid
Peroxidation and Antioxidants in the Liver and Heart of
HCD-Induced Rats. Lipid peroxidation level was significantly
(P < 0 001) increased in the liver (Figure 5(a)) and heart
(Figure 6(a)) of rats supplemented with HCD for 10 weeks.
On the other hand, levels of GSH in the liver (Figure 5(b))
and heart (Figure 6(b)) of HCD-induced rats were signifi-
cantly (P < 0 001) decreased. The antioxidants SOD and
CAT showed to be significantly decreased in the liver
(Figures 5(c) and 5(d)) and heart (Figures 6(c) and 6(d)) of
HCD-induced rats. Rats supplemented with the HCD and
treated with 300 and 600mg/kg M. quadrangula extract
showed a significant decrease in liver and heart lipid peroxi-
dation levels and a significant alleviation in the antioxidants
GSH, SOD, and CAT.

3.5. Effect of the M. quadrangula Extract on Gene Expression
Levels of LDLR and FAS in the Liver of HCD-Induced Rats.
FAS mRNA expression analysis in the present study revealed
a significant (P < 0 01) increase in the liver of HCD-induced
rats when compared with the control rats (Figure 7(a)). On
the other hand, HCD-induced rats showed a nonsignificant
(P > 0 05) change in LDLR mRNA expression as represented
in Figure 7(b). Treatment of the HCD-induced rats with
300 and 600mg/kg M. quadrangula extract significantly
decreased the expression of FAS (P < 0 05) and increased
the expression of LDLR (P < 0 05) in the liver as depicted
in Figures 7(a) and 7(b), respectively.

4. Discussion

Hyperlipidemia is a lipid metabolism disorder associated
with the etiopathogenesis of different diseases, including
atherosclerosis, metabolic syndrome, hypertension, renal
injury, and cardiovascular disease [18, 25–28]. Hypercho-
lesterolemia has been reported to be implicated in protein
glycation, oxidative modification of LDL, and lipid perox-
idation [29]. In the present study, we studied the protec-
tive effect of the M. quadrangula extract against
hypercholesterolemia-induced oxidative stress in the liver
and heart of rats. In addition, we evaluated the effect of the
M. quadrangula extract on the lipid profile and the gene
expression of LDLR and FAS in the liver of hypercholesterol-
emic rats.

Rats receiving HCD for 10 weeks exhibited dyslipidemia
and hypercholesterolemia as shown by the significant
increase in serum total cholesterol, triglyceride, LDL-
cholesterol, and vLDL-cholesterol levels. These results were
in agreement with different studies showing developed
hypercholesterolemia in HCD-fed rats [2, 5, 6]. In addition,
HCD-induced rats exhibited a significant decrease in serum
levels of HDL-cholesterol. Accordingly, previous reports
have shown that elevated total cholesterol, LDL-cholesterol,
and vLDL-cholesterol and decreased HDL-cholesterol are
the common features of dyslipidemia/hypercholesterolemia
irrespective of the etiology [2, 18, 30]. Dyslipidemia can also
lead to increased hepatic accumulation of lipids which may
reduce the ability of the liver to lower the levels of these lipid
components [2]. Increased hepatic lipid accumulation in
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cases of hypercholesterolemia leads to hepatic cell injury [2].
In the present investigation, HCD-induced rats showed a sig-
nificant increase in serum levels of ALT and AST, hence lead-
ing to liver injury. Interestingly, HCD-induced rats treated
with the M. quadrangula extract showed a significant
improvement in serum lipids and transaminases. These

results point to the potent antihypercholesterolemic and
hepatoprotective effects of the M. quadrangula extract.

Dyslipidemia/hypercholesterolemia can lead to athero-
sclerosis and cardiovascular disease which represent a major
cause of death. Therefore, lowering blood lipids might help
counteract the bad impact of hyperlipidemia on the heart.
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Figure 1: Effect of theM. quadrangula extract on serum (a) triglycerides, (b) total cholesterol, (c) LDL-cholesterol, (d) vLDL-cholesterol, and
(e) HDL-cholesterol of high-cholesterol-diet-fed rats. Data are mean± SEM. The number of animals in each group is eight. ∗P < 0 05 and
∗∗∗P < 0 001 compared to control. ###P < 0 001 compared to high-cholesterol diet.
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Figure 2: Effect of the M. quadrangula extract on (a) serum creatine kinase-MB, (b, c) cardiovascular risk indices, and (d) antiatherogenic
index of high-cholesterol-diet-fed rats. Data are mean± SEM. The number of animals in each group is eight. ∗∗∗P < 0 001 compared to
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Figure 3: Effect of the M. quadrangula extract on serum (a) ALT and (b) AST in high-cholesterol-diet-fed rats. Data are mean± SEM.
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In the present study, HCD-induced rats showed different
cardiovascular effects evidenced by the increased values of
cardiovascular risk indices and decreased AAI. These results
were supported by the increased serum levels of the heart
function marker CK-MB. In contrast, HCD-induced rats
treated with theM. quadrangula extract showed significantly
improved serum CK-MB levels, cardiovascular indices, and
AAI. These findings are a direct result the improved lipid
profile. Hence, the antihyperlipidemic effect of the M. quad-
rangula extract represents the mechanism behind its cardio-
protective efficacy.

Oxidative stress has been reported to increase under
hypercholesterolemic conditions [2, 5, 6]. In addition, oxida-
tive stress has been suggested to be the mechanism through
which hypercholesterolemia induces tissue damage [3, 31].
In the present study, HCD-induced hypercholesterolemic
rats showed increased levels of lipid peroxidation and
decreased antioxidant defenses in the heart and liver of rats
as previously reported [2, 5, 6]. Increased lipid peroxida-
tion and declined antioxidant defenses induced by hyper-
lipidemia can provoke oxidative stress and lead to injury
and cell death. Accordingly, previous studies have

demonstrated that obesity/hyperlipidemia is an indepen-
dent risk factor for increased lipid peroxidation, declined
cytoprotective defenses, and cell death [32, 33]. HCD-fed
rats treated with the M. quadrangula extract showed a sig-
nificant decrease in lipid peroxidation levels and an
increase in GSH, SOD, and CAT in the heart and liver.
These findings could be attributed to the improved lipid
profile as well as to the antioxidant potential of the M.
quadrangula extract. In agreement with our findings, Ibra-
him et al. [17] have recently reported the antioxidant effect
of the M. quadrangula extract on a rat model of peptic
ulcer. Pretreatment with the M. quadrangula extract
decreased lipid peroxidation and increased the antioxidant
enzymes SOD and CAT in the stomach of a rat model of
ethanol-induced gastric ulcer [17].

In addition to induction of oxidative stress, hypercholes-
terolemia in the present study was associated with increased
serum proinflammatory cytokines and CRP. Increased
proinflammatory cytokines could be a direct result of
hypercholesterolemia-induced production of reactive oxygen
species (ROS). ROS are well known to activate nuclear
factor-kappa B (NF-κB) which elicits the expression of

100

80

60

40

20

0

TN
F-
𝛼

 (p
g/

m
l)

⁎⁎⁎

###

###

Control
HCD

HCD + 300 mg M. quadrangula
HCD + 600 mg M. quadrangula

(a)

100

80

60

40

20

0

IL
-6

 (p
g/

m
l)

⁎⁎⁎

##

###

Control
HCD

HCD + 300 mg M. quadrangula
HCD + 600 mg M. quadrangula

(b)

25

20

15

10

5

0

CR
P 

(n
g/

m
l)

⁎⁎⁎

##

###

Control
HCD

HCD + 300 mg M. quadrangula
HCD + 600 mg M. quadrangula

(c)

Figure 4: Effect of the M. quadrangula extract on serum (a) tumor necrosis factor alpha (b) interleukin-6 and (c) C-reactive protein of
high-cholesterol-diet-fed rats. Data are mean± SEM. The number of animals in each group is eight. ∗∗∗P < 0 001 compared to control.
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proinflammatory cytokines, including TNF-α and IL-6.
These cytokines can induce further production of ROS and
hence more cell and tissue damage. Moreover, oxidative
modification of LDL particles can induce the expression of
adhesive molecules and lead to the secretion of cytokines
[4]. The M. quadrangula extract significantly decreased
serum proinflammatory cytokines in HCD-induced rats.
This anti-inflammatory potential of the M. quadrangula
extract could be a result of its lipid-lowering and antioxidant
potential.

The observed lipid-lowering effect of theM. quadrangula
extract in this study could be exerted, at least in part, through
its ability to decrease the gene expression of FAS and increase
LDLR expression in the liver of rats. FAS is one of the fatty
acid-synthesizing enzymes, and multiple studies have
reported its increased expression in the liver of rodents fed
with a high-fat or high-cholesterol diet [2, 34]. In the liver,
LDLR is primarily responsible for the absorption of circulat-
ing cholesterol through LDLR-mediated endocytosis. The
absorbed cholesterol via LDLR is then metabolized within
the hepatocytes [31, 35]. HCD-induced rats in the present

study showed a significant increase in the gene expression
of FAS while LDLR has not been affected as recently reported
by Lee et al. [2]. In our investigation, we showed for the first
time that theM. quadrangula extract exerts its lipid-lowering
effect through decreasing the expression of hepatic FAS while
increasing the expression of LDLR. These beneficial effects of
theM. quadrangula extract on HCD-fed rats could be linked
to its active constituents. Studies have reported the rich
content of steroidal and pregnane glycosides, sterols, and
flavonoids of Caralluma spp. [36, 37]. Flavonoids have been
reported to exert multiple effects such as antioxidant,
anti-inflammatory, anticarcinogenic, antihyperlipidemic,
hepatoprotective, and antidiabetic effects [38–40].

In conclusion, the M. quadrangula extract has a potent
antihyperlipidemic and cholesterol-lowering effect on
HCD-fed rats. The M. quadrangula extract significantly
decreased serum lipids, proinflammatory cytokines, and
heart and liver lipid peroxidation. In addition, the M. quad-
rangula extract increased the antioxidant defenses in the liver
and heart of HCD-fed rats. The lipid-lowering effect of the
M. quadrangula extract was mediated partially through the
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Figure 5: Effect of theM. quadrangula extract on (a) lipid peroxidation, (b) reduced glutathione, (c) superoxide dismutase, and (d) catalase in
the liver of high-cholesterol-diet-fed rats. Data are mean± SEM. The number of animals in each group is eight. ∗∗P < 0 01 and ∗∗∗P < 0 001
compared to control. #P < 0 05, ##P < 0 01, and ###P < 0 001 compared to high-cholesterol diet.
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Figure 6: Effect of theM. quadrangula extract on (a) lipid peroxidation, (b) reduced glutathione, (c) superoxide dismutase, and (d) catalase in
the heart of high-cholesterol-diet-fed rats. Data are mean± SEM. The number of animals in each group is eight. ∗∗P < 0 01 and ∗∗∗P < 0 001
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Figure 7: Effect of the M. quadrangula extract on gene expression levels of (a) fatty acid synthase and (b) LDL receptor in the liver of
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decreased expression of hepatic FAS and increased expres-
sion of LDLR. However, further studies to determine the
exact lipid-lowering mechanism of the M. quadrangula
extract are recommended.
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Curcumin has several therapeutic properties such as anti-inflammatory effect. Heme oxygenase-1 (HO-1) has been showed to have
cytoprotective effects in some pathological conditions. However, the role of HO-1 in anti-inflammatory effect of curcumin is
unknown. In this study, we investigate whether the anti-inflammatory effect of curcumin in vascular may be involved in the
activation of HO-1. New Zealand white rabbits were fed regular control diet or control diet added with 0.3% curcumin (wt/wt)
for four weeks. Acute vascular inflammation of rabbits was induced by putting a collar on the left common carotid artery for 24
hours. HO-1 inhibitor and siRNA were used to investigate the role of HO-1 in the anti-inflammatory effect of curcumin in
collared vascular. We also explored the mechanism of curcumin-induced activation of HO-1 in vitro. The serum bilirubin and
vascular, liver, and spleen HO-1 mRNA levels were significantly increased in curcumin-treated rabbits. The vascular
inflammation was significantly decreased in the curcumin-treated animals compared with the control. Treatment of the rabbits
with an inhibitor of HO or HO-1 siRNA to knock down the carotid artery HO-1 abolished the ability of curcumin to inhibit
vascular inflammation. Treatment of cultured human artery endothelial cells with curcumin induced the HO-1 expression
through the activation of nuclear factor-E2-related factor 2 (Nrf2) and an antioxidant responsive element via the p38 MAPK
signalling pathway. In conclusion, curcumin inhibits vascular inflammation in vivo and in vitro through the activation of HO-1.

1. Introduction

Curcumin is a natural ingredient found in turmeric, which
comes from the Curcuma longa that is commonly consumed
in South and Southeast Asian countries [1]. In traditional
Chinese medicine, curcumin is used to treat different dis-
eases. Curcumin has been shown to exhibit several therapeu-
tic properties such as anti-inflammatory, anti-oxidant, and
cardiovascular protective properties [2, 3]. Studies have
reported that curcumin has favourable effects in the therapy
of postoperative inflammation, rheumatoid arthritis, and
inflammatory bowel disease due to its anti-inflammatory
properties [4–6]. The inflammation also plays an important
role in the pathogenesis of vascular diseases, such as athero-
sclerosis and acute coronary syndrome. However, the effect
of curcumin on vascular inflammation has yet to be studied.

Heme oxygenase-1 (HO-1) is one subtype of the heme
oxygenases that catalyse the heme to produce iron, carbon
monoxide, and biliverdin, which is converted to bilirubin by
the biliverdin reductase [7]. It is well established that overex-
pression of HO-1 inhibits atherosclerosis, inflammation,
and oxidative stress [8, 9]. Activation ofHO-1 reduces athero-
sclerosis in LDL-receptor- and apolipoprotein E-deficient
mice and prevents cardiac transplantation arteriosclerosis
[10–12]. HO-1 gene delivery reduces neointima formation
after vascular injury [13]. Conversely, inhibition of HO-1
exacerbates atherosclerosis [14]. HO-1-deficient mice also
showed chronic inflammation [15].

Recently, it was reported that curcumin is capable of inhi-
biting the proliferation of vascular smooth muscle cells [16].
The antiproliferative effect of curcumin is considerably asso-
ciated with its induction of HO-1. Furthermore, curcumin
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can activate HO-1 expression in endothelial cells [17, 18],
renal epithelial cells [19], and astrocytes [20], and the activa-
tion of HO-1 in these types of cells mediates the pharmaco-
logical effects of curcumin. In this regard, the question
remains as to whether the effect of curcumin on vascular
inflammation is involved in the induction of HO-1. In this
study, we provide evidence that curcumin inhibits acute
vascular inflammation through the activation of HO-1.

2. Methods

2.1. Animals and Treatment. Forty-eight male New Zealand
white (NZW) rabbits weighed approximately 2.0 kg were
kept one per cage under a 12 h light/dark cycle with free
access to food and water. All of the animals were fed normal
rabbit diet for a week. The rabbits were then randomly
divided into eight groups (n = 6/group) and were allowed to
intake 150 g of food per day. The remaining food was
weighed daily. Groups 1 and 2 were fed regular rabbit control
diet. Groups 3 and 4 received the regular control diet supple-
mented with 0.3% (wt/wt) curcumin. The animals of groups
1 and 3 were daily intraperitoneal injected with saline. And
groups 2 and 4 were daily intraperitoneal injected with the
HO specific inhibitor Zinc-protoporphyrin IX (ZnPP)
(7.5mg/kg body weight) for 4 weeks.

Small interfering RNA (siRNA) transfection was used
to knock down the expression of HO-1 in the remaining
four groups of rabbits. These rabbits were fed regular
control diet (groups 5 and 6) or control diet added with
0.3% curcumin (groups 7 and 8) for four weeks before
collar implantation. The animals from groups 5 and 7
were treated with 200μL PBS containing 40μg of HO-1
siRNA (antisense: 5′-GUAGACCGGGUUCUCCUUGTT-3′,
sense: 5′-CAAGGAGAACCCGGUCUACTT-3′) and 10μL
FuGENE 6 (Promega) in the space between carotid artery
and the collar at the time of collar implantation to knock
down the expression of vascular HO-1. The animals from
groups 6 and 8 were treated with 200μL PBS containing
scrambled siRNA (antisense: 5′-UUCCCUCACCUGUGAG
UU-AAGAACG-3′, sense: 5′-CGUUCUUAACUCACAG
GU GAGGGAA-3′) in the space between carotid artery and
the collar at the time of collar implantation.

All the rabbits were euthanised with sodium pentobarbi-
tal (100mg/kg iv) 24 hours after collar implantation. The
collared section of the left common carotid artery, corre-
sponding section of the noncollared right common carotid
artery, liver, and spleen were placed in ice-cold PBS and
cleaned of fat and connective tissue. All procedures were
approved by the Animal Care and Use Committee of the
Shenzhen Centre for Disease Control and Prevention.

2.2. Collar Implantation. Acute vascular inflammation was
induced as previously described [21]. Briefly, the rabbits
were anesthetised with intravenous injection of propofol
(5mg/kg) followed by intramuscular injection of ketamine/
xylazine (50/10mg/kg). The left common carotid artery was
exposed surgically and cleared of connective tissue along a
3 cm length. A nonocclusive silastic collar (length, 2 cm;

internal diameter along bore, 4mm; internal diameter at
ends, 1mm) was putted around the left common carotid
artery and held in place with a nylon sleeve. The space
between the collar and the artery wall was filled with PBS
or siRNA and the wound was closed. 24 hours after collar
implantation, the animals were sacrificed and segments from
the carotid arteries were excised. The nonocclusive carotid
artery collars do not affect the peak systolic velocity, lumen
diameter, or shear stress in regions proximal to or within
the collared segment of vessels in rabbits.

2.3. Immunohistochemistry. The 1 cm central portions of the
noncollared and collared carotid arteries were fixed in 4%
(v/v) paraformaldehyde, embedded in paraffin, and sectioned
(5μm) for immunohistochemical staining. The sections were
deparaffinised, and antigen retrieval was performed by incu-
bating the slides in boiling 0.01M citrate buffer (pH6.0) for
10 minutes in a microwave oven at 900W, followed by cool-
ing at room temperature for another 30 minutes. The endog-
enous peroxidase was blocked by incubation in 3% (v/v)
H2O2/methanol for 10 minutes. The sections were then
blocked in 15% serum for 30 minutes at room temperature
and incubated at 37°C for 1 hour with the mouse anti-
rabbit vascular cell adhesion molecule- (VCAM-) 1 (1 : 400)
and mouse anti-rabbit intercellular adhesion molecule-
(ICAM-) 1 (1 : 200). Biotinylated goat anti-mouse IgG
(1 : 1000) was used as a secondary antibody. Staining was
visualised using the diaminobenzidine (DAB) system,
followed by staining with hematoxylin. The images were digi-
tised and analysed by an investigator blinded to the treatment
of the animals. The resulting values were expressed as image
units calculated by the number of pixels representing endo-
thelial VCAM-1- and ICAM-1-positive staining divided by
the circumference of the lumen.

2.4. Serum Bilirubin Measurement and HO Activity Assay.
The serum bilirubin levels were determined using the Quan-
tiChrom™ Bilirubin Assay Kit (Bioassay Systems). The
activity of HO was assayed in the microsomes extracted from
the rabbit tissues and human aortic endothelial cells
(HAECs), as previously described [22]. In brief, the rabbit
tissues were frozen and pulverised in liquid nitrogen, resus-
pended in PBS containing protease inhibitors, and then
homogenised. The HAECs were lysed with three freeze thaw
cycles. The tissue homogenate or cell lysate were then centri-
fuged at 15,000 g at 4°C for 20 minutes, and the supernatant
was then collected and subjected to ultracentrifugation at
100,000 g at 4°C for 1 hour. The resulting microsomal pellet
was suspended in buffer A containing 250mmol/L sucrose
and 20mmol/L Tris (pH7.4). The HO activity assay used a
reaction mixture containing 400 to 600μg microsomal pro-
tein, 200μg rat liver microsomes, 2mmol/L D-glucose-6-
phosphate, 1mmol/L NADPH, 1U glucose-6-phosphate
dehydrogenase, and 1μL of 2.5mmol/L heme (Sigma) in
25% dimethyl sulfoxide (DMSO) in 100μL of buffer A on
ice. The mixture was incubated at 37°C in the dark for 1 hour.
The reaction was stopped by adding 100μL of ethanol/
DMSO (95:5, v/v). Bilirubin was extracted following centrifu-
gation at 13,000 g for 5 minutes and measured by the
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abovementioned assay kit. The HO activities were calculated
in nanomoles of bilirubin formed per milligram of protein
per hour.

2.5. Cell Culture. The HAECs (Cell Application Inc., San
Diego, CA) were cultured in M199 medium added with
foetal bovine serum (FBS) (20% v/v), streptomycin
(100μg/mL), penicillin (100U/mL), heparin (90μg/mL),
and endothelial cell growth supplement (20μg/mL). The cells
were cultured at 37°C 5% CO2 incubator and passaged 3 to 5
for the experiments.

2.6. Plasmids, Transfection, and Luciferase Activity Assays. To
knockdown the nuclear transcription factor NF-E2-related
factor (Nrf2) expression, HAECs were transfected with
200 pmol of specific Nrf2 siRNA (mixture of four different
specific sequences) or a scrambled siRNA control at 37°C
for 48 hours. To construct the antioxidant responsive ele-
ment- (ARE-) luciferase vector, tandem repeat sequences of
double-stranded oligonucleotides spanning the Nrf2 binding
site 5′-TGACTCAGCA-3′ were inserted into the restriction
sites of the pGL2 promoter plasmid. All of the transfection
experiments were conducted using the Lipofectamine
reagent kit according to the manufacturer’s guidelines. For
the luciferase activity assay, the cell lysate was first mixed
with the luciferase substrate solution, and the luciferase
activity was measured using a luminometer. For each
assay, the luciferase activity was determined in three inde-
pendent experiments and normalised for each sample using
the β-galactosidase activity.

2.7. Total RNA Extraction and Quantitative Real-Time
RT-PCR. Total RNA was isolated from the rabbit tissues
and HAECs using the TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions. cDNA was synthesised by
a First-Strand cDNA Synthesis Kit. PCR assays were con-
ducted using the ABI 7500 machine and performed in three
wells for each sample. The baseline and threshold values of
the amplification plots were set automatically and kept con-
stant to obtain normalised cycle times and linear regression
data. The following reaction mixture for each sample was
used: 1μL cDNA, 0.8μL of primers at the final concentration
of 10 μM, 10μL SYBR GreenMaster mix, 1μL ROX reference
dye, and 7.2μL RNase-free water. For all of the experiments,
the following PCR conditions were employed: denaturation
at 95°C for 10 minutes, followed by 40 cycles at 95°C for
15 seconds, and then at 60°C for 1 minute. Relative levels
of the mRNA expression were determined by the ΔΔCT
method, using the β-actin and 18S as controls. The PCR
primers are listed in Supplemental Table 1.

2.8. Western Blotting. The HAECs were washed with 4°C PBS
and lysed in 20mmol/L Tris buffer (pH7.5) containing
0.5mmol/L EGTA-Na2, 0.5mmol/L EDTA-Na2, and prote-
ase inhibitors. Nuclear proteins of HAECs were isolated
using the EpiQuik Nuclear Extraction Kit (Epigentek).
Protein concentrations were measured with a BCA kit
(Pierce). Cellular proteins were detached by SDS-PAGE
and electrophoretically transferred onto polyvinyl denedi-
fluoride (PVDF) membranes. After incubation with 5%

BSA in Tris-buffer saline-0.1% Tween-20 (TBST) for 1 hour
at room temperature, the membranes were incubated over-
night at 4°C with rabbit polyclonal antibodies against HO-1
(1 : 500) (Abbiotec), HO-2 (1 : 200) (Santa Cruz), Nrf2
(1 : 500) (Santa Cruz), p38 MAPK (1 : 1000), and phosphor-
p38 MAPK (1 : 500) (Cell Signaling Technology) followed
by horseradish peroxidase-conjugated secondary antibodies.
Then, the membranes were exposed with a chemilumines-
cent substrate (Pierce). The band intensities of the mem-
branes were quantified by the Quantity One software, and
the control for equivalent protein loading was assessed with
an anti-β-actin antibody (Sigma).

2.9. Statistical Analysis. The results are expressed as mean±
SEM. The Mann-Whitney U test or two-way ANOVA with
post hoc Dunnett correction were performed to assess the
differences among the groups. All of the statistical analyses
were conducted by using SPSS 13.0. A probability value of
less than 0.05 was considered significant.

3. Results

3.1. Curcumin Inhibits Acute Vascular Inflammation via the
Activation of HO-1 in Rabbits. To investigate the role of
HO-1 activation in the anti-inflammatory effects of curcu-
min, the NZW rabbits were fed. NZW rabbits were fed
regular control diet or control diet added with 0.3% curcu-
min (wt/wt) and daily ip injected with PBS or ZnPP for
four weeks followed by carotid artery collar implantation
for 24 hours. The mRNA levels of HO-1 in the collared
arteries increased by 50% compared with the noncollared
arteries in the control rabbits (Figure 1(a)). Curcumin
supplementation elevated the mRNA levels of HO-1 in
the noncollared and collared carotid arteries by 2.6± 0.3-
and 3.1± 0.4-fold, respectively (Figure 1(a)). The liver
and spleen mRNA levels of HO-1 were significantly
increased by 5.1- and 5.5-fold in curcumin-fed animals
(Figure 1(b)). Dietary supplementation with curcumin
also significantly increased the liver and spleen HO activity
(Figure 1(c)) and serum bilirubin levels (Figure 1(d)). The
daily ip injections of ZnPP blocked the induction of HO-1
by curcumin treatment (Figures 1(c) and 1(d)).

Acute vascular inflammation was induced in the rabbits
by placing a silastic collar around the left carotid artery for
24 hours, the carotid collar significantly increased the endo-
thelial expression ofVCAM-1and ICAM-1 (Figure 2).Dietary
supplementation with curcumin decreased the collar-induced
protein expression of VCAM-1 and ICAM-1 (Figure 2). Inhi-
bition of HO-1 expression with ZnPP injections increased
vascular inflammation and significantly abolished the pro-
tective effect of curcumin on vascular inflammation.

We further determined the anti-inflammatory effects of
curcumin by downregulating the HO-1 expression by trans-
fection with HO-1-specific siRNA in the carotid arteries.
The arterial HO-1 mRNA levels in the animals supple-
mented with curcumin were knocked down by 60% with
HO-1 siRNA relative to the scrambled siRNA (P < 0 05)
(Figure 3(a)). However, transfection of HO-1 siRNA in the
carotid artery did not significantly reduce the curcumin-
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increased HO-1 expression in the liver or serum bilirubin
levels (Figures 3(b) and 3(c)). Compared to the control
rabbits that received scrambled siRNA, supplementation
of curcumin decreased the collar-induced endothelial
VCAM-1 expression by 54% and ICAM-1 expression by
57% (both P < 0 05) (Figures 3(d)–3(f)). Transfection with
HO-1 siRNA in the collared carotid artery increased the vas-
cular inflammation and abolished the curcumin-mediated
inhibition of the collar-induced vascular inflammation
(Figures 3(d)–3(f)).

To determine whether the HO-1 siRNA transfection also
reduced the HO-1 activity, the thoracic aortic segments from
the control rabbits were transfected with scrambled siRNA or
HO-1 siRNA and then incubated with or without curcumin.

The HO-1 siRNA transfection reduced the HO-1 mRNA and
activity induced by curcumin (Supplemental Figure 1).
Taken together, these findings suggest that the protective
effect of curcumin on vascular inflammation is mediated by
its induction of HO-1.

3.2. Curcumin Activates HO-1 in a Time- and Dose-
Dependent Manner in HAECs. To assess the underlying
mechanism of the activation of HO-1 by curcumin in vivo,
we replicated the tests in vitro. The HAECs were treated with
100μmol/L curcumin for 1 to 24 hours or with 20 to
100μmol/L curcumin for 6 hours. The curcumin increased
the HO-1 protein (Supplemental Figures 2A and 2B) and
mRNA levels (Supplemental Figures 2C and 2D) in a time-

⁎

Non-collared
artery

Collared
artery

Control Curcumin Control Curcumin

⁎

0

1

2

3

4
H

O
-1

 m
RN

A
(fo

ld
 o

f c
on

tro
l)

(a)

Control Curcumin Control Curcumin

Liver Spleen

⁎
⁎

0

1

2

3

4

5

6

7

H
O

-1
 m

RN
A

(fo
ld

 o
f c

on
tro

l)

(b)

Control Curcumin Control Curcumin

ZnPP
Non-ZnPP

Liver Spleen

⁎

⁎

0

1

2

3

4

5

6

7

H
O

 ac
tiv

ity
(n

m
ol

 b
ili

ru
bi

n/
m

g 
pr

ot
ei

n/
h)

(c)

Control Curcumin Curcumin + ZnPPZnPP

⁎

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Se
ru

m
 b

ili
ru

bi
n 

(�휇
m

ol
/L

)

(d)

Figure 1: Curcumin induces HO-1 expression in NZW rabbits. (a, b) NZW rabbits were fed a control diet or control diet supplemented with
0.3% curcumin (wt/wt) for 4 weeks. During this time, the animals received daily ip injections of PBS or ZnPP (7.5mg/kg). After four weeks, a
nonocclusive silastic collar was placed around the left common carotid artery. The animals were euthanised 24 hours after collar implantation.
Quantification of the HO-1 mRNA levels (fold of control) in the collared and noncollared carotid arteries (a) and in the liver and spleen (b) is
shown. (c, d) HO activity in the liver and spleen (c) and serum bilirubin levels (d) from the rabbits that received the control diet or control diet
supplemented with 0.3% curcumin (wt/wt) with and without ip ZnPP (7.5mg/kg) injections. The results are represented as the mean± SEM,
n = 6 per group, ∗ indicates P < 0 05 compared to control.
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and concentration-dependent manner, as measured by
Western blot and quantitative RT-PCR, respectively.
Furthermore, the curcumin dose dependently increased the
HO activity (Supplemental Figure 2E). The induction of
HO activity by curcumin was completely inhibited by ZnPP
treatment (Supplemental Figure 2F). By contrast, curcumin
did not significantly change the protein expression of HO-2
(Supplemental Figure 3).

3.3. Activation of HO-1 by Curcumin Is Mediated by
Induction of Nrf2 and ARE. The exposure of cells to natural
antioxidants possessing Michael-reaction acceptors dissoci-
ated the Kelch-like ECH-associated protein 1 (Keap1)-Nrf2
complex, promoting the translocation of Nrf2 into the
nucleus, where it binds to ARE and activates the gene tran-
scription of HO-1 [19]. To investigate whether curcumin
promotes the translocation of Nrf2 into the nucleus, Western
blot assay of nuclear protein of curcumin-treated HAECs
found a gradual increase in Nrf2 levels with time
(Figure 4(a)). HAECs transfected with ARE luciferase plas-
mid were treated with curcumin, and the luciferase activity
of ARE were measured. Curcumin also concentration

dependently elevated the luciferase activity of ARE
(Figure 4(b)). The role of Nrf2 in the curcumin-induced
HO-1 and ARE activation was assessed by transfecting with
Nrf2 siRNA or scrambled siRNA in HAECs and then treating
with curcumin. Transfection of Nrf2 siRNA reduced the
expression of HO-1 and ARE luciferase activity activated
by curcumin (Figures 4(c) and 4(d)), suggesting that
curcumin-induced activation of HO-1 and ARE is medi-
ated by the nuclear translocation of Nrf2.

3.4. Curcumin Activates the p38-MAPK Signalling Pathway
and Induces Nrf2 Activation and HO-1 Expression. The bind-
ing of Nrf2 to Keap1 is regulated by several signalling path-
ways such as c-Jun N-terminal kinase (JNK), extracellular
signal-regulated kinase (ERK), and p38 MAPK signalling
pathways [23]. To investigate the role of the individual
MAPK and PI3K/Akt signalling pathways in the curcumin-
induced HO-1, we assessed the effects of SB203580,
PD098059, SP600125, and LY294002, which are specific
inhibitors of the p38 MAPK, ERK, JNK, and PI3K/Akt
signalling pathways, respectively, on the HO-1 protein
expression. Treatment of the HAECs with SB203580 reduced

Non-collar control Control Curcumin
Collar

ZnPP Curcumin + ZnPP

IC
A

M
-1

VC
A

M
-1

(a)

Control Curcumin

⁎

ZnPP Curcumin + ZnPP
0

2

4

6

8

VC
A

M
-1

 (i
m

ag
e u

ni
ts)

(b)

⁎

Control Curcumin ZnPP Curcumin + ZnPP
0

2

4

6

8

10

IC
A

M
-1

 (i
m

ag
e u

ni
ts)

(c)

Figure 2: Global inhibition of HO activity by ZnPP abolishes the inhibition of acute vascular inflammation by curcumin in NZW rabbits.
Acute vascular inflammation was induced by placing a silastic collar around the left carotid artery in the rabbits that received the control
diet or control diet supplemented with 0.3% curcumin (wt/wt) with and without ip ZnPP (7.5mg/kg) injections for 4 weeks.
Representative sections from the collared and noncollared arteries immunostained for VCAM-1 and ICAM-1 are shown in panel (a)
(bar = 50 μm). Quantification of VCAM-1 and ICAM-1 is shown in (b) and (c), respectively. The results are represented as the mean±
SEM, n = 6 per group, ∗ indicates P < 0 05 compared to control.
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the curcumin-inducedHO-1 expression by 56% (Figure 4(e)).
In contrast, PD098059, SP600125, and LY294002 had no
effect on the curcumin-increased HO-1 expression. When
the HAECs were incubated with 100μmol/L curcumin for
10 to 120 minutes, p38-MAPK was rapidly phosphorylated,
with maximal phosphorylated-p38 protein expression occur-
ring after 30minutes (P < 0 05) (Figure 4(f)). Pretreatment of
HAECs with SB203580 significantly abolished curcumin-
induced Nrf2 activation (Figure 4(g)). These results suggest
that p38MAPKmediated the curcumin-induced Nrf2 activa-
tion and HO-1 expression in HAECs.

3.5. Curcumin Inhibits TNF-α-Stimulated Inflammation by
Activating HO-1 in HAECs. Next, to examine whether the
activation of HO-1 by curcumin inhibits TNF-α-stimulated
inflammation in vitro, HAECs were treated with curcumin
and ZnPP before TNF-α treatment. Treatment with 50 and
100μmol/L curcumin decreased the TNF-α-induced increase
in the mRNA levels of VCAM-1 and ICAM-1, which was
blocked by treatment with ZnPP (Figure 5(a)). We further
determinedwhether the anti-inflammatory effect of curcumin
in TNF-α-activated HAECs also involved Nrf2 activation.
When the HAECs were treated with Nrf2 siRNA, curcumin
did not reduce the TNF-α-induced increase in mRNA levels
of VCAM-1 and ICAM-1 (Figure 5(b)). These findings

suggest that curcumin activates HO-1 through the induction
of Nrf2, which then inhibits the TNF-α-stimulated inflam-
mation in HAECs. Because curcumin elevated the serum
bilirubin concentration in rabbits, we further determined
whether bilirubin has anti-inflammatory effects in vitro.
HAECs were incubated with 1 to 10μmol/L bilirubin pre-
ceding TNF-α stimulation. The bilirubin dose-dependently
reduced the TNF-α-stimulated mRNA levels of VCAM-1
and ICAM-1 (Figure 5(c)). In contrast, the CO and Fe2+

other two enzymatic products of HO-1 did not inhibit
the TNF-α-stimulated inflammation. These findings indi-
cate that the protective effects of curcumin against vascu-
lar inflammation in rabbits may be mediated by the
elevated serum bilirubin concentration.

4. Discussion

Curcumin has been shown to have several cellular properties
such as antioxidant, anti-inflammatory, antiproliferative,
proapoptotic, and anticancer effects [24]. However, whether
curcumin can protect against vascular inflammation and
the corresponding molecular mechanisms through which it
may achieve this have not been clearly elucidated. This study
provides evidence that curcumin inhibits vascular inflamma-
tion via the induction of HO-1 expression in vivo and
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Figure 3: Specific inhibition of vascular HO-1 activity by HO-1 siRNA attenuates the ability of curcumin to reduce collar-induced acute
vascular inflammation in NZW rabbits. NZW rabbits were fed a control diet or control diet supplemented with 0.3% curcumin (wt/wt) for
4 weeks preceding carotid artery collar implantation. HO-1 siRNA or scrambled siRNA was loaded into the space between the collar and
carotid artery at the time of collar implantation. At 24 hours after collar implantation, the animals were euthanised and the carotid arteries
and livers were excised for analysis. Quantification of the HO-1 mRNA levels (fold of scrambled siRNA) in the collared carotid arteries (a)
and liver (b) is shown. The serum bilirubin levels are shown in (c). Representative sections from the collared arteries immunostained for
VCAM-1 and ICAM-1 are shown in panel (d) (bar = 50 μm). Quantification of the VCAM-1 and ICAM-1 staining in the collared artery
sections is shown in (e) and (f), respectively. The results are represented as the mean± SEM, n = 6 per group, ∗ indicates P < 0 05
compared to control.
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Figure 4: Continued.
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in vitro. We further show that the induction of HO-1 by
curcumin involves nuclear translocation of Nrf2 and ARE
activation via the p38-MAPK signalling pathway.

An extensive body of research has shown that curcumin
can exert anti-inflammatory effects through different mecha-
nisms, e.g., curcumin inhibits the nuclear factor-κB (NF-κB)
activation, which may participate in various stimuli in steato-
hepatitis mice, intestine epithelial cells, and microglial cells
[25, 26]. Moreover, curcumin can inhibit the independent
MAPK pathways, which are activated by most of the inflam-
matory stimuli [27]. In this study, we found that another
mechanism of the anti-inflammatory effects of curcumin
involves the activation of HO-1. Curcumin has been shown
to activate the HO-1 and exerts different cytoprotective prop-
erties in different cells. For example, curcumin can activate
HO-1 expression and inhibit the proliferation of vascular
smooth muscle cells [16]. In bovine aortic endothelial cells,
curcumin can protect against oxidative stress by increasing
the HO activity [17]. Moreover, curcumin has been shown
to increase the HO-1 mRNA expression and inhibit inflam-
mation in the lungs of lipopolysaccharide-treated mice and
carrageenan-induced acute inflammation in rats [28, 29].

We extend these findings by showing that dietary supple-
mentation with curcumin inhibited collar-induced acute vas-
cular inflammation in NZW rabbits by increasing the HO-1
expression and serum bilirubin levels, which were blocked
by injections with the HO specific inhibitor ZnPP.

In contrast to the abolish of the anti-inflammatory effects
of curcumin in rabbits with complete inhibition of HO by
ZnPP, knockdown of vascular HO-1 by specific siRNA only
partially blocked the inhibition of curcumin on collar-
induced acute vascular inflammation (Figure 3(f)). This may
be explained by the low- and short-time siRNA transduction
in the vascular tissue. Moreover, localised vascular knock-
down of HO-1 did not completely block the curcumin-
mediated increase in the liver HO-1 mRNA expression and
serum bilirubin levels (Figures 3(b) and 3(c)). This result
suggests that curcumin induces HO-1 expression in different
tissues including the arteries, spleen, and liver and elevates
the circulating concentration of bilirubin the metabolic prod-
uct of HO-1. In addition, treatment of HAECs with bilirubin
protected against TNF-α-induced endothelial inflammation
(Figure 5(c)). This suggests that the curcumin-induced
increase in the serum bilirubin concentration as a result
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Figure 4: Curcumin induces HO-1 expression and ARE activation in HAECs by activating Nrf2 and the p38-MAPK signalling pathway.
(a) HAECs were incubated with 100 μmol/L curcumin for the indicated times. The Nrf2 protein expression in the nuclear extracts was
analysed by Western blotting. The results are quantified as the Nrf2 intensity relative to Lamin A. (b) Ten hours after transfection with an
ARE luciferase or control vector, HAECs were incubated with the indicated concentrations of curcumin for 6 hours. Cell lysates were
assayed for luciferase activity as the fold induction by normalising the transfection efficiency and dividing the values of each experiment
relative to the control. The ARE-luciferase activity (c) and HO-1 protein expression (d) were analysed by luciferase assay and Western
blotting and, respectively, in lysates of HAECs transfected with scrambled siRNA or Nrf2 siRNA for 48 hours, then incubated with or
without 100μmol/L curcumin for a further 6 hours. The results are quantified as the HO-1 intensity relative to β-actin or the luciferase
activity fold induction relative to the control. (e) HO-1 protein expression was analysed by Western blotting in lysates of HAECs
preincubated with 10μmol/L SB203580, PD098059, SP600125, or LY294002 for 1 hour and then incubated with or without 100μmol/L
curcumin for a further 6 hours. (f) Phosphorylated p38-MAPK and p38-MAPK were analysed by Western blotting in lysates of HAECs
incubated with 100μmol/L curcumin for the indicated times. The results are quantified as the phosphorylated p38-MAPK relative to the
total p38. (g) The Nrf2 protein expression in the nuclear extracts was analysed by Western blotting in lysates of HAECs incubated with
100μmol/L curcumin with or without p38-MAPK inhibitor SB203580. The results are quantified as the Nrf2 intensity relative to Lamin A.
All data are expressed as the mean± SEM of three independent experiments.∗ indicates P < 0 05 compared to cells incubated without control.
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of the activation of HO-1 expression may have mediated
the inhibition of curcumin on acute vascular inflammation
in the collar-treated rabbits. Thus, the serum bilirubin
concentration remained increased in the curcumin-treated
rabbits with specific inhibition of artery HO-1, which may
explain the discrepancy between the anti-inflammatory

effects of curcumin in rabbits with complete block of HO
activity by ZnPP and local knockdown of artery HO-1 by
HO-1-specific siRNA.

The nuclear transcriptional factor Nrf2 has recently been
considered as an important regulator in the induction of
ARE-response gene expression. Nrf2 resides in the cytosol,
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Figure 5: Curcumin and bilirubin inhibit TNF-α-induced inflammation in HAECs via the induction of HO-1 expression. (a) The VCAM-1
and ICAM-1 mRNA levels were quantified by real-time RT-PCR in HAECs preincubated with the indicated concentrations of curcumin
for 16 hours in the absence or presence of ZnPP (final concentration 20μmol/L) and then stimulated with TNF-α (1 ng/mL) for a further
6 hours. (b) The VCAM-1 and ICAM-1 mRNA levels in HAECs transfected with scrambled siRNA or Nrf2 siRNA for 48 hours,
incubated with or without 100μmol/L curcumin for 16 hours, and then stimulated with TNF-α (1 ng/mL) for a further 6 hours. (c) The
VCAM-1 and ICAM-1 mRNA levels in HAECs preincubated with bilirubin, RuCO, or FeSO4 at the indicated concentrations for 2 hours
and then stimulated with TNF-α (1 ng/mL) for a further 6 hours. All data are expressed as the mean± SEM of three independent
experiments. ∗P < 0 05 compared with cells stimulated with TNF-α without curcumin or bilirubin.
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where it binds to the inhibitor Keap1. Under different stimu-
lation, Nrf2 is dissociated from Keap1 and translocates into
the nucleus, where it binds to the ARE in the promoter region
of target genes such as HO-1 [30]. The binding of the trans-
located Nrf2 to the multiple copies of ARE in the promoter
region of the HO-1 increases the HO-1 expression [31]. It
has been shown that curcumin dissociates the Nrf2-Keap1
complex, resulting in an increased binding of Nrf2 to ARE,
which mediates the transcriptional activation of HO-1 [19].
Our data show that curcumin increases the translocation of
Nrf2 into the nucleus and increases the ARE activity and
finally activates the expression of HO-1, which are abolished
by transfection with Nrf2 siRNA in cultured HAECs
(Figures 4(c) and 4(d)). This indicates that the curcumin-
activated HO-1 expression is mainly mediated by ARE
activation via the Nrf2 transcriptional regulation.

Studies have suggested that different signalling pathways
participate in Nrf2 translocation and HO-1 activation [23].
MAPKs including p38 MAPK, JNK, and ERK have impor-
tant roles in Nrf2 translocation and activate the HO-1
expression in different cells [9]. Some studies have reported
that curcumin induces HO-1 activation through the sig-
nalling pathways of PKCδ and p38 MAPK in hepatocytes
and renal epithelial cells [19, 32, 33]. Curcumin also inhibits
the cytokine secretion within LPS-stimulated monocytes
through the induction of HO-1 via the activation of PKCα,
PKCδ/ERK1/2, p38, and PI3-kinase [28]. In addition,
bisdemethoxycurcumin, an analogue of curcumin, inhibits
LPS-stimulated inflammation in macrophages through the
activation of HO-1 expression via a Ca2+/calmodulin-
dependent protein kinase II–ERK1/2-Nrf2 cascade [34].
Moreover, demethoxy curcuminoids regulate HO-1 expres-
sion via Nrf2 activation through a PI3K/Akt signalling path-
way in mouse β-cells [35]. In this study, treatment of HAECs
with curcumin rapidly increased the p38 MAPK phosphory-
lation, which has been shown for inflammatory stimuli such
as interleukin-10 [8] and other stimuli [36]. However,
although curcumin regulates the MAPK signalling pathways
in several different cells, the findings are somewhat inconsis-
tent. Under some conditions, curcumin inhibits the activa-
tion of MAPKs. For example, curcumin inhibits the p38
MAPK phosphorylation upon to the stimulation of vascular
endothelial growth factor (VEGF) in human intestinal
microvascular endothelial cells [37]. This antiangiogenic
effect of curcumin has potential clinical benefits in treating
gut inflammation and tumour. Other studies paradoxically
reported that curcumin activated the MAPK signalling path-
ways such as JNK in human colon cancer HCT116 cells [38]
and p38 MAPK in human neutrophils [39]. Our findings
demonstrate that the selectivity inhibition of p38 MAPK
signalling pathway, but not JNK or ERK, abolishes HO-1
activation by curcumin in HAECs. The discrete mechanism
of the early phosphorylation of p38 MAPK that induces the
HO-1 transcription activation by curcumin in HAECs needs
to be further studied.

In summary, we have found that curcumin protects
against acute vascular inflammation through the activation
of HO-1 by the nuclear translocation of Nrf2 and ARE acti-
vation via the p38 MAPK signalling pathway. These results

provide new insights into the mechanisms of the anti-
inflammatory effects of curcumin and indicate that the
inhibition of vascular inflammation by curcumin-induced
HO-1 activation may be useful for much of the vascular
damage that occurs as a result of acute coronary events.
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Some iron chelators display significant anticancer activity that may involve ferritin degradation either in proteasomes or in
lysosomes, and the latter might involve ferritinophagy with a period. However, the correlation of ferritinophagy with anticancer
activity of iron chelator was not fully determined. Revealing the underlying link therefore is required. Di-2-pyridylketone
dithiocarbamate (DpdtC), a novel iron chelator, could mobilize iron from ferritin and displayed excellent antitumor against
hepatoma carcinoma cell lines (IC50s = 0.4± 0.2 for HepG2 and 3.5± 0.3 μM for Bel-7402, resp.); we speculated that the
antiproliferative action of DpdtC might involve ferritinophagy. To this end, the alterations of ferritin, microtubule-associated
protein light chain 3 (LC3-II), and nuclear receptor coactivator 4 (NCOA4) were investigated after exposure of DpdtC to the
cells. The results revealed that DpdtC could cause increases of autophagic vacuoles and LC3-II. The data from cellular
immunofluorescence and Western blotting showed a reciprocal relation between abundances of ferritin and LC3-II, but the
trends of NCOA4 and LC3-II in abundance were in a similar manner, indicating that a ferritinophagy occurred. Further studies
revealed that the ferritinophagy evoked an iron-driven intralysosomal oxidative reaction, resulting in LMP change and lipid
peroxidation. Thus, a ferritinophagy-mediated lysosomal ROS generation playing a role in the antiproliferative action of DpdtC
could be proposed, which will enrich our knowledge of iron chelator in cancer therapy.

1. Introduction

Iron is an essential element and plays a crucial role in cellular
proliferation and DNA synthesis. In biological systems, iron
acts as a cofactor in biochemical processes, such as oxygen
storage, oxidative phosphorylation, and enzymatic reactions
or presents as free ion (labile iron pool (LIP)) that generate
reactive oxygen species (ROS) via the Fenton reaction, there-
fore the level of free iron in a cell must be tightly controlled
[1, 2]. It has been demonstrated that the LIP is regulated by
ferritin, a highly conserved iron storage protein, which is
composed of two subunits, H-ferritin and L-ferritin, and

the twelve pairs of subunits binding head to foot form the
24-subunit ferritin cage [3, 4]. When the iron level in the cell
is low, ferritin is degraded allowing the release of iron for use
by the cell.

In addition, some reductants or iron chelators could
extract iron from ferritin, which was considered to be due
to the small reductants or chelators entering to the interior
of the ferritin molecule through three-fold channels in the
protein shell, but not for larger ones [5]. Although iron
chelators lead to iron poor ferritins in vitro, there is no
evidence that iron can exit ferritin prior to ferritin degrada-
tion in cellular level [6]. Iron chelators can induce ferritin
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degradation that occurs either in lysosomes or in protea-
somes. Generally, the worn-out proteins or organelle can
be degraded in lysosomes, and microtubule-associated
protein light chain 3 (LC3) is involved in the proteolytic
process; consequently, LC3 is considered as an autophagy
indicator. During autophagy, cytosolic form of LC3 (LC3-I)
is conjugated to phosphatidylethanolamine to form LC3-
phosphatidylethanolamine conjugate (LC3-II), which is
recruited to autophagosomal membranes that engulf the
damaged proteins. If nuclear receptor coactivator 4 (NCOA4)
is involved in ferritin delivery to autophagosome, the proteo-
lytic process is called ferritinophagy [7]. The dysregulation of
ferritinophagy leads to change in LIP and correlates many
diseases [8, 9]. Iron chelators can lead to ferritin degradation
and the route of its degradation is dependent on the specific-
ity of iron chelators [10–12]. A cancer cell has higher iron
demand than normal cell; reduction of iron availability will
be a favor to inhibit cancer cell proliferation. One of the
mechanisms of iron chelators is a disturbance of iron homeo-
stasis [13–17], in addition, iron chelators can also induce
apoptosis, autophagy, and inactivate ribonucleotide reduc-
tase. Therefore, iron chelation has been considered as a
promising strategy in cancer therapy. Although a lot of works
related to iron chelators have been performed and some
details in the mechanism were gained, many puzzled issues
remain to be solved. Currently, only DFO can induce ferritin
degradation (ferritinophagy) in lysosomes via a specific
cargo, NCOA4 [7, 18], but whether other iron chelators have
a similar action in inducing ferritinophagy was poorly
studied. Secondly, the correlation between ferritinophagy
and antiproliferative action induced by iron chelators
remains to be determined. Furthermore, the relation between
the redox property of an iron chelate and antiproliferative
action of the ligand during ferritinophagy is poorly under-
stood. Solving the above puzzled issues will enrich our
knowledge in cancer chelation therapy. We speculate that
the antiproliferative effect of iron chelator might involve
ferritinophagy, and redox property of the iron chelate may
be a crucial contributor in growth inhibition. In this study,
we presented a study of a novel iron chelator, DpdtC (di-2-
pyridylketone hydrazone dithiocarbamate), on iron mobili-
zation and proliferation, revealing that the occurrence of
ferritinophagy was one of the crucial sources for ROS
generation and partly contributed to its antitumor activity.

2. Results

2.1. DpdtC Mobilized Iron from Ferritin. Previously, we
reported DpdtC having the ability in catalase inhibition that
may partly contribute to the ROS production [19], which
hinted that a Fenton reaction might occur, contributing its
antiproliferative action. To extend our knowledge related to
the compound (see Supplementary Materials, Figure S1a),
in the present study, we assessed the metal chelating ability
of DpdtC with iron. And the stoichiometric ratio between
DpdtC and ferric chloride was determined by Job’s method
of continuous variations (see Supplementary Materials). As
shown in Figure S1, a new peak around 404 nm was
indicative of complex formation of the DpdtC with iron (III)

(Figure S1c). Accordingly, the composition of the iron
complex was also determined (Figure S1d). Similarly,
DpdtC could also chelate ferric iron in a similar manner
(see Supplementary Materials, Figure S1b). Next, we tested
whether DpdtC as like other tridentate chelators could
mobilize iron from ferritin; to this end, a purified ferritin
was normally used in the assay. Because micromolar
concentration required in DpdtC induced growth inhibition
(see Section 2.2), thus a low concentration was chosen in
the assay of iron mobilization (direct extraction by chelators
generally required much higher concentration (3.5–100mM)
to diffuse the Fe(III)-chelate out of the ferritin shell) [20]. To
monitor the iron release from ferritin, the MLCT (metal-to-
ligand charge-transfer) absorption (at ~404 nm) that corre-
sponded to Fe(III)-DpdtC complexes was measured during
the time course (Figure 1(a)). As shown in Figure 1(a), the
absorbance intensity of ferritin at 350 nm was decreased,
but the absorbance at 404 was increased with increasing
incubation time, their changes are shown in the insert
(Figure 1(b)). To determine whether superoxide radical was
involved in the iron mobilization, the superoxide dismutase
(SOD) was added, showing that SOD inhibited significantly
the iron release, thus indicating the involvement of reactive
oxygen species (ROS) in the process of iron removal from
ferritin (Figure 1(c)), implying an oxygen-catalytic iron
mobilization might be involved, which was similar to that
previously reported [20, 21].

2.2. The Antiproliferative Activity of the DpdtC. It has been
reported that some iron chelators displayed significant prolif-
eration inhibition against tumor cell lines, thus the effect of
DpdtC on the proliferation of HepG2 and Bel-7402 cell lines
was evaluated based on MTT method. The dose-response
curves are depicted in Figure 2. As expected, DpdtC had a
significant growth inhibition for HepG2 and Bel-7402 cells
(IC50: 0.4± 0.2 for HepG2 and 3.5± 0.3μM for Bel-7402).
To determine the cytotoxicity of DpdtC to a normal cell,
the normal human hepatic cell line LO2 was used for
comparison. Figure S2 showed that DpdtC also exhibited a
significant growth inhibition against the normal human
hepatic cell, with IC50 = 3.15± 0.24μM, indicating that the
selectivity of the agent was not obvious even greater than that
of HepG2 cell in IC50 value. Since that DpdtC was able to
chelate iron, the effect of iron ion on the proliferative action
was also determined; unexpectedly, the iron (II) addition
(equal mole) significantly attenuated the antiproliferative
activity of DpdtC against HepG2 cell (Figure 2(b)), but
the addition of copper ion significantly enhanced its
activity (data not shown), indicating that iron (copper)
ions could affect the manner of action of DpdtC due to
its chelating ability.

2.3. DpdtC Induced ROS Generation. It has been well
documented that most therapeutic drugs in the mechanism
can induce production of reactive oxygen species (ROS).
The excellent antiproliferative action of DpdtC spurred us
to investigate the underlying mechanism. Thus, the cellular
ROS level was measured by flow cytometry after the cells
were stained by a ROS dye, dichlorofluorescein (DCF). In
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view of higher inhibitory effect on HepG2 cell, the assay was
only conducted on this cell line. As shown in Figure 3, the
populations in higher fluorescence intensities significantly
increased by 21~34% after exposure of DpdtC to the cells
for 12 h (a fluctuated pattern of ROS was observed after

48 h incubation, Figure S3), hinting that ROS production
was involved in the antiproliferative action.

2.4. DpdtC Exposure Resulted in the Accumulation of
Autophagic Vacuole. Normally, ROS production associated
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Figure 1: DpdtC induced iron mobilization from ferritin. (a) The absorbance spectrum of DpdtC and its iron complex; the profiles of iron
extracting from ferritin by DpdtC were also included; (b) the spectral changes of ferritin during addition of DpdtC. The insert showed the
absorbance changes at specific wavelengths (350 and 404 nm); (c) iron mobilization from ferritin by different concentrations of DpdtC
was assayed by measuring the absorbance difference at 404 nm, and effect of SOD on iron mobilization was conducted in a similar way.
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autophagy. Based on ROS assay from HepG2 cell, we
speculated that the autophagy might involve DpdtC
induced growth inhibition. The formation of acidic vesicular
organelles (AVOs) is a characteristic marker in the process of
autophagy [22, 23]. Thus, the AVOs were assayed by
acridine orange staining. Figure 4 clearly showed that the
fluorescence intensity of granular acridine orange (red in
acidic vesicular organelles) increased (Figures 4(b) and
4(c)), implying autophagy occurrence. The addition of an
autophagy inhibitor, 3-methyladenine (3-MA), could signifi-
cantly attenuate the fluorescence intensities of AVOs, sup-
porting above deduction. Interestingly, the addition of iron
((NH4)2Fe(SO4)2) also attenuated the fluorescence intensities
of AVOs, indicating that iron as like 3-MA led to decrease in
AVOs formation. In addition, iron also attenuated the
antiproliferative action of DpdtC (Figure 2(b)). Those
implied the alteration of DpdtC action upon addition of iron,
and it was related to autophagy (Figures 4(f) and 4(g)).

The alteration in AVOs or autophagosomes was further
determined by monodansylcadaverine (MDC) staining via
flow cytometry technique [24]. As shown in Figure 5, DpdtC
exposure led to 11.5% increase in higher fluorescence
population compared to without treatment of the agent, but
the fluorescence intensities were significantly attenuated by
the addition of 3-MA (Figures 5(a) and 5(c)), supporting
that the accumulation of autophagic vacuole was stemmed
from DpdtC stimulus. Similar results were observed in the
microscopic analysis (Figure S4). Furthermore, NAC could
neutralize the effect of DpdtC (Figure 5(d)), implying that
ROS played an important role in autophagy induction.

2.5. DpdtC Exposure Induced Ferritinophagy. The cellular
ROS production is mainly from the mitochondrial, while
the labile iron pool (LIP) was able to promote the formation
of reactive oxygen species (ROS). And LIP and ROS levels
were shown to follow similar “rise and fall” patterns [25].
Next, we questioned that the rise in ROS may also indicate
higher LIP content after DpdtC exposure to the HepG2 cell
and correlate ferritin (FT) degradation. In view of the fact
that the FT degradation may occur via autophagy, the
changes of cellular ferritin and autophagic marker, LC3 was

monitored via immunofluorescence technique. As shown in
Figure 6, the upregulated LC3 and downregulated ferritin
were observed (Figures 6(a) and 6(f)), indicating that the
ferritin degradation was via autophagic proteolysis. To
further confirm the above conclusion, the 3-MA, an inhibitor
in the formation of autophagic vacuole was added during
exposure of DpdtC to the HepG2 cells. As expected, the fer-
ritin degradation was significantly attenuated (Figures 6(g)
and 6(i)), confirming that the downregulated ferritin was
stemmed from autophagic degradation.

Since the ferritin degradation was via autophagy, the
ferritinophagy might occur. To test the hypothesis, the
specific carrier for ferritinophagy, NCOA4, and ferritin as
well as LC3 were determined by Western blotting. As shown
in Figure 7, the ferritin and LC3-I were decreased with
increased DpdtC, but the LC3-II and NCOA4 were increased
with increased DpdtC, clearly indicating that DpdtC could
induce ferritinophagy, which was similar to DFO in ferritino-
phagy induction [7].

2.6. The DpdtC Induced Change in Lysosomal Membrane
Permeability (LMP). Since DpdtC induced ferritinophagy
that occurred in lysosomes, the iron release from digested
ferritin would synchronously occur. Next, the ferric would
be reduced by the reducing agents, which triggered Fenton
reaction, producing massive ROS that caused an alteration
in LMP. To test the hypothesis, LysoTracker Red that
can accumulate within lysosomes was employed to assess
the lysosome membrane permeability [13]. As shown in
Figure 8, the red fluorescence intensities of HepG2 cells
were increased with treatment of DpdtC compared to
nontreatment of the cells, indicating that more LysoTracker
Red accumulated in lysosomes and LMP was altered
(Figure 8(b)). However, the addition of NAC could attenuate
the alteration of LMP, hinting that the change correlated to
ROS production. Similar situations were observed when
addition of 3-MA or chloroquine (Figures 8(d) and 8(f)),
indicating that autophagy inhibition could attenuate the
alteration in LMP. Interestingly, DFO could also significantly
attenuate fluorescence intensities of LysoTracker Red in lyso-
somes, demonstrating that the Fenton reaction derived from
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Figure 3: DpdtC induced ROS production in HepG2 cell. (a) Control; (b) 1μM DpdtC; (c) 2μM DpdtC.
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ferritinophagy could be quenched by DFO (Figure 8(e)) due
to redox inactive DFO-iron chelate. This clearly indicated
that lysosomal ROS were stemmed from iron release from
ferritinophagy. The quantification analysis of fluorescence
changes in different groups was shown in Figure S5.

2.7. Upregulation of TRPML1 Correlated to Autophagy.
TRPML1 (transient receptor potential cation channel, muco-
lipin subfamily, member 1) is a cation-permeable channel
that is predominantly localized on the membranes of late
endosomes and lysosomes [26]. TRPML1 may mediate both

(a) (b)

(c) (d)

(e) (f)

50 �휇m

(g)

Figure 4: DpdtC induced formation of acidic vesicular organelles autophagy; the HepG2 cells were treated by the indicated agents
for 24 h. (a) Control; (b) 1 μM DpdtC; (c) 2μM DpdtC; (d) 1 μM DpdtC+ 3-MA; (e) 2 μM DpdtC+ 3-MA(2.5mM); (f) 1 μM
DpdtC+ Fe2+(1 μM); (g) 2μM DpdtC + Fe2+(2 μM), scale bar: 50μm.
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the release of Ca2+ and heavy metal Fe2+/Zn2+ ions into the
cytosol from the lysosomes [27]; thus, TRPML1 was consid-
ered as a lysosomal ROS sensor [28]. Next, we assayed
TRPML1 expression when DpdtC was exposed to the HepG2
cells. As expected, DpdtC led to upregulation of TRPML1
(Figure 9(a)), but downregulation of TRPML1 was observed
by addition of 3-MA or NAC (Figure 9(a)), indicating that
the lysosomal ROS was stemmed from the occurrence of
ferritinophagy, in consistent with the changes in LC3-II.
The quantitative analyses of TRPML1 and LC3-II are shown
in Figure 9(b).

2.8. Lipid Peroxidation Occurred When DpdtC Was
Exposed to HepG2 Cell. As mentioned above, the cellular
ROS were increased when DpdtC was exposed to the
HepG2 cells. The intracellular ROS at least partly origi-
nated from lysosome due to the occurrence of ferritino-
phagy that may involve Fenton-like reactions [29].
Excess ROS lead to damage biological macromolecules,
including lipid peroxidation. To test this hypothesis, a
lipid peroxidation assay was performed as described
previously [30]. As shown in Figure 10, DpdtC signifi-
cantly enhanced lipid peroxidation in a concentration-
dependent manner, but the addition of 3-MA drastically
attenuated the lipid peroxidation, consistent with the results
from ferritinophagy.

3. Discussion

A widely accepted concept is that iron chelators can coordi-
nate iron from cytosolic labile iron pool (LIP), leading to iron

depletion that provokes the association of iron response
proteins with iron response element (IRE) in UTRs
(untranslated regions) of various mRNAs whose products
are involved in iron metabolism [31]. Iron chelators are also
capable to mobilize iron from ferritin in vitro, leading to
form an iron poor ferritin, but the evidence of iron mobiliza-
tion by chelator in cellular level is still lacking. A recent study
showed that ferritin-Fe mobilization does not occur through
changes in cellular concentrations of reducing/chelating
agents but by the coordinated movement of ferritin and
DMT1 to lysosomes [32], which causes ferritin degradation
in the lysosome. Iron chelators can sequester iron, but the
redox potentials of the resulting complexes (iron) varied with
association constant. The iron chelate can serve as either a
reductant or an oxidant, depending on the redox potential
of its opponent encountered; therefore, iron chelator has
two sides, either as an antioxidant or as a prooxidant. How-
ever, in vivo (or cellular level) this situation is more compli-
cated due to different cellular locations of the iron chelates.
Generally, iron chelators function as either an antioxidant
or a prooxidant, depending on the redox nature of iron
complex formed [33, 34]; however, the direct correlation
between ROS production and viability remains to be deter-
mined. Many iron chelators, such as deferoxamine (DFO),
deferiprone, and deferasirox, caused ferritin degradation,
but only DFO-induced ferritin loss was prevented by chloro-
quine treatment, indicating that DFO-induced proteolysis
occurred in lysosomes; the others led to ferritin degradation
in proteomes, which depended on the specificity of the
chelators [10, 11]. In addition, iron chelators also displayed
excellent antitumor activities [35]; the representative
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Figure 5: MDC staining for determination of autophagosomes induced by DpdtC. A similar protocol was used in the determination of
AVOs via acridine orange staining, but in this assay, MDC and flow cytometry were used. (a) Control; (b) 2 μM DpdtC; (c) 2 μM
DpdtC+ 3-MA(1.5mM); (d) 2 μM DpdtC+NAC (1.5mM).
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chelators are heterocyclic carboxaldehyde thiosemicarba-
zones (Dp44mT), analogs of pyridoxal isonicotinoyl
hydrazine (PIH), tachpyridine, o-trensox, and other natural
products (DFO, desferrithiocin), and many of them are at
various stages of clinical trials [36, 37]. However, some disad-
vantages of iron chelators such as shorter plasma half-life
(DFO) and high toxicity in the kidney and neurological
problems have motivated the scientific community to find
new iron ligands [35, 38]. In the present study, we pre-
sented the investigation of a novel dithiocarbamate deriv-
ative, DpdtC, on the characteristic of iron mobilization
and antiproliferative activity against hepatoma carcinoma
cell lines (Figures 1 and 2). The excellent antiproliferative
action of DpdtC promoted us to determine the underlying
mechanism (Figure 2). Data revealed that DpdtC, as other
iron chelators, could induce ROS production (Figure 3)
[35], triggering either physiologic or cytotoxic autophagy.
Due to multiple steps in autophagy occurrence, an important

step is autophagosome formation; thus, the alteration in
autophagic vacuoles when DpdtC was exposed to HepG2 cell
by both acridine orange and MDC staining was investigated.
As expected, the autophagic vacuoles increased after expo-
sure of DpdtC to HepG2 cell but significantly decreased
when combined with either NAC or 3-MA (Figures 4 and 5
and Figure S3), indicating that the manner of action of
DpdtC involved autophagy and ROS production. Many
chelators can induce ferritin degradation that may occur in
lysosomes, thus the level of cytoplasmic ferritin was deter-
mined. As expected, a decrease in ferritin and an increase
in LC3-II were observed (Figure 7), implying that the ferritin
degradation occurred in lysosomes. Since ferritin degrada-
tion was associated with autophagy, this process might be
also involved in ferritinophagy. To support this hypothesis,
the status of specific cargo for ferritinophagy, NCOA4,
required to be determined (Figure 7). As expected, accompa-
nied by downregulated ferritin an upregulated NCOA4 was

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Figure 6: DpdtC induced ferritin autophagy (ferritinophagy). The nuclei stained by DAPI in blue, ferritin labeled in red, and LC3
labeled in green. (a–d) Control group; (a) nuclei in blue; (b) ferritin in red; (c) LC3 in green; (d) merging of ferritin with LC3. (e–h)
DpdtC treated group: (e) nuclei in blue; (f) ferritin in red; (g) LC3 in green; (h) merging of ferritin with LC3. (i–l) DpdtC combined with
3-MA group: (i) nuclei in blue; (j) ferritin in red; (k) LC3 in green; (l) merging of ferritin with LC3, scale bar: 50 μm.
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founded, indicating that ferritinophagy indeed occurred.
This is the first report that DpdtC, a dithiocarbamate deriva-
tive, induced ferritinophagy except DFO [7]. Owing to the
occurrence of ferritinophagy, the abundance of lysosomal
iron increased; consequently, an increase in LIP, oxidative
stress, and cell death may come up [39]. The consequence
of ferritinophagy inevitably led to lysosomal destruction.

Figure 8 showed that more LysoTracker Red dyes were
accumulated in lysosomes after exposure of DpdtC to HepG2
cells, but this accumulation could be attenuated by the addi-
tion of NAC (Figure 8(c)), 3-MA, or chloroquine, indicating
that the damage of lysosomal membrane (or integrity) was
caused by ROS and ferritinophagy [21, 40]. It was imagined
that the ferric iron was liberated from digested ferritin and
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Figure 7: DpdtC induced ferritinophagy. (a) Western blot analysis; (b) quantification analysis. The data were obtained from three
independent Western blots based on comparison of the investigated protein with β-actin. (1) Control (water); (2) 1 μM DpdtC; (3) 2 μM
DpdtC; (4) 1 μM DpdtC+ 3-MA (1.5mM); (5) 2μM DpdtC+ 3-MA (1.5mM). (∗∗∗,$$$p < 0 01; ##,$$p < 0 05; one-way ANOVA).
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Figure 8: DpdtC induced change in lysosomal membrane permeability (LMP). LysoTracker Red stained HepG2 cells: (a) control; (b) 1.0 μM
DpdtC; (c) 1.0 μMDpdtC+NAC (1.5mM). (d) 1.0 μMDpdtC+ 3-MA (1.5mM); (e) 1.0 μMDpdtC+DFO (50 μM); (f) 1.0 μMDpdtC +CQ
(50 μM). Scale bar: 50μm.
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reduced further by the endosomal ferrireductase Steap3 in
the acidified lysosome [41]; the resulting ferrous ion trig-
gered Fenton reaction. To further confirm that the lysosomal
ROS were stemmed from Fenton reaction, DFO, an iron
chelator (lysophilic chelator) that can protect the lysosome
membrane from oxidative damage was employed [42]. As
shown in Figure 8(e), DFO efficiently decreased the accumu-
lation of LysoTracker Red dyes, quenching Fenton reaction.
During ferritinophagy, iron leaking from the lysosomes to
the cytosol may also occur either via DMT-1 or lysosomal
iron channel TRPML1 that was considered as a lysosomal
ROS sensor [43, 44]; therefore, the expression of TRPML1
reflected the status of lysosomal ROS and iron leaking. As
expected (Figure 9), an upregulated TRPML1 was observed,
but the addition of NAC could downregulate TRPML1, indi-
cating that the cell death induced by DpdtC was a lysosomal

ROS dependent. Excess ROS leading to lipid peroxidation,
proteins, and DNA damage has been well documented [45];
the lipid peroxidation correlated with excess ROS produc-
tion. Figure 10 showed that DpdtC induced an increase in
lipid peroxidation, but the peroxidation could be attenuated
by the addition of 3-MA, implying that autophagy was a
crucial contributor in growth inhibition [46]. It should be
noted that the autophagy (ferritinophagy) and growth
inhibition induced by DpdtC could be eliminated by addition
of iron ion (Figures 2 and 4); a reasonable explanation for
this may be due to ability loss in moving ferritin to lysosome
upon DpdtC chelates iron [32], and a much higher cytoplas-
mic DpdtC concentration than iron in LIP may ensure its
ability in ferritinophagy induction.

Taken together, the growth inhibition against hepatic
cancer induced by DpdtC was partly correlated with
ferritinophagy that triggered lysosomal ROS production via
Fenton reaction and iron release from lysosomes to
cytoplasm. Obviously, the occurrence of ferritinophagy was
prerequisite; secondly, the redox activity of iron chelate
(redox property) and location of chelator in the cell may be
crucial factors, which determined subsequent biological
effects, such as growth inhibition. However, insight into the
correlation between redox nature of iron chelate and induced
growth inhibition requires more studies in the future due to
the diversity of iron chelators in structure and complex
interactions with biological molecules.

4. Materials and Methods

4.1. Materials. All reactants and solvents were analytical
reagents (AR) grade. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT), monodansylcadaverine
(MDC), 3-methyladenine (3-MA), chloroquine, dichloro-
fluorescein (H2DCF-DA), deferoxamine (DFO), 4′,6-diami-
dino-2-phenylindole (DAPI), Roswell Park Memorial
Institute (RPMI) 1640, Horse spleen ferritin, and other

1 2 3 4 5 6

TRMPL 1

LC3-I
LC3-II

−
−
−

−
− −

−
− −

−
−

+ + +

+
+

+
+

Gapdh

(a)

Ra
tio

 o
f L

C3
 II

 (T
RM

PL
)/

(G
ap

dh
)

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

LC3-II
TRMPL 1

−
− −
− − −

−
−

−
−
−+ +

+
+

+
+

+

###

⁎⁎⁎
⁎⁎

⁎⁎⁎

DpdtC
3MA
NAC

(b)

Figure 9: The effect of lysosomal ROS on autophagy and TRMPL1. A: Western blot analysis; B: quantification analysis. The data were
obtained from three independent Western blots based on comparison of the investigated protein with Gapdh (1) control; (2) 1μM DpdtC;
(3) 1 μM DpdtC+ 1.5mM 3-MA; (4) 1 μM DpdtC+ 1.5mM NAC; (5) 1.5mM 3-MA; (6) 1.5mM NAC. (∗∗∗,###p < 0 01; ∗∗p < 0 05;
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Figure 10: A lysosomal ROS caused lipid peroxidation. The
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could attenuate the oxidative effect, indicating that the lipid
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chemicals were purchased from Sigma-Aldrich. LC3 and
ferritin antibody were obtained from Proteintech Group
(Wuhan, China). Nuclear receptor coactivator 4 (NCOA4)
antibody was purchased from Boster Biological Technology
Co. Ltd. (Wuhan, China), and superoxide dismutase (SOD)
was obtained from Beyotime Biotechnology (Beijing, China).
Transient receptor potential cation channel, mucolipin
subfamily, member 1 (TRPML1) antibody was purchased
from Abcam (Shanghai, China). Secondary antibodies (or
fluorescence labeled) were obtained from EarthOx, LLC
(San Francisco, USA).

4.2. Iron Mobilization by DpdtC. The iron release
experiments were conducted in 0.05M Tris-HCl, 50mM
NaCl, pH7.4, 10μl ferritin (12.5mg/ml), and varied concen-
tration of DpdtC (or with 3 unit SOD) in a total of 1ml vol-
ume. The kinetics of iron release from ferritin was monitored
by the increase in the characteristic of the MLCT (metal-to-
ligand charge-transfer) absorption bands of the corre-
sponding iron (II)-chelate complexes (404 nm for DpdtC).
The absorbance was measured every 5min on a Shimadzu
UV-2450 spectrophotometer with thermostatic circulating
device at 37°C.

4.3. Cytotoxicity Assay (MTT Assay). The stock solution of
DpdtC (10mM) was prepared in autoclaved deionized water
and diluted to the required concentration with culture when
used. HepG2 cells (or Bel-7402, LO2) were cultured in RPMI
1640 medium supplemented with 10% fetal calf serum (FCS)
and antibiotics. The cells in exponential phase were collected
and seeded equivalently into a 96-well plate; next, the varied
DpdtC (or in the presence of equivalent iron (II) salt) was
added after the cells adhered. Following 48 h incubation at
37°C in a humidified atmosphere of 5% CO2, 10μl MTT
solution (5mg/ml) was added and further incubated for 4 h.
The cell culture was removed by aspiration, and 100μl
DMSO was added in each well to dissolve the formazan
crystals. The measurement of absorbance of the solution that
was related to the number of live cells was performed on a
microplate reader (MK3, Thermo Scientific) at 570nm.
Percent growth inhibition was defined as percent absorbance
inhibition within appropriate absorbance in each cell line.
The same assay was performed in triplet.

4.4. Flow Cytometry Analysis of Cellular ROS. Similar to MTT
assay, the HepG2 cells were treated by either DpdtC or in
combined with 3-MA (or NAC) for 24 h. The cells were
collected by centrifugation after trypsinization. Following
by PBS washing, the cells pellet was resuspended in
H2DCF-DA containing serum-free culture medium and
incubated for 30min. Next, after removing the H2DCF-DA
contained medium by centrifugation and washing with
PBS, the cells were finally resuspended in PBS. The intracel-
lular ROS assay was performed on a flow cytometer
(Becton-Dickinson, USA).

4.5. Flow Cytometric and Microscopic Analyses of Autophagic
Vacuoles. Cells were seeded into a 6-well plate and treated
as described above for the cell viability assay. The cells
were treated with either the agent alone (1.0 or 2.0μM)

or a combination with 3-MA (1.5mM) or NAC (1.5mM))
for 24h. Then, the cell culture was removed, following
PBS washing, trypsin digestion; finally, the MDC
(50 μM) were added as described previously [47]. The
stained cells were subjected to flow cytometric analysis
(Becton-Dickinson, USA).

4.6. Immunofluorescence Analysis. HepG2 cells were first
cultured in a 6-well plate with a cover glass overnight.
Following DpdtC treatment for 24 h, the cells were first fixed
with 4% paraformaldehyde in PBS for 15min at 37°C, and
then permeabilized with 0.2% Triton X-100 in PBS for
10min. After blocking with 1% BSA in PBS for 30min, the
cells were incubated with LC3 and ferritin (H chain) primary
antibody based on dilution recommended by the company; at
4°C the plate was shaken overnight. Next, removing the
primary antibodies and washing with PBS, the cells were fur-
ther incubated with fluorescence-labeled secondary antibody
for 3 h at room temperature. After removing the secondary
antibody, the cells were further counterstained with DAPI.
Finally, a confocal laser scanning microscope (LSM 410,
Zeiss, Jena, Germany) was used to visualize the cells; the
representative cells were selected and photographed.

4.7. Autophagy and Lysosomal Membrane Permeability
(LMP) Affected by DpdtC. The alteration of LMP was assayed
as previously described [13]. For the detection of the acidic
cellular compartment, acridine orange (or LysoTracker Red;
Invitrogen) was used, which emits bright red fluorescence
in acidic vesicles but green fluorescence in the cytoplasm
and nucleus. After treatment of the cells with the agent,
acridine orange was then added at a final concentration of
1μg/ml (the concentration of LysoTracker Red, as recom-
mended) for a period of 15min. Following PBS washing,
the fluorescent micrographs were captured using an inverted
fluorescence microscope.

4.8. Western Blotting Analysis. Briefly, 1× 107 HepG2 cells,
treated with or without DpdtC, were scraped in lysis buffer
(50mM Tris-HCl, pH8.0, 150mM NaCl, 1.0% NP-40, 10%
glycerol, and protease inhibitors) and subjected to sonication,
followed by centrifugation at 14,000× g. The clear superna-
tant was stored at −80°C. Protein concentration was
determined using a colorimetric Bio-Rad DC protein assay
using the MK3 microplate reader at 570 nm. Proteins
(30μg) were separated on a 13~15% sodium dodecyl
sulfate-polyacrylamide gel at 200V for 3 h. The separated
proteins were subsequently transferred onto a PVDF
membrane at 60V for 2 h. The membrane was washed three
times with Tris-buffered saline (TBS) and then blocked for
2 h in TBS containing 0.1% Tween-20 and 5% nonfat
skimmed milk. The membrane was incubated at 4°C
overnight with the appropriate primary antibody used at a
dilution of 1 : 300 in TBS plus 0.1% Tween-20 (TBST). The
membrane was then washed several times with TBST
and subsequently incubated with the appropriate HRP-
conjugated secondary antibody (1 : 2000 in TBST) for 1 h
at room temperature. Following washing with TBST, the
protein bands were detected using a super sensitive ECL
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solution (Boster Biological Technology Co. Ltd.) and visual-
ized using a Syngene G:BOX imager (Cambridge, United
Kingdom). Quantifications of protein bands intensities and
fluorescence intensity were performed using ImageJ software.

4.9. Lipid Peroxidation Assay. Lipid peroxidation analysis
was performed based on spectrophotometry, in which the
ferrous ion is oxidized by lipid hydroperoxides to the ferric
ion and subsequently reacts with thiocyanate to form a col-
ored complex [30]. The details were as previously described
[48]. Briefly, the trypsinized cells were collected and treated
with the DpdtC for 12 h; the supernatant was removed by
centrifugation and washed with PBS. The peroxidized lipid
was extracted using deoxygenated CHCl3/MeOH (2 : 1, v/v
mixture, 1000μl), and the lipids were transferred to a 5ml
volumetric flask, which contained 100μl of ferrous sulfate
(0.2M HCl) and 100μl of 3% deoxygenated thiocyanate
(methanol) for 60min. Finally, deoxygenated CHCl3/MeOH
solvents were added to the given volume. The absorbances at
500nm were measured using a UV-2450 spectrophotometer
(Shimadzu Co. Ltd., Suzhou, China). The molar absorptivity
of the ferric thiocyanate complex expressed per mol of
LOOH was determined to be 58,440M−1 cm−1 [30].

4.10. Statistical Analysis. Data were analyzed with Prism 5.0
(GraphPad Software Inc., USA). Comparisons were made
using a one-way analysis of variance or a two-tailed t-test.
Results are presented as the mean± SEM. A p value < 0.05
was considered statistically significant.
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Supplementary Materials

Determination of the molar ratio of DpdtC to iron com-
plex: The reaction stoichiometry between DpdtC and
(NH4)2Fe(SO4)2 was studied by Job’s method of continu-
ous variations (13). For this method, different volumes
(0, 20, 40, 60, 80, 100, 120, 140, 160, and 180μl) of
1mM (NH4)2Fe(SO4)2 were added with different volumes
(200, 180, 160, 140, 120, 100, 80, 60, 40, and 20μl) of
1mM DpdtC and diluted with water in 5ml standard
volumetric flask. The absorbance was recorded on a
Shimadzu UV-2450 spectrophotometer. The absorbance
at 404nm against the mole fraction of the mole ratio of
iron (II) (or DpdtC) was plotted and regressed linearly
(SigmaPlot 10.0). As described in experimental section of
determination of the molar ratio of DpdtC to Fe(II) com-
plex, the molar ratio of DpdtC to Fe(III) was determined
by similar method. In this protocol, the ferric chloride
was used, and the titration was conducted in acetonitrile
(Figure S1). Microscopic analyses of autophagic vacuoles:
Cells were seeded into a 6-well plate and treated as described
above for the cell viability assay. For morphologic analysis,
autophagic vacuoles were labeled with MDC by incubating
the cells that treated by either the agent or combination with
3-MA (or NAC) with 50μM MDC in PBS at 37°C for 10
minutes. After incubation, the cells were washed four times
with PBS and immediately analyzed by fluorescence micros-
copy using an inverted microscope (Shanghai Lengguang
Technology Co., Ltd., Shanghai, China) (Figure S3).
(Supplementary Materials)
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Rosamultin is one of the main active compounds isolated from Potentilla anserina L., which belongs to a triterpene
compound. Few studies have examined the effect of rosamultin on oxidative stress and its molecular mechanism. The aim
of this present study was to elucidate the protective effect of rosamultin on H2O2-induced oxidative damage and apoptosis
in H9c2 cardiomyocytes and its mechanism. The results showed that the pretreatment of rosamultin not only increased
cell viability but also reduced the release of LDH and CK. Rosamultin inhibited a H2O2-induced decrease in SOD, CAT,
and GSH-Px activities and an increase in MDA content. Meanwhile, ROS level, intracellular (Ca2+) fluorescence intensity,
and apoptosis rate in the rosamultin pretreated group were markedly decreased compared with the model group.
Rosamultin pretreatment significantly reversed the morphological changes and attenuated H2O2-induced apoptosis. Western
blot analysis showed that rosamultin enhanced the expression of Bcl-2 and pCryAB and downregulated the expression of
Bax, Cyt-c, Caspase-3, and Caspase-9 expression. Additionally, rosamultin might activate PI3K/Akt signal pathways and
CryAB relative factors. Therefore, we suggest that rosamultin could have the potential for treating H2O2-induced oxidative
stress injury through its antioxidant and antiapoptosis effect.

1. Introduction

Oxidative stress plays a crucial role in the pathogenesis of
various cardiovascular diseases such as heart failure,
myocardial ischemia-reperfusion injury, cardiomyopathy,
hypertension, atherosclerosis, metabolic syndrome, and
atrial fibrillation [1–3]. Oxidative stress leads to the
overproduction of ROS, which is an important event in the
development of cardiovascular diseases [4]. Excessive ROS
cause significant damage to myocardial cells, which can
damage the oxidation-antioxidant equilibrium system [5].
Moreover, further development of the damage can lead to
apoptosis [6]. Oxidative stress and apoptosis play important
roles in the development of cardiovascular diseases [7].
Alleviating oxidative stress and/or a direct intervention on

the inhibition of apoptotic pathways could provide
potential molecular targets for therapeutic treatments [8–9].

It is very meaningful to discover and develop a novel
natural product for the prevention and treatment of heart
diseases caused by oxidative stress [10]. Potentilla anserina
L. is a medicinal herb of the genus Potentilla in the family
Rosaceae, which is widely distributed in western China. For
thousands of years, this Tibetan traditional medicine has
been widely used in its therapeutic properties [11–14]. Our
previous pharmacological studies indicated that the n-
butanol extract of Potentilla anserina L. had an obvious
protective effect on cardiomyocytes by improving the
scavenging ability of oxygen free radicals and inhibiting
oxide injury to the membrane. Triterpenes are one of the
major constituents of Potentilla anserina L., making it a
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good antioxidant. Rosamultin is a natural product from
the subterranean root of the Potentilla anserina L. plant
(Figure 1). Few studies have examined the effect of
rosamultin on H2O2-induced oxidative stress injury in H9c2
cells and itsmolecularmechanism. Therefore, we investigated
whether rosamultin exerted a protective effect by regulating
the cryAB and PI3K/Akt signal pathway, further acting on
apoptosis factors such as Bcl-2, Bax, Cyt-c, and Caspase-3,
and Caspase-9 levels in the H9c2 cardiomyocyte.

2. Materials and Methods

2.1. Materials and Reagents. Rosamultin was purchased from
Wuhu Delta Medical Technology Co. Ltd. (purity> 99%,
Anhui, China), and dissolved in DMEM (without FBS). Cell
culture materials were purchased from Thermo Fisher Scien-
tific Inc. (Waltham, MA, USA). Biochemical detection kits
were purchased from the Nanjing Jiancheng Bioengineering
Institute. Antibodies were purchased from Abcam plc. or
Protech Systems Co. Ltd. General laboratory reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell Culture and Treatment. The H9c2 cells derived from
rat embryonic cardiomyocytes were obtained from the
American Type Culture Collection. Cells were stored in
10% FBS and 1% penicillin/streptomycin DMEM under an
atmosphere of 95% air and 5% CO2 at 37

°C. The cells were
seeded on glass coverslips or plastic wells 2 days before exper-
iments to achieve a confluence of ~90%. Then, the oxidative
stress model was established by exposure to a 200μM H2O2
solution in DMEM without FBS for 3 h.

2.3. Cell Viability Assay. Cell viability was examined by the
MTT assay. H9c2 cells were plated in a 96-well plate at
1× 105 cells/well. After adhering overnight, H9c2 cells were
incubated with rosamultin for 24h except for the control
group receiving the medium instead. Then, the H9c2 cells
were treated with 200μM H2O2 for 3 h. After that, the cells

were incubated with MTT (0.5mg/ml) at 37°C for 4 h.
Finally, the violet crystals were dissolved with 150μl DMSO
after the medium was removed. Absorbance of each culture
well was examined with a microplate reader at a wavelength
of 490nm.

2.4. Biochemical Analysis of H9c2 Cells. The H9c2 cells were
seeded in a 24-well plate at a density of 1× 105 cell/ml and
treated as described above. 100μl of the culture supernatant
per well was collected, and the LDH and CK activities were
measured with detection kits. LDH and CK activities were
determined by the colorimetric method. Then, H9c2 cells
were washed with cold PBS, and centrifuged at 300×g for
10min. The supernatant was then removed. The precipitate
obtained through centrifugation was crushed by ultrasonic
wave, and the cell lysates were resuspended. SOD, GSH-Px,
CAT, and MDA were determined with a microplate reader
according to the protocol of the detection kit. GSH-Px activ-
ity was measured by the colorimetric method. SOD activity
was detected by the xanthine oxidase method. MDA content
was measured by the thiobarbituric acid method. CAT activ-
ity was measured by the visible spectrophotometer method.
Protein content was measured with the BCA Bradford
protein assay.

2.5. Detection of Intracellular ROS. The intracellular ROS
content was determined by the 2′,7′-dichlorofluorescin dia-
cetate (DCFH-DA) method. Briefly, the H9c2 cells were
incubated with 10mM of DCFH-DA for 1 h at 37°C. After
washing the extracellular DCFH-DA, the fluorescence inten-
sity was determined by a flow cytometer. The excitation
wavelength and emission wavelength were 488 nm and
525 nm, respectively. The content of intracellular ROS was
expressed by the percentage of the control group.

2.6. Detection of Intracellular (Ca2+). Intracellular Ca2+ flux
was detected by using Fluo-3/AM as the fluorescent indi-
cator. Briefly, cells were resuspended and incubated with
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Figure 1: Chemical structure of rosamultin. Molecular formula: C36H58O10; molecular weight: 650.84.
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a final concentration of 5mM Fluo-3/AM dye for 15min
at 37°C. The fluorescence intensity of Ca2+ was photo-
graphed with LSCM.

2.7. Nuclear Staining. For Hoechst-33342/PI staining, briefly,
the H9c2 cells were collected and washed twice with cold
PBS. Then, the H9c2 cells were stained with fluorescent dyes.
In brief, Hoechst-33342 and PI solution were added and
incubated for 15min at 37°C in the dark. Finally, the H9c2
cells were photographed by a fluorescent microscope. For
DAPI staining, the H9c2 cells were harvested and washed
twice with cold PBS, after which cells were fixed with 4%
polyoxymethylene for 20min. Then, cells were rinsed with
PBS, and incubated with 1μM DAPI for 15min at 37°C.
Following staining, cells were rinsed and photographed using
a fluorescent microscope.

2.8. Cell Apoptosis Assay. The Annexin V and PI fluorescein
staining kits were used to determine apoptosis rate. The
H9c2 cells were treated as previously described and collected
with 0.25% trypsin. Then, cells were resuspended in 400μl of
binding buffer solution and incubated with Annexin V/PI
solution for 15min in the dark. Apoptosis rate was detected
by flow cytometry.

2.9. Western Blot Analysis. Total protein from H9c2 cells
were prepared with RIPA lysing buffer. 20μg of the sample
proteins of different groups were separated with 10% SDS-
PAGE and transferred onto PVDF membranes. Membranes
were incubated with a primary antibody, and followed by
the incubation of the anti-rabbit IgG secondary antibody.
Protein expression was detected with an enhanced chemilu-
minescence detection kit. β-Actin served as an internal con-
trol. The antibodies include Akt (1 : 1000), pAkt (1 : 1000),
cryAB (1 : 1000), pCryAB (1 : 1500), Bcl-2 (1 : 1000), Bax
(1 : 1000), Caspase-3 (1 : 1000), Caspase-9 (1 : 1000), Cyt-c
(1 : 1000), and β-actin (1 : 4000).

2.10. Statistical Analysis. Data are expressed as means
± S.E.M. Statistical analyses were conducted by one-way
analysis of variance (ANOVA) and the comparisons between

groups were performed by Dunnett’s test. A P value less than
0.05 was considered statistically significant.

3. Results

3.1. Effect of Rosamultin on Cell Viability. The H9c2 cells
were incubated with rosamultin (0, 10−9, 10−10, 10−11,
10−12, and 10−13M) for 24h. Verapamil (10−11M) served
as the positive control drug. Rosamultin and verapamil
caused no damage to cells compared with the control group
(P > 0 05). However, the viability of H9c2 cells incubated
with H2O2 (200μM) for 3 h decreased obviously compared
with the control group (P < 0 01). The viability of cells pre-
treated with rosamultin (10−9, 10−10, 10−11, 10−12, and
10−13M) for 24 h before exposure to H2O2 significantly
increased compared with the model group (P < 0 01), dem-
onstrating the protective effect of rosamultin on H9c2 cells
from H2O2-induced oxidative stress damage (Figure 2).

3.2. Effect of Rosamultin on LDH and CK Activities. To con-
firm whether rosamultin has the protective effects against
H2O2-induced oxidative stress damage, we assayed the
release of LDH and CK in different groups. The activity of
LDH and CK in the culture medium was considered an indi-
cator for cell membrane damage. The release of LDH and CK
obviously increased in the model group compared with that
in the control group (P < 0 01). However, the LDH and CK
activities in the culture medium were significantly decreased
after pretreatment with rosamultin or verapamil compared
with that in the model group (P < 0 01) (Figure 3).

3.3. Effect of Rosamultin on Antioxidant Enzyme and Lipid
Peroxidation. To determine whether rosamultin affects oxi-
dative stress-related biochemical enzymes, the levels of anti-
oxidant enzymes, such as SOD, CAT, GSH-Px, and the
lipid peroxidation products, such as MDA, were assayed in
H9c2 cell lysates. SOD, CAT, and GSH-Px activities were
remarkably decreased while MDA production significantly
increased in the model group compared with the control
group (P < 0 01). Rosamultin pretreatment could decrease
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MDA production and increase the activities of SOD, CAT,
and GSH-Px compared with that in the model group (P
< 0 01) (Figure 4). The results confirmed that rosamultin
had a strong antioxidant capacity in vitro.

3.4. Effects of Rosamultin on Intracellular ROS Generation.
When cells are exposed to H2O2, oxidative stress is accompa-
nied with an increase in intracellular ROS levels. To deter-
mine whether rosamultin affects H2O2-induced ROS
generation, the intracellular ROS level was determined with
the DCFH-DA method. The ROS level in the model group
increased significantly compared with the control group (P
< 0 01). However, ROS levels in rosamultin pretreatment
groups were significantly reduced (P < 0 01), suggesting that
rosamultin is a potent cardioprotective agent against H2O2-
induced oxidative stress (Figure 5).

3.5. Effects of Rosamultin on Cytosolic Ca2+. Cytosolic
calcium overload and the destruction of calcium homeostasis
are thought to initiate myocardial injury. In the model group,
we observed higher fluorescence intensity than in the control
group. Furthermore, the cytosolic calcium fluorescence
intensity in rosamultin pretreatment groups were weakened
compared with the model group (Figure 6).

3.6. Morphological Observation of Apoptotic Myocytes by
Hoechst 33342/PI Double Staining. A double-fluorescent
staining kit was used for the detection of the cell cycle and cell
necrosis. After Hoechst 33342/PI staining, the normal, apo-
ptotic, and necrotic cells can be distinguished by the flow cyt-
ometer. Normal cells with tropochrome on Hoechst 33342
are shown to have a weak blue and red fluorescence; apopto-
tic cells with chromatophilia are shown to have a strong blue
and weak red fluorescence; and necrotic cells with chromato-
philia on PI are shown to have a weak blue and strong red
fluorescence. The normal cells had uniformly dispersed chro-
matin and intact membranes. After cells were exposed to
H2O2, we observed that apoptotic cells with nuclear shrink-
age, chromatin condensation, and fragmentation increased,
and a few apoptotic bodies had also appeared in the
model group. However, the apoptotic cells in rosamultin

pretreatment groups were obviously reduced compared with
the model group, and the appearance of nuclear condensa-
tion and fragmentation were obviously reduced (Figure 7).

3.7. Morphological Assessment of Apoptotic Myocytes by
DAPI Staining. To clarify whether rosamultin protects
H9c2 cells by antiapoptosis, we detected apoptotic nuclei
and DNA fragmentation in H2O2-treated cells with or with-
out rosamultin. DAPI is a widely used fluorescent dye in
the apoptosis assay, which can penetrate membranes, bind
to the double-stranded DNA in the nucleus, and play the role
of labeling. DNA condensation is a typical characteristic in
apoptosis. Under a fluorescence microscope, we could see
the morphological change of the nucleus. In the control
group, the shape of cardiomyocytes were round with normal
organelles and intact cell membranes, and a light blue fluo-
rescence was observed. After incubation with H2O2, cardio-
myocyte shrinkage, pyknosis, and lobulated karyorrhexis, a
bright blue fluorescence was seen. However, the above mor-
phological changes in the rosamultin pretreatment group
were obviously improved (Figure 8).

3.8. Effects of Rosamultin on Cell Apoptosis. Furthermore, we
also detected the apoptotic rate by Annexin V/PI staining. As
shown in Figure 9, the cell apoptotic rate in the model group
was higher than that in the control group (P < 0 01). Pre-
treatment with rosamultin remarkably decreased the apopto-
tic rate compared with that of the model group (P < 0 01).

3.9. Mechanism of Rosamultin against H2O2-Induced
Oxidative Stress. Western blot was applied to evaluate the
molecular mechanism of rosamultin under H2O2-induced
oxidative stress. The phosphatidylinositol-3-kinase (PI3K)/
Akt pathway and cryAB are involved in the regulation of
apoptosis in H9c2 cells. Therefore, we confirmed whether
the PI3K/Akt signal pathway and cryAB were regulated by
rosamultin under H2O2-induced apoptosis. As shown in
Figure 10, H2O2 treatment decreased Bcl-2, Bcl-2/Bax, and
pAkt expression, but increased cryAB, Bax, Cyt-c, Caspase-
9, and Caspase-3 expression, compared with the control
group; however, these changes in the model group were
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Figure 3: Effect of rosamultin on LDH and CK activities in the culture supernatant of H9c2 cardiomyocytes subjected to H2O2-induced
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reversed by rosamultin. The expression of Akt had no signif-
icant changes between the groups. The level of phosphoryla-
tion cryAB (pCryAB) obviously increased in both the model
group and the rosamultin pretreatment groups, but pCryAB
expression in the model group was lower than that of the
rosamultin pretreatment group. To confirm whether the
PI3K/Akt signaling pathway was involved in the antiapopto-
sis function of rosamultin, H9c2 cells were preincubated with
or without the PI3K/Akt specificity inhibitor LY294002. As a
result, LY294002 abolished the effect of rosamultin on the
PI3K/Akt signaling pathway, such that LY294002 decreased
cell viability and increased Caspase-3 and Cyt-c apoptosis-
related protein level (Figure 11).

4. Discussion

Potentilla anserina L. is a medicinal herb of the genus
Potentilla in the Rosaceae family, which is widely distrib-
uted in western China, such as in Tibet, Gansu, and the
Qinghai province. For thousands of years, this Tibetan
medicine has been widely used for its therapeutic properties
[11–14]. The major constituents of Potentilla anserina L.
are flavonoids, triterpenes, polyphenols, and polysaccharides
[11, 15-16]. Our previous pharmacological studies indicated
that the n-butanol extract of Potentilla anserina L. showed
a significantly protective effect on cardiac myocytes by
improving their ability to scavenge oxygen free radicals and
inhibiting oxidative injury to the membrane. Numerous
in vitro and in vivo studies have revealed the multidirectional
properties of triterpenes, including anti-cancer, antioxidant,
anti-inflammatory, anti-atherosclerotic and antiviral [17].

Rosamultin is a natural product extracted from the root of
Potentilla anserina L. Few reports about its pharmacological
activity have been reported. In the present study, we studied
the effect and molecular mechanism of rosamultin on H2O2-
induced oxidative stress and apoptosis in H9c2 cells.

Oxidative stress plays an important role in the patho-
genesis of various cardiovascular diseases. However, the
effects of rosamultin on oxidative stress injury in cardio-
myocytes have not been elucidated. Myocardial apoptosis
during oxidative stress damage is frequently associated
with excessive ROS production [18–19]. Therefore, inhibit-
ing oxidative damage and apoptosis induced by oxidative
stress is an important intervention strategy for cardiovas-
cular diseases. We utilized H9c2 cardiomyocytes, incu-
bated with H2O2 to establish an oxidative stress damage
model for examining the protective effect and mechanisms
of rosamultin. We used verapamil, which is a calcium
channel antagonist, as a positive control.

We determined cell viability by the MTT method.
After 3 h of incubation with H2O2, cell viability was
decreased in the model group; but pretreated with rosa-
multin, the proliferation activity was observably increased.
The concentrations of rosamultin chosen in the experi-
ment were without toxic effect. LDH and CK are indica-
tors of the integrity of the cell cytoplasmic membrane,
which cannot penetrate the membrane under the physio-
logical state; but when cell membrane damage occurs,
LDH and CK are leaked from the intracellular endochy-
lema to the extracellular matrix [20]. The results showed
that LDH and CK activity in the rosamultin pretreatment
group remarkably decreased compared with the model
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Figure 4: Effect of rosamultin on SOD, CAT, and GSH-Px activities and MDA content in the lysates of H9c2 cardiomyocytes subjected to
H2O2-induced oxidative damage. Data are mean± S.E.M. (n = 6). ##P < 0 01 versus the control group and ∗∗P < 0 01 versus the model group.
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group, implying that rosamultin has the ability to protect
cardiomyocytes from H2O2-induced membrane damage.

Oxygen is a critically essential substance for cardiomyo-
cytes, usually accompanied with potentially dangerous ROS
generated by mitochondrial respiration [21]. ROS could
interact with biological macromolecules, such as nucleic
acids, proteins, and lipids, thereby finally causing cell

dysfunction, manifested as cytotoxicity, intracellular ATP
depletion, and Ca2+ overload [22]. The balance between an
oxidant and an antioxidant plays a vital role in maintaining
normal biological function. Exogenous stimulation can break
the balance, cause excessive accumulation of ROS in vivo,
and induce many diseases [23]. Cellular antioxidant
enzymes, such as SOD, CAT, and GSH-Px could decrease
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Figure 5: Effect of rosamultin on ROS levels of H9c2 cardiomyocytes that suffered H2O2-induced oxidative damage. Intracellular ROS levels
were measured with the DCFH-DA assay. (a) Control without DCFH-DA, (b) control group, (c) model group, (d) verapamil 10−11M group,
(e) rosamultin 10−11M group, and (f) rosamultin 10−12M group. Data are mean± S.E.M. (n = 6). ##P < 0 01 versus the control group and
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intracellular ROS content [24, 25], although the lipid perox-
idation products can indirectly reflect the generation of
ROS under oxidative stress [26]. Furthermore, we examined
whether rosamultin had an antioxidative activity under oxi-
dative stress. We measured MDA and ROS content and the
activity of cellular antioxidants, including SOD, CAT, and
GSH-Px. The results clearly showed that rosamultin pretreat-
ment could reduce MDA and ROS generation and improve
antioxidant enzyme activity. The above results suggested that
the effect of rosamultin might be partly due to improving the
balance of the oxidant and antioxidant system.

The calcium ion is mainly distributed in the endoplas-
mic reticulum and mitochondria and plays a vital role in
maintaining normal cell function. It is generally believed
that the occurrence of calcium overload and generation
of excessive ROS has a reciprocal causality in the oxidative
stress process [27]. The excessive ROS produced by oxida-
tive stress could damage membrane structure, increase
membrane permeability, and cause a large Ca2+ influx out-
side the cell, resulting in intracellular calcium overload.
Calcium overload will further aggravate the production
of ROS [28]. Based on the aforementioned analysis, rosa-
multin significantly decreased the fluorescence intensity,
indicating that rosamultin might inhibit H2O2-induced
calcium overload in cardiomyocytes.

Apoptosis is a programed and active mode of a cell death
pathway, regulated by its own genes in a normal physiologi-
cal or pathological environment [29]. H9c2 cells treated with
H2O2 could promote the apoptosis of cells. H2O2-induced
apoptosis in the present study was evidenced by morpholog-
ical change, which was observed by Hoechst 33324/PI and
DAPI staining. The characteristics of apoptosis are cell
shrinkage, DNA fragmentation, chromatin condensation,

and an apoptotic body [30]. The results strongly showed that
rosamultin might play a protective role against H2O2-
induced apoptosis.

Because of its potential relativity to oxidative stress
damage and cell apoptosis, our aim was to identify possi-
ble pathways, in which H2O2-induced damage may be
involved. Oxidative stress damage leads to the disruption
of the mitochondrial membrane, and then result in an
MPTP opening, which is an important factor in the mito-
chondrial apoptotic pathway [31]. An MPTP opening
further leads to the shift of Cyt-c from the mitochondria
to the cytoplasm. Cyt-c could combine with Apaf-1 and
procaspase-9 to generate complex apoptotic bodies, which
activates a Caspase-3 cascade reaction and induces apopto-
sis [32, 33]. To examine whether rosamultin participated
in the mitochondrial apoptotic pathway, we determined
protein changes involved in mitochondrial injury by West-
ern blot [34]. The results showed that H2O2 could increase
Bax, Cyt-c, Caspase-9, and Caspase-3 expression, and
inhibit Bcl-2 synthesis, which results in an imbalance
between Bcl-2 and Bax. Finally, the cells got involved in
the program of apoptosis. Rosamultin pretreatment could
inhibit apoptosis by decreasing Bax, Cyt-c, Caspase-9,
and Caspase-3 expression, and increasing Bcl-2 synthesis.

Various mechanisms have been reported to explicate
myocardial damage during oxidative stress [35, 36]. ROS
causes cell injury directly or through intermediate prod-
ucts in the PI3K/Akt signaling pathway [37, 38]. In addi-
tion, activation of the PI3K/Akt pathway may be related
to the Bcl-2 family gene [39]. The PI3K/Akt pathway acti-
vation could protect cardiomyocytes against apoptosis
[40]. In the present study, Akt mainly exists in an activa-
tion and phosphorylation form under oxidative stress.

(a) (b)

(c) (d)

Figure 6: Intracellular Ca2+ flux was measured by Fluo-3/AM staining in H9c2. Cytosolic Ca2+ fluorescence intensity was photographed with
LSCM (×200). (a) Control group, (b) model group, (c) rosamultin 10−11M group, and (d) verapamil 10−11M group.
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Therefore, the activation of the PI3K/Akt pathway seems
to be the cause of rosamultin’s antiapoptotic effect.
LY294002, as a specific inhibitor of PI3K and an upstream
activator of Akt, eliminated the protective action of rosa-
multin. On the other hand, Xu et al. [41] reported that
cryAB overexpression could protect H9c2 cells from
H2O2-induced apoptosis, such as decreasing mitochondria
Cyt-c release and increasing Bcl-2 expression [42]. The
CryAB protein shows rapid phosphorylation, which regu-
lates its activity in response to multiple stimuli, including
oxidative stress. In our study, after treatment with H2O2,
the levels of cryAB and pCryAB in cardiomyocytes were
significantly upregulated, suggesting that when oxidative
damage occurs, cardiomyocytes initiate stress responses
to cope with apoptosis. CryAB was phosphorylated at
three different serine sites, including 19, 45, and 59 serine
residues. Therefore, the different cryAB phosphorylation

sites have different functions. Ser19 and ser45 have strong
inhibitory effects alone or in combination, while ser59
does not have an inhibitory effect, and could offset the inhib-
itory effect of monophosphorimide in ser19 and ser45. The
phosphorylation of ser19 and ser45 alone or in combination
resulted in a significant decrease in cryAB chaperone activity,
whereas the monophosphorimide in ser59 had no such effect
[43]. After being pretreated with rosamultin, the level of
cryAB decreased, and the level of pCryAB S59 expression
increased. It was presumed that these may be closely linked
to the phosphorylated expression of cryAB S59, which
resulted in incremental cryAB chaperone activity and
enhanced regulatory activity of pCryAB S59. This indicates
that rosamultin might play an antiapoptotic role by promot-
ing cryAB S59 phosphorylation. However, the effect of cryAB
and pCryAB on the PI3K/AKT pathway remains to be fur-
ther studied.

(a) (b) (c)

(d) (e) (f)

Figure 7: A double-fluorescent staining kit was used for the detection of the cell cycle and cell necrosis. After Hoechst 33342/PI fluorescent
staining, the normal cells, apoptotic cells, and necrotic cells can be distinguished from the flow cytometer (×200). (a) Control group, (b) model
group, (c) verapamil 10−11M group, (d) rosamultin 10−11M group, (e) rosamultin 10−12M group, and (f) rosamultin 10−13M group.
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(a) (b) (c)

(d) (e) (f)

Figure 8: DAPI, a fluorescent dye, can penetrate the cell membrane and bind to the double-stranded DNA in the nucleus. The morphological
changes were observed under a fluorescence microscope (×200). (a) Control group, (b) model group, (c) verapamil 10−11M group, (d)
rosamultin 10−11M group, (e) rosamultin 10−12M group, and (f) rosamultin 10−13M group.
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Figure 10: Effects of rosamultin on protein levels of apoptotic-related molecules in H9c2 cells that suffered H2O2-induced oxidative damage.
(a) Representative Western blots, (b–i): pCryAB, CryAB, Bcl-2, Bax, Bcl-2/Bax, Cyt-c, Caspases-9, Caspases-3, and pAkt/Akt protein
expression. Data are mean± S.E.M. (n = 3). ∗∗P < 0 01 versus the control group, ##P < 0 01 versus the model group, and #P < 0 05 versus
the model group.
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5. Conclusion

In conclusion, the present study definitely illustrated that
rosamultin protected H9c2 cardiomyocytes from H2O2-
induced oxidative stress and apoptosis by reducing the
level of Bax, Cyt-c, Caspase-9, and Caspase-3, increasing
the Bcl-2/Bax ratio and pCryAB S59 expression, reducing
ROS and MDA production, inhibiting calcium overload,
and improving antioxidant enzyme activity, such as SOD,
CAT, and GSH-Px. Furthermore, the PI3K/Akt pathway
activation also participated in the cardioprotective effect
of rosamultin. In a word, rosamultin could have the
potential for the prevention and treatment of H2O2-
induced oxidative stress damage in cardiomyocytes
through its antioxidant and antiapoptosis effects.
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Caspase-3: Cysteinyl aspartate-specific proteinase-3
Caspase-9: Cysteinyl aspartate-specific proteinase-9
MPTP: Mitochondrial permeability transition pore.
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The present study investigated the efficacy of allicin as an antibacterial, anti-inflammatory, antioxidant, and immunostimulant
agent in reducing the severity of Pasteurella multocida (P. multocida) type B infection in rabbits. Fifty New Zealand rabbits, 5
weeks old, were divided equally into five groups. Except for group 1, all groups were intranasally infected with P. multocida type
B (2× 105 colony forming units/ml/rabbit). Then, group 3 rabbits were orally treated with allicin (50mg/kg BW) for 5 days,
group 4 rabbits received a single oral dose of norfloxacin 30% (100mg/kg BW), while group 5 rabbits were treated with a
combination of norfloxacin and allicin. Hematological, serum biochemical, inflammatory cytokine, immunological, and
histopathological analyses were performed. Results revealed that rabbits, infected with P. multocida type B, exhibited macrocytic
hypochromic anemia and leukocytosis with a significant elevation in the phagocytic percentage and index. Moreover, significant
reductions in serum total protein, albumin, globulin, and immunoglobulin (IgG and IgM) levels were observed in infected
rabbits. Infected rabbits showed significant increases in serum inflammatory cytokine (TNF-α and IL-6), alanine
aminotransferase, alkaline phosphatase, lactate dehydrogenase, and serum bilirubin (total, direct, and indirect) levels. Further, P.
multocida infection induced oxidative stress as demonstrated by the significant reduction in serum levels of reduced glutathione
and superoxide dismutase enzyme and marked elevation in serum malondialdehyde. Treatment with allicin, norfloxacin, or
their combination significantly ameliorated the alterations in all studied parameters. In conclusion, allicin could ameliorate the
inflammation and oxidative stress, induced by P. multocida type B infection in rabbits.

1. Introduction

Pasteurella multocida (P. multocida) is a microbe, which
occurs naturally in the respiratory tract of some animal
species; however, it can be a virulent pathogen that infects
other animal hosts [1]. Pasteurellosis is a disease that affects
rabbits, characterized by rhinitis, pneumonia, orchitis, otitis
media, septicemia, and abscess formation [2]; however, infec-
tion with P. multocida may be asymptomatic [3].

Norfloxacin is a second-generation fluoroquinolone with
a broad spectrum of activity, potent bactericidal action, and
high tissue penetration [4, 5]. Despite its efficacy, it has been
shown that antibiotic traces which are present in animal
products can affect human health directly due to side effects
and impact on intestinal flora and precipitation or indirectly
through increasing bacterial resistance to antibiotics (maxi-
mum residue limit for norfloxacin is 0.02–0.1 in pig and
poultry) [6]. The emergence of antibiotic resistance [7] and
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the rabbits’ hypersensitivity to several antimicrobial agents
precludes the extensive applications of antibiotics in this
species [8].

Garlic (Allium sativum) is considered the oldest
medicinal herb and had been used for the treatment of
several diseases. It is effective against several gram-positive,
gram-negative, and acid-fast bacteria [9]. Moreover, it has
antioxidant, immunomodulatory, and anti-inflammatory
effects [10–12]. Allicin is a major biologically active compo-
nent of garlic clove extracts with a potent antioxidant activity
[11]. Moreover, it has been shown to exert organoprotective
effects against several xenobiotics, such as deltamethrin and
doxorubicin [13, 14].

This study was performed to evaluate the ameliorative
(antioxidant, anti-inflammatory, and immunomodulatory)
effects of allicin alone or combined with norfloxacin in the
treatment of P. multocida infection in rabbits.

2. Material and Methods

2.1. Experimental Animals. Male New Zealand white rabbits
(850–1000 g, 5 weeks of age) were obtained from the Faculty
of Veterinary Medicine, Zagazig University. Rabbits were
housed in a pathogen-free facility, maintained at 24± 2°C
with a 50–60% relative humidity and a 12 h light: dark cycle.
Rabbits had ad libitum access to tap water and basal ration.
All rabbits were acclimatized for one week before beginning
the experiment. Rabbit handling and treatment procedures
were performed according to the Guidelines for the Care
and Use of Laboratory Animals of the National Institutes of
Health (NIH) and approved by a research ethics committee
at the Faculty of Veterinary Medicine, Zagazig University.
All efforts were exerted to reduce animal suffering.

2.2. Bacterial Strain. Pasteurella multocida type B was
obtained from the National Research Centre, Dokki (Giza,
Egypt) and used for experimental infection with a final
concentration of 2× 105 colony-forming units (CFU) prior
to inoculation.

2.3. Drugs. Norfloxacin was purchased from ATCO Pharma
(Atonor 30, 300mg/ml, oral suspension). Allicin was
obtained from Anhui Ruisen Biological Technology Co.,
China. All used kits were marketed by Spinreact, Spain.

2.4. Experimental Design. After acclimatization, fifty rabbits
(6 weeks of age) were randomly allocated into five equal
groups (10 rabbits for each group). Group 1 rabbits were
given intranasal (IN) phosphate-buffered saline (1ml) and
kept as a negative control group. Rabbits in other groups
were IN infected with 2× 105 CFU/ml/rabbit of P. multocida
type B at day 1 of the experiment [15]. Five days later (after
appearance of clinical signs), group 3 rabbits were orally
treated with allicin 50mg/kg body weight for 5 days [16],
group 4 rabbits received a single oral dose of norfloxacin
(100mg/kg body weight) [17], while group 5 rabbits were
orally treated with a combination of norfloxacin and allicin
in the same dose regimen used for groups 3 and 4.

2.5. Sample Collection and Preparation. Blood samples were
collected at the end of the experiment (24 hours after last
dose) from the ear vein: 2ml of blood in a heparinized test
tube for evaluation of phagocytic percent and index, 0.5ml
in a test tube with the anticoagulant (EDTA) for hematolog-
ical studies, and 5ml in a glass tube without anticoagulant for
serum separation to assess biochemical parameters. The lung
and liver tissues were dissected out after cervical dislocation,
washed with physiological saline, and fixed with 10% neutral
buffered formalin for histopathological examination.

2.6. Phagocytosis Assay. The heparinized blood samples of
rabbits from different groups were used for leukocyte separa-
tion. Candida albicans (C. albicans) was prepared and used
for evaluation of the phagocytic activity by the method of
Wilkinson [18]. The number of macrophages (neutrophils
and/or monocytes) containing C. albicans (phagocytic%)
that attached to or were ingested by 100 phagocytes in each
individual preparation was determined by light microscopy.
Moreover, the phagocytic index was calculated by determin-
ing the average number of attached and engulfed C. albicans
multiplied by the phagocytic percent [19].

2.7. Hematological Indices. Blood samples, collected in tubes
containing 10% EDTA solution, were used for determina-
tion of red blood cells (RBCs), hemoglobin (Hb), hemato-
crit/packed cell volume (HCT/PCV%), white blood cells
(WBC: leukogram), and differential leukocyte counts (DLC)
according to Coles [20]. The mean corpuscle volume (MCV)
and mean corpuscle hemoglobin concentration (MCHC)
were calculated.

2.8. Biochemical Assay. Serum samples were analyzed for
determination of alanine aminotransferase (ALT) by the
method of Reitman and Frankel [21], alkaline phosphatase
(ALP) according to Tietz [22], and lactate dehydrogenase
(LDH) enzyme according to Buhl and Jackson [23]. The total
protein and albumin levels were measured according to Dou-
mas et al. [24] and Drupt [25], respectively. The globulin
concentration was calculated by subtracting the obtained
albumin concentration from the total protein concentration
according to Doumas and Biggs [26].

2.9. Immunoglobulin and Cytokine Assay. The serum concen-
trations of immunoglobulin G (IgG) and immunoglobulin M
(IgM) were determined using the commercial IgG and IgM
ELISA kits, purchased from Bethyl Laboratories, USA (cat.
no. E121-111, lot no. E121-111-150331, and cat. no. E120-
110, lot no. E120-110-29), respectively. The serum concentra-
tions of tumor necrosis factor-alpha (TNF-α) and interleukin-
6 (IL-6) were measured using standard kits obtained
from Genorise (Nori™ Rabbit TNF-α ELISA Kit, cat. no.
GRC144010) and CUSABIO (CSB-E06903Rb), respectively.

2.10. Estimation of Serum Oxidative Stress Markers. Serum
samples were used to assay the reduced glutathione (GSH)
level according to Jollow et al. [27], superoxide dismutase
(SOD) activity according to Nishikimi et al. [28], and the
lipid peroxidation marker (malondialdehyde (MDA))
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depending on the thiobarbituric acid reactivity using the
method of Ohkhawa et al. [29].

2.11. Histopathological Investigation. Specimens from the
lungs and liver of different groups were collected and fixed
in 10% neutral buffered formalin, transferred in ethanol
(70%), then cleared in xylene and embedded in paraffin.
Five-micron-thick sections of paraffin were prepared then
stained with hematoxylin and eosin dyes [30] and examined
microscopically.

2.12. Statistical Analysis. All data were expressed as the mea
n ± standard error of mean (SEM) and were statistically ana-
lyzed by the SPSS/PC software (2001) using one-way analysis
of variance (ANOVA), followed by post hoc Tukey’s test.
A p value< 0.05 was considered statistically significant.

3. Results

3.1. Clinical Signs and Mortality Rates.On the third day of the
experiment, gp.2 rabbits (infected but untreated) started to
show the acute form of the disease (depression, reduced food
intake, sneezing, conjunctivitis, respiratory distress, dyspnea,
or even sudden death) with a mortality rate of 60%. However,
rabbits treated with allicin (gp.3) and norfloxacin (gp.4)
showed less severe clinical signs than did gp.2 with mortality
rates of 40 and 30%, respectively. Rabbits treated with both
allicin and norfloxacin (gp.5) were nearly healthy with much
less severe clinical signs and a mortality rate of 10% till the
time of scarification at the end of the experiment.

3.2. Erythrogram.At the end of experiment, there were signif-
icant decreases (p < 0 05) in RBC count, Hb concentration,
PCV%, and MCHC values, whileMCV values exhibited a sig-
nificant increase (p < 0 05) in rabbits infected with P. multo-
cida (gp.2), compared to controls (gp.1). However, rabbits of
gps.3, 4, and 5 showed non-significant changes in the RBCs
count, Hb concentration, PCV%, MCV, and MCHC% except
Hb concentration and MCHC% showed significant increases
in gp.5 compared to gp.2 (Table 1).

3.3. Leukogram. The total leukocytic, neutrophil, and mono-
cyte counts showed significant increases (p < 0 05) with a
significant decrease (p < 0 05) in the lymphocytic count and
non- significant changes in eosinophil count in P. multocida-
infected rabbits (gp.2), compared to controls (gp.1). The
treated gps. (3, and 5) showed a non significant decrease
(p < 0 05) in the previous parameters except the neutrophil
count, which showed a significant decrease (p < 0 05) while
total leukocyte count that showed a significant decrease (p
< 0 05) in gp.5 compared to gp.2, while gp.4 showed a sig-
nificant increases (p < 0 05) in the total leukocytic, neutro-
phil and eosinophil count with a non-significant changes
in lymphocyte and monocyte counts compared to gp.2.
The phagocytic activities (phagocytic% and phagocytic
index) were significantly increased (p < 0 05) in P. multo-
cida-infected rabbits (gp.2) compared to controls. The treated
rabbits (gps.3, 4, and 5) exhibited significant increases in both
parameters (p < 0 05), compared to the infected nontreated
group; however, none of these treatments could restore the

normal range concentrations as in the control group (gp.1)
(Table 1).

3.4. Biochemical Analysis. Table 2 shows the detailed changes
in different biochemical parameters in control, infected, and
treated groups. Moreover, serum immunoglobulin (IgG and
IgM) levels showed significant decreases (p < 0 05) in gp.2,
while gps.3, 4, and 5 demonstrated significant increases
(p < 0 05), compared to infected rabbits. The combination
treatment restored the serum total protein concentration to
the normal control level (as gp.1 rabbits).

3.5. Inflammatory Cytokines. Serum inflammatory cytokines
(IL-6 and TNF-α) showed significant increases (p < 0 05) in
gp.2 and significant decreases (p < 0 05) in the treated groups
(4 and 5), except in the group receiving allicin (gp.3), which
failed to improve serum TNF-α concentration, compared to
infected nontreated rabbits (Table 2). The combination treat-
ment could restore serum TNF-α concentration to normal
control ranges (as gp.1 rabbits).

3.6. Hepatic Enzymes. The serum activities of ALT, ALP, and
LDH significantly increased (p < 0 05) in the P. multocida-
infected group compared to controls and significantly
decreased (p < 0 05) in treated groups (3, 4, and 5) compared
to gp.2. The total, direct, and indirect bilirubin concentra-
tions showed significant increases (p < 0 05) in infected rab-
bits; however, it exhibited significant reductions (p < 0 05)
in the treated groups (3, 4, and 5), compared to infected non-
treated rabbits (Table 3).

3.7. Antioxidant/Oxidative Stress Markers. Group 2 rabbits
showed significant reductions in serum GSH and SOD levels
(p < 0 05) with a significant increase (p < 0 05) in MDA
serum concentration, compared to controls, while the
treated rabbits (gps.3, 4, and 5) exhibited significant
increases (p < 0 05) in GSH and SOD concentrations with a
significant decrease (p < 0 05) in MDA concentration,
compared to infected nontreated rabbits (Table 4).

3.8. Histopathological Findings. The lung tissue of normal
control rabbits exhibited normal bronchial and bronchiolar
structures with normal alveolar and perialveolar capillaries.
On the other hand, lung tissue sections from Pasteurella-
infected rabbits showed severe peribronchitis, congested blood
vessels, vascular thrombi, and vasculitis. Diffuse interstitial
inflammatory reaction, alveolar collapse, tissue destruction,
and compensatory emphysema were also observed. On the
other hand, infected rabbits, treated with allicin, showed mild
to moderate lesions as mild congestion and leukocytic infiltra-
tion of interalveolar capillaries with mild emphysema of alve-
oli and focal necrotic lesions. Rabbits that received norfloxacin
after infection had mild thickening of the interalveolar septa
with inflammatory cells and congestion. Moreover, group V
rabbits (which received the combination treatment) showed
mild edema between alveoli with scanty inflammatory cells
and no necrosis or tissue destruction (Figure 1).

The liver tissue of normal control rabbits showed
eosinophilic radiating hepatic cords around central veins.
The hepatic cells had abundant cytoplasm and large
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centrally located nuclei. In contrast, liver sections from
rabbits, infected with Pasteurella, demonstrated severe
congestion of hepatic blood vessels along with perivascular
edema, diffuse degeneration of hepatocytes, and focal
necrosis. Infected rabbits, treated with allicin, showed diffuse
vacuolar degeneration and mild to moderate congestion of

blood vessels. Rabbits that received norfloxacin after infec-
tion had focal areas of degeneration with mild congestion
of blood vessels. Further, sections from infected rabbits
receiving the combination treatment showed fairly normal
hepatic cords with focal-to-discrete hepatocytes suffering
mild vacuolar degeneration (Figure 2).

Table 1: The effect of allicin, norfloxacin, and their combination treatment in Pasteurella multocida type B infection in male white New
Zealand rabbits on hematological parameters.

Parameters
Groups

Control Infected Infection + allicin Infection +Nf Infection +Nf + allicin

RBCs (106/mm3) 4.51± 0.04a 3.63± 0.09bc 3.51± 0.03bc 3.43± 0.04c 3.58± 0.06bc

Hb (g/dl) 8.68± 0.05a 6.56± 0.7c 6.64± 0.12c 6.44± 0.07c 6.96± 0.08b

PCV% 36.40± 0.65a 31.98± 0.52b 31.56± 0.66b 30.78± 0.19b 31.20± 0.31b

MCV/FL 80.58± 0.76b 90.02± 1.18a 89.85± 2.21a 89.55± 0.79a 87.14± 1.65a

MCHC% 23.85± 0.36a 20.49± 024c 21.05± 0.26c 21.04± 0.19c 22.26± 0.17b

WBCs (103/mm3) 6.35± 0.06d 7.35± 0.12b 7.15± 0.07bc 8.01± 0.26a 6.84± 0.06c

Neutrophil (103/mm3) 1.31± 0.01d 3.41± 0.08b 3.00± 0.08c 3.82± 0.14a 2.87± 0.03c

Eosinophil (103/mm3) 0.13± 00c 0.18± 0.03bc 0.17± 0.04bc 0.31± 0.02a 0.22± 0.04b

Lymphocyte (103/mm3) 4.83± 0.06a 3.25± 0.13bc 3.53± 0.12b 3.42± 0.08bc 3.18± 0.03c

Monocyte (103/mm3) 0.13± 00b 0.15± 0.07a 0.41± 0.03a 0.44± 0.07a 0.44± 0.03a

Phagocytic% 41.8± 0.49 e 53.00± 0.32 d 58.2± 0.200 c 64.60± 0.400 b 76.4± 0.51 a

Phagocytic index 0.34± 0.01e 0.53± 0.01 d 0.59± 0.003 c 0.65± 0.013 b 0.84± 0.005 a

Values are represented as mean ± SEM (n = 10). Means within the same row carrying different superscripts (a, b, c, and d) are significant at p < 0 05.
Hb: hemoglobin; MCHC: mean corpuscle hemoglobin concentration; MCV: mean corpuscle volume; Nf: norfloxacin; PCV: packed cell volume; RBCs: red
blood cells; WBCs: white blood cells.

Table 2: The effect of allicin, norfloxacin, and their combination treatment in Pasteurella multocida type B infection in male white New
Zealand rabbits on some biochemical parameters.

Parameter
Groups

Control Infected Infection + allicin Infection +NF Infection +NF+ allicin

Total protein (g/dl) 5.65± 0.06a 3.60± 0.07c 4.74± 0.08b 4.84± 0.04b 5.56± 0.02a

Albumin (g/dl) 3.99± 0.06a 2.50± 0.06d 3.33± 0.06c 3.28± 0.05 c 3.58± 0.04b

Globulin (g/dl) 1.72± 0.40 b 1.17± 0.01e 1.56± 0.03c 1.41± 0.03d 1.99± 0.03a

IgM (mg/dl) 26.00± 0.77b 13.80± 0.80e 19.60± 0.81c 16.6± 0.81d 33.80± 0.80a

IgG (mg/dl) 424.4± 1.47b 348.6± 1.17 e 386.6± 2.48c 376.8± 2.33d 511.6± 3.25a

IL-6 (pg/ml) 224.80± 1.46d 325.00± 2.07a 250.00± 0.84b 243.60± 1.66c 246.00± 2.43cb

TNF-α (pg/ml) 91.20± 1.15c 120.60± 2.62a 117.80± 1.98a 105.20± 2.03b 92.40± 2.02c

Values are represented as mean ± SEM (n = 10). Means within the same row carrying different superscripts (a, b, c, d, and e) are significant at p < 0 05.
Ig: immunoglobulin; IL: interleukin; NF: norfloxacin; TNF: tumor necrosis factor.

Table 3: The effect of allicin, norfloxacin, and their combination treatment in Pasteurella multocida type B infection in male white New
Zealand rabbits on some hepatic markers.

Parameters
Groups

Control Infected Infection + allicin Infection +NF Infection +NF+ allicin

ALT (U/L) 34.2± 1.06d 48.20± 0.20a 37.4± 0.87c 44.00± 0.44b 37.20± 1.07c

ALP (U/L) 66.25± 1.04c 124.41± 1.09a 83.74± 1.81b 68.19± 0.76c 68.22± 0.73c

LDH (U/L) 617.70± 4.03d 1105.63± 2.25a 800.56± 24.22b 683.74± 4.84c 646.44± 1.61d

Total bilirubin (mg/dl) 1.27± 0.004d 3.04± 0.004a 1.93± 0.024b 1.58± 0.124c 1.40± 0.044d

Direct bilirubin (mg/dl) 0.36± 0.014d 1.14± 0.029a 0.81± 0.013b 0.54± 0.040c 0.31± 0.002d

Indirect bilirubin (mg/dl) 0.91± 0.015c 1.90± 0.032a 1.12± 0.025b 1.04± 0.115bc 1.09± 0.043bc

Values are represented as mean ± SEM (n = 10). Means within the same row carrying different superscripts (a, b, c, and d) are significant at p < 0 05.
ALP: alkaline phosphatase; ALT: alanine transferase; LDH: lactate dehydrogenase; NF: norfloxacin.
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Table 4: The effect of allicin, norfloxacin, and their combination treatment in Pasteurella multocida type B infection in male white New
Zealand rabbits on oxidative stress markers.

Parameters
Groups

Control Infected Infection + allicin Infection +NF Infection + allicin +NF

GSH (mmol/L) 0.67± 0.02a 0.19± 0.01d 0.37± 0.03c 0.50± 0.03b 0.62± 0.02a

SOD (U/ml) 4.90± 0.15a 2.16± 0.09c 3.4± 0.17b 3.31± 0.14b 4.55± 0.09a

MDA (nmol/ml) 38.19± 0.44d 62.75± 1.32a 48.45± 0.83b 41.00± 1.08c 34.65± 0.68e

Values are represented as mean ± SEM (n = 10). Means within the same row carrying different superscripts (a, b, c, d, and e) are significant at p < 0 05.
GSH: glutathione; MDA: malondialdehyde; NF: norfloxacin; SOD: superoxide dismutase

(a) (b)

(c) (d)

(e)

Figure 1: Shows lung sections from (a) normal control animals, (b) Pasteurella-infected group showing interstitial inflammatory reaction,
(c) allicin-treated rabbits, (d) norfloxacin-treated rabbits, and (e) infected rabbits, treated with allicin-norfloxacin combination. Arrows
refer to thickening of interstitial tissue with dilated capillaries and leucocytes, and arrowheads refer to edema. Hematoxylin and eosin
stain; magnification: 100x.
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4. Discussion

Rabbit husbandry requires good environmental conditions to
reduce infection risks. Sneezing, nasal discharge, respiratory
distress, and conjunctivitis were the common signs of P.
multocida type B infection, observed in this study. Moreover,
we detected frequent abscess formation in the lung tissue,
bronchopneumonia, and septicemia, which may have
been the main causes of morbidity and mortality in
rabbits [31, 32]. Our results are in agreement with those of
previous studies by Martino and Luzi [7], Palócz et al. [33],
and Katoch et al. [15].

Allicin-treated rabbits exhibited less severe clinical signs
and a lowermortality rate, probably related to the antibacterial

and anti-inflammatory activities of allicin [34, 35]. Moreover,
allicin was reported to scavenge free radicals and to inhibit
the cysteine protease and thiol-containing protein in bacte-
rial cells, inhibiting their growth [36, 37]. Similarly, infected
rabbits treated with norfloxacin (100mg/kg) showed marked
reductions in the mortality rate and severity of clinical signs
[38], probably due to the strong antibacterial activity of nor-
floxacin [39]. Interestingly, there was a marked reduction in
the clinical signs and mortality rate in nearly all infected
rabbits in the allicin-norfloxacin combination group, com-
pared to either treatment alone.

Rabbits, infected with P. multocida, exhibited macrocytic
hypochromic anemia (reticulocytosis), probably due to
enhanced erythropoiesis as a response of the bone marrow

(a) (b)

(c) (d)

(e)

Figure 2: Shows liver sections from (a) normal control animals; (b) Pasteurella-infected group showing degeneration, necrosis of hepatocytes,
and severe congestion of blood vessels; (c) allicin-treated rabbits; (d) norfloxacin-treated rabbits; and (e) infected rabbits, treated with allicin
and norfloxacin combination. Arrows refer to thickening of interstitial tissue with dilated capillaries and leucocytes, and arrowheads refer to
edema. Hematoxylin and eosin stain; magnification: 100x.
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to the increased blood loss in trachea-pulmonary hemor-
rhage, caused by septicemia [40]. Our results agree with those
by Nassar et al. [41] who reported that there was a significant
reduction in RBC count and PCV% in P. multocida-infected
rabbits. Rabbits treated with a combination of allicin and
norfloxacin showed an improvement in the picture of ane-
mia, especially Hb level, which reflects reduction of the bac-
terial toxic effect on the bone marrow with decreasing or
stopping the hemorrhage. The leukogram investigation
revealed leukocytosis with heterophilia, and monocytosis in
the P. multocida-infected group, which can be attributed to
the body inflammatory response [40]; leukocytes were elevated
in our study to overcome infection as they are the first line of
the body’s defense mechanism against any pathogenic agents.

Infections with P. multocida are usually associated with
leukocytosis as a physiological response from the body tomin-
imize the spread of infection [41–43]. Lymphopenia occurred
in this study probably due to increased cytolysis produced by
bacterial toxin and lymphocyte drainage into the infected
tissues [44]. In contrast, rabbits treated with allicin alone
showed a significant elevation in leukocyte count, reflecting
the antibacterial and antitoxic effects of allicin [45]. Neutro-
phils showed a significant increase after allicin and/or norflox-
acin treatment which may be a response to the increased
serum concentrations of IL-6 and TNF-α [46–48].

The cellular immune response in the body increases phys-
iologically in case of infection to destroy infective agents and
minimize the spread of infection [42]. This study revealed a
significant elevation in the phagocytic activity (phagocytic
percent and phagocytic index) in P. multocida-infected
rabbits. In agreement with El-Deeb and Elmoslemany [49],
proinflammatory cytokines’ serum levels (TNF-α and IL-6)
were markedly elevated to enhance leukocyte migration into
the infection site [46–48]. It has been reported that IL-6
increases in the blood after infection as an inflammatory
response to regulate neutrophil and monocyte transition
during the inflammation process [50, 51].

Allicin treatment significantly increased the phagocytic
activity in infected rabbits, probably due to the ability of
allicin to modulate the peripheral leukocytes’ immune func-
tions [52] through stimulating the proliferation of immune
cells, lysozyme activities, and oxidative burst [53, 54], as well
as enhancing the proinflammatory mediators like interferon-
gamma and the expansion of CD4+ T cells [55]. Furthermore,
allicin markedly alleviates the inflammation through
reducing the production of TNF-α and IL-6 [56–58]. The
antibacterial and anti-inflammatory effects of allicin may be
explained by modulation of the cytokines and activating
macrophages that controlled the infection.

Hypoproteinemia and hypoglobulinemia were observed
in P. multocida-infected rabbits, which may be due to protein
loss during hemorrhage. Anorexia and fever that result from
the infection lead to increased protein catabolism and
reduced protein synthesis by degenerated hepatocytes [33].
Allicin-treated groups showed significant improvements in
serum protein and albumin levels, indicating the attenuation
of hepatic injury and inflammation induced by P. multocida
infection [35], hemorrhage reduction, and improvement of
the animals’ appetite.

Allicin-treated groups had an elevation in globulin, IgG,
and IgM serum levels, reflecting the increased production
of Igs from lymphoid organs to opsonize the P. multocida
bacteria and limit the systemic infection [59]. It has been
reported that allicin significantly enhances the immune
response during infection through elevation of Ig levels
[60]. Similarly, norfloxacin was an effective antibacterial
agent, able to improve the protein, albumin, globulin, and
Ig levels in infected rabbits.

Regarding enzyme activities and liver functions, ALT,
ALP, LDH, and bilirubin showed significant elevations in
Pasteurella-infected rabbits, possibly related to injury and
degeneration of hepatocytes [61–63]. However, infected
rabbits, treated with allicin and/or norfloxacin, showed
marked reductions in serum ALT, ALP, LDH, and biliru-
bin levels, confirming the antibacterial activity of allicin
and norfloxacin that reduced the damaging effects of
bacteria on the liver [64].

Rabbits, infected with P. multocida, showed marked
reductions in serum GSH and SOD with elevation of MDA
levels, reflecting the increased lipid peroxidation and produc-
tion of reactive oxygen species by bacterial infection [49].
Our results indicate that allicin treatment, alone or in combi-
nation with norfloxacin, ameliorated the oxidative stress and
generation of free radicals in the infected rabbits represented
by amelioration of lipid peroxidation and elevation of GSH
and SOD levels through its antioxidative action [58, 65, 66].
Several garlic components, including allicin and selenium,
have been shown able to attenuate the signaling pathways
of reactive oxygen species and increase the endogenous
antioxidant enzymatic activity [67–69]. Treatment with
norfloxacin, alone or in combination with allicin, improved
the antioxidant state and reduced the infection-induced
oxidative stress.

5. Conclusion

The results of this study show that the clinically observed
damage in rabbits infected with P. multocida can be amelio-
rated by allicin administration, probably through its antioxi-
dant, anti-inflammatory, and immunostimulant effects. This
protective effect could reduce the use of antibiotic in pets and
livestock, reducing human exposure to antibiotic residues
and bacterial resistance to antibiotics. Further, norfloxacin
can be used for the effective treatment of pasteurellosis in
rabbits. The combination of allicin and norfloxacin was more
powerful in improving the P. multocida-induced alterations
than each treatment alone.
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