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Understanding the mechanism of drug- and chemical-
induced toxicities is the primary interest of many researchers
worldwide to develop enhanced preventive and therapeutic
strategies. Paracelsus (the father of toxicology) assumed that
all chemicals and drugs as well as natural products—includ-
ing antioxidants—could induce toxicity when received in
high doses. His rule “the dose makes the poison” is now con-
sidered the core principle of traditional toxicology. Recently,
researchers understood that toxicity is a complicated process
affected by many factors, including developmental exposures,
genetic predisposition, and doses [1].

Antioxidants exist naturally in many beverages, fruits,
and vegetables, and they can be synthesized in laboratories
[2]. They delay or ameliorate cellular oxidative damage;
therefore, they have several health benefits in the preven-
tion and treatment of diseases. They could be used alone
or in combination with other medications as adjuvant
treatments [3].

The study of free radicals and antioxidants leads to a
revolution in medicine, which includes promising new
solutions in health and disease management. In the last
decade, the search for effective nontoxic natural compounds
with antioxidant activity has been intensified. In addition to
endogenous antioxidant defense systems, the use of plant-

derived antioxidants is an appropriate alternative [4, 5]. In
this special issue, many original studies and review articles
focused on the value of antioxidants in ameliorating drug-
and chemical-induced toxicities.

To evaluate chemical-induced cytotoxicity, Radaković
et al. analyzed both the biochemical and genetic effects of
adrenaline toxicity in rats. They concluded that adrenaline
causes nitrative and oxidative stress through which they
induce damage to cellular genes, proteins, and lipids, result-
ing in cardiomyocyte injury. Further, Abdelazim et al.
examined the oxidative effects of zinc oxide nanoparticles
(ZnONPs) on the muscles of Nile tilapia, as well as the poten-
tial protective role of vitamins (C and E) via enhancement of
enzymatic and nonenzymatic antioxidant systems.

Other studies investigated the benefits of antioxidants in
ameliorating the toxicity of common medications with fre-
quent toxic effects. For example, Barakat et al. investigated
the protective effects of boswellic acids (BAs) against doxoru-
bicin- (DOX-) induced hepatotoxicity in mice. They con-
cluded that BAs modulate the hemeoxygenase-1 (HO-1)
and NF-E2-related factor 2 (Nrf2) pathways, resulting in
reactive oxygen species (ROS) scavenging and reduction of
DNA and lipids oxidative damage. Further, Liao et al. used
dl-3-n-butylphthalide (dl-NBP) to alleviate DOX-induced
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anxiety and depression-like behaviors through attenuation of
ER stress, oxidative stress, neural apoptosis, and inflamma-
tory reaction, providing the basis for potential preventive
and therapeutic strategy against DOX-induced neurotoxicity.

The value of natural antioxidant compounds has been
shown in several studies in this issue. For example, Saleh
et al. concluded that berberine-rich fraction (BF) improved
the infertility induced by gossypol acetate through anti-
inflammatory and antioxidant mechanisms. Further, Duan
et al. demonstrates that cadmium induces toxicity in the
grass carp (Ctenopharyngodon idellus) liver through oxida-
tive damage and activation of the caspase signaling cascade.
However, treatment with Vitamin E and metallothionein
alleviated cadmium hepatotoxicity through their antioxidant
and antiapoptotic effects. Similarly, Palacios et al. used ascor-
bate to overcome the cardiovascular complications of the
naphthoquinone derivative 2-(4-Hydroxyphenyl) amino-
1,4-naphthoquinone in rats through inhibition of oxidative
stress and reduction of blood pressure.

In addition, Abdel-Rahman and colleagues examined
the antioxidant and hepatoprotective activities of the phy-
tochemical (lycopene) against the endocrine disruptor
xenoestrogen (Bisphenol A) through improving the liver
function and oxidant-antioxidant balance and reducing
DNA damage. In the same vein, Lebda et al. established
the mechanism of miswak, Salvadora persica, extract ame-
liorative effects against ethanol-induced gastric ulcer in
rats through the upregulation of transforming growth fac-
tor-β1 (TGF-β1) and endothelial nitric oxide synthase
(eNOS) gene expression, improving the oxidant/antioxi-
dant balance and mitigating the production of proinflam-
matory cytokines and apoptosis.

Other studies examined the value of synthetic antioxi-
dants. For example, Guo et al. synthesized a novel dithiocar-
bamate, DpdtbA (di-2-pyridylhydrazone dithiocarbamate
butyric acid ester), and investigated its anticancer activities.
They found that it inhibits cellular growth through ROS
formation and evoking p53, leading to the alteration of gene
expressions related to cell survival. Further, Aly et al. used a
molecular intersimple sequence repeat (ISSR) assay and
cytogenetic biomarker analysis to examine the cyclophos-
phamide- (CP-) induced cytotoxicity and mutagenicity, as
well as the potential preventive effects of the fullerene C60
nanoparticle (C60) and virgin olive oil in rats.

In this issue, a review article by Wen and colleagues sum-
marized the physiological and pathological roles of hydrogen
sulfide (H2S) in processes like atherosclerosis, hypertension,
myocardial infarcts, and angiogenesis and examined its value
as a target for drug development.
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This study is aimed at analysing biochemical and genetic endpoints of toxic effects after administration of adrenaline. For this
purpose, the study was carried out on Wistar rats and three doses of adrenaline were used: 0.75mg/kg, 1.5mg/kg, and 3mg/kg
body weight. To achieve these aims, we investigated the effects of adrenaline on catalase (CAT), Cu, Zn-superoxide dismutase
(SOD), malondialdehyde (MDA), nitrite (NO2−), carbonyl groups (PCC), and nitrotyrosine (3-NT). Total activity of lactate
dehydrogenase (LDH), its relative distribution (LDH1–LDH5) activity, level of acute phase proteins (APPs), and genotoxic effect
were also evaluated. The obtained results revealed that all doses of adrenaline induced a significant rise in CAT activity, MDA
level, PCC, NO2

−, and 3-NT and a significant decrease in SOD activity compared to control. Adrenaline exerted an increase in
total activity of LDH, LDH1, and LDH2 isoenzymes. Further study showed that adrenaline significantly decreased serum
albumin level and albumin-globulin ratio, while the level of APPs (α1-acid glycoprotein and haptoglobulin) is increased. The
micronucleus test revealed a genotoxic effect of adrenaline at higher concentrations (1.5mg/kg and 3mg/kg body weight)
compared to untreated rats. It can be concluded that adrenaline exerts oxidative and nitrative stress in rats, increased damage to
lipids and proteins, and damage of cardiomyocytes and cytogenetic damage. Obtained results may contribute to better
understanding of the toxicity of adrenaline with aims to preventing its harmful effects.

1. Introduction

Adrenaline (epinephrine) is a naturally occurring catechol-
amine which is secreted by the medulla of the adrenal glands.
As a drug, adrenaline was discovered over a century ago and
has been used in human cardiopulmonary resuscitation since
1922 [1]. Adrenaline also finds application in treatment of
cardiac arrest, asthma, allergic reactions, and glaucoma [2].
Adrenaline acts through the alpha and beta adrenergic recep-
tors which leads to vasoconstriction, an increase in the rate
and force of contraction of the heart, and dilatation of

bronchi and cerebral vessels. During normal physiological
conditions, there is no constant secretion of adrenaline, but
under the stress condition, a high level of adrenaline is
released to prepare body for “fight or flight” response [3].

However, adrenaline at other catecholamine at doses
exceeding physiological levels may cause toxic effects [4, 5].
There are studies indicating toxic effects of adrenaline via sig-
nal transduction pathways [6, 7]. Also, it seems that adrena-
line exerts detrimental effects via oxidative products of its
metabolism [8–10]. In line with this, it was shown that auto-
oxidation of catecholamine may generate reactive oxygen
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species (ROS) [11]. One of the final products of oxidative
metabolism-adrenochrome is able to stimulate oxidation of
adrenaline in which superoxide anion (O2

·−) and hydrogen
peroxide (H2O2) are formed. Besides, it was reported that
catalase and quercetin diminished the DNA-damaging effect
of adrenaline in vitro [12].

It is well known that overproduction of ROS can lead to
disruption of redox balance and cause oxidative stress [13].
Namely, if antioxidative mechanisms fail to remove excess
level of ROS, cells become prone to damage of DNA, pro-
teins, and lipids [14]. Proteins are among major targets of
ROS or reactive nitrogen species (RNS) and lead to changes
in protein content such as carbonyl group formation and
nitrotyrosine (3-NT) generation [15]. There are assumptions
that high level of adrenaline may cause protein damage via
free radicals [16]. It is worth noting that oxidative damage
to proteins plays an important role in loss of physiological
functions, thus favoring development of various diseases
[17–19]. On the other hand, lipid peroxidation by ROS may
initiate the peroxidation of membrane lipids and cause cellu-
lar injuries. In addition, oxidative DNA damages play a role
in the mutagenesis and an increased risk of tumors [20, 21].

Although there are indications that adrenaline could
increase the level of ROS, the cause-consequence relationship
between them is not fully understood. For this purpose, we
determined parameters of oxidative status: catalase (CAT)
Cu, Zn-superoxide dismutase (SOD), malondialdehyde
(MDA), nitrite (NO2

−), lactate dehydrogenase (LDH), and
carbonyl groups (PCC) after administration of adrenaline in
Wistar rats. Also, we evaluated how adrenaline influenced
the level of acute phase proteins (APPs), α1-acid glycoprotein
(AGP), haptoglobin (Hp), and level of 3-NT. Possible
genotoxic effects of adrenaline on bone marrow cells using
micronucleus test were also estimated. The results of this
investigation should contribute to a better understanding of
adrenaline toxicity with aims to preventing its harmful effects.

2. Materials and Methods

2.1. Animals. In this study, Wistar rats aged 18 weeks weigh-
ing 220–280 g were obtained from the Institute of Biomedical
Research, University of Belgrade. Three experimental groups
with adrenaline and two control groups (negative and posi-
tive) contained seven male Wistar rats. The animals were
kept under controlled constant environmental conditions
(25± 4°C, 55± 5% humidity) with a 12/12 h light/dark cycle.
They received food and water ad libitum. Care and animal
treatment were conducted according to the Guide for the
Care and Use of Laboratory Animals (National Research
Council [22]). The investigation was approved by the Ethical
Committee of the Faculty of Veterinary Medicine (University
of Belgrade).

2.2. Doses and Treatment. Three experimental doses of
adrenaline were used: 0.75mg/kg, 1.5mg/kg, and 3mg/kg
body weight, corresponding to 15%, 30%, and 60%, respec-
tively, of LD50 [23]. Cyclophosphamide was used as a posi-
tive control and 60mg/kg body weight per rats was given,
while the negative control group was treated with saline

(0.9% NaCl) [24]. The intraperitoneal (i.p.) route of applica-
tion was used in all experimental groups. After 24 hours of
treatments, all rats were euthanized. From each animal,
blood and bone marrow from both femurs were taken.

2.3. Blood Sampling. Blood samples for the biochemical
analysis were taken from the rats by puncture of v. jugularis
and collected into heparinized tubes. Plasma was obtained
from blood by centrifugation at 3000 rpm for 10min. Eryth-
rocytes were rinsed three times in isotonic solution of NaCl
(0.9%). Then, samples were frozen at −20°C until analysis.
Haemoglobin concentration was estimated by the cyano-
methaemoglobin method [25]. Haemolysates of erythrocytes
were used for determination of activities of antioxidant
enzymes (SOD, CAT) and level of MDA. Plasma was used
for determination of NO2

− concentration, 3-NT, protein car-
bonyl groups, total LDH level and its isoenzyme activity, and
levels of APPs, Hp, and AGP.

2.4. Oxidative Stress Parameters. The Cu, Zn-superoxide
dismutase (SOD) activity in erythrocytes was determined
spectrophotometrically according to Misra and Fridovich
[26] and expressed in units/gram of haemoglobin (U/g Hb).
The relative activity of SOD was determined by means of
vertical electrophoresis at 10% polyacrylamide gel electro-
phoresis (PAGE) and oxidation of nitro blue tetrazolium
(NBT) following the Beauchamp and Fridovich method
[27] (Hoeffer miniVE, Amersham, LKB, 2117, Bromma,
Uppsala, Sweden). The band intensity was measured using
TotalLab TL120, and results were expressed in arbitrary
U/g Hb.

Catalase (CAT) activity in erythrocytes was assayed by
means of the UV kinetic method at absorbance of 240nm
with the presence of H2O2 [28]. Activity was expressed as
U/g Hb, calculated by using an extinction coefficient of
39.4M−1 cm−1.

The level of malondialdehyde (MDA) in erythrocytes was
quantified by measuring the formation of thiobarbituric acid
reactive substances (TBARS) [29, 30]. The absorbance of the
colored MDA-TBARS complex was measured at a wave-
length of 535nm and expressed in nM MDA/g Hb.

Nitrite concentration (NO2
−) in plasma was determined

with Griess reagent [31] on a microplate reader at 540nm
(plate reader, Mod. A1, Nubenco Enterprises, ICN). The
results were expressed in μM.

The determination of carbonyl groups (PCC) was per-
formed spectrophotometrically with 2,4-dinitrophenylhy-
drazine at 365nm [32]. The concentration of carbonyl
groups was calculated on the basis of the absorption coeffi-
cient for this chromogen (a = 22 000M−1 cm−1); the results
are shown in μM.

Alpha 1-acid glycoprotein (AGP) determined using
Native PAGE, haptoglobin (Hp), and 3-nitrotyrosine (3-NT)
levels in plasma of rats was determined using SDS-PAGE
and Imunobloth methods with polyclonal antibody produced
in rabbit (Sigma-Aldrich, St. Louise, USA) and monoclonal
anti-3-nitrotyrosine antibody produced in mouse (Sigma-
Aldrich, St. Louise, USA) [33, 34].
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2.5. Determination of LDH. Total lactate dehydrogenase
(LDH) was determined by following the initial rate of pyru-
vate reduction to lactate [34]. The activity of LDH was
expressed in units per liter (U/L). Isoenzyme forms of LDH
(LDH1-LDH5) were detected by PAGE technique (Hoeffer
MiniVE, LKB, 2117, Bromma, Uppsala Sweden) using Tris-
glycine buffer and sodium-lactate as substrates in the pres-
ence of nitro blue tetrazolium chloride [35]. Band intensity
was measured densitometrically using TotalLab TL 120.
The relative activity of isoenzymes was shown in percentages.

2.6. Native Gel Electrophoresis of Plasma Proteins. Vertical
polyacrylamide gel electrophoresis at pH8.6 (alkaline-
PAGE) was carried out with Hoeffer miniVE cell (Amer-
sham, LKB, 2117, Bromma, Uppsala Sweden) at 120V and
room temperature for 2 h. The gel used (0.75mm thick)
consisted of 4.5% T staking gel and 8% T separation gel
(T% is an expression representing the concentration of acryl-
amide plus bisacrylamide in the gel). The electrode and
migration buffers consisted of 0.19M glycine and 0.024M
Tris at pH8.6. After electrophoresis, proteins were stained
using Coomassie blue 0.1% [36]. The band intensity was
measured using TotalLab TL120. Results were shown in per-
centages in relation to the total area. The albumin : globulin
ratio was calculated by dividing albumin content by the
sum of α-, β-, and γ-globulins.

2.7. Micronucleus Test. The preparation and staining of
bone marrow cells for the micronucleus test were performed
according to Schmid [37] and Mavournin et al. [38]. After 24
hours of treatment, the bone marrow cells were flushed out
with fetal calf serum, and the cells were suspended through
centrifugation, smeared, and stained with May-Grünwald
and Giemsa solution. A total of 1000 polychromatic eryth-
rocytes were scored for each animal at a magnification of
100x (oil immersion) using a microscope (Leica, Germany).
The PCE/NCE ratio was calculated to determine the cyto-
toxic effects of the adrenaline. All slides were coded and
scored blind.

2.8. Statistical Analysis. Statistical significance of differences
of all examined parameters was determined by means of
the ANOVA test followed by Dunnett test. Normality tests
were first performed for all groups using the d’Agostino-
Pearson omnibus test. Data were expressed as means ± stan
dard error (S.E.). Significance level was set at P < 0 05. Statis-
tical analysis was done using GraphPad Prism 7.0 Software,
CA, USA.

3. Results

Results of the analysis of total activity of Cu, Zn-SOD enzyme
in rats treated with adrenaline are shown in Figure 1. It was
observed that adrenaline treatment significantly decreased
(P < 0 001) the total enzyme activity by 26.09%, 38.09%,
and 69.97%, respectively, in relation to the control group.
Cyclophosphamide, as positive control, also reduces activity
of SOD (48.54%, P < 0 001). The decreased activities of
SOD biochemical assay were verified by the results of electro-
phoresis as shown in Figure 1(b).

Significant increase in CAT activity was identified at all
concentrations of adrenaline (Figure 2). The lowest con-
centration of adrenaline (0.75mg/kg) induced significant
increases (67.66± 5.83U/g Hb, P < 0 05) in activity of CAT
while the higher concentrations (1.5mg/kg and 3mg/kg) of
adrenaline induce a more evident increase (92.50± 9.35U/g
Hb and 95.65± 9.73U/g Hb, P < 0 001) compared to the con-
trol group (28.92± 1.83U/g Hb). Similarly, the activity of
CAT was significantly increased (P < 0 01) after treatment
with cyclophosphamide.
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Figure 1: SOD activity after treatment with adrenaline (a),
electrophoregram (b). Control group - C, groups treated with
adrenaline doses (A1-0.75mg/kg; A2-1.5 mg/kg; A3-3 mg/kg body
weight); group treated with cyclophosphamide (CP). Data are
expressed as means± SE. ∗∗∗P < 0 001 vs. control group.
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Figure 2: CAT activity after treatment with adrenaline. Control
group - C, groups treated with adrenaline doses (A1-0.75 mg/kg;
A2-1.5 mg/kg; A3-3 mg/kg body weight); groups treated with
cyclophosphamide (CP). Data are expressed as means± SE. ∗P <
0 05, ∗∗P < 0 01, ∗∗∗P < 0 001 vs. control group.
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In Figure 3, MDA levels after treatment with adrenaline
are shown. Adrenalin exerted a significant increase in a
dose-dependent manner (1.84-, 3.41-, 7.78-, and 5.29-fold,
P < 0 001) in MDA levels in rats compared to the untreated
group (Figure 3). Also, cyclophosphamide induced a signifi-
cant rise (P < 0 001) in MDA levels in respect to the control.

Results of the total LDH and its relative isoenzyme distri-
bution in rats treated with adrenaline are shown in Figures 4
and 5. There was clearly an increase (P < 0 001) in total activ-
ity of LDH in the group treated with all doses of adrenaline
compared to the control group. Cyclophosphamide induces
a less profound effect than the group treated with 3.5mg/kg
dose of adrenaline, but the total activity of LDH is also signif-
icantly increased (P < 0 001) in comparison to the control.

In Figure 5, it was observed that the LDH1 isoenzyme
shows an evident increase (P < 0 001) in rats treated with
adrenaline in respect to the control group. The lower but sta-
tistically significant effect (P < 0 05, P < 0 001) was evident in
the activity of LDH2 isoenzyme after adrenaline treatment
compared to the control group. Similarly, significant inten-
sity bands for LDH1 and LDH2 isoenzymes were noticed in

the group of rats treated with higher concentrations of adren-
aline. The activity of isoenzymes LDH1 and LDH2 was also
significantly increased (P < 0 01, P < 0 001) in rats treated
with cyclophosphamide.

The effect of adrenaline on PCC levels in rats is presented
in Figure 6. Compared to untreated rats, the significant eleva-
tion (P < 0 001) of PCC levels after treatment with all tested
doses of adrenaline was noticed (Figure 6). Rats treated with
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Figure 3: The level of MDA after treatment with adrenaline.
Control group - C, groups treated with adrenaline doses (A1-0.75
mg/kg; A2-1.5 mg/kg; A3-3 mg/kg body weight); group treated
with cyclophosphamide (CP). Data are expressed as means± SE.
∗∗∗P < 0 001 vs. control group.
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Figure 4: The total LDH level after treatment with adrenaline.
Control group - C, groups treated with adrenaline doses (A1-0.75
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Figure 6: The PCC levels after treatment with adrenaline.
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cyclophosphamide also showed a significant rise (P < 0 001)
in PCC levels in comparison to control.

The level of NO2
− in rats after treatment with adrenaline

is shown in Figure 7. Adrenaline induced a significant eleva-
tion of NO2

− level in a dose-dependent manner. The highest
concentration (3mg/kg) of adrenaline induced the most dis-
tinct increases of NO2

− (P < 0 001) compared to the control
group. Positive control also induces a significant increment
in the level of NO2

− (P < 0 01).
The results of the electrophoretic distribution of plasma

proteins are shown in Figure 8, while the results of their rel-
ative distribution are given in Table 1.

In our studies, reduced albumin concentration in adren-
aline treatment has been demonstrated, and this decrease is
dose-dependent. Adrenaline has been shown to reduce albu-
min concentration by 5.81%, 16.09%, and 18.75% depending
on the dose level, while due to exposure to cyclophospha-
mide, the decrease of albumin is 9.62%. By comparing the
results of albumin level in all groups with the control group,
a statistically significant decrease in albumin was observed
in the adrenaline-treated group with 1.5 and 3.0mg/kg
(P < 0 01). A significant increase in α1 fraction (AGP,
α1-antitrypsin) versus the control group was observed in
groups treated with adrenaline in doses of 0.75mg/kg and
1.5mg/kg (P < 0 01), and 3mg/kg (P < 0 001), with increases
by 42.97%, 45.09%, and 252.79%, respectably. The α2-fraction
(Hp, ceruloplasmin, and α2-macroglobulin) was affected only
by adrenaline treatment indoses of 0.75mg/kg, 1.5mg/kg, and
3.0mg/kg and increases by 80.40% (P < 0 05), 150.67%
(P < 0 01), and 79.36% (P < 0 05). A significant decrease
(P < 0 05) of the β1-fraction (transferrin, haemopexin,
and β-lipoproteins) versus the control group was noticed
in groups treated with adrenaline in doses of 0.75mg/kg
(18.88%), 1.5mg/kg (27.63%), and 3mg/kg (19.32%). The
β2-fraction (fibrinogen, C3, and β2-microglobulin) in
groups treated with adrenaline was decreased by 27.78%
(dose 0.75mg/kg), 28.24% (1.5mg/kg), and 50.69% (3mg/
kg), which was significantly lower (P < 0 001) than in the
control group. In prealbumin and γ-globulin fractions, there

were no significant differences between treated and control
groups. A significant decrease (P < 0 05) in the ratio (A :G)
versus control group was noticed in groups treated with
adrenaline in doses of 1.5mg/kg and 3mg/kg.

The significant increase (P < 0 001) in AGP levels was
noticed in rats treated with adrenaline, especially at higher
doses (1.5mg/kg and 3mg/kg) in respect to the control group
(Figure 9). Related results of AGP levels on electropherogram
were also detected.

The effect of adrenaline treatment on level of haptoglobin
(Hp) in rats is presented in Figure 10. The significant differ-
ence (P < 0 01, P < 0 001) was observed in the level of Hp in
rats treated with 0.75mg/kg, 1.5mg/kg, and 3mg/kg of
adrenaline, versus the control group, respectively. These
results conformed with the electrophoretic profile.

The effect of adrenaline treatment on level of 3-
nitrotyrosine (3-NT) in rats is presented in Figure 11. A sig-
nificant difference (P < 0 001) was evident in the level of
nitrotyrosine in rats treated with all doses (1.5mg/kg and
3mg/kg) of adrenaline while a 0.75mg/kg dose of adrenaline
affects (P < 0 01) on the rise at the 3-NT level. In that man-
ner, the intensity of the band was most evident at 3mg/kg
of adrenaline in the electrophoretic profile.

The results of the micronucleus (MN) test in bone mar-
row of rats treated with adrenaline are shown in Table 2.
Adrenaline induced a significant increase (P < 0 001) in the
frequency of micronucleated polychromatic erythrocytes
(MNPCE) at higher concentrations (1.5mg/kg, 3mg/kg)
when compared with the negative control group. Also, signif-
icant and dose-dependent decreases in polychromatic eryth-
rocyte/normochromatic erythrocyte (PCE/NCE) ratio were
seen in higher doses of adrenaline (1.5mg/kg, 3mg/kg). As
expected, cyclophosphamide (60mg/kg) induced a signifi-
cant increase (P < 0 001) in MNPCE and decreases in the
PCE/NCE ratio in respect to the control.

4. Discussion

In the last few decades, researchers focus on detecting harmful
effects of chemical substances that are used as drugs in order to
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Figure 8: Representative electrophoregram of plasma proteins
with Native PAGE after treatment with adrenaline. Control
group- C, groups treated with adrenaline doses (A1-0.75mg/kg;
A2-1.5mg/kg; A3-3mg/kg body weight); groups treated with
cyclophosphamide (CP).
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Figure 7: The level of NO2- in rats after treatment with adrenaline.
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protect human health. In this study, we investigated toxic
effects of adrenaline on Wistar rats using various parameters
(SOD, CAT, MDA, NO2

−, LDH, PCC, AGP, 3-NT, and
APP) and obtained results unequivocally indicate that
adrenaline at doses of 0.75mg/kg, 1.5mg/kg, and 3mg/kg
exerts oxidative and nitrative stress in rats.

In this study, SOD activity in erythrocytes was signifi-
cantly decreased while CAT activity was significantly
increased in rats treated with adrenaline compared to the
untreated group. SOD and CAT are the most important anti-
oxidant enzymes in the defense system against ROS [39].
These results may indicate that administration of adrenaline
in rats caused disruption in oxidant/antioxidant balance.
Superoxide anions generated in oxidative metabolism of
adrenaline may stimulate oxidation of adrenaline and thus
increase the amount of free radicals [11]. Decreased SOD
activity in treated rats indicated that excess level of

superoxide anions induced attenuation of SOD activity. On
the other hand, increased CAT activity found in rats treated
with adrenaline implies that CAT has an important protec-
tive role in removing free radicals produced in cells. This
assumption is supported by studies of Djelić et al. [10] and
Radakovic et al. [12] where catalase in cotreatment with
adrenaline reduced DNA damage mediated by free radicals
in human lymphocytes. Our results are in accordance with
the study of Pereira et al. [40] who reported that adrenaline
plays a role in the oxidative stress in the lymphoid organs
since adrenodemedullation affected the activities of antioxi-
dant enzymes.

We observed that the treatment with all doses of adrena-
line clearly increased MDA levels in rat erythrocytes. Polyun-
saturated fatty acids of the membrane are one of favored
oxidation targets of ROS due to its oxygen-rich environment
[41]. Our findings imply that adrenaline via free radicals
induces enhancement in lipid peroxidation. This is in agree-
ment with the study of Romana-Souza et al. [16] where treat-
ment with a high level of adrenaline resulted in a significant

Table 1: Relative distribution of proteins with Native PAGE after treatment with adrenaline.

Groups
Intensity, % (mean± SD)

Ratio (A : G)
Prealbumin Albumin α1- α2- β1- β2- γ-Globulins

C 2.66± 0.52 57.62± 3.80 5.19± 0.56 2.96± 1.62 15.89± 1.49 8.64± 0.79 7.04± 0.52 1.36± 0.22
A1 4.57± 0.57∗∗ 54.32± 1.07 7.42± 1.03∗∗ 5.34± 1.20∗ 12.89± 0.70∗ 6.24± 1.27∗ 9.78± 1.38∗ 1.20± 0.15
A2 3.66± 0.25 48.39± 3.72∗∗ 8.53± 0.66∗∗ 7.42± 1.36∗∗ 11.50± 0.85∗∗ 6.20± 1.28∗ 9.43± 1.23 0.94± 0.22∗

A3 2.05± 0.32 46.86± 2.54∗∗ 18.31± 3.01∗∗∗ 5.31± 1.32∗ 12.82± 1.52∗ 4.26± 2.57∗∗ 9.47± 1.56 0.88± 0.28∗

CP 3.69± 0.47∗ 52.07± 1.25 6.07± 1.73 2.17± 1.52 16.14± 0.83 9.66± 0.84∗∗ 9.11± 1.42 1.08± 0.23
∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001. C: control group, groups treated with adrenaline doses (A1, 0.75mg/kg; A2, 1.5 mg/kg; and A3, 3 mg/kg body weight);
CP: group treated with cyclophosphamide.
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Figure 9: Immunohistochemical detection of APG on Native
PAGE. The level of AGP (a) with electrophoregram (b) after
treatment with adrenaline. Control group - C, groups treated with
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Figure 10: The level of haptoglobin (a) with electrophoregram (b)
after treatment with adrenaline. Control group - C, groups treated
with adrenaline doses (A1-0.75mg/kg; A2-1.5mg/kg; A3-3mg/
kg); group treated with cyclophosphamide (CP). Data are
expressed as means± SE. ∗∗P < 0 01, ∗∗∗P < 0 001 vs. control group.
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increment of lipid peroxidation in four days in murine der-
mal fibroblasts. An in vitro study of Bukowska et al. [42]
demonstrated increased lipid peroxidation in human periph-
eral blood mononuclear cells after treatment with catechol.
Increased lipid peroxidation indicates damage on cell mem-
branes caused by adrenaline. Analysis of total LDH activity
in this investigation confirms disturbance of the plasmamem-
brane integrity since increased LDH activity was found in rats
treated with adrenaline. In order to determine the type of
damaged tissue, LDH isoenzyme distribution was estimated.
A higher level of LDH1 and LDH2 isoenzymes was found in
the treated group which points on damage of cardiomyocytes
of adrenaline. A similar effect was revealed in rats treated with
cyclophosphamide. Our results suggest that cell membrane
damage in cardiac muscle is responsible for an increase in
LDH leakage which resulted as a consequence of oxidative
stress in rats exposed to adrenaline [43]. There is evidence
that cardiotoxicity may originate from adrenochrome, an oxi-
dative product of adrenaline [4]. It was demonstrated that
adrenochrome promotes redox cycling process with subse-
quent production of ROS [44]. This oxidative product of
adrenaline has been detected in the heart, skeletal muscle,
liver, and blood [9]. In this study, oxidative damage of pro-
teins has been manifested as an increased level of carbonyl
groups, in plasma of rats treated with adrenaline. As a conse-
quence of oxidative damage to proteins, their functions as
receptors, enzymes, or transport or structural proteins can
be disturbed [45]. Consistent with our results, Romana-
Souza et al. [16] reported increased levels of carbonylated pro-
teins in skin fibroblast cultures after treatment with adrena-
line. They indicate that adrenaline stimulates production of
ROS/RNS and increases protein oxidative damage consider-
ing that the detrimental effect was abolished when cells were
treated with inhibitors of free radicals. In addition, increased

protein carboxylation was detected in human blood cells after
treatment with catechol [42].

We observed that rats treated with all doses of adrenaline
induced significant elevation of nitrite oxide (NO) which is
manifested as a rise in the level of nitrite concentration
(NO2

−). Excessive NO synthesis often causes myocardium
damage and loss of contractile function [46]. The toxicity of
NO is reflected to its ability to react with superoxide to pro-
duce potent oxidant peroxynitrite (ONOO−) [47]. Therefore,
this result points on nitrosative stress in rats treated with
adrenaline. Namely, ONOO−may spontaneously decompose
to yield NO2

− and high reactive radical •OH. Forming
ONOO− can take part of lipid peroxidation in reaction with
unsaturated fatty acid-containing liposomes. In addition,
ONOO− may influence on protein participation in signal
transduction mechanisms [48]. It was found that high con-
centrations of ONOO− often lead to necrotic-type cell death
[49]. Supportive evidence about the presence of nitrosative
stress is revealed by our findings that an increase in the level
of 3-NT was detected in the adrenaline-treated group. Con-
sistent with our result is the study of Romana-Souza et al.
[16] who reported an increased level of nitrotyrosine in
mouse skin after treatment with a high level of adrenaline.

The mechanism of protein tyrosine nitration in biological
systems has been well described [50]. Nitrotyrosine forma-
tion has been observed in various cardiovascular diseases
[50–52]. An increased level of 3-NT may cause alternation
of protein function, protein-protein interactions, and cell
signaling [50, 53, 54]. Also, one of the consequences of adren-
aline application is the acute phase response, which we dem-
onstrated by evaluating APPs. One of the most important
metabolic changes during the acute phase is the production
of APPs which are released from the liver into the plasma
[55]. This occurs within a few hours, and these proteins
remain elevated as long as the inflammatory stimulus per-
sists, making them perfect indicators of inflammation or
injury, and useful for predicting the outcome of disease.
Their only flaw is that they are poorly specific. APPs have
been widely used in human and veterinary medicine as
biomarkers of diseases, inflammatory processes, and various
infections [56, 57]. Classification of APPs can be done
according to the magnitude of the increase (positive APPs)
or decrease (negative APPs) in their serum concentrations
during the acute phase response [58]. Some of the APPs
(α1-antitrypsin, and α2-macroglobulin) have antiprotease
activity designed to inhibit phagocyte proteases and to mini-
mize tissue damage. Others (α1-acid glycoprotein) have anti-
bacterial or scavenging activity (haptoglobin, serum amyloid
A, and C-reactive protein), by binding metabolites released
from cellular degradation so they cannot be utilized by path-
ogen. Albumin, as a negative APP, is a major source of amino
acids and is responsible for about 75% of the osmotic pres-
sure of plasma. In this study, it has been shown that adrena-
line reduced the albumin concentration by a dose-dependent
level and also exposure to cyclophosphamide led to a
decrease of albumin. Adrenaline causes an increased flux of
free radicals, which can be due to the oxidation of thiol
groups and the formation of albumin dimers or polymers,
and consequently the reduction in osmotic pressure accurse.
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Figure 11: The level of nitrotyrosine (a) with electrophoregram (b)
after treatment with adrenaline. Control group - C, groups treated
with adrenaline doses (A1-0.75 mg/kg; A2-1.5 mg/kg; A3-3 mg/kg
body weight); group treated with cyclophosphamide (CP). Data are
expressed as means± SE. ∗∗P < 0 01, ∗∗∗P < 0 001 vs. control group.
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The effect of the acute phase protein AGP in rats
exposed to adrenaline was also estimated. A significant
dose-dependent elevation in AGP following adrenalin treat-
ment was observed. AGP is a positive APP with a normal
concentration in the human plasma at 0.6–1.2mg/mL [59].
The plasma concentration of AGP can increase from 2- to
10-fold when influenced by various factors, such as stress,
inflammation drugs (phenobarbitone and rifampicin), burns,
infections, and pregnancy. AGP possesses immunomodula-
tory activities and modulates neutrophil chemotactic migra-
tion and superoxide generation [60]. AGP significantly
suppresses synthesis of IL-2, proliferation of lymphocytes,
and platelet aggregation [61]. It has been shown that AGP
protects neutrophil generation of ROS probably due to bind-
ing of free radicals [62]. AGP can bind to a number of metab-
olites such as heparin, histamine and serotonin, steroids,
catecholamines, and pharmacological compounds. Increased
AGP may affect pharmacokinetics by reducing the concen-
tration of free drugs, by binding to the metabolically active
fraction of the drug. Matsumoto et al. [63] reported that
human AGP at physiological concentrations protects eryth-
rocytes from H2O2. On the basis of the above-mentioned,
we assume that the AGP level increases in response to oxida-
tive stress after treatment with adrenaline. In this study, we
detected an increased Hp level in rats treated with higher
doses of adrenaline (1.5 and 3mg/kg). Haptoglobin (Hp) is
a positive acute-phase glycoprotein classified in α2 fraction
together with fibrinogen and α-globulins with antiprotease
activity [64]. Hp has a pronounced anti-inflammatory action,
because of its ability to bind to heme of haemoglobin, form-
ing an Hp-Hb complex. By forming this complex, Hp pre-
vents the promotion of free radicals and its accumulation in
endothelial cells which is catalysed by heme. Free Hb has
the ability to catalyse the formation of hydroxyl radicals from
H2O2. By binding to neutrophils, Hp may inhibit NADPH
oxidase activation and therefore the production of reactive
forms of oxygen associated with inflammation. The Hp-Hb
complex, by removing free Hb, prevents renal injury that
may occur when free Hb passes through the glomerular filter
[65]. There is a great variability in antioxidant capacity,
depending on Hp polymorphism, so individuals with Hp2-
2 have a lower antioxidant capacity [65]. The Hp-Hb com-
plex also binds nitric oxide or nitrogen monoxide (NO)
[66]. This action is also phenotype-dependent. Due to its
longer half-life, the Hp2-2/Hb complex scavenges more
NO than the Hp1-1/Hb complex does [67, 68]. Haptoglo-
bin can also modulate the immune response by binding to

receptors on immune cells. Glucocorticoids and catechol-
amines activate haptoglobin synthesis whereas insulin exerts
an opposite action. Since increased levels of extracellular Hb
can occur due to impaired membrane integrity, we assumed
that Hp scavenges free Hb as a result of lipid peroxidation.
This fact coincides with our results of MDA analysis and
leads to a conclusion that an elevated Hp level has a pro-
tective response to adrenaline-induced oxidative stress.
Our findings unequivocally point that adrenaline induces
an acute phase response. Although the APPs are a signifi-
cant marker of inflammation and/or infection, it seems
that these results give a new linkage between APPs and
noninflammatory stress.

The possible genotoxicity of adrenaline was evaluated by
a micronucleus test in bone marrow cells of rats. The results
indicate that adrenaline expresses a genotoxic effect at higher
concentrations (1.5 and 3mg/kg) since it caused a significant
induction of MN in the bone marrow of rats. This result is in
compliance with the study of McGregor et al. [69] in which
the adrenaline exhibited a mutagenic effect on mouse
L5178Y lymphoma cells. In the Comet assay, adrenaline
induced DNA damage in 3T3 cells of rats [6]. In our work,
tested catecholamine (1.5 and 3mg/kg) decreased the PCE/
NCE ratio indicating its cytotoxicity in bone marrow.
Muthuraman et al. [70] showed that adrenaline possessed a
cytotoxic effect and affects DNA fragmentation in a dose-
dependent manner in MDCK cells.

Several studies have implicated involvement of free
radicals in the genotoxic action of adrenaline [12, 71].
Antioxidant enzymes CAT and SOD are the integral part
of antioxidant defense mechanisms and have a consider-
able importance since they are involved in protection from
free radicals. We assume that the antioxidants respond to
oxidative stress caused by adrenaline since significant
changes in the CAT and SOD activity in treated rats were
detected. Martıńez et al. [72] have classified catecholamines
as potent oxidative mutagens. It has been suggested that
catecholamine generates free radicals by autooxidation
and redox cycling [44]. ROS have the ability to induce
various types of DNA damage such as double-strand
breaks (DSB), and this type of DNA damage is considered
as a main contributor to MN induction [73]. We suggest
that the increased induction of MN in the bone marrow
of rats is a result of increased production of free radicals
produced by oxidative metabolism of adrenaline. So, it
should be expected that antioxidants could protect cells
from toxic effects of adrenaline.

Table 2: The frequency of micronuclei in bone marrow of Wistar rats treated with different doses of adrenaline.

Treatment Treatment time (h) Doses mg/kg Total cell number MNPCE (%) PCE (%)

Negative control 24 0 5000 0.80± 0.37 49.24± 0.02

Adrenaline

24 0.75 5000 1.20± 0.49 47.92± 0.21
24 1.5 5000 2.80± 0.37∗ 46.40± 0.44∗∗

24 3 5000 5.40± 0.24∗ 43.43± 1.19∗∗∗

Cyclophosphamide 24 60 5000 14.40± 0.40∗ 47.94± 0.38∗∗∗

Data are expressed as means ± SE. ∗∗P < 0 01 and ∗∗∗P < 0 001 vs. the control group.
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5. Conclusion

In summary, our results show that adrenaline induces oxi-
dative and nitrative stress in Wistar rats, accompanied by
changes in the activity of antioxidant enzymes, increased
damage to lipids and proteins, increased level of NO2

−

and nitrotyrosine derivate, damage of cardiomyocytes, and
genotoxic damage. Also, adrenaline exerts acute-phase
response through increased level of AGP and Hp and
decreased level of serum albumin level. Therefore, obtained
results may contribute to better understanding of adrenaline
toxicity with aims at preventing its harmful effects.
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Doxorubicin (DOX) is a broad-spectrum antitumor drug while its use is limited due to its neurobiological side effects associated
with depression. We investigated the neuroprotective efficacy of dl-3-n-butylphthalide (dl-NBP) against DOX-induced anxiety-
and depression-like behaviors in rats. dl-NBP was given (30mg/kg) daily by gavage over three weeks starting seven days before
DOX administration. Elevated plus maze (EPM) test, forced swimming test (FST), and sucrose preference test (SPT) were
performed to assess anxiety- and depression-like behaviors. Our study showed that the supplementation of dl-NBP significantly
mitigated the behavioral changes induced by DOX. To further explore the mechanism of neuroprotection induced by dl-NBP,
several biomarkers including oxidative stress markers, endoplasmic reticulum (ER) stress markers, and neuroinflammatory
cytokines in the hippocampus were quantified. The results showed that dl-NBP treatment alleviated DOX-induced neural
apoptosis. Meanwhile, DOX-induced oxidative stress and ER stress in the hippocampus were significantly ameliorated in dl-
NBP pretreatment group. Our study found that dl-NBP alleviated the upregulation of malondialdehyde (MDA), nitric oxide
(NO), CHOP, glucose-regulated protein 78 kD (GRP-78), and caspase-12 and increased the levels of reduced glutathione (GSH)
and activities of catalase (CAT), glutathione reductase (GR), and glutathione peroxidase (GPx) in the hippocampus of rats
exposed to DOX. Additionally, the gene expression of interleukin-6 (IL-6), interleukin-1β (IL-1β), and tumor necrosis
factor-alpha (TNF-α) and protein levels of inducible nitric oxide synthase (iNOS) were significantly increased in DOX-
treated group, whereas DOX-induced neuroinflammation was significantly attenuated in dl-NBP supplementation group. In
conclusion, dl-NBP could alleviate DOX-induced anxiety- and depression-like behaviors via attenuating oxidative stress, ER
stress, inflammatory reaction, and neural apoptosis, providing a basis as a therapeutic potential against DOX-induced neurotoxicity.

1. Introduction

Doxorubicin (DOX) is an anthracycline antibiotic used com-
monly in multidrug chemotherapy regimens to treat solid
tumors [1, 2]. However, its use as a drug has been reported
to cause some adverse effects like heart arrhythmias, neutro-
penia, cardiotoxicity, kidney injury, as well as neuron damage
in the brain [1, 3, 4]. Notwithstanding the fact that DOX
poorly crosses the blood-brain barrier, it still penetrates the
brain at doses sufficient to cause cytotoxicity [5]. More and

more evidence showed that neurotoxicity is accompanied
with long-term use of DOX and may cause many neuropsy-
chiatric diseases including depression, anxiety, and impaired
cognitive function [6, 7]. Clinical study also showed that
DOX treatment has a negative impact on cognitive function
in women with breast cancer [8].

Several studies suggested that the pathogenesis of anxiety
and depression is associated with oxidative stress and neu-
roinflammatory response particularly in the hippocampal
region [9–11]. Hydroxyl radicals and superoxide radicals
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along with hydrogen peroxide are produced after administra-
tion of DOX, leading to the alterations of oxidative stress and
antioxidant defense system. It is assumed that the forma-
tion of free radicals induces oxidative stress and plays a
crucial role in the mechanism of DOX-induced neurotox-
icity [12, 13]. Moreover, the generation of superoxide
anions induced by DOX can elevate the level of circulating
necrosis factor-alpha (TNF-α) which can directly cross the
blood-brain barrier and activate glial cells to initiate the
local production of proinflammatory cytokines, exacerbating
oxidative stress and neural apoptosis [14]. In addition, DOX-
evoked reactive oxygen species (ROS) activate nuclear factor
kappa B (NF-κB) signaling pathway, which in turn triggers
the activation of proinflammatory cytokines, such as
interleukin-6 (IL-6), interleukin-1β (IL-1β), and TNF-α
[11], and inducible nitric oxide synthase (iNOS) expression.
Moreover, DOX specifically activates part of the endoplasmic
reticulum (ER) stress response pathway, thus contributing to
its proinflammatory effect in the hippocampus [15]. These
inflammatory mediators have been shown to be involved
in neuroinflammation both in animal models and patients
undergoing chemotherapy [16]. The resulting neuroin-
flammation can trigger apoptotic cell death and depletion
of neurotrophic factors, causing neurobehavioral alter-
ations [11, 17]. Besides, previous study showed that ER
stress and disrupted neurogenesis in the brain are associ-
ated with cognitive impairment and depression-like behav-
ior in rats following chronic stress exposure [18]. Cai et al.
have also reported that ER stress plays an important role
in potential memory impairments in rats treated with
microcystin leucine arginine [19]. Therefore, it might be
beneficial to reduce the production of ROS and inhibit
the release of neurotoxic agents in the treatment of
DOX-induced depression.

Recent studies have highlighted that dl-3-n-butylphtha-
lide (dl-NBP) displays an important role in mitigating brain
damage [20, 21]. dl-NBP is a synthesized compound based
on l-3-n-butylphthalide which is extracted from the seeds
of Apium graveolens Linn. dl-NBP had been approved by
the State Food and Drug Administration of China for clinical
use in patients with stroke in 2002 [22]. As a fat-soluble small
molecule compound, dl-NBP could cross the blood-brain
barrier efficiently. dl-NBP has a variety of protective effects
on brain tissues as a multitarget drug. Previous study has
found that dl-NBP reduces focal cerebral ischemia volume
in rats and improves local cerebral ischemia brain-induced
edema, brain energy metabolism disorder, and apoptotic
neuronal cell death [21]. Several studies have reported the
neuroprotective effects of dl-NBP, for example, dl-NBP
enhanced the ability of learning and memory in animal
models of Alzheimer’s disease and provided neuroprotection
in the mice models after traumatic brain injury [23, 24]. It
has also been reported that dl-NBP relieves hypoxia-
induced damage in vitro [20] and prolonged animal survival
in the mouse model of amyotrophic lateral sclerosis [24]. In
addition, studies also showed that dl-NBP could resist
HSPB8 K141N mutation-induced oxidative stress [22] and
attenuate amyloid-β-induced inflammatory responses in cul-
tured astrocytes [25, 26], highlighting the neuroprotective

effect of dl-NBP via alleviating oxidative stress and inflam-
matory responses.

Based on the above findings, the purpose of our study was
to investigate the potential protective effects of dl-NBP
against DOX-induced neurotoxicity and depression-like
behaviors in rats. In addition, the possible underlying mech-
anisms, including antioxidant, anti-inflammatory, and anti-
ER stress as well as antiapoptotic effects of dl-NBP, were also
examined.

2. Materials and Methods

2.1. Animals. Sprague-Dawley rats (male, 180–220 g; the
Experimental Animal Center of Hunan Cancer Hospital)
were initially housed in groups in a temperature-controlled
(23± 2°C) environment under a 12/12 h light/dark cycle with
free access to food and water, prior to sucrose preference test
(SPT). This study was approved by the Animal Care and Use
Committee of Hunan Cancer Hospital (protocol number
027/2016). All experiments were performed in accordance
with the Guide for Care and Use of Laboratory Animals (Chi-
nese Council).

2.2. Experimental Design. Animals were divided randomly
into three groups (n = 8): (1) control, (2) DOX, and (3)
DOX+dl-NBP. The untreated control group was injected
with 1.5ml of normal saline. Rats in the DOX group were
given DOX every two days for a total of seven injections via
intraperitoneal injection at a dose of 2.5mg/kg for each injec-
tion. The dose and treatment duration was chosen based on
our previous research showing the DOX-induced neurotox-
icity and depression-like behaviors [27]. The DOX+dl-
NBP group received dl-NBP (30mg/kg) daily by gavage for
three weeks starting one week before giving DOX. The dose
of dl-NBP was selected because of previous investigation
showing neuroprotective effects of this drug against cerebral
ischemia and brain injury [22]. In addition, dl-NBP was
administrated one week before DOX treatment to fully acti-
vate the antioxidant system, protecting the brain against the
relative high dose of DOX challenge. The body weight of
these rats was monitored throughout the experiment, and
drug doses were adjusted accordingly.

At the end of the three weeks, behavioral tests were
carried out following the sequence of SPT, elevated plus maze
(EPM) test, and forced swimming test (FST). After behav-
ioral tests, the rats were anesthetized with sodium pentobar-
bital (50mg/kg) via intraperitoneal injection [28]. Blood
samples were taken from cardiac coronary artery after anes-
thesia, and the brains were quickly removed after cardiac per-
fusion with phosphate-buffered saline (PBS) (pH=7.2). The
left hemisphere of the brain was maintained in 4% parafor-
maldehyde and then embedded in paraffin, prepared for his-
topathological examination and immunohistochemical
staining. For the right hemisphere, the hippocampus was
dissected and used for oxidative stress measurement and
Western blot and polymerase chain reaction (PCR) analysis.
The biochemical parameters such as malondialdehyde
(MDA), nitric oxide (NO), reduced glutathione (GSH),
glutathione peroxidase (GPx), glutathione reductase (GR),
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catalase (CAT), IL-1β, IL-6, TNF-α, glucose-regulated pro-
tein 78 kD (GRP-78), iNOS, p65, inhibitor of NF-κB (IκB),
CHOP, and caspase-12 were determined in our study.

2.3. Behavioral Test

2.3.1. Elevated Plus Maze Test. EPM test was performed to
assess the anxiety-like behavior in rats. The apparatus of
EPM was consisted of two open arms (35× 5 cm2) which
were perpendicular to two closed arms (35× 5 cm2) with a
small central square (5× 5 cm2) between arms. The maze
was elevated 50 cm from the floor in a dimly illuminated
room. Each rat was placed at the center of maze with head
facing towards the open arm and allowed to freely explore
for 5min. The total number of entries into the open arm,
closed arm, and time spent in open arm during the test were
recorded and evaluated [29].

2.3.2. Sucrose Preference Test. SPT was utilized to determine
anhedonia response which is a core symptom of major
depression in rats. Prior to SPT, all the rats were housed indi-
vidually and habituated to 48h of forced 1% sucrose solution
consumption in two bottles on each side. Then after 14 h of
water deprivation, the rats were given access to two pre-
weighed bottles, one containing 1% sucrose solution and
another containing tap water. The position of the bottles
was alternated to avoid bias from place preference. The bot-
tles were weighed again after 1 h, and the weight difference
was considered to be the rat intake from each bottle. The
preference for sucrose was measured as a percentage of the
consumed 1% sucrose solution relative to the total amount
of liquid intake [30, 31].

2.3.3. Forced Swimming Test. Antidepressant efficacy and
depression-like behavior in rodents were screened by using
FST. The test was performed as previously described with
minor modifications [28]. In brief, each rat was placed in a
plastic cylinder (45 cm height and 25 cm diameter) contain-
ing approximately 35 cm of water (24± 1°C) for a 15min pre-
test. After swimming, rats were dried with towels and placed
back in their home cage. Twenty-four hours later, the rats
were exposed to the same experimental conditions outlined
above for a 5min FST, and immobility time was recorded
in our study.

2.4. Biochemical Parameter Assay. A 10% (w/v) homogenate
of the hippocampus in 0.1M phosphate-buffered saline
(PBS) at pH7.4 was prepared and centrifuged at 9500 rpm
for 20min at 4°C. The supernatant was used for the measure-
ment of biochemical parameters of MDA, NO, GSH, GPx,
and CAT.

2.4.1. Measurements of MDA and NO Content. The MDA
formation was spectrophotometrically measured by the thio-
barbituric acid (TBA) reaction [32]. Briefly, 1ml of 15% tri-
chloroacetic acid was added to 500μl of brain homogenate
supernatant and mixed well, and then, the solutions were
centrifuged at 3000 rpm for 10min. One milliliter of the
supernatant was added to 0.5ml of 0.7% TBA, and then,
the mixture was heated for 60min at 90°C. The absorbance

was recorded at 532nm using UV spectrophotometer. The
content of NO was determined according to Montgomery
and Dymock’s method [33]. The reddish-purple azo dye
product was measured spectrophotometrically at 540nm.

2.4.2. Determination of Antioxidant Parameters. The content
of reduced GSH was determined by the method of Maris
[34]. GSH was reacted with 5,5′-dithio-bis-2-nitrobenzoic
acid generating a yellow chromophore, and the absorbance
was measured at 412nm using a UV spectrophotometer.
Total GSH content was expressed as nmol/mg protein.

The CAT activity was measured in brain homogenate
following the method of Sinha [35]. A decrease in absor-
bance due to H2O2 degradation was monitored at
240 nm for 1min, and the enzyme activity was expressed
as U/mg protein.

The GR activity was assessed according to the previously
described method, which was determined by measuring the
rate of NADPH oxidation at 340nm due to the formation
of GSH, from GSSG, by the action of GR present in the sam-
ple [36]. The unit of enzyme activity was expressed as U/mg
protein.

The GPx activity was analyzed as described previously,
which was measured by a spectrophotometric method based
on the disappearance of NADPH [37]. GPx catalyzes the oxi-
dation of GSH by cumene hydroperoxide. The GPx activity
was determined by subtracting the excess GSH after the enzy-
matic reaction of the total GSH in the absence of the enzyme.
GSH reacts with DTNB to form a yellow-colored chromo-
phore which was measured with a spectrophotometer at
412 nm. The enzyme activity was expressed as U/mg protein.

2.5. Western Blot Analysis. For Western blot analysis, total
protein was prepared from the hippocampus, and the con-
centration was determined using Bradford method [27]. In
brief, the hippocampus sample was loaded on a precast 12%
SDS-PAGE gel with 10μg proteins in each lane. Proteins in
the gels were transferred to a 0.45μm PVDF membrane at
15V for 15min in a transfer buffer, pH8.1 (47.8mM Tris/
HCl, 0.293% glycine, 20% methanol) and blocked for 1 h in
5% nonfat dry milk in TBS-T (25mM Tris, pH7.5, 150mM
NaCl, 0.05% Tween-20). The membranes were probed over-
night at 4°C with primary antibodies as follows: anti-iNOS
(Proteintech; 1 : 500), anti-IκB (Cell Signaling; 1 : 1000),
anti-p65 (Proteintech; 1 : 800), anti-GRP78 (Proteintech;
1 : 1000), anti-CHOP (Cell Signaling; 1 : 1000), anti-caspase-
12 (Proteintech; 1 : 1000), and anti-β-actin (Proteintech;
1 : 4000). After that, the membranes were washed and probed
with HRP-conjugated secondary antibody for 40min at
room temperature. The bound antibodies were visualized
using an enhanced chemiluminescent detection system
(Amersham Pharmacia Biotech, Piscataway, NJ, USA) and
then exposed to X-ray films (Kodak Xomat, Rochester, NY,
USA). The density of protein bands was quantified using
ImageJ software (National Institutes of Health, Bethesda,
MD, USA). The density ratio represented the relative inten-
sity of each band against β-actin as the loading control and
normalized to those in the control group.
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2.6. Real-Time PCR Analysis. The mRNA levels of inflamma-
tory factors IL-1β, IL-6, and TNF-α were quantified by quan-
titative real-time polymerase chain reaction. The reference
sample for the study was dissected from the rats in the con-
trol group. Total RNA was extracted from the hippocampus
using TRIzol reagent (Invitrogen Corp., Carlsbad, CA,
USA). The RNA concentration was determined for quantity
by using the spectrophotometry (Jingke, Ningbo, China).
Complementary DNA (cDNA) was generated from 2μg of
total RNA by RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Tewksbury, MA, USA) using oligo
(dT)12-18 as a primer in a total volume of 20μl. Quantitative
PCR was performed on Bio-Rad Cx96 Detection System
(Bio-Rad, Hercules, CA, USA) using SYBR green PCR kit
(Applied Biosystems Inc., Woburn, MA, USA) and gene-
specific primers. The primer sequences were selected accord-
ing to our previous study [27], and the sequences of gene-
specific primers are listed in Table 1. The PCR amplification
program consisted of a preincubation at 95°C for 10min to
activate the FastStart Taq DNA polymerase, followed by 40
cycles of denaturation at 95°C for 15 s and a 30 s annealing
and elongation step at 60°C. After the amplification proce-
dure, subject all PCR reactions to a melting curve analysis
with continuous fluorescence measurement from 65°C to
95°C. Typically, collect one data point in each cycle by a step-
wise increase of the temperature by 0.5°C per cycle. Melting
curve analysis showed the single and sharp transition, indi-
cating the specificity of the amplifications (Figure S1). The
signals were normalized to β-actin as an internal standard.
All PCR experiments were performed in triplicate. Relative
change in mRNA expression was evaluated by using the
2−ΔΔCq method.

2.7. Histopathological Examination. For each rat, brain sam-
ples were collected and fixed in 4% paraformaldehyde in PBS
(pH7.2) at room temperature overnight and processed rou-
tinely for embedding in paraffin. The paraffin-embedded tis-
sue sections (5mm) were stained with hematoxylin and eosin
using standard techniques, and then examination was done
through the light electric microscope (Olympus, USA).

2.8. TUNEL Assay. Terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick end labeling

(TUNEL) assay was used to evaluate neurocyte apoptosis.
The TUNELmethod was employed using an apoptosis detec-
tion kit (KeyGen Biotech, Nanjing, China). TUNEL-positive
tubular cell numbers were counted at random in 20 nonover-
lapping cortical fields under 200x magnification. This ratio
represented the apoptotic index of the sample and was com-
pared between groups.

2.9. Immunohistochemical Staining. For immunohistochem-
ical, hippocampus sections were incubated overnight with
anti-iNOS antibody (Santa Cruz Biotechnology, 1 : 500 in
PBS, v/v). Sections were then washed with PBS and incu-
bated with secondary antibodies. For quantitative analysis,
original immunohistochemical photographs were assessed
by densitometer using MacBiophotonics ImageJ 1.41a
software [38, 39].

2.10. Statistical Analysis. In this study, all data were analyzed
using the Statistical Package for Social Science (SPSS) version
18 (SPSS Inc., Chicago, IL, USA). All brain parameters were
presented as means± SEM and analyzed statistically by
one-way analysis of variance (ANOVA) with least significant
difference (LSD) post hoc multiple comparisons. The prior
level of significance was established at p < 0 05.

3. Results

3.1. Effects of dl-NBP Pretreatment on DOX-Induced Body
Weight Gain and Anxiety- and Depression-Like Behaviors.
As shown in Figure 1(a), DOX-treated rats showed signifi-
cant decreases in body weight gain when compared to the
control animals, whereas dl-NBP pretreatment had no influ-
ence on the body weight gain in DOX-treated rats, which was
consistent with the results of previous studies [40, 41]. EPM
tests were performed for anxiety-like behavior assessment.
As shown in Figures 1(b)–1(d), DOX administration induced
an anxious effect as evident by reduction of time spent in the
open arms (F2,21 = 18 25; p < 0 01) and number of entries in
the open arm (F2,21 = 16 32; p < 0 01) as compared to the
normal control group. Number of entries (p < 0 01) and time
spent in the open arms (p < 0 01) were significantly increased
in the dl-NBP-pretreated group when compared with DOX-

Table 1: Primers used in real-time PCR analyses of mRNA expression.

Target gene Primer sequences Size (bp)

IL-1β
Forward 5′-AGGTCGTCATCATCCCACGAG-3′

119
Reverse 5′-GCTGTGGCAGCTACCTATGTCTTG-3′

IL-6
Forward 5′-CACAAGT CCGGAGAGGAGAC-3′

167
Reverse 5′-ACAGTGCATCATCGCTGTTC-3′

TNF-α
Forward 5′-GAGAGATTGGCTGCTGGAAC-3′

82
Reverse 5′-TGGAGACCATGATGACCGTA-3′

β-Actin
Forward 5′-CATCCTGCGTCTGGACCTGG-3′

116
Reverse 5′-TAATGTCACGCACGATTTCC-3′
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Figure 1: Body weight gain and behavioral test. Effects of DOX and dl-NBP on body weight gain (a); EPM test: time spent in the open arms
(b); open arm entries (c); closed time entries (d); SPT: sucrose preference (e); and FST: immobility time (f). Data are expressed as means
± SEM (n = 8). ∗∗p < 0 01 compared to the control group. +p < 0 05 and ++p < 0 01 compared to the DOX-injected group.
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treated group. There was no significant difference concerning
the parameters of closed arm entries in the three groups.

Depression-like behaviors were assessed by using SPT
and FST. In SPT, DOX-exposed rats showed a significant
reduction in the sucrose preference (F2,21 = 9 64; p < 0 01)
as compared to the normal control group, indicating
depression-like behavior caused by DOX exposure
(Figure 1(e)). However, dl-NBP pretreatment significantly
alleviated DOX-induced depression-like behavior (F2,21 =
9 64; p < 0 01) as indicated by the marked increase in sucrose
preference. Figure 1(f) depicts that immobility time in FST
was significantly increased after administration of DOX
(F2,21 = 10 35; p < 0 01) when compared with the control
group, which was also alleviated by dl-NBP treatment.

3.2. Effects of DOX and dl-NBP on Oxidative Stress Markers.
As shown in Figures 2(a) and 2(b), administration of DOX
significantly increased levels of NO (F2,21 = 9 79; p < 0 01)
and MDA (F2,21 = 8 52; p < 0 01) as compared to the normal
control group, whereas treatment with dl-NBP significantly
blocked the increasing of NO and MDA when compared to
the DOX group. The parameter of CAT activity, GR activity,
and GPx activity and the content of GSH are the major
biomarkers of antioxidative defense system. The activities
of CAT and GR were significantly decreased in rats treated
with DOX as compared to the normal control group,
whereas dl-NBP treatment caused a significant increase
in the activity of CAT and GR as compared to DOX
group (p < 0 01) (Figures 2(c) and 2(d)). The activity of
GPx was not decreased after administration of DOX when
compared with the control group, but the treatment with
dl-NBP significantly increased GPx activity (Figure 2(e))
as compared to DOX-treated rats (F2,21 = 4 56; p < 0 05)
(Figure 2(e)). DOX administration decreased the content of
GSH significantly (F2,21 = 5 93; p < 0 05), whereas probably
due to the fact that GSH was oxidized to neutralize DOX-
induced excessive free radicals, slight, but nonsignificant
increase of GSH concentration was observed in dl-NBP-
treated rats compared with the DOX group (Figure 2(f)).

3.3. Effects of DOX and dl-NBP on Neuroinflammation
Biomarkers. The gene expressions of IL-1β (Figure 3(a),
F2,21 = 13 32; p < 0 01), IL-6 (Figure 3(b), F2,21 = 3 87; p <
0 05), and TNF-α (Figure 3(c), F2,21 = 11 41; p < 0 01) were
significantly increased in the DOX group. However, except
IL-6, these elevated gene expressions were significantly atten-
uated by dl-NBP supplementation. The DOX+dl-NBP
group showed significantly decreased gene expressions of
IL-1β (Figure 3(a), p < 0 01) and TNF-α (Figure 3(c), p <
0 05) when compared to the rats in the DOX group. The
DOX group showed a significant increase in protein expres-
sion of p65 (Figure 3(f), F2,21 = 13 46; p < 0 01) and iNOS
(Figure 3(g), F2,21 = 7 02; p < 0 01) when compared to the
control group. Consistent with the modulating effects of dl-
NBP on the inflammatory cytokines, dl-NBP decreased the
protein expression of p65 (Figure 3(f), p < 0 01) and iNOS
(Figure 3(g), p < 0 01), and the immunohistochemical stain-
ing results of iNOS were in accordance with Western blot

analysis (Figure 3(h)). The protein expression of IκB was
significantly suppressed in the DOX group (Figure 3(e),
F2,21 = 14 65; p < 0 01) as compared to the control group;
the treatment of dl-NBP significantly mitigated the reduction
of IκB protein level (Figure 3(e), p < 0 01) when compared to
the rats treated with DOX alone.

3.4. Effects of DOX and dl-NBP on ER Stress. As the indicator
of ER stress, the protein levels of GRP78, CHOP, and
caspase-12 were monitored by Western blot to explore the
mitigation effect of dl-NBP on DOX-induced hippocampcal
ER stress [38]. As shown in Figure 4, the protein expressions
of GRP78 (Figure 4(b), F2,21 = 7 85; p < 0 01), CHOP
(Figure 4(c), F2,21 = 26 25; p < 0 01), and caspase-12
(Figure 4(d), F2,21 = 8 78; p < 0 01) were significantly
increased after administration of DOX compared to the con-
trol group. Meanwhile the upregulation of GRP78
(Figure 4(b), p < 0 01), CHOP (Figure 4(c), p < 0 01), and
caspase-12 (Figure 4(d), p < 0 05) protein expression were
effectively inhibited by dl-NBP treatment.

3.5. Effects of DOX and dl-NBP on Histopathological Changes
and Neural Apoptotic Markers.Histopathological alternation
in the hippocampus from different treated groups is pre-
sented in Figure 5(a). Compared with the normal histology
in the control group, the hippocampus showed more fre-
quent nuclear pyknosis in the DOX exposure group. In con-
trast, the treatment with dl-NBP was able to prevent the
histopathological alternation evoked by DOX treatment.
TUNEL test was used to assess apoptotic cells in the hippo-
campus of rats receiving different treatments. As revealed in
Figure 5(b), fewer apoptotic cells were detected in the hippo-
campus of the normal treated control group. However, in the
hippocampus of rats exposed to DOX, more TUNEL-positive
cells were found as compared to the control group. Pretreat-
ment with dl-NBP also markedly reduced TUNEL-positive
cells, indicating the proapoptotic effects of DOX and antia-
poptotic effects of dl-NBP in the hippocampus.

4. Discussion

Our study demonstrated the protective effect of dl-NBP
against DOX-induced neurotoxicity in rats. We investigated
the anxiety- and depression-like behaviors in rats exposed
to DOX, and pretreatment with dl-NBP normalized behav-
ioral changes in rats treated with DOX. Our study revealed
that oxidative stress, neuroinflammation, ER stress, and cell
death play a vital role in DOX-induced hippocampal damage.
Moreover, we demonstrated that dl-NBP could partly allevi-
ate these changes, suggesting the protective role of dl-NBP
against DOX-induced neurotoxicity. Thus, our results pro-
vide a substantial support to those previously observed
reports [42, 43] of neuroprotection by targeting oxidative
stress, neuroinflammation, and ER stress cascade. dl-NBP
might be an effective adjuvant therapy to prevent DOX-
induced neurotoxic side effects in clinical practice.

As a chemotherapeutic agent, the long-term use of
DOX tends to induce neurotoxicity and may cause neuro-
psychiatric diseases including anxiety and depression. Our
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Figure 2: Effects of DOX and dl-NBP on oxidative stress markers in the hippocampus: NO content (a), MDA content (b), CAT activity (c),
GR activity (d), GPx activity (e), and GSH content (f). Data are expressed as means± SEM (n = 8). ∗p < 0 05 and ∗∗p < 0 01 compared to the
control group. +p < 0 05 and ++p < 0 01 compared to the DOX-injected group.
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Figure 3: Continued.
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previous study demonstrated that the underlying mecha-
nism of behavioral changes following DOX treatment
and the antidepressant-like and neuroprotective effects of
ω-3 PUFAs were closely related to the oxidative stress,
neuroinflammation, and apoptotic status in the brain tissues
[27]. Similarly, our present study showed that the supple-
mentation with dl-NBP effectively restored anxiety- and
depression-like behaviors induced by DOX. Thus, we further
evaluated various markers of oxidative stress, ER stress,
inflammation, and apoptosis in different groups.

The oxidative stress, which is consisted of oxidation sys-
tem and antioxidant system, can cause oxidative damage and
promote inflammatory reactions. In our study, the levels of
NO and MDA were significantly increased after exposure to
DOX, showing that DOX increased oxidative damage. Mean-
while, the antioxidant enzymes, including CAT, GR, GPx,
and GSH, were all significantly decreased in DOX-
challenged rats. DOX increased oxidation stress system and
decreased antioxidant system, and the emergence of the
redox imbalance led to oxidative damage of nerve cells, which
is accompanied with cognitive dysfunction, anxiety, and
depression-like behaviors. Furthermore, we clearly demon-
strated the capability of dl-NBP to downregulate the levels
of NO and MDA and upregulate the levels of GSH and activ-
ities of CAT, GR, and GPx, which acts as an antioxidant
thereby reducing oxidative stress-induced apoptosis.

Neuroinflammation plays a critical role in the pathogen-
esis of brain disorders [42, 44]. iNOS, which produces large

amounts of NO, is active during the inflammatory process
[45], activating proinflammatory mediators, such as TNF-α
and NF-κB, and subsequently induces brain neuroinflam-
mation [43]. Proinflammatory cytokines such as TNF-α,
IL-1β, IL-6, and iNOS have been demonstrated to play
vital roles in inducing acute and chronic neurodegenera-
tive disorders [42, 46]. We found that DOX provoked
the generation of TNF-α, subsequently causing the activation
of NF-κB and iNOS and increasing the gene expression of IL-
1β and IL-6 and protein expression of p65, indicating severe
inflammatory conditions in the hippocampus, and these
inflammatory may result in neural death and behavioral
changes. The treatment with dl-NBP significantly suppressed
the DOX-induced increase of TNF-α, IL-1β, IL-6, p65, and
iNOS expression in brain tissues.

ER is an organelle which plays as a key role in protein
folding. Various destructive stimuli and pathological condi-
tions such as hypoglycemia, inflammation, oxidative stress,
and hypoxia may impair the ER function and consequently
lead to the induction of a self-protecting signaling pathway
known as unfolded protein response (UPR) [47]. The con-
nection to the UPR is induction of cytokines and inflamma-
tion that have been linked to depression. The UPR acts on
proinflammatory cytokines such as IL-8, IL-1β, and TNF-α,
and these cytokines have been found to be upregulated in
patients with major depression [48]. ER stress and ER
stress-evoked inflammation form a vicious cycle which ulti-
mately leads to neuronal cell death through apoptosis. To
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Figure 3: Effects of DOX and dl-NBP on neuroinflammation biomarkers: gene expression of IL-1β (a), IL-6 (b), and TNF-α (c); protein
expression of IκB (e), p65 (f), and iNOS (g); and immunohistochemical staining of iNOS (h). Data are expressed as means± SEM (n = 8).
∗p < 0 05 and ∗∗p < 0 01 compared to the control group. +p < 0 05 and ++p < 0 01 compared to the DOX-injected group.
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evaluate ER stress after DOX exposure, protein levels of ER
stress markers such as GRP78, CHOP, and caspase-12 were
measured in the hippocampus in the current study. CHOP
is a transcriptional factor, which could decrease expression
of the antiapoptotic molecules and increase the expression

of proapoptotic molecules to trigger apoptotic cell death
[19, 49, 50]. GRP78 is a heat shock protein family chaperone
transcriptional factor which plays a key role in the regulation
of ER functioning [11]. Caspase-12 is an apoptosis-associated
protein. Previous evidence has demonstrated that these ER
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stress-related proteins were also increased in the hippo-
campus of rat exposure to chronic unpredictable mild
stress, a valid animal model of depression [38]. Our study
found that dl-NBP alleviated the upregulation of CHOP,
GRP-78, and caspase-12 in the hippocampus of rats
exposed to DOX. Our results indicated that the potential
antidepressant action of dl-NBP is endowed with its signif-
icant neuroprotective properties against DOX-induced hip-
pocampal ER stress.

Our present study also found that DOX caused a sig-
nificant increase in TUNEL-positive neurocytes, indicating
severe DNA damage and neuronal death. Previous studies
showed that DOX-induced neural apoptosis is closely
related to depression [27]. Moreover, proinflammatory
cytokines appear to contribute to depression-associated cell
death through intrinsic apoptotic pathways, and neuro-
toxic free radicals are a second apoptosis-mediating factor
associated with depressive disorder, suggesting that antiox-
idant and anti-inflammatory effects of dl-NBP could, in
turn, indirectly contribute to its antiapoptotic effect.
Although the study mainly focused on the neuroprotective
effects of dl-NBP against DOX-induced neurotoxicity, it is
important to note that the present study did not include
dl-NBP-treated control animals, which is a major limita-
tion of the study. Therefore, further studies are warranted
to evaluate the baseline effect of the drug treatment to
ensure its safety and efficacy.

5. Conclusion

In conclusion, our present study demonstrated that the
DOX-induced behavioral anomalies might be the manifesta-
tions of oxidative stress, neuroinflammation, ER stress, and
apoptosis in the hippocampus. The possible mechanisms
under behavior-modulating and neuroprotective effects of
dl-NBP are indicated to be at least partially associated with

the antioxidant, anti-inflammatory, anti-ER stress, and anti-
apoptotic actions in the brain. Thus, our study provides a
new potential treatment for brain damage induced by che-
motherapeutic drugs and paves the way for further studies
to investigate other mechanisms underlying the behavior
modulating and neuroprotective effects of dl-NBP.
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The recognition of hydrogen sulfide (H2S) has been evolved from a toxic gas to a physiological mediator, exhibiting properties
similar to NO and CO. On the one hand, H2S is produced from L-cysteine by enzymes of cystathionine γ-lyase (CSE) and
cystathionine β-synthase (CBS), 3-mercaptopyruvate sulfurtransferase (3MST) in combination with aspartate aminotransferase
(AAT) (also called as cysteine aminotransferase, CAT); on the other hand, H2S is produced from D-cysteine by enzymes of D-
amino acid oxidase (DAO). Besides sulfide salt, several sulfide-releasing compounds have been synthesized, including
organosulfur compounds, Lawesson’s reagent and analogs, and plant-derived natural products. Based on garlic extractions, we
synthesized S-propargyl-L-cysteine (SPRC) and its analogs to contribute our endeavors on drug development of sulfide-
containing compounds. A multitude of evidences has presented H2S is widely involved in the roles of physiological and
pathological process, including hypertension, atherosclerosis, angiogenesis, and myocardial infarcts. This review summarizes
current sulfide compounds, available H2S measurements, and potential molecular mechanisms involved in cardioprotections to
help researchers develop further applications and therapeutically drugs.

1. Introduction

In an evolutionary perspective, the synthesis and catabolism
of hydrogen sulfide (H2S) by living organisms antedates the
evolution of vertebrate. Bacteria and archaea produce and
utilize the stinking gas as one of the essential sources for their
survival and proliferation. For many decades, H2S, the color-
less gas with a strong odor of rotten gas, is recognized as a
toxic gas and an environmental pollutant. The mechanism
of its toxicity is a potent inhibition of mitochondrial cyto-
chrome c oxidase, which is the important enzyme that is
closely related with chemical energy in the form of adenosine
triphosphate (ATP). Sulfide, together with cyanide, azide,

and carbon monoxide (CO), all can inhibit cytochrome c oxi-
dase which leads to chemical asphyxiation of cells.

In the last two decades, the perception of H2S has been
changed from that of a noxious gas to a gasotransmitter with
vast potential in pharmacotherapy. At the end of the 1980s,
endogenous H2S is found in the brain [1]. Then, its enzy-
matic mechanism, physiological concentrations, and specific
cellular targets were described in the year 1996 [2]. Subse-
quently, the physiological and pharmacological characters
of H2S were unveiled. Recently, H2S, followed with NO and
CO, is identified as the third gasotransmitter by Wang [3].
The three gases share some common features. They are all
colorless and poisonous gases. With the exception of gas
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pressure in atmosphere, they can dissolve in water at differ-
ent solubility. All these small signaling molecules possess
significant physiological importance, like anti-inflammation
and antiapoptosis. The similarities and differences of the
features of NO, CO, and H2S are summarized in Table 1.

This review is prepared for researchers, who are inter-
ested in H2S and sulfide-containing compounds, on drug
development of cardiovascular disease. Therefore, some key
issues were discussed, like “donors and inhibitors” to support
choosing the sulfide-releasing chemicals and specific inhibi-
tors. Readers could depend on the precision of currently
“measuring methods” to decide the analyzing techniques.
H2S on “inflammation,” “redox status,” and “cardiovascular
disease” summarizes the currently novel findings of the
effects of H2S and underlying mechanisms.

2. Physical and Biological Characteristics

H2S, a colorless and flammable gas with the characteristic
foul odor of rotten eggs, is known for decades as a toxic gas
and an environmental hazard. It is soluble in water (1 g in
242ml at 20°C). In water or plasma, H2S is a weak acid which
hydrolyzes to hydrogen ion and hydrosulfide and sulfide ions
as following: H2S↔ H++HS−↔ 2H++ S2−. The pKa at 37°C
is 6.76. When H2S is dissolved in physiological solution
(pH7.4, 37°C), it yields approximately 18.5% H2S and
81.5% hydrosulfide anion (HS−), as predicted by the
Henderson-Hasselbalch equation [4]. H2S could be oxidized
to sulfur oxide, sulfate, persulfide, and sulfite. H2S is perme-
able to plasma membranes as its solubility in lipophilic

solvents is fivefold greater than in water. In other words, it
is able to freely penetrate cells of all types.

The toxic effect of H2S on living organisms has been rec-
ognized for nearly 300 years, and until recently, it was
believed to be a poisonous environmental pollutant with
minimal physiological significance. H2S is more toxic than
hydrogen cyanide and exposed to as little as 300 ppm in the
air for just 30min is fatal to human. The level of odor detec-
tion of sulfide by the human nose is at a concentration of
0.02–0.1 ppm, 400-fold lower than the toxic level. As a
broad-spectrum toxicant, H2S affects many organ systems
including the lung, brain, and kidney.

H2S is often produced through the anaerobic bacterial
breakdown of organic substrates in the absence of oxygen,
such as in swamps and sewers (anaerobic digestion). It also
results from inorganic reactions in volcanic gases, natural
gas, and some well waters. Digestion of algae, mushrooms,
garlic, and onions is believed to release H2S by chemical
transformation and enzymatic reactions [5]. Structures of
natural food-releasing H2S on digestion are shown in
Figure 1. Consuming mushrooms, garlic, and onions, which
contain chemicals and enzymes responsible for the transfor-
mation of the sulfur compounds, is responsible for H2S pro-
duction in the human gut [6]. Human body produces small
amounts of H2S and uses it as a signaling molecule. In differ-
ent species and organs, the concentration of H2S varies in dif-
ferent levels. In Wistar rats, the normal blood level of H2S is
10μM [7]; while in Sprague-Dawley rats, the plasma level of
H2S increases to 46μM [8]; in human, 10–100μM H2S in
blood was reported [9]. The tissue level of H2S is known to

Table 1: Comparison of nitric oxide, carbon monoxide, and hydrogen sulfide.

Nitric oxide Carbon monoxide Hydrogen sulfide

Formula NO CO H2S

Color and odor Colorless; a mild, sweet odor Colorless; odorless Colorless; smell like rotten egg

Free radical Yes No No

Flammable No No Yes

Toxicity Yes Yes Yes

Inhibition of mitochondrial
cytochrome c oxidase

Yes Yes Yes

Resources L-arginine or nitrite Protohaem IX L/D-cysteine

Intermediate products L-NG hydroxyarginine, citrulline Biliverdin IX-α
Cystathionine, L-cysteine, α-ketobutyrate,

and pyruvate

Enzymes eNOS, iNOS, and nNOS
HO-1, HO-2, and HO-

3
CBS, CSE, 3MST/AAT, and DAO

Vascular effect Vasodilation, angiogenesis
Vasodilation,
angiogenesis

Vasodilation, angiogenesis

Inhibition inflammation Yes Yes Yes

Antiapoptosis Yes Yes Yes

Haem effect Yes Yes Yes

Molecular targets Soluble guanylate cyclase (sGC)
Soluble guanylate
cyclase (sGC)

KATP (ATP-gated potassium) channel

Targeting outcome
Increase cGMP, activate KCa
channels and nitrosylation

Increase cGMP,
activate KCa channels

Increase cGMP and cAMP, activate KATP
channels and sulfhydration

Application on human
Pulmonary hypertension, lung
transplantation, and ARDS

Not available Not available
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be higher than its circulating level. The concentration of
endogenous H2S has been reported up to 50–160μM in the
brains of rat, human, and bovine [1, 10, 11]. Significant
amounts of H2S are generated from vascular tissues, and this
production varies among different types of vascular tissues.
For instance, the homogenates of thoracic aorta yielded more
H2S than that of portal vein of rats [8]. Furne et al. reported
that in situ tissue H2S level through analyzing the gas space
over rapidly homogenized mouse brain and liver was only
15 nM [12].

3. Synthesis and Catabolism of H2S

H2S is endogenously formed by both enzymatic and nonen-
zymatic pathways [3]. The enzymatic procedure of synthesiz-
ing H2S, in mammalian tissues, is involved in two pyridoxal 5
′-phosphate-dependent enzymes: cystathionine γ-lyase
(CSE) and cystathionine β-synthase (CBS) [13–15]. As
shown in Figure 1, H2S is catalyzed from the desulfhydration
of L-cysteine, a sulfur containing amino acid derived from

alimentary sources, produced by the transsulfuration path-
way of L-methionine to homocysteine or liberated from
other endogenous proteins [16, 17]. As the intermediate,
CBS catalyzes homocysteine together with serine to yield cys-
tathionine, which is converted to cysteine, α-ketobutyrate,
and NH4

+ by CSE. The two pyridoxal 5′-phosphate-depen-
dent enzymes both or either catalyze the conversion of cyste-
ine to H2S, pyruvate, and NH4

+. CSE also could catalyze a β-
disulfide elimination reaction that results in the production
of thiocysteine, pyruvate, and NH4

+. Thiocysteine is associ-
ated with cysteine or other thiols to form H2S [18]. The two
synthesis pathways of producing H2S are illustrated in
Figure 1.

The two enzymes are widespread in mammalian tissues
and cells and also in many invertebrates and bacteria [19].
The activity of CSE is chiefly concentrated in the liver, heart,
vessels, kidney, brain, small intestine, stomach, uterus, pla-
centa, and pancreatic islets; whereas, the amount of CBS is
mainly located in the brain, liver, kidney and ileum, uterus,
placenta, and pancreatic islets [20]. The locations of H2S-
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producing enzymes are seen in Table 2. In several species, the
liver is the common organ containing the two enzymes in
abundance. According to the research of Zhao et al.,
the intensity rank of biosynthesis of H2S by origin of
exogenous cysteine in different rat blood vessels was tail
artery> aorta>mesenteric artery [21].

A third enzymatic reaction contributing to H2S pro-
duction has recently been identified in brain and vascular
endothelium, that is, 3-mercaptopyruvate sulfurtransferase
(3MST) in combination with aspartate aminotransferase
(AAT) (also called cysteine aminotransferase, CAT) [22, 23],
seen in Figure 1. Inmitochondria, L-cysteine and α-ketogluta-
rate as substrates can be converted to 3-mercaptopyruvate
(3MP) by AAT; then, the intermediate product is converted
to H2S by 3MST [23]. In the brain, 3MST is found in neurons
[24] and astrocytes [25], while CBS in astrocytes [24]. It could
speculate that the two enzymes of catalyzingH2Splay different
roles in the nervous system. In vascular tissues, 3MST could be
detected in both endothelial cells and vascular smoothmuscle
cells (SMCs), while AAT just occurs in endothelial cells. From
another perspective, only vascular endothelial cells in vessel
could utilize the two enzymes to produce H2S, whereas vascu-
lar SMCs likely absorb 3-mercaptopyruvate or other sources
to generate H2S which exerts as a vasodilator.

The fourth enzymatic pathway was recently reported
by Shibuya et al. [26] that produces H2S from D-cysteine
by D-amino acid oxidase (DAO). Different from using L-
cysteine to produceH2S by CBS, CSE, and 3MST/AAT, which
are pyridoxal 5′-phosphate- (PLP-) dependent enzymes, D-
cysteine pathway generates H2S by PLP-independent
enzyme [27]. Similar to 3MST on mitochondria, DAO
localizes to peroxisomes in mitochondrial fractions [28].
D-cysteine is metabolized by DAO in peroxisomes to achi-
ral 3MP, which is also generated from L-cysteine by AAT
[27, 29]. 3MP then is metabolized to final H2S through
3MST, due to the vesicular trafficking between mitochondria
and peroxisomes [30]. The key enzyme in new D-cysteine
pathway, DAO was verified by DAO-selective antagonist
I2CA, which suppressed the production of 3MP and H2S
from D-cysteine in concentration-dependent manner, but
that from L-cysteine was not influenced by I2CA [26]. This
new enzymatic H2S-producing pathway is integrated into
the part of “synthesis” in Figure 1.

The nonenzymatic route of yielding H2S is the conver-
sion of elemental sulfur and transformation of oxidation of
glucose. The nonenzymatic route is presented in vivo,

involving phosphogluconate (<10%), glycolysis (>90%), and
glutathione (<5%) [3].

In the pathway of H2S production, there are several
important amino acids: homocysteine and D-cysteine.
Besides the generation of H2S pathway, homocysteine is
related to folate cycle and methionine cycle [31], the latter
of which is participated in methionine, SAM and SAH, as
previously stated. As the bridge of the two cycles, homo-
cysteine could be remethylated to methionine by interact-
ing with methylenetetrahydrofolate (methyl-THF) and
vitamin B12 as cofactor under the synthesis of methionine
synthase (MS). Methyl-THF is transformed from methy-
lenetetrahydrofolate (methylene-THF) by methylenetetra-
hydrofolate reductase (MTHFR). Tetrahydrofolate (THF)
is generated by remethylation and converted to methy-
lene-THF, thus integrated the folate cycle. In another
cycle, methionine is transformed to S-adenosylmethionine
(SAM) by methionine adenosyltransferase (MAT) and
then is converted to S-adenosylhomocysteine (SAH),
which is subsequently hydrolyzed to homocysteine by
glycine N-methyltransferase (GNMT). The cycles of
homocysteine can assist researchers to link the studies of
upstream and downstream of H2S, as illustrated in
Figure 1. The second interesting amino acid is D-cysteine,
because mammalian enzymes generally metabolize L-
amino acids, except a little few like D-aspartate and D-
serine [29]. Previously, D-cysteine is widely used as a
negative control for L-cysteine until discovered as a highly
effective H2S-producing source by Hideo group [26]. As
the key enzymes in D-cysteine pathway, DAO is localized
in the cerebellum and kidney, together with 3MST [26].
After birth, the level of DAO increased then reached max-
imal at 8 weeks in mice, while the level of 3MST was quite
high at birth but slightly reduced at 8 weeks in mice [27].
Taken together, the level of H2S through D-cysteine path-
way rose after birth and rocketed to maximal at 6 weeks
[27]. The level of H2S generated from L-cysteine was
much lower than that from D-cysteine and remains in a
certain amount over time. Additionally, the generation of
H2S from D-cysteine is 80 times more efficient than that
from L-cysteine in the kidney [26]. Moreover, the genera-
tion of H2S from D-cysteine in the kidney is 7 times
higher than that in the cerebellum, which is the region
producing highest level of H2S from D-cysteine than other
parts in the brain [26]. Since H2S has presented significant
therapeutic potentials on anti-inflammation, antioxidation,
antiapoptosis, antimitochondrial dysfunction, and energy

Table 2: Characteristics of H2S-producing enzymes.

Cystathionine γ-lyase (CSE) Cystathionine β-synthase (CBS)

Localization
Liver, heart, vessels, kidney, brain, adipose, small intestine, stomach,

uterus, placenta, and pancreatic islets
Brain, liver, kidney and ileum, uterus, placenta,

and pancreatic islets

Activators Pyridoxal 5′-phosphate Pyridoxal 5′-phosphate, S-adenosyl-L-
methionine, and Ca2+/calmodulin

Inhibitors D,L-propargylglycine, β-cyano-L-alanine Hydroxylamine, aminooxyacetate

Functional
roles

H2S production in the liver and smooth muscle H2S production in the brain and nervous system
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reservation, the new D-cysteine pathway in the kidney and
cerebellum may provide researchers new ideas of finding
therapeutic approaches on brain and kidney diseases, such
as kidney transplantation.

Cysteine metabolism is engaged in three major routes.
Apart from the conversion of H2S, one path is oxidation of
-SH group by cysteine dioxygenase (CDO) to cysteine sulfi-
nate, which is decarboxylated to hypotaurine by cysteine sul-
finate decarboxylase (CSD) and then further transformed to
taurine by a nonenzymatic reaction or by hypotaurine dehy-
drogenase (HDH) or which is converted to sulfinyl pyruvate,
subsequently to sulfite and further sulfate. Another path from
cysteine is synthesis GSH by glutathione synthase (GS) from
γ-glutamyl cysteine, which is originated from cysteine and
glutamate catalyzed by γ-glutamyl cysteine synthase (GCS).
Besides H2S, cysteine metabolism is integrated in Figure 1
for helping researchers to find out the potential associations.

The concentration of H2S is not only determined by the
rate of formation but also by degradation of H2S. Dissolved
gaseous H2S is in a pH-dependent equilibrium, with hydro-
sulfide anions (HS−) and sulfide anions (S2−), which can be
catabolized to any sulfur-containing molecule. Sulfide, via
nonenzymatic route, is catabolized to thiosulfate, which
could be catalyzed to sulfite by thiosulfate reductase (TSR)
in the livers, brains, or kidneys, or by thiosulfate sulfurtrans-
ferase (TSST) in the livers, sequentially oxidized to sulfate via
sulfite oxidase (SO) by a glutathione- (GSH-) dependent
reaction. The last product is excreted in urine [32]. H2S could
be broken down by rhodanese, methylated to CH3SH,
sequestrated by methemoglobin, interacted with superoxide
or NO, and scavenged by metallo- or disulfide-containing
molecules such as oxidized glutathione [18, 19]. The major
routes of degradation of H2S through nonenzymatic oxida-
tion of sulfide also yield elemental sulfur, polysulfides, dithio-
nate, and polythionates. Among them, polysulfides could be
produced through the enzymatic way via 3MST [33–35]
and the chemical interaction of H2S with NO [36]. The whole
schematic version of source, synthesis, and metabolism of
H2S is depicted in Figure 1.

4. Donors and Inhibitors of H2S

4.1. The Donors of H2S

4.1.1. Sulfide-Containing Salts. Sodium hydrogen sulfide
(NaHS) and disodium sulfide (Na2S) are the common H2S-
releasing chemicals in research of hydrogen sulfide. These
sodium salts purchased from pharmaceutical companies are
usually aquo compounds, like NaHS·12H2O, Na2S·9H2O, or
anhydrous forms. The products of sodium hydrogen sulfide
and disodium sulfide should be white. The pills with yellow
color predicate the anhydrous forms have been converted
to hygroscopic blocks and should not be purchased. White
sulfide products are likely to have greater purity, but may
contain sodium salts of thiosulfate or higher oxidation state
sulfur oxyanions [37]. Contamination by trace metal ions
may also be important, as these catalyze oxidation processes.
The sulfides should therefore be reserved in a vacuum desic-
cator to minimize oxidation.

The solution of NaHS, at physical pH and room temper-
ature, hydrolyzes to sodium ion, hydrosulfide as following:
NaHS↔Na++HS−. Solutions of HS− are sensitive to oxygen,
converting mainly to polysulfides, indicated by the appear-
ance of yellow color. Hence, solutions of fresh prepared
NaHS should be clear and put to use immediately. The purity
of sulfides could be measured by determining the sulfide con-
tent either by titration with bromate, as described in standard
analytical chemistry texts, or by UV spectroscopy in the case
of sodium hydrogen sulfide, at pH9, which has an absorption
maximum at 230nm with a molar absorptivity of 7200 l/mol/
cm [38].

Considering the unstable chemical properties of NaHS
and Na2S, some researchers introduce another donor of
H2S, calcium sulfide (CaS), which is more steady [39]. CaS
can be found as one of the effective components in a tradi-
tional herb, named “hepar sulfuris calcareum,” usually
applied to homeopathic remedy. Oral administration of
CaS will be decomposed to more H2S in stomach acid envi-
ronment. This review postulates CaS may carry out hypoten-
sion, arguing from its catabolism, relationship of calcium
supplementation and blood pressure, dosage design, and
traditional application of homeopathic remedy on infection.

4.1.2. H2S-Releasing Molecules. Thioacetamide is an organo-
sulfur compound with the formula C2H5NS. This white crys-
talline solid is soluble in water and serves as a source of
sulfide ions in the synthesis of organic and inorganic com-
pounds [40]. For lab safety, thioacetamide is carcinogen class
2B and has hepatotoxicity. Thioacetamide was widely used in
classical qualitative inorganic analysis as an in situ source for
sulfide ions.

Some research laboratories developed H2S releasers. Law-
esson’s reagent is a chemical compound used in organic syn-
thesis as a thiation agent and is also a H2S releaser.
Lawesson’s reagent is first synthesized in 1956 during a sys-
tematic study of the reactions of arenes with P4S10 [41]. After
much time, it is first made popular by Sven-Olov Lawesson
for introducing a thiation procedure as an example of a gen-
eral synthetic method for the conversion of carbonyl to thio-
carbonyl groups [41]. 2,4-Bis (4-methoxyphenyl)-1,3,2,4-
dithiadiphosphetane 2,4-disulfide, Lawesson’s reagent, has a
four-membered ring of alternating sulfur and phosphorus
atoms. Normally in higher temperatures, the central phos-
phorus/sulfur four-membered ring can open to form two
reactive dithiophosphine ylides (R-PS2), which decompose
to release H2S. As its strong and unpleasant smell, it is best
to prepare Lawesson’s reagent within a fume hood and treat
all glassware used with a decontamination solution before
taking the glassware outside the fume hood.

Based on Lawesson’s compound, a series of com-
pounds are synthesized. Professor Moore’s lab reports that
morpholin-4-ium-4-methoxyphenyl (morpholino) phos-
phinodithioate (GYY4137) releases H2S slowly both
in vitro and in vivo. It has been proved that GYY4137
has vasodilator and antihypertensive activities and a useful
H2S-releasing chemical in the study of biological effects of
H2S [42]. In a later experiment, administration of GYY4137
to lipopolysaccharide- (LPS-) induced rats displays its anti-
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inflammatory effect by increasing plasma anti-inflammatory
cytokine IL-10 and reducing plasma proinflammatory cyto-
kines (TNF-α, IL-1β, and IL-6) and nitrite/nitrate, C-
reactive protein, and L-selectin [43]. Structures of H2S-
releasing molecules are shown in Figure 2.

Considering pharmacological effects and adverse effects
of H2S, some pharmaceutical factories join in working on
H2S donors which are made up of well-established parent
compounds and H2S-releasing moieties. CTG Pharma devel-
oped ACS series H2S-releasing compounds to meet their
interests on the aspects of hypertension, metabolic syn-
drome, thrombosis, and arthritis (http://www.ctgpharma
.com). Antibe Therapeutics synthesizes several ATB series
H2S-releasing derivatives for the treatments of inflammatory
bowel disease, joint pain, and irritable bowel syndrome
(http://www.antibe-therapeutics.com). The compound, IK-
1001, from the company Ikaria, is an injectable form of
Na2S, which is pure, pH neutral, and stable. IK-1001 has been
used several basic studies and processed into clinical trials.
One is a phase I safety trial for assessing pharmacokinetics
of intravenous IK-1001 (ClinicalTrials.gov ID:
NCT00879645). Another is a phase II efficacy trial which
administers IK-1001 in patients undergoing surgery for a
coronary artery bypass graft (ClinicalTrials.gov ID:
NCT00858936). The effects of some H2S-releasing com-
pounds are shown in Table 3.

4.1.3. Natural Products Containing Sulfur. Digestion of algae,
mushrooms, garlic, and onions is believed to form H2S by
chemical transformation and enzymatic reactions [5]. Struc-
tures of natural food-releasing H2S on digestion are shown in
Figures 2 and 3. Nearly all the allium families are sulfur-rich
containing. Several publication reports enumerated func-
tional activities of garlic. It exhibits hypolipidemic, antimi-
crobial, antiplatelet, and procirculatory effects [44–46]. It
also demonstrates immune enhancement and provides anti-
cancer, antimutagenic, and antiproliferative that are interest-
ing in chemopreventive interventions. Additionally, aged
garlic extract possesses hepatoprotective, neuroprotective,
and antioxidative activities [47]. The major sulfur-
containing compounds in intact garlic are γ-glutamyl-S-
allyl-L-cysteines and S-allyl-L-cysteine sulfoxides (alliin).
Both are abundant as sulfur compounds, and alliin is the pri-
mary odorless, sulfur-containing amino acid, a precursor of
allicin, methiin, (+)-S-(trans-1-propenyl)-L-cysteine sulfox-
ide, and cycloalliin [48].

S-allylcysteine (SAC), a major transformed product from
γ-glutamyl-S-allyl-L-cysteine, is a sulfur amino acid detected
in the blood that is verified as both biologically active and
bioavailable [49], as seen in Figure 3. SAC has been

enumerated in several research investigations mediating pro-
tective effects in neural system and cardiovascular system by
the inhibition of cell damage in the neuron, heart, and endo-
thelium. In neural system, it is reported that SAC may atten-
uate Aβ-induced apoptosis [50] and destabilize Alzheimer’s
Aβ fibrils in vitro [51]. SAC prohibits cerebral amyloid, cere-
bral inflammation, and tau phosphorylation in Alzheimer’s
transgenic mouse model harboring Swedish double mutation
[52]. In stroke-prone spontaneously hypertensive rats, intak-
ing SAC diminishes incidence of stroke, impairs behavioral
syndromes, and abates mortality induced by stroke [53].
SAC inhibits free radical production, lipid peroxidation,
and neuronal damage in rat brain ischemia [54]. In cardio-
vascular system, SAC can help the acute myocardial infarc-
tion rats survived by significantly lowering mortality and
reducing infarct size [55].

S-propyl-L-cysteine (SPC) and S-propargyl-L-cysteine
(SPRC) are structural analogues of SAC, differing only in
the propargyl and allyl moiety, respectively, while containing
the same cysteine structure as shown in Figure 3. Wang et al.,
from our lab, reported that SPRC exhibited stronger cardio-
protective effects than SAC in reducing mortality, increasing
cell viability, reducing heart infarct size, lowering LDH and
CK levels and activities, and having antioxidant properties
[56]. These data suggest that the propargyl group of SPRC
further increases the affinity and/or activity of SPRC towards
the enzyme CSE as compared to SAC, where SPRC treatment
is shown to have an increased CSE expression and activity to
produce H2S for coping with ischemic damage. This observa-
tion suggests that the cardioprotective effects involving the
CSE/H2S pathway were more effective using SPRC compared
to SAC. Recently, our lab reported that SPRC showed neuro-
protective effects of cognitive impairment and inhibition of
neuronal ultrastructure damage in Aβ-induced rats, affords
a beneficial action on anti-inflammatory pathways [57].
SPRC has been demonstrated the anticancer effect on gastric
cancer at high doses 50mg/kg/d and 100mg/kg/d [58]. The
effects of SAC and SPRC are shown in Table 3.

4.2. The Inhibitors and Regulators of H2S. The production of
H2S from cysteine by tissue/cell homogenate is decreased by
the presence of inhibitors of H2S-producing enzymes, which
are mainly attributed to CSE and CBS. CSE is also named as
cysteine desulfhydrase [59]. The CBS locus is mapped to
chromosome 21 (21q22.3) [60]. Several specific blockers for
CSE and CBS are currently available. D,L-Propargylglycine
(PAG) and b-cyano-L-alanine selectively inhibit CSE [8]. L-
Cysteine metabolites, including ammonia, H2S, and pyru-
vate, cannot inhibit CSE activity [61]. CBS is inhibited by
hydroxylamine (HA) and aminooxyacetate (AOAA) albeit
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Figure 2: Structures of H2S-releasing molecules.
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these chemicals are not selective inhibitors of CBS [2]. The
relationships between H2S-producing enzymes and their
inhibitors are summarized in Table 2.

The currently known regulations of H2S-producing
enzymes are glutamate and its receptors, S-adenosyl-
methionine (SAM), hormones, and other gasotransmit-
ters—NO and CO. In the brain, electrical stimulation and
excitatory neurotransmitter, glutamate, rapidly increase
CBS activity in Ca2+/calmodulin-dependent manner [62].
Both α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate
(AMPA) glutamate receptors and N-methyl-D-aspartate
(NMDA) are involved in this effect. SAM is an intermediate
product of methionine metabolism and a major donor of
methyl groups. This allosteric regulator can activate CBS by
approximately twofold [2]. Sex hormones seem to regulate
brain H2S, since CBS activity and H2S level are higher in male
than in female mice and castration of male mice decreases
H2S formation [16]. Sodium nitroprusside, a nitric oxide
donor, increases the activity of brain CBS in vitro; however,
this effect is NO-independent and results from chemical
modification of the enzyme’s cysteine groups [63]. In con-
trast, NO itself may bind to and inactivate the CBS. Interest-
ingly, CO is a much more potent CBS inhibitor than NO and
it is suggested that CBS may be one of the molecular targets
for CO in the brain [64, 65]. In homogenates of the rat aorta,
NO donors acutely increase CSE-dependent H2S generation
in a cGMP-dependent manner [21]. Moreover, prolonged

incubation of cultured vascular smooth muscle cells in the
presence of NO donors increases CSE mRNA and protein
levels [8]. The physiological significance of NO in the regula-
tion of H2S production is also supported by the observation
that circulating H2S level as well as CSE gene expression
and enzymatic activity in the cardiovascular system are
reduced in rats chronically treated with NOS inhibitor. Thus,
NO is probably a physiological regulator of H2S production
in the cardiovascular system. Recently, the inhibitors of
3MST were selected by high-throughput screening (HTS) of
a large chemical library (174,118 compounds) with the
H2S-selective fluorescent probe, HSip-1, which discovered
compound 3 presented very high selectivity for 3MST over
other H2S/sulfane sulfur-producing enzymes and rhodanese
[66]. This study provides these compounds as useful chemi-
cal tools for investigating the physiological roles of 3MST.

5. H2S Measurements

5.1. Spectrophotometric Method. The principle of spectropho-
tometric method of H2S depends on the formation of
methylene blue. H2S is chemiadsorbed by zinc acetate and
transformed into stable zinc sulfide. The sulfide is recov-
ered by extraction with water. In contact with an oxidizing
agent such as ferric chloride in a strongly acid solution, it
reacts with the N,N-dimethyl-p-phenylenediammonium

Table 3: H2S-releasing compounds used in basic scientific researches.

Compounds Constituents Effects on research fields

SAC S-allylcysteine Protection on cardiovascular and neural systems

SPRC S-propargyl-cysteine
Anticancer, anti-inflammation, and antihypoxic/ischemia and impairs

cognition and Aβ-induced neuronal damage

GYY4137
Morpholin-4-ium-4-methoxyphenyl
(morpholino) phosphinodithioate

Antagonizes endotoxic shock though anti-inflammatory effects

ACS-6 A H2S-donating sildenafil Inhibits superoxide formation and gp91phox expression in porcine PAECs

ACS-14 A H2S-releasing aspirin
Regulates redox imbalance, such as GSH formation, HO-1 promoter activity,

and isoprostane suppression

ACS-15 A H2S-releasing derivative of diclofenac Arthritis

ACS-67 A H2S-releasing derivative of latanoprost acid Glaucoma; retinal ischemia

ATB-284 A H2S-releasing derivative of trimebutine Irritable bowel syndrome

ATB-337 A H2S-releasing derivative of diclofenac Gastrointestinal damage induced by NSAIDs

ATB-346 A H2S-releasing derivative of naproxen Acute and chronic joint pain

ATB-429 A H2S-releasing derivative of mesalamine
Inflammatory bowel disease and antinociceptive and anti-inflammatory

effects

IK 1001 Calcium-cross-linked alginate polymer
Suspended animation, multiple hypoxic/ischemic conditions, cardiac

remodeling, and congestive heart failure

S-allyl-L-cysteine (SPAC)

COOH

NH2

S

S-propyl-L-cysteine (SPC)

COOH
S

NH2 NH2

S
COOH

S-propargyl-L-cysteine (SPRC)

Figure 3: The chemical structures of SAC, SPC, and SPRC.

7Oxidative Medicine and Cellular Longevity



(NNDPD) ion to yield methylene blue (C16H18N3SCl). The
equation is shown in Figure 4:

The methylene blue method has been designed to a
different protocol. A common method is adding NNDPD
and ferric chloride to the plasma or homogenized tissue
and then developing color and colorimetric estimating
immediately. Owing to the volatile character of H2S,
researchers modify the protocol, like using a filter paper
to augment the contact surface and prolong the contact
time [67, 68]. Based on published papers and previous
experience, our lab revised the assay for H2S by placing
a sample in an airtight vessel with a central tube. The cen-
tral tube contains a filter paper wick saturated with zinc
acetate. The purpose of the filter paper wick is for trap-
ping H2S to zinc sulfide. The reactions are initiated by
mixing of strong acid with the sample, which sulfide is
driven out and adsorbed onto the wick. The driving time
is usually 30–120 minutes which is modified based on
lab condition and optimization in the sorts of samples.
Reactions are stopped by injecting 0.5% trichloroacetic
acid (TCA). After gas evolution and wick absorption, the
sulfide in the central tube reacts with NNDPD in present
of Fe2+ ion. The absorbance of the resulting solution at
670nm was measured with a microplate reader. This
method was improved by Ishigami et al. through the
release of H2S from acid-labile sulfur using acids as an
artifact, which leads H2S absorbed immediately and stored
as bound sulfur [24].

This colorimetric method is not only widely used on the
determination of H2S on serum in animal experiment but
also widely used on the activity of CSE/CBS enzyme on tis-
sues or cells. The concentrations of H2S are reflected on the
different shades of color of methylene blue and calculated
by the plotting H2S standard curve.

Two points need to be made. Firstly, most researchers’
assay H2S using the spectrophotometric assay involves
acidifying zinc acetate-treated (to “trap” free H2S) biologi-
cal samples in the presence of a dye and observing a color
change. This assay actually measures total sulfide and not
the gas H2S. Secondly, H2S is either broken down rapidly
in the body by enzymes, sequestered by binding to hemo-
globin, or can react chemically with a number of species
abundant in tissues, including superoxide radical [69],
hydrogen peroxide [67], peroxynitrite [70], and/or hypo-
chlorite [71]. All in all, making reasonably accurate mea-
surements of such an evanescent and reactive gas in
biological tissues is difficult. Indeed, the chemical nature
of gases such as H2S, NO, and CO might render it

nonsensical even to try and measure them in body fluids
or tissues.

5.2. Sulfide Ion-Selective Electrode. A sulfide ion-selective
electrode (SISE) is immersed in an aqueous solution contain-
ing the ions to be measured, together with a separate, external
reference electrode. The electrochemical circuit is completed
by connecting the electrodes to a sensitive millivoltmeter
using special low-noise cables and connectors. A potential
difference is developed across the SISE membrane when the
sulfide ions diffuse through from the high concentration side
to the lower concentration side.

At equilibrium, the membrane potential is mainly
dependent on the concentration of the target ion outside
the membrane and is described by the Nernst equation.
Briefly, the measured voltage is proportional to the loga-
rithm of the concentration, and the sensitivity of the elec-
trode is expressed as the electrode slope in millivolts per
decade of concentration. Thus, the electrodes can be cali-
brated by measuring the voltage in sulfide standard solution.
Testing samples can then be determined by measuring the
voltage and plotting the result on the calibration graph.
The use of sulfide ion-selective electrode suffers from precip-
itation of metal sulfide, for example, sliver sulfide (Ag2S)
from the filling solution on the electrodes.

Reproducibility is limited by factors such as temperature
fluctuations, drift, and noise. The electrode can be used at
temperatures from 0 to 100°C and only used intermittently
at temperatures above 80°C. Interfering ions, like mercury,
must be absent from all sulfide sample. In aqueous solution,
H2S is dissolved into HS− and S2−. In acid solution, sulfide
is chiefly in the form of H2S, while in the intermediate pH
range (up to approximately pH12), almost all the sulfide is
in the form HS−. Only in very basic does the sulfide exist pri-
marily as free ion (S2−). The SISE from Thermo Scientific
supplies sulfide antioxidant buffer could maintain a fixed
level of H2S.

Nevertheless, the alkaline condition of antioxidant buffer
is regarded as an influencing factor to SISE measurements in
plasma. Initially, mixing samples to antioxidant buffer is
reported to generate protein desulfuration and artificially
increased sulfide values [72]. It is also observed that placing
5% bovine serum albumin into antioxidant buffer leads to a
surging reading of total sulfide measured by SISE in the first
20 minutes and following slow accumulation in 3 hours [73].

5.3. Fluorescent Probe Assays. Currently, there are more and
more labs that choose to use fluorescent probes to assay the

2

N

N

N

S N

(NNDPD)

NH2
+H2S + 6FeCl3

(C16H18N18N3S−)

+6FeCl2 + NH4Cl + 4HCl

Figure 4: The equation of spectrophotometric method of H2S.
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concentrations of real-time H2S, sensitively, selectively, and
biologically compatible. There are 3 types of fluorescent
probes for H2S detections: reduction-based, nucleophilic-
based, and metal sulfide-based.

Reaction-based fluorescent probes for H2S detection are
designed based on the reducing ability of H2S [74]. The firstly
developed fluorescent probes by Lippert and colleagues were
probes SF1 and SF2 based on the H2S-mediated reduction
from an aryl azide to an aryl amine [75]. After adding NaHS
for 1 hour, probes SF1 and SF2 detected 7- and 9-fold fluores-
cent increase, respectively. Probes SF4–7 were improved by
the same lab with enhanced sensitivity and cellular retention
[76]. The group of Peng and colleagues simultaneously
reported another fluorescent probe DNS-Az through the
reduction of a sulfonyl azide to a sulfonamide with faster
kinetics than aryl azide reduction but less adaption [77].
Later, various fluorophores were developed for H2S measure-
ment with different colors and targeting specific organelles.
Fluorescent probes SHS-M1 and SHS-M2 were reported by
Bae et al. to detect mitochondrial moiety by incorporating
triphenylphosphonium group [78]. SulpHensor by Yang
et al. was designed to detect lysosome moiety due to the mor-
pholine group [79]. AzMC was reported by Thorson et al. to
screen CBS based on coumarin [80]. Other functional groups
that can be reduced by H2S were utilized in the design of fluo-
rescent probes, like nitro group. Montoya and Pluth reported
the fluorescent probe HSN-1, which incorporates a nitro
group into the 1,8-naphthalimide scaffold, but with greater
thiol cross-reactivity than azide probes [81]. This weakness
was attenuated by Wang et al. that increased electron-rich
aromatic system on the nitro-based probe [82]. The concept
of H2S-mediated reduction was extended to other fluoro-
phore scaffolds by several laboratories [83–85].

Nucleophilic-based fluorescent probe for H2S detection is
designed based on the strong nucleophilic HS− hydrolyzed
fromH2S at physiological pH (pH=7.4) [86]. Qian et al. used
this concept to develop fluorescent probes, SFP-1 and SFP-2,
which allowed fluorescence switching via HS− addition to
aldehyde and underwent an intermolecular Michael addition
to unsaturated acrylate ester to form a thioacetal, producing
stable tetrahydrothiophene with strong fluorescence [87].
Qian et al. designed the probes with an aldehyde group ortho
to an α,β-unsaturated acrylate methyl ester on an aryl ring,
which trapped H2S and modulated a fluorescence response
through decreased photoinduced electron transfer (PET)
quenching of the product [87]. Disulfide bond cleaved by
H2S was utilized by Liu et al. and Peng et al. to develop
WSP1–5, which persulfide group, like 2-thiopyridine, intra-
molecular nucleophilic attacked on the ester moiety to release
great fluorophore [88, 89]. 50–500μMH2S in bovine plasma
and 250μM H2S in cells could be detected by this probe.
Reversible nucleophilic addition was exploited by Chen
et al., as CouMC, to track real-time H2S fluxes due to fast
and potentially reversible fluorescence [90].

Metal sulfide-based fluorescent probe for H2S detection is
based on the phenomenon that heavy metal ions such as Fe3+

and Cu2+ quench the fluorescence of a nearby fluorophore
[91]. Zinc sulfide complex was utilized to design a selective
fluorescent probe of H2S by Galardon et al. by releasing a

coumarin dye [92]. Choi chose copper sulfide precipitation
to design the fluorescent sulfide sensor [93]. Later, Sasakura
et al. developed it to HSip-1, which possessed a cyclen macro-
cycle with fluorescein and binds Cu2+ to release unbound
cyclen-AF, displaying greater fluorescence [94]. The measur-
ing range of this probe for sulfide could be 10–100μM. Hou
et al. improved the copper-containing probe to a lower detec-
tion limit of 1.7μM [95]. Another strength of metal
precipitation-based probes is that they respond to turn on
within seconds, allowing the real-time H2S detection [96].
Researchers may choose one of these fluorescent probes
depended on their facilities, reagents, targeted organelles,
and sensitivity ranges.

5.4. Other Analyzing Methods. Carbon nanotube (CNT) was
introduced by Wu et al. for measuring low-concentration
and nanoquantity H2S [97, 98]. One of the benefits of unfuc-
tionalized CNT in analyzing H2S is due to the special bond
with H2S, but other proteins kept in serum. H2S concentra-
tions are reflected by the intensity of the fluorescence of the
unfuctionalized CNT, due to the two values in a linear rela-
tionship. The lowest H2S concentration that can be tested is
20μM and smallest quantity of H2S is 0.5μg. The series of
experiments are trying to establish a new sensor to measure
micro- or nanoquantity H2S, comprising unfuctionalized
CNT as a transducer and LSM fluorescence as a signal acqui-
sition modality.

Polarography is a voltammetric measurement which
makes use of the dropping mercury electrode or the static
mercury drop electrode. The value of diffusion current
depends on the speed of electroactive material (samples) dif-
fusing to dropping mercury electrode. This principle contrib-
utes to the measurement of the concentration of analytes.
Polarography is well known for the application of quantita-
tive measurements of O2 (polarographic oxygen sensor,
POS) and NO (polarographic nitric oxide sensor, PNOS).
By recent years of the appreciation of the third gasotransmit-
ter, H2S, several analytical methods are utilized, including
polarography. A novel polarographic hydrogen sulfide sensor
(PHSS) has been developed for the study of H2S-producing
rates and consumption in mammalian tissues, with resolu-
tion of 10 nM [99]. The polarographic sulfide sensor is also
applied to the investigation of kinetics of sulfide metabolism
in organisms living in sulfide-rich environment [100]. PHSS
permits direct and simultaneous measurement of H2S gas in
biological fluids without sample preparation. PHSS has pro-
vided an alternative method for sulfide measurement.

Gas chromatography is a recent method described by
Levitt et al. as a unique chemiluminescence-based technique
to measure free and acid-labile H2S in multiple tissues from
mouse [101]. The tissues were first submerged in 50mM
glycine-NaOH buffer (pH9.3) and homogenized. The
homogenates were then transferred to syringes, which were
sealed and flushed with N2. The homogenate in alkaline
extraction turns to acidification to pH5.8 by adding sodium
hydrogen phosphate solution (pH5.5). After vigorous mix-
ture, the gas space was removed to gas chromatography to
analyze free H2S concentration. Next, adding 50% trichloro-
acetic acid to the syringe, the gas was collected to test the
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acid-labile H2S concentration. The flow rate of N2 was 25ml/
min. The concentration of H2S was calculated by the plotting
H2S standard curve.

High-performance liquid chromatography (HPLC) is
used to separate the sulfide mixture. Togawa et al. reported
that using monobromobimane (MBB) with dithiothreitol
(DTT) reacted with bound sulfide to produce sulfide dibi-
mane, which is separated from MBB by HPLC and detected
by its fluorescent probes [102]. Recently, MBB assay without
DTT was used to measure available H2S in rat blood [103]
and mouse plasma [104]. The ranges or limits of H2S mea-
surements are in Figure 5.

6. H2S in Inflammation

Inflammation is an immune response to an injury or harmful
stimuli, in order to self-protect the body from avoiding path-
ogen assaults and initiating healing process. However, the
adaptive immune system fails to counter invading agents will
turn to target host tissues, making deeply more serious dam-
age. H2S regulating inflammation and injury was initially
contradictory, but in recent years, more studies supported
that H2S inhibited the process of inflammation, except at
high concentration [105]. This mediator possibly exerts its
anti-inflammatory effects through reduction of leukocyte-
endothelial cell adhesion [106], action on ATP-sensitive K+

channels [107], scavenging of toxic free radicals [108], eleva-
tion of cyclic AMP and/or cyclic GMP [70, 71], and inhibi-
tion of nuclear factor-κB (NF-κB) and proinflammatory
cytokines (e.g., COX-2 [109], iNOS [110], and interleukin-
(IL-) 1β, IL-6 [111]).

Various diseases could be found inflammatory response,
like atherosclerosis, ischemia-reperfusion, and colitis. Con-
tributing to anti-inflammatory molecular mechanisms of this
novel gasotransmitter, it is not surprising that H2S may par-
ticipate in the process of resolution of a variety of inflamma-
tory diseases. In atherosclerosis, H2S exerts its potent
inhibitor of leukocyte adherence to vascular endothelium

[112]. Meanwhile, the generation of reactive oxygen species
(ROS), activation of NF-κB, increased expressions of cell
adhesion cytokines, and induction of apoptosis, which were
all regarded as the key promoters of pathology, were all found
suppressed by H2S [112, 113]. These mechanisms of action
described for H2S may explain that H2S can diminish the pla-
ques in arteries and attenuate the atherosclerotic injury, sug-
gesting the character of anti-inflammation of H2S is a benefit
for the vascular protection.

Ischemia-reperfusion (I/R) is identified as an acute
endogenous inflammatory response that characterizes release
of toxic free radicals, leucocyte-endothelial cell adhesion, and
platelet-leucocyte aggregation [114]. In porcine myocardial I/
R model, therapeutic sulfide improved myocardial function
and diminished infarct size though decreased levels of
inflammatory cytokines (IL-6, IL-8, and TNF-α), reduced left
ventricular pressure, and improved coronary microvascular
reactivity [115]. A similar tissue protection of H2S was also
found in hepatic I/R injury by inhibition of inflammation
(lipid peroxidation, IL-10, ICAM-1, and TNF-α) and apopto-
sis (caspase-3, Fas, and Fas ligand) [116]. Another study sug-
gested that the cardioprotective effects of H2S may be
mediated by opening the mitochondrial KATP channel and
second window of protection caused by endotoxin [117].

Colitis is a one form of gastrointestinal inflammation and
ulceration. Administration of H2S-generating agents or pre-
cursor for H2S synthesis, L-cysteine, has been shown to sig-
nificantly accelerate ulcer healing [118, 119]. This ability of
H2S to enhance gastrointestinal resistance attracts investiga-
tors to exploit novel treatments of gastrointestinal injury and
inflammation, like H2S-releasing derivative of NSAIDs to
reduce the adverse drug reaction of NASIDs, retarding gas-
trointestinal ulcer healing [120]. Evidence of H2S in resolu-
tion of colitis in rats or mice studies showed that
administration of H2S donor significantly inhibited the
severity of colitis with marked reduction of granulocyte infil-
tration into colonic tissue. In inflamed colon, H2S production
was highly increased via CSE, CBS, or other enzymatic

Polarographic hydrogen sulfide sensor

Improved gas chromatography

HPLC

Fluorescent probes

Carbon nanotube 

Sulfide ion-selective electrode

Methylene blue method

10 nM 

15 nM 

0.7−1.7 �휇M

20 �휇M 

34−75 �휇M

8−301 �휇M
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�휇M

Suggested measuring assay Range/limit

1−100 �휇M

Figure 5: The ranges or limits of H2S measurements.
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pathways [121, 122]. Once H2S synthesis was inhibited, the
colitis tended to worsen the inflammation with thickening
of the smooth muscle, perforation of bowel wall, and even
death [110].

7. H2S in Redox Status

7.1. H2S Direct Effects on Toxic Free Radicals. In a weak acid,
H2S dissociates in equilibrium with hydrosulfide anion
(HS−) and sulfide anion (S2−). Under physiological condi-
tions, the amounts of H2S and HS− are early equal within
the cell, whereas extracellular fluid and plasma exist
approximately the ratio of 20% H2S, 80% HS−, and 0%
S2−. HS− is a potent one-electron reductant that eliminates
free radicals by donating single electron. Hydrogen disul-
fide (H2S2), a kind of hydrogen polysulfide (H2Sn), is the
production of oxidation of HS− by two-electron oxidants,
like hypochlorous acid [123] and hydrogen peroxide
[124]. Additionally, the chemical interaction between H2S
and NO also produced H2Sn by activating transient recep-
tor potential ankyrin 1 (TRPA1) channels [36]. H2S2, a
highly reactive oxidizing chemical, generates H2S by react-
ing with thiol [125] or disproportionation [123, 126]. H2S2
and H2S3 were reported to generate redox regulators Cys-
SSH and GSSH via 3MST in the brain of wild-type mice
but not in those of 3MST-KO mice [34, 35, 127, 128].

H2S is considered as an endogenous reducing agent
which is produced in response to oxidative stress [129,
130]. Evidence showed that H2S is a highly reactive molecule
and may easily react with other compounds, especially with
reactive oxygen and nitrogen species. H2S reacts with at least
four different ROS: superoxide radical anion [69], hydrogen
peroxide [67], peroxynitrite [70], and hypochlorite [71]. All
these compounds are highly reactive, and their reactions with
H2S result in the protection of proteins and lipids against
RNS/RNS-mediated damage [70, 71] and myocardial injury
induced by homocysteine in rats [131].

7.2. H2S Protects Mitochondria against Oxidative Stress.
Mitochondrial injury is an important source of reactive
oxygen species (ROS), which is involved in a range of pathol-
ogies, such as ischemia-reperfusion, atherosclerosis, and
toxin exposure [132]. Under oxidative stress conditions,
mitochondria will show unstable mitochondrial membrane
potential (ΔΨm), redox transitions, and negative changes in
the mitochondrial permeability transition (MPT) pore and
the inner membrane anion channel (IMAC) [133]. Our lab
found that H2S can reduce the H2O2-induced injury in
HUVECs via increasing ATP production, saving mitochon-
drial ultrastructure, stabilizing mitochondrial membrane
intact, decreasing ROS and MDA, and rising antioxidants.
The same situation was also unveiled in H2O2-stimulated iso-
lated rabbit aorta that H2S ameliorated mitochondrial
dysfunction through improving O2 consumption and ATP
production, protecting mitochondrial respiration chain com-
plexes activities and matrix enzymes, decreasing mitochon-
drial membrane permeability, and inhibiting mitochondrial
ROS levels. These effects of H2S indicated that the antioxida-
tive ability of H2S is through increasing antioxidants and

prohibiting ROS levels and also preserving mitochondrial
function to reduce the production of toxic free radicals.

8. H2S in Cardiovascular System

8.1. Hypertension. Before identified as the third gasotrans-
mitter, H2S has been speculated to regulate an array of phys-
iological processes in regulating cardiovascular functions,
distinctive from its toxicological effect. A great number of
studies have been carried on investigation of the modulating
of blood pressure by exogenous and endogenous H2S. Early
at the end of the last century, it is first reported that H2S
relaxes the contracted smooth muscles (SM) induced by
1μM norepinephrine in rat thoracic aorta and portal vein
[134]. The relaxations in these tested aortas and veins present
a NaHS dose-dependent manner, but the potency of relaxa-
tion by exogenous H2S in the thoracic aorta is less than the
portal vein, even by 10−3M NaHS, which are around 25%
and 90%, respectively. The data also showed that the relaxa-
tion effects of H2S and NO can be enhanced by each other.
30μM NaHS can augment the loosening effect of NO by up
to 13-fold. Thus, endogenous cysteine and glutathione do
not have synergistic effect with NO. Subsequently, the vasor-
elaxant effect of H2S was found in vivo of SD rats, ex vivo of
aortic rings, and in vitro at rat aortic smooth muscle cells
[15], which was a literature that first demonstrated the
underlying mechanism of vasorelaxation, a consequence of
opening KATP

+ channels. Interestingly, it has been found that
H2S induces endothelium-dependent vasorelaxation with
many common mechanistic traits of hyperpolarizing factor
[135]. CSE knockout mice lacked the methacholine-induced
endothelium-dependent vasorelaxation in mesenteric arter-
ies and showed higher resting membrane potential of SMCs,
while hyperpolarization of SMCs induced by methacholine
was observed in endothelium-intact mesenteric arteries at
wild-type mice [136]. Administration of exogenous H2S
hyperpolarized both SMCs and vascular endothelial cells
in wild-type and CSE knockout mice [136]. Removal of
functional endothelium attenuated vasorelaxation of rat
aorta [137] and rat mesenteric artery [138]. It appears that
vasorelaxation of H2S is induced on both SMCs and
endothelial cells, instead of previous research discussions
mainly focusing on SMCs.

A multitude of H2S-induced vasodilation studies have
investigated the activation of KATP

+ channels. One possible
mechanism involved in the activation of KATP

+ channels by
H2S was opening KATP

+ channels and increasing K+ currents
resulted in hyperpolarizing membrane of smooth muscle
cells [139]. The explanation of the opening of KATP

+ channels
by H2S was that cysteines on KATP

+ channels of SMCs were
S-sulfhydrated, leading to hyperpolarization [140]. Cys43 of
the inwardly rectifier (Kir) potassium channels subunit Kir
6.1 was sulfhydrated by NaHS, eliciting the binding to phos-
pholipid phosphatidylinositol (4,5)-bisphosphate (PIP2)
together with decreased association of ATP [140]. Addition-
ally, the vasodilation effect of H2S was inhibited significantly
by either using a calcium-free bath solution or with the nor-
mal bath solution, but in the presence of nifedipine, a
voltage-gated Ca2+ channel inhibitor, on aortic rings [8],
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indicates that the vascular effects of H2S are also likely medi-
ated by the attenuation of intracellular inward Ca2+ currents.
Not only H2S hyperpolarizes ion channels on blood vessels to
possess the relaxant effects but also endothelium generates
H2S by increasing catalytic activity of CSE through cal-
cium-calmodulin, indicating that the H2S formation may be
involved in vascular activation to reduce blood pressure
[141]. Moreover, H2S exerts cardioprotective effect by reliev-
ing vascular structural remodeling observed during hyper-
tension, including suppression of VSMC proliferation via
the activation of cardiac extracellular signal-regulated kinase
(ERK) and/or Akt pathway [137] and attenuation of collagen
accumulation through reduction of collagen type I level, [3H]
thymidine and [3H] proline incorporation, and [3H]
hydroxyproline secretion in the SHRs [142] and through
mitrogen-activated protein kinase (MAPK) pathway [143].
As endothelium-derived relaxing factors (EDRF), H2S and
NO have “cross-talk” on the calciummobilization [144], acti-
vation of eNOS [145–148], PI3K/Akt signaling [145], soluble
guanylate cyclase (sGC) [145, 149], and cGMP [150, 151].
However, whether NO is directly involved in the antihyper-
tensive effects of H2S has to be further investigated by a NO
deficiency model induced to hypertension and treated by
sulfide-rich compounds.

8.2. Atherosclerosis. Atherosclerosis is a chronic and slowly
progressive cardiovascular disease that affects arterial blood
vessels by thickening and hardening as consequences of the
high plasma cholesterol concentrations, especially choles-
terol in low-density lipoprotein [152]. Cholesterol deposi-
tion, lipid oxidization, cell adhesion, vascular inflammation,
foam cell accumulation, smooth muscle cell migration, and
plaque calcification are involved in different stages of the
pathological process [153]. The cumulative plaques conse-
quentially narrow the arterial lumen and restrict blood sup-
ply. Severe atherosclerotic lesions are the high risk factors
of ischemic diseases such as stroke and heart attack [154].

Recent years, H2S draws attentions from researchers by
its cardiovascular protective effects, while there are not
many studies on its effects on the progress of atherosclero-
sis. Fortunately, increasing evidence has indicated that H2S
plays a potentially significant role in a number of biologi-
cal processes and potential cardiovascular protections,
which suggest that H2S may contribute to the inhibition
of pathogenesis of atherosclerosis. First, H2S shows inhib-
itory effects on the development of atherogenesis, such as
oxidative stress, modificated oxidation of LDL, cell adhe-
sion, and calcification. In vascular smooth muscle cells
(SMCs), low levels of NaHS (30 or 50μM), a donor of
H2S, decrease toxic reactive oxygen species, including
H2O2

−, ONOO−, and O2
− [155]. At the same time, NaHS

also enhances the functions of antioxidative enzymes. In
addition, H2S inhibits atherogenic modification of LDL-
induced HOCl in vitro (such as oxidized LDL, shortened
as oxLDL). As a potent atherogenic agent, oxLDL particle
is an important product of atherogenic oxidation that
stimulates endothelial cells to express various adhesion
molecules for consequent inflammatory reactions and
formation of foam cells. Therefore, inhibition of oxLDL

by potential treatments of H2S implies that H2S may interfere
atherosclerotic progress [156]. Furthermore, H2S attenuates
atherosclerotic lesions by reducing cell adhesion molecules,
such as ICAM-1, involving the NF-κB pathway in vivo and
in vitro [112]. Adhesion molecules are the significant causes
to promote bindings between monocytes and T lymphocytes
to endothelial cells, which will lead to sequential inflamma-
tion and advanced process. Reduced expressions of adhesion
molecules prohibit monocytes migration and later inflamma-
tion, which may also benefit in ameliorate atherosclerotic
lesions. Lastly, calcification, presented in the advanced pro-
cess of atherosclerosis, is a potent factor of plaque stability.
There was a study that found the link between H2S and
plaque calcification [157]. In calcified arteries, H2S level,
CSE activity, and CSE mRNA were downregulated, while
after administration of H2S, a dose response was shown
in the decreased vascular calcium content, Ca2+ accumula-
tion, alkaline phosphatase (ALP) activity, and aortic osteo-
pontin (OPN) mRNA. These changes speculated the effect
on atherogenesis of H2S might be induced by suppressing
vessel calcification.

Second, H2S possesses vascular protective capacities
from inhibition of proliferation of vascular cells, such as
intima and SMCs, and angiosteosis. It has been demon-
strated that H2S suppresses neointima hyperplasia on rat
carotid after balloon injury [158]. In another balloon-
injured artery experiment, NaHS (30μmol/kg bodyweight)
enhances methacholine-induced vasorelaxation and signifi-
cantly ameliorates neointimal lesion formation. Addition-
ally, evidences are also pointing to the fact that H2S
relieves apoptosis and proliferation of SMCs [159]. SMCs
migrate from the medial layer into the subendothelial
space where they may proliferate, ingest modified lipopro-
teins, secrete extracellular matrix proteins, and contribute
to lesion development. The suppression of proliferation of
SMCs by H2S can restrict atherosclerotic damages. Moreover,
H2S prevents the process of angiosteosis [143, 160, 161].
Angiosteosis, ossification or calcification of a vessel, is an
advanced change in the pathology of atherosclerosis. Its
development leads to the narrowing of the caliber of an
artery, stimulates thrombosis, or even worse generates the
abruption of unstable plaques. Vascular calcifications
induced by vitamin D3 and nicotine in rats are ameliorated
by exogenous H2S. The responses after administration of
H2S show the decreased calcium concentration in vessels,
reduced expressions of angiosteosis, and accompanied acidic
phosphatese and osteopontin.

Third, H2S alleviates the vascular damage induced by an
established risk factor, for instance, homocysteine. Homocys-
teine is an amino acid, biosynthesized from methionine and
converted into cysteine and sulfur. Augmented levels of
homocysteine in plasma, termed hyperhomocysteinemia,
are considered as a high risk factor of atherogenesis. Early
plaque development in apolipoprotein E-deficient mice, a
knockout genetic model of atherosclerosis by 8 weeks high-
cholesterol diet intake, could be enhanced by dietary supple-
mentation with methionine or homocysteine [162]. A
research shows that low concentrations of NaHS (30 or
50μM), a H2S donor, potentiates cell viability of rat aortic

12 Oxidative Medicine and Cellular Longevity



SMCs by abating cytotoxicity and reactive oxygen species
stimulated by hyperhomocysteinemia [163].

Although atherosclerosis is a chronic, systemic disease
with multifactors involved in its initiation and progression,
previous studies have shown that the specific characteristics
and functions of H2S may contribute to the inhibition of ath-
erogenesis. The multiaspect recognitions of cardiovascular
protective effects of H2S provide a new avenue of antagonism
towards this complicated cardiovascular disease.

8.3. Myocardial Injury. Plenty of work have documented that
the CSE/H2S pathway participates in the regulation of cardi-
oprotective effects [155]. Administration of exogenous H2S
reduces “infarct-like”myocardial necrosis induced by isopro-
terenol in the rat [67, 164, 165]. This protection is accompa-
nied with the reduced concentrations of H2S in myocardium
and plasma, decreased CSE protein activity, and upregulated
CSE gene expression in myocardium [67]. NaHS attenuates
the myocardial ischemic injury by evidences of reduced mor-
tality and shrunk infarct size in vivo of rat and recovered
SMC viability induced by hypoxia [67]. Further study dis-
covers that 14μmol/kg/d NaHS improves ECG and blood
pressure and diminishes infarct size, as well as the greater
survivin expression [165].

Oxidative stress injury is an important mechanism of
myocardial injury. Direct or indirect antioxidative effects will
lead to cardioprotection from myocardial ischemia. The data
in above literature reveal that NaHS may antagonize MDA
production in vitro of myocytes by oxygen free radicals or
directly react with hydrogen peroxide and superoxide anions
[166]. Another experiment also proves that H2S provided
profound protection against ischemic injury by significant
decreases in infarct size, circulating troponin I levels, and oxi-
dative stress [67]. The protections by Na2S in early and late
preconditioning are all though stimulating the increased
antioxidants, which could be itemized to the elevated Nrf2
in early stage and increased expressions of heme oxygenase-
1 and thioredoxin 1 in late preconditioning. The antioxidant
effect of H2S is also embodied in the preservation of mito-
chondrial functions and ultrastructure by Na2S after myocar-
dial ischemia-reperfusion (MI-R) injury [167]. These
observations have been recently confirmed by cysteine ana-
logues, SAC, SPC, and SPRC [168, 169]. The activities of
superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx), and glutathione redox status are preserved
by cysteine analogues. The mitochondrial ultrastructure of
cysteine analogues treatments appeared more normal than
MI vehicle group. These evidences demonstrate the CSE/
H2S pathway is involved in reducing the deleterious effects
of oxidative stress.

Furthermore, recent discoveries indicate the observed
protection of H2S is related to regulate leukocyte adhesion
and leukocyte-mediated inflammation, increase anti-
inflammatory cytokines, and reduce several proinflamma-
tory cytokines [169]. The anti-inflammatory effect of H2S is
reflected in amplification of heat shock protein (HSP) 70,
HSP 90, and cyclooxygenase-2 [115] and reduction of MPO
activity [167], nuclear factor-κB (NF-κB), and interleukin
(IL)-6, IL-8, and tumor necrosis factor-alpha (TNF-α)

[167]. The cardioprotection of H2S is associated with inhibi-
tion of cardiomyocyte apoptosis after myocardial injury. H2S
amplifies antiapoptosis proteins (Bcl-2, Bcl-xL) and inacti-
vates proapoptogen (Bad) [115]. It is also suggested that
H2S ameliorates cardiomyocyte apoptosis after MI-R injury
in vitro and in vivo, significant abatement of caspase-3 activ-
ity, and declining of the number of TUNEL positive nuclei,
respectively [167].

Finally, multiple studies have elucidated a protective
effect of KATP channel activators in myocardial MI-R injury
[168]. By virtue of the relaxant effect of H2S as an opener of
KATP channels, it is easy to hypothesize that H2S protects
myocardial cells against ischemic injury. In the isolated
Langendorff-perfused rat hearts, administrations of NaHS
result in a dose-dependent limitation of infarct size induced
by left coronary artery ligation and reperfusion, while this
protective effect is abolished by KATP channel blockers
[170]. There is a report that H2S preconditioning presents
cardioprotective effects against ischemia though signaling
pathways of KATP/PKC/ERK1/2 and PI3K/Akt [171].
Researchers may investigate additional molecular mecha-
nisms to explain this ischemic injury in hearts not limited
on stereotyped mechanisms, such as oxidative stress or
potassium channels.

8.4. H2S in Angiogenesis. The term “angiogenesis” is referred
to the physiological process of blood vessel growth or vessel
sprouting [172]. Blood vessel growth can benefit for deliver-
ing nutrients and waste and supplying immune surveillance
[172]. Insufficient vessel growth has been linked to stroke,
myocardial infarction, ulcerative disorders, hair loss, pre-
eclampsia, and neurodegeneration [173]. Embryonic devel-
opment, menstrual cycle, hypoxia, inflammation, and tumor
will stimulate angiogenic signals, such as vascular endothelial
growth factor (VEGF), angiopoietin-2 (ANG-2), and fibro-
blast growth factors (FGFs) to sprout new endothelial cells
and pericytes or vascular smooth muscle cells [173, 174].

H2S has been displayed as an important regulator of
angiogenesis through promoting endothelial proliferation,
migration, and formations of tub-like structure and networks.
Administration of H2S increased proliferation and migration
in bEnd3 microvascular endothelial cells and recovered
microvessel sprouting in rat aortic rings of silencing CSE
[145]. We discovered that SPRC, as a H2S donor, enhanced
HUVEC cell proliferation, adhesion, migration, and tube for-
mation as well as the same effects in the rat aortic ring and
Matrigel plugmodels [175]. In vivo studies ofmouse hindlimb
ischemia and rat myocardial ischemia provided additional
evidence that SPRC ameliorated ischemic insults through
augmenting angiogenesis [175]. Considering H2S and NO
share angiogenic effects, we synthesized H2S-NO hybrid mol-
ecule, named ZYZ-803, to slowly release H2S and NO [176].
As expected, ZYZ-803 presented significantly greater potency
of angiogenesis than H2S and NO alone [176]. Besides CSE-
mediated effects, some studies showed that RNAi-
mediated silencing CBS leads to a 40–50% decrease in
HUVEC proliferation and 30% decrease in tube length
on Matrigel [177]. Using AOAA, the CBS inhibitor devel-
oped a dose-dependent decrease of HUVEC proliferation

13Oxidative Medicine and Cellular Longevity



rate, indicating that CBS is also involved in mitogenic
effects of H2S [177]. Supplying 3MP, the 3MST substrate,
facilitated wound healing and reserved mitochondrial
functions which were associated with greater proliferation
rates, proven by silencing 3MST to inhibit ECs growth
and migration rates [178]. Taken together, H2S may be a
potential proangiogenic agent, which is independent of
the three synthesizing enzymes.

To determine how H2S regulates endothelial functions,
most studies focused on theVEGF (also called as vascular per-
meability factor, VPF) signaling, which is the arguably crucial
pathway in angiogenic responses both under healthy and
pathophysiological circumstances [173, 179]. Silencing CSE
and CSE inhibitor PAG reduced vessel length and branching
stimulated by VEGF [145, 180]. Meanwhile, incubation of
VEGF in HUVECs resulted in higher H2S synthesis and level
[180]. Additionally, H2S presented as an endogenous stimula-
tor of angiogenesis by increasing the activation of Akt, ERK,
and p38, which are the downstreams of VEGF signaling
[180]. Administration of glibenclamide, the KATP channel
blocker, reduced H2S-induced endothelial cells motility and
prohibited H2S-triggered activation of p38, indicating KATP
channel was one of the H2S targets and may locate at
upstream of p38 in this motility process [180]. We first devel-
oped SPRC as the H2S donor which activated and interacted
with signal transducer and activator of transcription 3
(STAT3) to induce angiogenesis in vitro and in vivo [175].
We also discovered that ZYZ-803, releasing H2S andNO, reg-
ulates angiogenesis through SIRT1/VEGF/cGMP pathway
[176]. However, how the STAT3 links to Akt signaling,
ERK/p38, and KATP channel still needs further investigations.

9. Conclusion and Perspectives

Over the last few decades, there are significant progress
achieved in delineating the therapeutic potentials and
molecular mechanisms underlying the actions of H2S on
cardiovascular diseases [181], seen in Figure 6. The evidences

elaborated above indicate that H2S derived from CSE, CBS,
3MST/AAT, or DAO reduces blood pressure, inhibits ath-
erosclerotic progress, alleviates infarct myocardial injuries,
and stimulates the angiogenic properties on endothelium.
Therefore, several chemicals have been developed to test
the therapeutical potentials for further drug development in
human. In spite of compelling evidences in the literature
for the role of exogenous and endogenous and H2S in vessel
and myocardial protection, several questions regarding to
precise mechanisms and regulations of H2S in the context
of cardiovascular diseases need to be better understand. In
quiescent, growing, and maturing vessels, does the genera-
tion of H2S generated by different cell types have any interac-
tion and which one plays the major role? Is the H2S-mediated
inflammation different in high blood pressure, angiogenesis,
ischemic injury, and atherosclerosis? What is the exact man-
ner of cross-talk between the three gas neurotransmitters,
that is, NO, CO, and H2S? Interestingly, some studies showed
obvious discrepancy by suggesting vasoconstrictor effects of
H2S, instead of vasodilation actions. Further studies will be
required to determine whether this discrepancy is due to dose
of H2S, vascular response, oxygen tension, or experimental
models. Finally, the posttranslational level of H2S-producing
enzymes should be defined in the context of regulations and
activities. After these tremendous growths of preclinical stud-
ies, we expect the sulfide-containing compounds will apply to
clinics someday with considerable efficacy and safety.
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Bisphenol A (BPA)—an endocrine disruptor xenoestrogen—is widely spread in the environment. Lycopene (LYC) is an antioxidant
phytochemical carotenoid. The hereby study was designed to verify the deleterious effect of BPA on cyclic female rats’ hepatic tissue
as well as evaluation of the effect of LYC toward BPA hepatic perturbation. Twenty-eight female Wistar rats were allocated equally
into four groups: control group, LYC group (10mg/kg B.wt), BPA group (10mg/kg B.wt), and BPA+LYC group (the same doses as
former groups). The treatments were given daily via gavage to the rats for 30 days. The rats in BPA displayed high activities of
serum liver enzymes with low levels of total proteins (TP) and albumin. Moreover, BPA induced hepatic oxidative stress via
depletion of antioxidant enzymes concomitant with augmentation of lipid peroxidation, increased comet tail DNA %, and
overexpression of caspase-3. Meanwhile, LYC administration reduced the cytotoxic effects of BPA on hepatic tissue, through
improving the liver function biomarkers and oxidant-antioxidant state as well as DNA damage around the control values. These
findings were confirmed by hepatic histopathological examination. Finally, LYC credited to have a noticeable protective effect
versus BPA provoked oxidative injury and apoptosis of the liver tissue.

1. Introduction

Liver is the major organ in the body responsible for detoxifi-
cation and metabolism, resulting in the production of free
radicals, which are very reactive and unstable [1]. These
products are eliminated by antioxidants that are naturally
present in the tissue [2]. The imbalance between the free rad-
ical production and elimination leads to oxidative stress
which can cause hepatic damage [3].

Bisphenol A (BPA)—an endocrine disruptor—is a
monomer used in polycarbonate plastic industry and epoxy
resins that lines cans of preserved food and beverages [4]. It
can immigrate into food or water on heating [5]. Due to the
wide spreading of the usage of BPA in manufacture, both

animals and human are daily exposed to BPA hazardous
effects [6]. BPA is metabolized primarily in the liver [7]. It
has been reported that BPA can cause hepatic [8], renal [9],
cerebral [10], and other organs damage by producing reactive
oxygen species (ROS) [11]. Moreover, BPA lead to lipid per-
oxidation of the hepatic tissue by diminishing the endoge-
nous antioxidant defense mechanism in male rats [12].

Antioxidants are present naturally in the living cells as
superoxide dismutase, catalase, glutathione reductase, and
glutathione oxidase [13] or are available in food such as
carotenoids, polyphenols, and vitamins C and E [14]. There-
fore, there is a dietary trend recommending increased intake
of plant foods rich in antioxidants as an attempt to protect
from diseases [15].

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2018, Article ID 5167524, 8 pages
https://doi.org/10.1155/2018/5167524

http://orcid.org/0000-0002-4591-6069
http://orcid.org/0000-0001-8906-7970
https://doi.org/10.1155/2018/5167524


An interest has been aroused in utilizing natural products
isolated from plants against chemical compounds generating
tissue damage [16]. Lycopene (LYC) is a natural antioxidant
and free radical scavenger lipophilic carotenoid present in
food especially tomatoes giving it the red color [17]. LYC
supplementation had been tested for its ameliorative effect
against the harmful oxidative injury of tissues caused by envi-
ronmental toxicants [18, 19]. Additionally, it can retrieve the
peroxyl radicals, thus restraining lipid peroxidation pathway
[20]. In view of the aforesaid literatures, the exposure of
cyclic female rats to BPA has not been fully elucidated. Also,
there has been no model exploring the effect of lycopene on
BPA exposure; thus, the current study aimed at examining
whether LYC has a potential protective action against
BPA-induced hepatotoxicity in cyclic female rat model with
concern to biochemical, oxidative stress, and antioxidant
capacity in the liver tissue as well as histopathological alter-
ations, percent of DNA in comet tail, and hepatic caspase-3
protein contents.

2. Materials and Methods

2.1. Animals and Experimental Design. Twenty-eight female
Wistar rats weighing 94–100 g were bought from the Egyp-
tian Organization for Biological Products and Vaccines,
Helwan, Egypt. They were kept two weeks for accommoda-
tion prior to the onset of the experiment. Rats were kept in
wire-topped cages and housed in a ventilated room under
standardized housing conditions of natural light/dark
rhythm, temperature 25± 2°C, and humidity 48%± 2. Rats
were given ad libitum diet and drinking water. The design
of this experiment was approbated by the Research Ethical
Committee of Faculty of Veterinary Medicine, Suez Canal
University, Egypt. Rats were randomly allotted to four exper-
imental groups, seven rats each. The 1st group received corn
oil and considered as a control. The 2nd group was given
LYC (NOW FOODS Co., USA) at a dose of 10mg/kg B.wt
[17] daily via gavage. The 3rd group was given BPA
(Sigma-Aldrich Co., USA) at 10mg/kg B.wt [21] daily via
gavage. Finally, the 4th group was administrated both BPA
and LYC at the same doses of the 2nd and 3rd groups daily
via gavage. All treatments continued for 30 days.

2.2. Body and Liver Weights. Rats were weighed at the begin-
ning of the experiment and then weighed at the end of the
experiment. The body weight gain (B.wt.G) was calculated
by subtracting the initial from the final body weight
(F.B.wt). The relative liver weight was calculated as follows:
absolute liver weight at the end of experiment/F.B.wt× 100.

2.3. Serum and Tissue Sampling. At the end of the experi-
ment, female rats at luteal phase of estrous cycle (diestrus)
were anesthetized via diethyl ether inhalation. Blood samples
were collected from retroorbital venous plexus of the eye into
clean plain tubes and left for clot formation, and then, sera
were collected and stored at −20°C to evaluate immediate
the hepatic function biomarkers and lipid profile.

Thereafter, rats were immolated by cervical dislocation.
Liver, from each rat, was immediately enucleated, washed

out with buffer saline, blotted by filter paper, and then
weighed. A part of the liver from each rat was preserved
in 10% neutral formalin for the histopathological and
immunohistochemical investigations. The remaining parts
were divided into two parts and kept at −80°C. The first part
was used for liver tissue homogenate preparation to estimate
antioxidant enzymes, lipid peroxidation, and cytochrome
P450 reductase (CYPR450) assessments. The second part
was used for single-cell suspensions followed by comet
assay procedures.

2.4. Serum Biochemical Analysis

2.4.1. Hepatic Function Biomarker Assay. Serum alanine ami-
notransferase (ALT) and alkaline phosphatase (ALP) enzyme
activities were assayed as described previously by Reitman
and Frankel [22] and Tietz et al. [23]. Total protein (TP),
albumin (Alb), and gamma glutamyl transferase (GGT) were
estimated according to Gornall et al. [24], Westgard and
Poquette [25], and Szasz [26], respectively. All the previously
mentioned kits were purchased from DIACHEM Ltd. Co.,
Hungary.

2.4.2. Lipid Profile Assay. Lipid profile calorimetric kits were
purchased from Diamond diagnostic Co., Egypt. Serum
total cholesterol (TC) was determined by enzymatic method
as demonstrated by Allain et al. [27], and triglycerides (TGs)
were performed according to Fossati and Prencipe [28].
High-density lipoprotein cholesterol (HDL-c) and low-
density lipoprotein cholesterol (LDL-c) were determined as
described by Bachorik [29].

2.5. Antioxidants and Oxidative Stress Measurements

2.5.1. Preparation of Liver Homogenate. Liver tissues from
different experimental groups were homogenized in ice cold
100mM sodium phosphate-buffered saline (pH7.4) and cen-
trifuged at 5000 rpm for 30min; thereafter, the obtained
supernatants were kept at −80°C.

2.5.2. Hepatic Antioxidants and Lipid Peroxidation Levels.
Glutathione peroxidase (GPx), superoxide dismutase
(SOD), and malondialdehyde (MDA) were assayed in liver
homogenate according to Paglia and Valentine [30], Nishi-
kimi et al. [31], and Mihara and Uchiyama [32], respectively.
Previous kits were purchased from LifeSpan BioSciences Inc.,
USA, for GPx and OxisResearch, USA, for SOD and MDA.

2.5.3. Cytochrome P450 Reductase (CYPR450). Cytochrome
P450 reductase was estimated by using ELISA kit (CUSA-
BIO, China). The procedures were followed according to
the manufacturer’s protocol.

2.6. Histopathological Examination. Paraffinized liver tissue
blocks were processed and cut on a microtome at 5μm thick-
ness, then deparaffinized, and stained with hematoxylin and
eosin (H&E) according to Drury and Wallington [33] in
order to examine the hepatic histomorphological alterations.

2.7. Immunohistochemical (IHC) Evaluation of Caspase-3.
Formalin-fixed paraffin-embedded specimens were cut into
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4μm sections. After deparaffinization, sections were heated
with an autoclave in Tris/HCl buffer (pH9.0) for 20min at
room temperature for antigen retrieval. The sections were
then incubated with 0.3% H2O2 in absolute methanol for 30
minutes and then incubated with primary antibody against
caspase-3 (#PA1-29157, Thermo Fisher Scientific Co., USA)
at concentration 1 : 1000. This was followed by sequential
60-minute incubations with secondary anti-rabbit antibody,
Envision +System HRP-Labelled Polymer (Dako, USA),
and visualization with liquid DAB (diaminobenzidine) sub-
strate chromogen system (Dako, USA). All slides were lightly
counterstained with hematoxylin for 30 seconds prior to
dehydration and mounting [34].

2.8. Image Analysis of Caspase-3. Semi-quantitative method
to assess the caspase-3 IHC staining intensity % from seven
random fields/animal was proceeded using ImageJ program
according to Elgawish et al. [35].

2.9. Liver Comet Assay. Single-cell suspensions were prepared
from frozen livers according to the method described by
Smith et al. [36]. The procedures for comet assay were
followed as described by Abdelrazek et al. [37].

2.10. Statistical Analysis. Statistical analyses were made using
SPSS software, v. 16.0 (SPSS Inc., IL, USA). All values were
expressed as mean± standard errors. One-way analysis of
variance (ANOVA) followed by Duncan’s multiple compar-
ison tests was applied for analyzing values among groups. A
probability level of P < 0 05 indicated significance.

3. Results

3.1. Body and Liver Weights. The rats in the BPA group
showed numerically decreased F.B.wt than those in the

control, although the decrease was not statistically signifi-
cant. The decrease in body weight induced by BPA was
slightly improved by LYC administration. Notwithstanding,
the LYC-treated rats expressed significantly (P < 0 05)
increased body weight in comparison with the BPA-treated
rats. On the other hand, the B.wt.G of LYC rats was signif-
icantly (P < 0 05) increased in counter to the BPA rats
which had significant reduction in B.wt.G when compared
to the control rats. Moreover, BPA+LYC group was signif-
icantly (P < 0 05) improved than BPA group to a value
comparable to control group. Concerning the absolute
and relative liver weights, there were nonsignificant differ-
ences between groups (Table 1).

3.2. Serum Hepatic Function Biomarkers. Rats receiving
BPA revealed significantly (P < 0 05) higher activities of
serum ALT, ALP, and GGT enzymes and lower levels of
TP and albumin than control rats. Meanwhile, BPA+LYC
group exhibited significant (P < 0 05) improvement in these
parameters when compared to the BPA group but still sig-
nificantly (P < 0 05) differed from the control one. Rats
supplemented with LYC only did not differ from the con-
trol group (Table 2).

3.3. Lipid Profile Assay. In the BPA-treated rats, the serum
TC and LDL levels were significantly (P < 0 05) elevated in
comparison with the control rats, whereas TC and LDL levels
in rats receiving BPA+LYC were nonsignificantly altered
compared to the control rats (Table 3).

3.4. Hepatic Antioxidative Status and Lipid Peroxidation.
BPA significantly (P < 0 05) decreased GPx, SOD, and
CYPR450 activities while increasing MDA level in compari-
son to control group. The SOD, GPx, and CYPR450 activities

Table 1: Effect of LYC on body and liver weights of BPA-intoxicated female Wistar rats.

Parameter
Experimental groups

Control LYC BPA BPA+LYC

F.B.wt (g) 164.80± 4.58ab 171.40± 9.60a 142.40± 3.53b 149.30± 11.81ab

B.wt.G (g) 54.20± 4.51b 70.40± 4.23a 34.40± 4.72c 53.90± 3.29b

Abs. liver wt. (g) 5.97± 0.43 6.56± 0.52 5.39± 0.19 5.40± 0.49
Rel. liver wt. (%) 3.61± 0.18 3.81± 0.10 3.79± 0.09 3.62± 0.16
Values are expressed as means ± SE (n = 7) in every group. BPA: bisphenol A; LYC: lycopene; F.B.wt: final body weight; B.wt.G: body weight gain; Abs. liver wt.:
absolute liver weight; Rel. liver wt.: relative liver weight. Within the same row, means with different superscript letters differ significantly at P ≤ 0 05.

Table 2: Effect of LYC on serum biochemical hepatic markers in BPA-intoxicated female Wistar rats.

Parameter
Experimental groups

Control LYC BPA BPA+LYC

ALT (U/l) 25.59± 0.10c 25.09± 0.11c 50.18± 1.05a 35.68± 1.07b

ALP (U/l) 66.93± 0.35c 66.20± 0.49c 93.19± 0.89a 74.51± 1.62b

GGT (U/l) 10.53± 0.12c 10.43± 0.11c 44.05± 0.79a 20.95± 0.55b

TP (g/dl) 6.10± 0.02a 6.14± 0.01a 4.94± 0.04c 5.54± 0.03b

Alb (g/dl) 4.60± 0.01a 4.61± 0.01a 3.64± 0.03c 4.05± 0.03b

Values are expressed as means ± SE (n = 7) in every group. BPA: bisphenol A; lycopene (LYC); ALT: alanine aminotransferase; ALP: alkaline phosphatase; GGT:
gamma glutamyl transferase; TP: total protein; Alb: albumin. Within the same row, means with different superscript letters differ significantly at P ≤ 0 05.
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were significantly (P < 0 05) elevated while MDA level was
significantly (P < 0 05) diminished in the BPA+LYC group
in contrast to BPA group, thus improving the oxidative effect
of BPA on liver tissue. In the LYC group, nonsignificant
changes occurred compared to the control group (Table 4).

3.5. Histopathological Examination of the Liver. The liver tis-
sue of rats in the control and LYC groups showed normal

hepatocytes with normal arrangement of hepatic cords
around the central veins (Figures 1(a) and 1(b)). Livers of rats
in BPA group exhibited fibrous expansion of some portal
areas with occasional portal to portal bridging, foci of focal
(spotty) lytic necrosis with dilated and congested central
veins, and cytoplasmic vacuolization of hepatocytes with
eccentric nuclei (Figure 1(c)), while rats in BPA+LYC group
manifested no fibrous expansion of portal areas or necrosis
with tendency for retaining normal hepatic architecture of
hepatocytes accompanied with mild congestion of central
vein (Figure 1(d)).

3.6. Immunohistochemical Evaluation (IHC) of the Liver. The
different experimental groups in this study showed variable
positive staining intensities of caspase-3 using DAB chromo-
gen, where BPA group rats revealed significant (P < 0 05)
higher positive cytoplasmic staining area % of caspase-3 in
the hepatocytes (Figure 2(c) and Table 4) than control
(Figure 2(a) and Table 4), while BPA+LYC group showed
significantly (P < 0 05) lower caspase-3 staining area %
(Figure 2(d) and Table 4) than BPA group.

3.7. Liver Comet Assay. Comet tail DNA % showed a sig-
nificant (P < 0 05) elevation in BPA-treated group than in
control. Administration of LYC with BPA significantly (P <
0 05) reduced comet tail % than BPA group.

4. Discussion

BPA is a monomer found in plastic goods and affects
adversely many organs especially the liver through induction

Table 3: Effect of LYC on serum lipid profile in BPA-intoxicated female Wistar rats.

Parameter
Experimental groups

Control LYC BPA BPA+LYC

TC (mg/dl) 102.00± 11.24b 101.67± 11.85b 146.33± 7.42a 119.67± 4.09ab

TGs (mg/dl) 81.00± 9.85ab 73.00± 9.87b 105.00± 2.52a 97.67± 6.94ab

HDL-c (mg/dl) 47.67± 3.93 52.00± 3.21 44.67± 3.71 47.33± 3.93
LDL-c (mg/dl) 52.53± 6.24b 40.87± 6.91b 83.13± 4.52a 49.80± 5.31b

Values are expressed as means ± SE (n = 7) in every group. BPA: bisphenol A; LYC: lycopene; TC: total cholesterol; TGs: triglycerides; HDL-c: high-density
lipoprotein cholesterol; LDL-c: low-density lipoprotein cholesterol. Within the same row, means with different superscript letters differ significantly at
P ≤ 0 05.

Table 4: Effect of LYC on hepatic tissue antioxidant enzyme activities, lipid peroxidation level, caspase-3 immunoreactivity, and comet tail
DNA % in BPA-intoxicated female Wistar rats.

Parameter
Experimental groups

Control LYC BPA BPA+LYC

GPx (nmol/mg) 99.06± 3.79b 108.85± 2.95a 61.14± 0.90d 88.62± 1.71c

SOD (U/mg) 7.60± 1.50a 7.62± 0.01a 5.74± 0.05c 6.74± 0.04b

MDA (nmol/mg) 0.54± 0.00c 0.52± 0.01c 0.93± 0.02a 0.72± 0.02b

CYPR450 (ng/g) 3.86± 0.04a 3.98± 0.01a 2.44± 0.04c 3.44± 0.08b

Caspase-3 IRA (%) 35.62± 4.82c 42.74± 5.71c 77.04± 2.97a 61.86± 3.09b

Comet tail DNA (%) 6.68± 1.04c 6.94± 1.29 c 25.05± 2.93a 14.50± 2.61b

Values are expressed as means ± SE (n = 7) in every group. BPA: bisphenol A; LYC: lycopene, GPx: glutathione peroxidase; SOD: superoxide dismutase, MDA:
malondialdehyde, CYPR450: cytochrome P450 reductase; IRA: immunoreactive area. Within the same row, means with different superscript letters differ
significantly at P ≤ 0 05.
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Figure 1: Histopathological sections of female Wistar rats. (a)
Control group (b), LYC-treated (10mg/kg) control, (c) BPA-
treated (10mg/kg) group, and (d) BPA (10mg/kg) and LYC
(10mg/kg) cotreated group. (a) and (b) show normal hepatocytes
arranged in radiating cords around central vein (cv). (c) The BPA-
treated liver shows dilated vein, bridging fibrosis of portal areas
(black arrow), mild leukocytic infiltration (arrowheads), and
minute focal hepatocyte necrosis (white arrows). (d) BPA+LYC-
treated liver shows amelioration of hepatic lesions with mildly
vacuolization of hepatocytes.
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of oxidation state. In this study, LYC was tested for its protec-
tive effect against the deleterious impacts induced by BPA in
female rats’ liver tissue. The present results demonstrated
that BPA had no effect on body and liver weights. However,
B.wt.G expressed significant decline in BPA-treated group
than control while BPA+LYC showed improvement in
B.wt.G to a level comparable to control. These results could
be attributed to the toxic effect of BPA that could encounter
several body homeostatic pathways, among which neuronal
appetite loop in the brain [38], where BPA can easily cross
blood brain barrier and have estrogenic effect [39]. More-
over, BPA can alter the antioxidant enzymes in different body
systems [40, 41] as noted in the current study, thus could
alter normal weight gain of the experimental rats. This can
obviously illustrate the higher B.wt.G observed in BPA
+LYC-treated group where LYC can alleviate oxidative stress
[42] favor, cell-cell communication, and body performance
in a positive manner [43, 44]. Our results were in harmony
with Morrissey et al. [45] and Christiansen et al. [46] who
recorded significant reduction in B.wt.G in BPA-treated
female mice offspring and insignificant change in F.B.wt or
organ weights of rats exposed to BPA, respectively. On the
other hand, some reports in the literatures were inconsistent
to our findings, where Rubin et al. [47] found significant
increase in the body weight of Sprague Dawley female rats’
offspring exposed to low BPA doses. The variation in results
may be attributed to the diversity in diet composition, BPA
exposure period, route and doses, and animal strain.

In our data, BPA expressed harmful effect on the liver
evidenced by significant increase in the serum liver enzyme
activities along with reduction in TP and albumin. The expla-
nation of the higher hepatic enzyme activities could be due to
altered hepatocytes’ membrane permeability by BPA; thus,
the cell membrane losses its functional integrity resulting in
cellular leakage of these enzymes to circulation. This is aug-
mented by the observed depletion in the activities of endog-
enous enzymatic antioxidants SOD, GPx, and CYPR450
that could increase hepatic membrane lipid peroxidation that

disrupt its permeability [48]. Meanwhile, serum protein con-
centration is considered equilibrium between the rate of pro-
tein synthesis and breakdown. It is well known that BPA
induces mitochondrial oxidative stress in the cell that results
in protein damage [49], thus making protein damage more
prominent than its synthesis. Moreover, administration of
BPA disrupted hepatic integrity and functions where liver is
considered the main organ involved in plasma protein bio-
synthesis [50]; thus, serum TP and albumin were declined.
These obtained results were concurring with those recorded
by Moon et al. [51], Geetharathan and Josthna [52], and
Moustafa and Ahmed [53]. Fortunately, LYC reversed all
abnormalities made by BPA intoxication and returned
the values near normal. This finding harmonized with
Sheriff and Devaki [54] and Jiang et al. [18] in other
hepatic toxicity male rat models. Current results suggested
that LYC consolidates hepatic cells’ regeneration. Conse-
quently, it strengthens the cellular membrane while dimin-
ishing the enzyme leakage and preserves its function in
protein biosynthesis. The hepatic consolidating effect of
LYC could be attributed to its ability for quenching of singlet
oxygen and elimination of peroxyl radicals that was con-
firmed by the elevated antioxidant activities of SOD, GPx,
and CYPR450 along with reduced MDA in BPA+LYC
cotreated rats.

Administration of BPA in current study disrupted lipid
metabolism that reflected negatively on serum profile results.
Our results were in agreement with Moghaddam et al. [55]
who recorded increased lipid profile in male mice treated
with BPA for 4 weeks. BPA has the capability to disrupt
the lipid metabolism [56] and trigger lipid accumulation
through differentiation of 3T3-L1 fibroblasts into adipo-
cytes [57]. The occurrence of abnormalities in lipid profile
is considered the starting station for induction of oxidative
stress and lipid peroxidation [58] that were observed in
the current study. Administration of LYC with BPA, in
this study, had improved the lipid profile. Jiang et al.
[59, 18] confirmed our results as they suggested that LYC
supplementation decreased TC, TGs, and LDL-c. LYC could
decrease TC through diminishing cholesterol synthesis via
inhibiting the hydroxy-methyl-glutaryl-coenzyme A reduc-
tase (HMGCoA), an enzyme controlling the rate of choles-
terol formation besides declining LDL-c [60].

In our existing data, BPA evoked hepatic oxidative stress
as it diminished activities of endogenous enzymatic antioxi-
dant as SOD, GPx, and CYPR450 with increment in MDA
which is an end product for lipid peroxidation. These results
were in harmony with those obtained by Kabuto et al. [11],
Asahi et al. [61], and Eid et al. [62]. The reduction in serum
SOD activity could be due to excessive consumption in the
autoxidation procedure induced by BPA in the liver. The
decrease in SOD activity might lead to increase level of
superoxide radicals which resulted in the inactivation of
GPx [63], thus increasing hydrogen peroxide generation
[11]. The observed increment in hepatic oxidative stress
denoted by depletion of hepatic antioxidant enzymes could
induce lipid peroxidation in hepatocytes’ membrane, thus
causing their damage [21, 64]. Moreover, the observed reduc-
tion in CYPR450, an essential enzyme for variable metabolic
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Figure 2: Immunohistochemical reaction of caspase-3 in livers of
female Wistar rats. (a) Control group (b), LYC-treated (10mg/kg)
control, (c) BPA-treated (10mg/kg) group, and (d) BPA (10mg/kg)
and LYC (10mg/kg) cotreated group. Control and LYC groups
show week immunoreactivity of caspase-3 while BPA-treated group
exhibited higher immunoreactivity. The LYC coadministration with
BPA shows amelioration of caspase-3 immunoreactivity than that
in BPA alone.
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processes of xenobiotics and BPA metabolism [65], led to
persistence of active BPA metabolites which further
increased ROS production [66].

Otherwise, LYC offered a reciprocal impact on the
liver tissue manifested by raised SOD, GPx, and CYPR450
activities along with lowered MDA level in rats treated
with BPA+LYC. The antioxidant activity of LYC could
be attributed to being a beta carotene, where LYC had
been proved to protect against protein, lipid, and DNA
oxidation [67] through scavenging singlet oxygen [68]
and peroxyl radicals [69], thus limiting MDA production
as lipid peroxidation end product [70].

Histopathological investigations augmented the previ-
ous results, where BPA resulted in deleterious hepatic
changes ranged from hepatocytes’ vacuolization with eccen-
tric nuclei to focal necrosis and fibrosis. These results were
similar to those obtained by Eid et al. [62]. Current histo-
pathological picture was confirmative for the oxidative
stress and lipid peroxidation induction nature of BPA
observed in this study. Oxidative stress and lipid peroxida-
tion led to destruction of hepatocytes’ cell membrane and
liberation of hepatic enzymes as well as perturbation in
hepatic capacity for protein biosynthesis. The usage of LYC,
as antioxidant, produced pronounced hepatic protection that
markedly ameliorated the severity of hepatic lesions and sub-
sequently the hepatic functions.

Hepatic homeostasis is gained through a regular cell
turnover involving apoptosis of hepatocytes [71]. The
increase of apoptosis via increment of DNA strand breaks
with DNA migration from the nucleus into the comet tail
together with increment in caspase-3 protein content in
BPA group is an attribution for various types of the observed
liver pathology. Current results were parallel to the previous
results of Abdel Samie et al. [72] and Eid et al. [62]. Our data
suggested that BPA increased caspase-3 apoptosis and DNA
tail fragment breaks via depletion of antioxidant activities
and lipid peroxidation. The observed hepatic oxidative stress
due to BPA administration could possibly damage DNA. The
administration of LYC with BPA significantly decreased
DNA fragment % in comet tail as well as caspase-3 immuno-
reactive area % than BPA group. These results were in agree-
ment with Kurcer et al. [73]. The possible attribution for LYC
antiapoptotic effect is its antioxidant power as it is known for
its free radical scavenging effect that reduces lipid peroxida-
tion, protein, and DNA damage [74, 75].

5. Conclusion

In conclusion, the current study demonstrated the protective
effects of LYC versus BPA hepatic oxidative injury and apo-
ptotic effect by means of MDA suppression with SOD and
GPx activities’ amelioration. Antioxidant effects of LYC led
to overregulation of CYPR450 that cleared BPA metabolites
rapidly and decreasing the exposure of hepatic cells to their
harmful effects. All these effects downregulated hepatic cas-
pase-3, thus reducing apoptosis and thus keeping hepatic
integrity, and prevented the liberation of hepatic enzymes
into the blood of female Wistar rats.
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Quinone derivatives like 2-(4-hydroxyphenyl) amino-1,4-naphthoquinone (Q7) are used as antitumor agents usually associated
with adverse effects on the cardiovascular system. The objective of this study was to evaluate the cardioprotective effect of
ascorbate on Q7-induced cardiovascular response in Wistar rats. In this study, blood pressure, vascular reactivity, and
intracellular calcium fluxes were evaluated in cardiomyocytes and the rat aorta. We also measured oxidative stress through lipid
peroxidation (TBARS), superoxide dismutase- (SOD-) like activity, and H2O2 generation. Oral treatment of rats with ascorbate
(500mg/kg) for 20 days significantly (p < 0 05) reduced the Q7-induced increase (10mg/kg) in blood pressure and heart rate.
The preincubation with ascorbate (2mM) significantly (p < 0 05) attenuated the irregular beating of the atrium induced by Q7
(10−5M). In addition, ascorbate induced endothelial vasodilation in the presence of Q7 in the intact aortic rings of a rat and
reduced the cytosolic calcium levels in vascular smooth muscle cells. Ascorbate also reduced the Q7-induced oxidative stress
in vivo. Ascorbate also attenuated Q7-induced SOD-like activity and increased TBARS levels. These results suggest a
cardioprotective effect in vivo of ascorbate in animals treated orally with a naphthoquinone derivative by a mechanism involving
oxidative stress.

1. Introduction

Naphthoquinone derivatives are widely distributed mole-
cules in nature. Numerous antitumor therapeutic drugs are
quinone-bearing molecules; these include anthracyclines,
the 1,4-naphthoquinone pharmacophore group, and several
synthetic compounds [1–4]. The therapeutic spectrum of
action of quinone derivatives is very wide: leukemia, breast
and lung cancer, lymphomas, and others [5].

Treatment of cancer with anthracycline derivatives has
been very successful. However, these treatments generate
increased cardiotoxic effects such as hypertension, heart fail-
ure, vascular complications, and cardiac arrhythmia [6].
Oxidative stress, DNA damage, senescence, and cell death
are mechanisms causing anthracycline toxicity [7]. Cyto-
toxic and cardiotoxic effects of naphthoquinone derivatives
involve the generation of reactive oxygen species (ROS) by a
redox-cycling reaction [8–11]. Redox-cycling reaction occurs
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through quinone reduction by 1 or 2 electrons from NADPH
cytochrome P450 reductase, leading to a semiquinone-free
radical that is reoxidized to the quinone in the presence of
molecular oxygen, while oxygen is reduced to superoxide
anion [12].

To reduce the cardiotoxic effects of anthracycline deriva-
tives, researchers have evaluated its coadministration with
molecules displaying antioxidant capacity. L-Carnitine sup-
plementation was shown to reduce antioxidant defense with
doxorubicin administration [13, 14]. In contrast, ascorbate
plays a cardioprotective role in doxorubicin-induced cardio-
myopathy by decreasing oxidative and/or nitrosative stress
[15]. Phytochemical metabolites prevent oxidative stress by
decreasing ROS generation, free radical scavenging activity,
or improving the antioxidant effect of cells [16].

Ascorbate increases nitric oxide (NO) bioavailability in
vascular endothelial tissue from dysfunctional patients. The
protective effect of ascorbate on the vascular endothelium
has been linked to the enhanced bioavailability of the tetrahy-
drobiopterin (BH4) or the endothelial nitric oxide synthase
(eNOS) activity [17]. The key role of an antioxidant agent
relies on its ability to donate one or two electrons [18].

A previous study from our group showed that arylamino-
naphthoquinone derivatives like Q7 (2-(4-hydroxyphenyl)
amino-1,4-naphthoquinone) increased the formation of
ROS and impaired the endothelial vasodilation in the rat
aorta [19]. The objective of this investigation was to evaluate
possible cardioprotective effects of ascorbate on the cardio-
toxic response induced through chronic treatment with a
naphthoquinone derivative Q7.

2. Materials and Methods

2.1. Drugs. The following drugs were used in this study: 2-
(4-hydroxyphenyl) amino-1,4-naphthoquinone (Q7); acetyl-
choline (Sigma-Aldrich, USA); ascorbate (Asc) (Winkler,
Santiago); phenylephrine (Sigma-Aldrich, USA); butylated
hydroxytoluene (Merck, Darmstadt, Germany); pyrogallol
(Sigma-Aldrich, USA); tetramethoxypropane (Sigma-Aldrich,
USA); thiobarbituric acid (Merck, Darmstadt, Germany);
and Tris-cacodylic acid (Sigma-Aldrich, USA). Drugs were
dissolved in distilled deionized water. Acetylcholine solu-
tion in Krebs-Ringer bicarbonate (KRB) buffer was freshly
prepared before each experiment.

2.2. Animals. Male and female Wistar rats (4 weeks of age,
150–170 g) from the Height Institute of Arturo Prat Uni-
versity of Iquique were used for this study. The animals
were housed in light-cycled (8:00 to 20:00 hours) and
temperature-controlled rooms. In addition, the rats were
provided ad libitum access to drinking water and standard
rat chow (Champion, Santiago). Since the female rats were
sexually immature [20], no stages of the estrus cycle were
observed by vaginal smear. In this study, 25 rats were ran-
domly assigned into five groups of 5 animals each.

2.2.1. In Vivo Experiments. These include noninvasive blood
pressure and ECG measurements. The oral treatment of

animals consisted in a daily administration of a mixture of
Q7 and/or ascorbate plus peanut butter for 20 days.

(i) Group 1 (n = 5; control) consists of rats treated with
vehicle (peanut butter).

(ii) Group 2 (n = 5; Q7) consists of rats treated with Q7
(10mg/kg).

(iii) Group 3 (n = 5; Q7+Asc) consists of rats treated
with Q7 (10mg/kg) plus ascorbate (500mg/kg).

(iv) Group 4 (n = 5; Asc) consists of rats treated with
ascorbate (500mg/kg).

2.2.2. In Vitro Experiments. This includes contractibility
measurements in the isolated rat right atrium and thoracic
aorta (Group 5, n = 5). Cytosolic calcium levels and H2O2
production were measured in rat cardiomyocytes and A7r5
cells. The tissues or cells were preincubated with Q7 (10−5M)
and/or ascorbate (0.125, 0.25, and 2mM).

For groups 2, 3, and 4, the doses of Q7 and ascorbate were
selected according to previous experiments using ECG of the
normotensive rats in our laboratory and antitumor activity in
mice was also observed [21]. For in vitro studies, the concen-
tration of Q7 and ascorbate was selected according to our
vascular reactivity experiments in the rat aorta [19].

The experiments of this study were conducted follow-
ing the ARRIVE guidelines and Guide for the Care and
Use of Laboratory Animals published by the National
Institute of Health of the United States (NIH, publication
revised in 2013) and the Ethics Committee of Arturo Prat
University (CEC-17).

2.3. Blood Pressure and ECG Recording. The blood pressure
and ECG measurements were simultaneously carried out
on the rats, as previously described in our laboratory [22].
SBP was measured using the tail-cuff method (BIOPAC
Systems) and AcqKnowledge 3.9.1 computer software pro-
gram.ThemethodofErkenet al. [23]was followed formeasur-
ing blood pressures. Animals were acclimatized for 20min
prior to the beginning of the experiment at room temperature
(30–33°C). Then the pressure sensor cuffs and plethysmo-
graph were placed on the tail of the animal. An average of 4
reading cycles of bloodpressuremeasurementswasmadewith
the conscious animal per day.

For ECG recordings, the animals were anesthetized with
ketamine (42mg/kg, i.p.) and xylazine (5mg/kg, i.p.). The
needle electrodes were placed subcutaneously in bipolar
configuration (DII). Measurements were done using the elec-
trocardiographic amplifier (ECG100C BIOPAC) equipment
and AcqKnowledge 3.9.1 computer software program.

2.4. Frequency of the Isolated Right Atrium. The isolated
atrium experiment was carried out on rats as previously
described in our laboratory [22]. The heart was isolated and
placed in a cold (4°C) Krebs-Ringer bicarbonate (KRB) phys-
iological buffered solution containing (×10−3M) 4.2 KCl,
1.19 KH2PO4, 120 NaCl, 25 Na2HCO3, 1.2MgSO4, 1.3 CaCl2,
and 5 D-glucose (pH7.4, 37°C, 95% O2, and 5% CO2). The
isolated right atrium of the rat was carefully fixed with a silk
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thread into a moveable and static lever; the upper one was
attached to an isometric transducer (Radnoti, California).
PowerLab 8/35 (USA) was used for continuous recording of
vascular tension (LabChart 8 program, ADInstruments).
The passive tension of the atrium was 0.5 g.

2.5. Isolation of Neonatal Cardiac Myocytes.Neonatal rat car-
diac myocytes were prepared as previously described [24].
Animals were decapitated and hearts were removed. Then
atria were excised and the ventricles were minced in ice-
cold PBS without Ca2+/Mg2+. Ventricular tissue was trans-
ferred to a new tube and subjected to overnight digestion
(4°C, constant shaking) with 0.05% trypsin-EDTA solution
(Gibco, NY, USA). A pelleted fraction was then subjected to
digestion using collagenase type II (0.75mg·mL−1, 20min)
(Gibco, NY, USA). The collected enzyme solution was cen-
trifuged, the supernatant was discarded, and the cardiac
myocyte fraction was resuspended in a culture medium
(DMEM high glucose/M199, 4 : 1) and preplated into a
60mm dish for 1–3 hours. The preplating step removed
fibroblasts and endothelial cells. Nonadherent cells were then
collected, quantified, and plated in 2% gelatin-coated 35mm
glass bottom microdish (Ibidi GmbH, Munich, Germany).
3μg/mL cytosine beta-D-arabinofuranoside was added to
the culture medium for 12 hours to eliminate residual fibro-
blasts. Cultures were maintained in a humidified incubator at
37°C and 5% CO2. Culture medium was changed every day.

2.6. Monitoring Cytosolic Ca2+ Signal on Isolation of Rat
Neonatal Cardiac Myocytes. Cytosolic calcium was deter-
mined in rat neonatal cardiomyocytes according to Barría
et al. [24]. The cells were washed with Krebs-Ringer bicar-
bonate buffer (KRB) containing (×10−3M) 4.2 KCl, 1.19
KH2PO4, 120 NaCl, 25 Na2HCO3, 1.2 MgSO4, 1.3 CaCl2,
and 5 D-glucose (pH7.4). Then they were loaded with
10−5M Fluo-3 AM for 25min at 37°C and then were again
washed with KRB and incubated for 15 minutes at 37°C. Cells
were studied in duplicate, preincubating for 20min with Q7
(10−5M) and/or ascorbate (2mM) and then stimulating with
phenylephrine (PE, 10−6M). Fluo-3 fluorescence (506 nm
excitation, 526nm emission) was monitored every 5 seconds
using a Leica TCS SP8 confocal microscope (Leica, Canada).
Fluorescence intensity was analyzed by the ImageJ software
(NIH software), which measured the selected region of inter-
est (ROI). Fluorescence was expressed as arbitrary units, and
for each value, the background intensity was subtracted.

2.7. Isolation of the Aortic Rings. Vascular reactivity was
evaluated in the aortic rings according to Paredes et al. [25].
Rats were sacrificed by cervical dislocation. The thoracic
aorta was quickly excised and placed in cold (4°C) physiolog-
ical Krebs-Ringer bicarbonate buffer (KRB) containing
(×10−3 M) 4.2 KCl, 1.19 KH2PO4, 120 NaCl, 25 Na2HCO3,
1.2 MgSO4, 1.3 CaCl2, and 5 D-glucose and 1 liter of distilled
water (pH7.4). Rings (3-4mm) were cut after connective tis-
sue was cleaned out from the aorta, taking care to avoid
endothelial damage. The aortic rings were equilibrated for
40min in KRB at 37°C by constant bubbling with 95% O2
and 5% CO2.

2.8. Vascular Reactivity Experiments. To evaluate the vascular
function of the endothelium, the vasodilation in response to
10−5M ACh (muscarinic receptor agonist) in the precon-
tracted aortic rings with 10−6M PE was tested. According
to the general use of the rat aorta as a pharmacological tool
for in vitro analysis, the aortic rings were considered for a
functional endothelial response if vasodilation was up to
70–80% [26]. Two aortic rings from the same animal were
simultaneously studied in different organ baths, using dif-
ferent vasoactive substances (phenylephrine (PE), KCl, and
acetylcholine (ACh)). The aortic rings were mounted on two
25-gauge stainless steel wires; the upper one was attached to
an isometric transducer (Radnoti, California, USA). The vol-
ume of the organ bath was 10mL. The transducer was con-
nected to a PowerLab 8/35 (Colorado Springs, CO) for
continuous recording of vascular tension using the LabChart
Prov 8.1.2 computer program (ADInstruments). After the
equilibration period for 40min, the aortic rings were stabi-
lized by three successive near-maximum contractions with
KCl (6× 10−2M) for 10min. The passive tension on the aor-
tic rings was 1.0 g, which was determined with 6× 10−2M
KCl [27].

2.9. Cytosolic Ca2+ Signal on Vascular Smooth Muscle Cell
(A7r5). A7r5 cells were cultured in 35mm culture dish
according to the methodology described by Palacios et al.
[19]. The cells were washed with Krebs-Ringer bicarbonate
buffer (KRB) containing (×10−3 M) 4.2 KCl, 1.19 KH2PO4,
120 NaCl, 25 Na2HCO3, 1.2 MgSO4, 1.3 CaCl2, and 5 D-
glucose (pH7.4). They were preincubated with 10−5M
Fluo-3 AM for 25min at 37°C and then were again washed
with KRB. Cells were studied in duplicate, preincubating
for 20min with Q7 (10−5M) and/or ascorbate (2mM) and
then stimulating with phenylephrine (PE, 10−6M). A fluores-
cence microplate reader equipped for excitation in the range
of 506 nm and emission detection at 526nm was used (Infi-
nite® 200 TECAN (Männedorf, Switzerland).

2.10. Determination of Lipid Peroxidation Products in Serum.
The thiobarbituric acid reactive substances (TBARS) were
measured in serum of rat, according to Cifuentes et al. [27].
Briefly, 100μL of the serum (10.9± 0.6mg protein/mL) was
taken and mixed with 200μL of trichloroacetic acid 10%
(TCA) and butylated hydroxytoluene 4% (BHT); this mix-
ture was centrifuged, and then 140μL of the supernatant
was mixed with thiobarbituric acid (0.67%) and heated to
95°C for 1 hour. After cooling to room temperature, 280μL
of butanol-pyridine (15 : 1) was added and mixed and centri-
fuged at 3000g for 20minutes; finally, the absorbance of the
supernatant was measured at 532nm in an Infinite 200
TECAN (Männedorf, Switzerland).

2.11. Determination of Superoxide Dismutase- (SOD-) Like
Activity in Serum. The SOD-like activity in serum was
determined according to the methodology by Marklund and
Marklund [28]. Briefly, 20μL of the serum (10.9± 0.6mg
protein/mL) was taken and mixed with 130μL of 50mM
Tris-cacodylic acid buffer (pH8.2), 20μL of 1mM EDTA,
and 7μL of pyrogallol (2mM in 10mMHCl). The absorbance
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was monitored at 420nm and 37°C for 3min with an Infinite
200 TECAN (Männedorf, Switzerland) against a reagent
blank. The SOD-like activity was calculated as the change in
absorbance per minute in the experimental sample versus the
control sample. The SOD-like activity was expressed accord-
ing to the equation %= E − C × 100/E, where E and C are
autoxidation rates of pyrogallol in an experimental sample
and control sample, respectively. When the activity was
100%, pyrogallol autoxidation was completely inhibited.

2.12. Determination of H2O2 in Vascular Smooth Muscle Cell.
Vascular smooth muscle cells (A7r5) were cultured in petri
dishes (35mm). High-glucose and Dulbecco’s modified
Eagle’s medium (DMEM) pyruvate was used as a medium
culture. The Amplex® Red Kit (Invitrogen) was used for
determination of H2O2 in culture cell, according to Song
et al. [29]. The kit contains 10-acetyl-3,7-dihydroxyphenoxa-
zine (Amplex Red) to detect H2O2. A fluorescence microplate
reader equipped with Infinite 200 TECAN (Männedorf,
Switzerland) for excitation in the range of 530–560nm and
emission detection at ~590 nm was used.

2.13. Statistical Analysis. GraphPad Prism 5 software was
used, n represents the number of animals studied, and values
were expressed as the mean± standard error of the mean
(SEM). For the statistical analysis of the groups, a one-way
or two-way ANOVA was used as appropriate, followed by a
Bonferroni post hoc test when necessary. A value p of <0.05
was considered statistically significant.

3. Results

3.1. Ascorbate Reverses the Increased Blood Pressure and
Heart Rate Induced by Q7. To determine whether the find-
ings of this study may have clinical implications, we mea-
sured arterial blood pressure in rats in vivo. As shown in
Figure 1(a), the chronic treatment with Q7 (10mg/kg) sig-
nificantly increased the SBP compared to those of control
rats (120± 1mmHg control versus 149± 3mmHg with Q7;

p < 0 001). In contrast, chronic treatment with ascorbate
(Asc) (500mg/kg) after Q7 exposure significantly reduced
the SBP (107± 2mmHg with Q7+Asc; p < 0 001), a similar
value to that observed in rats treated with ascorbate alone
(113± 1mmHg with Asc; p < 0 001).

On the other hand, Figure 1(b) shows that chronic oral
administration of ascorbate following Q7 treatment signifi-
cantly reduced the heart rate (325± 6 BPM control versus
243± 3 BPM with Q7+Asc; p < 0 05). Q7 treatment caused
an increased HR compared with the control rats (364± 12
BPM with Q7).

3.2. Ascorbate Protects against the Negative Effect of Q7 on the
Frequency of the Atrium. Although no mortality was detected
in rats treated with Q7 at the dose used during this study, we
found an elevation of ST segment observed in ECG from
Q7-treated rats. As seen in Figure 2, oral administration
of Q7 (10mg/kg) significantly caused an elevation of ST
segment (5.69± 0.36mm control versus 16.58± 3.32mm Q7
treated; p < 0 001). Ascorbate (500mg/kg) decreased the ele-
vation of ST segment in the presence of Q7 (6.75± 0.29mm).
We also evaluated the effect of ascorbate on the beating of the
isolated rat atrium. As shown in Figure 3(a), acute treatment
with 10−5M Q7 induced an irregular beating of the isolated
atrium of the rat, which was prevented when the isolated
atria were preincubated with 2mM ascorbate before addition
of 10−5M Q7 (Figure 3(b)).

3.3. Ascorbate Effects on the Increased Intracellular Calcium
Induced by Q7 in the Cardiomyocytes. To investigate if the
Q7-mediated effects were dependent on changes in intracel-
lular calcium levels, we measured intracellular calcium levels
in isolated rat cardiomyocytes. As shown in Figure 4, the
administration of 10−5M Q7 increased the intracellular cal-
cium levels in rat cardiomyocytes, an effect that was not
modified in the presence of 2mM ascorbate. Moreover, an
increase in intracellular calcium levels was also observed in
cardiomyocytes perfused with 2mM ascorbate but the
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Figure 1: Hypotensive and bradycardic effects of ascorbate on normotensive rats chronically treated with Q7. The results show that oral
administration of 500mg/kg ascorbate (Asc) for 20 days decreased the systolic blood pressure (SBP) (a) and heart rate (HR) (b) in Q7-
treated rats (10mg/kg Q7). Values are mean± standard error of the mean of 5 experiments in mmHg or BPM. Statistically significant
differences: ∗∗∗p < 0 001 versus control; #p < 0 05; ##p < 0 001; and ###p < 0 01 versus Q7.

4 Oxidative Medicine and Cellular Longevity



kinetics was substantially slower than that observed in
response to Q7 (Figure 4(c)).

3.4. Ascorbate Improves the ACh-Induced Vasodilation and
Decreases the Intracellular Calcium Level in the Presence of
Q7 in the Rat Aorta. It is possible that the increase of blood
pressure would occur through an increase of the vasocon-
striction. Therefore, we analyzed the vascular response in
the aortic rings of rats treated with Q7 and/or ascorbate. As
shown in Figure 5(a), the vascular contractile response of
the intact aortic rings to the alpha-adrenergic receptor
agonist PE was significantly increased with Q7 (158± 11%
control versus 228± 3% with Q7; PE 10−5M; p < 0 01).
Moreover, ascorbate slightly decreased the vascular con-
tractile response to PE in the presence of Q7 (196± 10%
with Q7+Asc; PE 10−5M). The aortic rings preincubated

with 2mM ascorbate (170± 8%) showed a similar response
to PE compared with those of the control experiments.

We also assessed the endothelial ACh-induced vasodi-
latation in the intact aortic rings. As shown in Figure 5(b),
the intact aortic rings in the presence of 2mM ascorbate
showed a complete relaxation in response to different
doses of the muscarinic receptor agonist ACh (10−8 to
10−5M). Preincubation of intact rings with 10−5M Q7 signif-
icantly decreased the ACh-induced vasodilation (102± 6%
control versus 28± 6% with Q7; ACh 10−5M; p < 0 001).
This negative effect of Q7 on the ACh-induced vasodila-
tion was reverted, in part, by preincubation with ascor-
bate (65± 6% with Q7+Asc; ACh 10−5M). Nevertheless,
sodium nitroprusside (SNP), a NO donor compound, caused
a complete vasodilation even in the presence of 10−5M Q7.
These data were recently published from our laboratory [19].
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Figure 2: Original trace showing the electrocardiogram (a) and ST segment elevation in rats (b). Oral administration of ascorbate (500mg/kg
Asc) for 20 days decreased the ST segment elevation in Q7-treated rats (10mg/kg Q7). Values are mean± standard error of the mean of 5
experiments. Statistically significant differences: ∗∗∗p < 0 001 versus control.
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In order to gain insight into the potential role of Q7 and
ascorbate in the vascular contractile response to PE, determi-
nation of intracellular calcium was carried out in vascular
smooth muscle cell culture (A7r5). We observed that prein-
cubation of A7r5 cells with Q7 increased the intracellular cal-
cium levels in response to 10−6M PE (Table 1). In agreement
with vascular contractile response to PE, preincubation with
2mM ascorbate attenuated the increase in intracellular cal-
cium levels caused by Q7. Ascorbate per se did not increase
the intracellular calcium levels compared to control experi-
ments (Table 1).

3.5. Increase of Oxidative Stress in Rats Treated with Q7:
TBARS and SOD-Like Activity. Since 1,4-naphthoquinone
derivatives produce oxidative stress, we analyzed the oxida-
tive stress in serum samples from Q7-treated rats. TBARS
assay and SOD-like activity were used as indicators of oxi-
dative stress. As shown in Table 2, oral administration of Q7
significantly increased the TBARS in serum (26± 1nM

control versus 33± 2nM Q7 treated; p < 0 05). In the same
groups of animals, we confirmed that Q7 significantly
decreased the SOD-like activity in serum (159± 49% control
versus −193± 100% Q7 treated; p < 0 05). When the activity
was ≥100%, pyrogallol autoxidation was completely inhib-
ited, while the negative value means that adding Q7 acceler-
ated it. Since the Q7+Asc group did not significantly
increase the TBARS level (Table 2) or decrease SOD-like
activity in serum, suggesting that ascorbate treatment par-
tially reduced the oxidative stress induced by Q7, the Asc-
treated group did not show a significant increase in the
TBARS level or decrease in SOD-like activity in serum sam-
ples compared to control samples.

3.6. Ascorbate, but Not Q7, Increases Production of H2O2
in A7r5 Cells. It has been suggested that Q7 induces ROS
(O2

− and H2O2) by a redox-cycling mechanism [11]. We
measured H2O2 levels in A7r5 cells in response to Q7.
As shown in Figure 6(a), Q7 (10−8 to 10−6M) did not
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Figure 3: Original trace showing the time course of the frequency of the isolated right atrium. The addition of Q7 to the organ bath caused an
irregular beating of the atrium (a), but the preincubation with 2mM ascorbate before addition of 10−5M Q7 induced regular-frequency beats
of the atrium (b). Three independent experiments were performed.
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increase the generation of H2O2 compared with basal levels
(Figure 6(a)).However, ascorbate alone or in combinationwith
Q7 (10−8 to 10−6M) significantly increased (p < 0 001) the gen-
eration of H2O2 (0.21±0.01nM basal versus 2.76±0.13nM
with 10−8 Q7; p < 0 001). Figure 6(b) shows that the effect of
ascorbate on the generation of H2O2 was dose dependent
(0.125, 0.25, and 2mM).

4. Discussion

The focus of this study was to evaluate whether ascorbate
counteracts the adverse cardiovascular effects and oxidative
stress induced by a quinone derivative treatment. We found
that oral treatment with ascorbate at physiological concen-
trations reduced the Q7-induced blood pressure in rats. This
decrease in blood pressure was as a result of decreased HR
and improved endothelial vasodilation in the intact aortic
rings of the rat.

The increased Q7-induced SBP was significantly decreased
after the treatment with ascorbate. The effect of Q7 is in
agreement with other studies, which reported an increased
SBP in juglone- (5-hydroxy-1,4-naphthoquinone-) treated
mice for 14 days [30]. On the one hand, Q7 could increase
the blood pressure by a mechanism dependent on oxidative
stress. In fact, Q7 significantly increased lipid peroxidation
(TBARS) and decreased the SOD-like activity in serum of
rats. In previous studies, we demonstrated increased TBARS
levels in rat aorta tissue [19] and in calf thymus DNA
treated with Q7 [21]. These findings are in agreement with
other reports showing that oral administration of high-
dose ascorbate reduced the blood pressure and heart rate
in dogs displaying ROS-induced myocardial damage [31].

It is possible that Q7-induced increase of blood pres-
sure would occur through an increase of vasoconstriction
or decrease of endothelial vasodilation. Q7 significantly
increased the vascular contractile response to phenylephrine
in the intact aortic rings and increased intracellular calcium
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Figure 4: Effects of quinone and ascorbate on intracellular Ca2+ levels in rat cardiomyocytes. Quinone Q7 (10−5M) increased intracellular
calcium levels in rat cardiomyocytes (a), but ascorbate (Asc) (2mM) did not prevent the increase of Q7-induced intracellular calcium (c).
Effect of ascorbate on intracellular calcium levels in rat cardiomyocytes (b). Three independent experiments were performed.
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levels in vascular smooth muscle cells (A7r5). Interestingly,
the preincubation with ascorbate before addition of Q7
blunted the increase of intracellular calcium caused by Q7
and significantly improved the endothelial vasodilation in
the intact aortic rings of the rat. We observed that ACh-
induced endothelial vasodilation was significantly decreased
by Q7 but the vasodilation was reestablished with the addi-
tion of SNP (a NO donor) into intact rat aorta preparations
in previously published data [19]. In the same previous study,
we demonstrated that Q7 significantly reduced the ACh-
induced NO generation in the intact aortic rings [19]. Other

studies had reported that the preincubation of mouse aortic
rings with 10−5M juglone (5-hydroxy-1,4-naphthoquinone)
decreased NO- and ACh-induced relaxation [30] and incu-
bation of rat aortic rings with ascorbate restored vasodilation
in L-nitro-L-arginine hypertensive rats [32].

Oxidative stress caused by Q7 is due to ROS generation
through a redox-cycling mechanism [11]. The anion super-
oxide (O2

−) induced by Q7 would react with endothelial
NO and could produce peroxynitrite (ONOO−). Quinones
(i.e., doxorubicin and menadione) increase the generation
of ROS, leading to the scavenging of NO [33–35]. Therefore,
the decrease in the bioavailability of endothelial NO in blood
vessels can explain the increase of the blood pressure as
described above [19].

Ascorbate acts as a powerful antioxidant decreasing the
oxidative stress in blood vessels by blunting the generation
of ROS. Reduced levels of hydroxyl radical (HO−) and O2

−

would result in a higher bioavailability of endothelial NO
[17]. This is in agreement with reports that ascorbate reduces
the level of ROS and improves the endothelial vasodilation in
chronic smokers [36].

We found that oral treatment of rats with ascorbate
attenuated the elevation of ST segment in ECG and irregular
beating of the atrium induced by Q7. The elevation of ST
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Figure 5: Effect of Q7 and ascorbate on the vascular response in the intact rat aorta. The quinone increased the contractile response to PE and
impaired ACh-induced vasodilation. The concentration-response curves to PE (10−9 to 10−5M) (a) and ACh (10−9 to 10−5M) in the intact
aortic rings of rats (b) in the presence or absence (control) of 10−5M Q7 or 2mM ascorbate (Asc). Arteries were preincubated with Q7 or
ascorbate for 30min. Values are mean± standard error of the mean of 5 experiments. Statistically significant differences: ∗p < 0 05, ∗∗p < 0 01,
and ∗∗∗p < 0 001 versus control.

Table 1: Ascorbate decreases intracellular calcium levels in the presence of Q7 in vascular smooth muscle cells (A7r5). The A7r5 cells were
preincubated with 10−5M Q7 and/or 2mM ascorbate (Asc) for 20min.

Control Q7 Q7+Asc Asc

Ca2+ signal (Fluo-3 fluorescence) 209± 15 296± 23∗ 230± 16 201± 10
Values are mean ± standard error of the mean of 3 experiments. Statistically significant differences: ∗p < 0 05 versus control.

Table 2: Oral treatment with Q7 causes oxidative stress in rats. The
SOD-like activity represents the autoxidation rate of pyrogallol
in an experimental sample and control sample. When the activity
is ≥100%, pyrogallol autoxidation is completely inhibited, while
the negative value means that it is accelerated by adding Q7.

Control Q7 Q7+Asc Asc

TBARS (nM) 26± 1 33± 2∗ 30± 3 25± 1
SOD-like activity (%) 159± 49 −193± 100∗ −36± 10 150± 39
Values are mean ± standard error of the mean of 5 experiments. Statistically
significant differences: ∗p < 0 05 versus control.
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segment represents a partial depolarization in the damaged
cells of the heart, compared with the healthy myocardium
[37]. Others studies reported that melatonin decreases the
elevation of the ST segment on adriamycin-induced cardio-
toxicity in rats [38]. To investigate if the cardiac activity in
the presence of Q7 could be modulated by changes in intra-
cellular calcium, further experiments were conducted in neo-
natal rat cardiac myocytes. The results showed that Q7
increased the intracellular calcium levels in rat cardiomyo-
cytes and this Q7-mediated effect was not prevented by pre-
incubation with ascorbate. Conversely, studies have shown
that the preincubation with salvianolic acid B for 6 h pre-
vented the doxorubicin-induced increase of the intracellular
calcium levels and contractility in cardiomyocytes of rats
[39]. Our results do not show a similar effect as that reported
for salvianolic acid B, although it could be due to the lower
preincubation time used in our experiments (few seconds
prior to Q7 addition).

Since 1,4-naphthoquinone induces ROS by a redox-
cycling mechanism [11] and Q7 is a 1,4-naphthoquinone
derivative, the levels of TBARS, SOD-like activity, and H2O2
were determined in our experimental models. Although Q7
significantly increased oxidative stress (increased TBARS
and decreased SOD-like activity) in serum samples of treated
rats, it did not increase the production of H2O2 in vascular
smoothmuscle cells of the rat aorta (A7r5).Therefore, ourdata
suggest that Q7 generated O2

− and increased TBARS, but not
H2O2. One explanation is that the formation of O2

− and
H2O2 induced by Q7 does not occur simultaneously. Alterna-
tively, the low activity levels of superoxide dismutase enzyme
(SOD) in cultured cells could mask the generation of H2O2
by Q7 [40], although this is unlikely as Q7 decreased SOD-
like activity in serum samples.

Our results showed that high concentrations of ascorbate
(0.125, 0.25, and 2mM) significantly increased the genera-
tion of H2O2 in a dose-dependent manner in A7r5 cells.

The formulation of culture medium (Dulbecco’s modified
Eagle’s medium (DMEM)) has iron (0.25mM Fe (NO3)3),
which may act as an essential catalyzer through the process
of autoxidation of ascorbate, leading to the higher generation
of H2O2 [41].

Therefore, the route of administration of ascorbate is
very important because of the potential generation of ROS.
Intravenous infusion of high doses of ascorbate will increase
the generation of ROS in the presence of serum iron; as
such, ascorbate is considered a prooxidant substance [42]
and useful for cancer treatment. Intraperitoneal or intrave-
nous administration of ascorbate could peak concentrations
between 3 and 8mM in blood samples from rats [43]. In con-
trast, oral administration of high doses of ascorbate would
achieve peaks up to 150M in blood samples from rats [44].

We found that oral administration of ascorbate prevented
the increase of Q7-induced TBARS levels and the decrease of
SOD-like activity when compared to the Q7-treated group.
The 4-hydroxyaniline substituent in Q7 has a low electron
donating capacity and is similar to 1,4-naphthoquinone [45],
leading to a lower O2

− formation. In contrast, menadione
(2-methyl-1,4-naphthoquinone) has a high electron donat-
ing capacity, leading to a higher O2

− formation [40]. Our
findings of TBARS levels and SOD-like activity could be
attributed to the partial stabilization of the semiquinone rad-
ical species of Q7 by ascorbate, causing a change of redox-
cycling process and a lower ROS generation.

In conclusion, oral treatment with ascorbate reduced the
Q7-induced increase in blood pressure. This finding is con-
sistent with a putative model in which ascorbate decreased
the heart rate and improved endothelial vasodilation in
quinone-treated rats. These are possibly mediated by an
increase of the endothelial NO bioavailability and reduced
calcium-dependent vascular contractile response in vascular
smooth muscle cells. These results suggest an in vivo cardio-
protective effect of oral ascorbate in animals treated with

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

4.0

3.0

2.0

1.0

0.0
Basal Asc

Q7 (M)

H
2O

2 
(�휇

M
)

Q7 (M) + Asc

10−8 10−7 10−6 10−8 10−7 10−6

(a)

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎
##

###

H
2O

2 
(�휇

M
)

8.0

6.0

4.0

2.0

0.0
Basal 0.125 0.25 2

Asc (mM)

(b)

Figure 6: Effect of ascorbate and Q7 on the production of H2O2 in vascular smooth muscle cells (A7r5). The data shows the H2O2
generation in the presence of ascorbate and Q7 in A7r5 cells (a) and the effect of increasing doses of ascorbate on H2O2 generation
(b). Ascorbate increased significantly the generation of H2O2 in a dose-dependent manner in A7r5 cells, while Q7 did not cause any
change. Values are mean± standard error of the mean of 3 experiments. Statistically significant differences: ∗∗∗p < 0 001 versus basal;
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naphthoquinone derivative, which is dependent on oxidative
stress. In vivo, ascorbate partially reduced the Q7-induced
oxidative stress. These findings could have interesting and
potential clinical effects for a number of pathologies such as
inflammatory disorders, diabetic blindness, cardiovascular
and autoimmune diseases, and cancer [46]. More studies
with naphthoquinones on cancer models may provide a bet-
ter understanding of the mechanism underlying the amelio-
ration of cardioprotection by ascorbate.
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The potential effects of the fullerene C60 nanoparticle (C60) as well as virgin olive oil (VOO) against the cyclophosphamide- (CP-)
induced cytotoxic and mutagenic effects were evaluated by two main methods: molecular intersimple sequence repeat (ISSR) assay
and cytogenetic biomarkers. Thirty adult male rats were divided to five groups (control, CP, C60, CP +C60, and CP+VOO). CP was
i.p. injected with a single dose of 200mg/kg; C60 and VOO were given orally (4mg/kg dissolved in VOO and 1ml, resp.) in
alternative days for 20 days. The ISSR analysis revealed an increased in the DNA fragmentation level for liver and heart tissues
represented by 21.2% and 32.6%, respectively, in the CP group. The DNA polymorphism levels were modulated and improved
in CP+C60 (8.9% and 12%) and CP+VOO (9.8% and 12.7%) for hepatic and cardiac tissues, respectively. The bone marrow
cytogenetic analysis revealed that C60 and VOO had significantly decreased the frequency of CP-induced chromosomal
aberrations (chromosomal ring, deletion, dicentric chromosome, fragmentation, and polyploidy). Fullerene C60 and VOO have
ability to reduce DNA damage and decrease chromosomal aberrations. In conclusion, fullerene C60 and VOO have protective
effects against the CP-induced mutagenicity and genotoxicity. Fullerene C60 and VOO open an interesting field concerning their
potential antigenotoxic agents against deleterious side effects of chemotherapeutics.

1. Introduction

Commonly used anticancer agents, for example, cyclophos-
phamide, are implicated as mutagenic agents against mam-
malian cells in vivo and in vitro [1, 2]. Cyclophosphamide
causes cytotoxicity to normal cells in spite of its effective anti-
cancer alkylating agent [3]. The active metabolites of cyclo-
phosphamide, for example, phosphoramide mustard and
acrolein, are responsible for accumulation of reactive oxygen
species resulting in fragmentation of the DNA strand and an
increasing in mutagenic DNA effects [4, 5]. The activated CP
metabolites are responsible for inducing damage to DNA,
RNA, proteins, and cytoplasmic membranes [6, 7]. There-
fore, it is necessary to investigate an effective antioxidant that
prevents the oxidative DNA damage and reduces the side
effects of CP and other chemotherapeutic agents.

Recently, carbon nanotubes, especially fullerene, have
received considerable attention in the field of biomedical

research and applications due to their distinct electrical prop-
erties. The interactions between carbon nanotubes, proteins,
nucleic acids, and cell membranes as well as their mutagenic-
ity and antimutagenicity assays have been investigated in
order to discover potential antimutagen and anticarcinogen
potentials [8]. Evaluation of chromosomal aberration is an
effective assay to detect the occurrence of the genotoxicity.
Detection of chromosomal aberration is an indicator for an
organism exposure to the genotoxic agent and the occurrence
of DNA damage. Various types of mutagens can induce
structural chromosomal aberrations via DNA strand breaks
that may elevate the risk of developing tumors [9, 10]. It is
necessary to approve potential drugs that can be used in
protection and amelioration of cytotoxicity and DNA dam-
age. The genotoxic effect of fullerene C60 (C60) is controver-
sial. C60 has genotoxic activity resulting in breaks of the
DNA strand as well as oxidative damages of DNA in a
concentration-dependent manner. The basic mechanisms of
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its toxic effect are lipid peroxidation, oxidative stress dissem-
ination, and genotoxicity [11–13]. It was found that С60 tox-
icity depends on their surface modifications, synthesis,
concentration in the medium, and processing conditions.
On the other hand, numerous studies found no mutagenic
effect of C60 fullerene in vivo and in vitro [14–17]. C60 fuller-
ene nanoparticle does not possess any genotoxic effect
towards human lymphocytes. C60 was used in combination
with doxorubicin (one of the most common anticancer ther-
apeutic agents); C60 reduced the genotoxic effect of doxorubi-
cin in healthy human lymphocytes [18]. Furthermore, С60
possesses an ability to prevent oxidative stress dissemination
due to the nanosize [19, 20].

Olive oil-containing meals reduce the risk of many dis-
eases and malignant tumors, as they have antioxidative,
anti-inflammatory, and anticarcinogenic effects [21]. Oleuro-
pein and hydroxytyrosol are important components of virgin
olive oil (VOO); they have anticancer activity through reduc-
ing DNA oxidation, arresting the cell cycle, and inducing
apoptosis in tumor cells [22]. High consumption of VOO
in the Mediterranean diet has been suggested to be responsi-
ble for protection of DNA against perioxidation and hence
reduction in cancer incidence. So, it was found that DNA
and RNA oxidation in Northern European regions is higher
compared with that in central and Southern regions. These
findings support the assumption that VOO consumption
may explain the decreased incidence of cancer in south
European than those in North regions [23]. It is necessary
to investigate the effect of C60 nanoparticle and VOO sepa-
rately and in combination against CP-induced genotoxicity.
Therefore, the objective of this study is to assess the effect
of C60 as well as VOO on CP-induced genotoxicity in rats
based on detection of DNA damage by intersimple sequence
repeat (ISSR) analysis of liver and heart tissues and detection
of chromosomal aberrations in bone marrow cells by mitotic
analysis technique.

2. Materials and Methods

2.1. Animals, Experimental Design, and Sampling. Thirty
male albino rats (weighing 180–200 g, 2-month old) were
housed in Animal House Facility (South Valley University,
Qena, Egypt). Rats were housed under normal nutritional
and laboratory conditions for one week for acclimatization.
Animals were kept in the ventilated room under controlled
laboratory conditions of normal light-dark cycle (12 h light/
dark) and temperature (25± 2°C). Food and water were pro-
vided ad libitum. Rats were divided into 5 groups (n = 6 rats
each group) as follows: (i) control group received placebo
intraperitoneal (i.p.) injection; (ii) CP group was injected
i.p. with a single dose of CP (200mg/kg dissolved in 2ml dis-
tilled water (DW)); (iii) C60 group was given orally of C60
(4mg/kg dissolved in 1ml VOO) in alternative days for 20
days according to [24, 25]; (iv) CP+C60 group was injected
i.p. with a single dose of CP (200mg/kg dissolved in 2ml
DW) and given orally 4mg/kg dissolved in 1ml VOO of
C60 in alternative days for 20 days; and (v) CP+VOO group
was injected i.p. with a single dose of CP (200mg/kg dis-
solved in 2ml DW and treated orally with VOO (1ml in

alternative days for 20 days). The experimental animal proto-
cols were carried out by following the guidelines for animal
care and were approved by the Ethical Animal Care and
Use Committee from the Faculty of Veterinary Medicine,
South Valley University, Egypt (application number:
VetEg.0465R-2017-2018). After 45 days, the treatments were
stopped and rats were left for 24 hours, then three animals
from each group were sacrificed. Efforts were maximized to
minimize pain suffering of animals. The animals were scari-
fied by cervical dislocation under deep anesthesia using
diethyl ether. The whole liver and heart were collected in
Carnoy’s solution for fixation and frozen at −80°C until used
for DNA extraction. Bone marrow aspiration for cytogenetic
analysis was performed in all rats.

2.2. Chemicals and Fullerene C60 Preparation. Cyclophospha-
mide (Endoxan) was delivered as vials (Baxter Oncology,
Halle, Germany), and VOO was commercially purchased
(Colavita Extra Virgin Olive Oil Company, New Jersey,
USA). Mixture of fullerene C60 (99.9% purity) (Shanghai
Boyle Chemical Co. Ltd., China) and VOO was prepared
according to Baati et al. [24] and Elshater et al. [25] as fol-
lows: one gram of C60 was dissolved in VOO (200ml), stirred
at ambient temperature in dark for 15 days, and centrifuged
(5000 rpm) for 1 h. Using 0.25μmMillipore filters, the super-
natant was filtered through and administered immediately.

2.3. DNA Extraction. Carnoy’s fixed and frozen liver and
heart tissues were used for DNA extraction using QIAamp
DNAMini Kit (Qiagen, Santa Clarita, CA). DNA fragmenta-
tion in liver and heart tissues was carried out according to the
kit manufacturer’s protocol. Briefly, liver or heart tissues
(20mg) were grinded in hypotonic lysis buffer (400μl;
10mM Tris base, 1mM EDTA, and 0.2% Triton X-10), and
the cells were centrifuged (10,000 rpm) at 4°C for 5min.
The supernatant (containing small DNA fragments) was
mixed with equal volumes of 0.5M NaCl and absolute iso-
propyl alcohol for precipitation of DNA. Mixture was
stored at −20°C overnight, then centrifuged (11,000 rpm)
at 4°C for 15min. Ethanol (200μl of 70%) was used for
washing the pellet; then, the pellet was loaded into the elution
column and washed twice with buffer, and the DNA was
isolated using elution buffer. The eluted DNA was stored
at −20°C until use [26].

2.4. Polymerase Chain Reaction of ISSR Analysis. Five
primers (Eurofins, Germany) (Table 1) were used in inter-
simple sequence repeat (ISSR) analysis, and PCR cycling
was performed in a TakaRa Thermal Cycler (Takara Bio
Inc., Shiga, Japan). For ISSR analysis, PCR amplification
reactions [27] were used in a volume of 25μl (1X of Green
GoTaq® Flexi Buffer, primer (25 pucM), dNTPs (200μM,
Promega), MgCl2 (1.5mM), GoTaq Flexi DNA Polymerase
(1U, Promega), template DNA (25 ng), and up to 25μl
DW). The reactions were carried out in the following condi-
tions: initial denaturation process (1 cycle) was performed at
94°C for 5min; annealing (40 cycles) was carried out at 94°C
for 45 sec, 45°C for 50 sec, and 72°C for 1.5min; and lastly,
extension (1 cycle) was done at 72°C for 7min.
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2.5. Agarose Gel Electrophoresis. PCR products were analyzed
using agarose gel electrophoresis (1.5%) and visualized with
ethidium bromide (10μg/μl) staining. The gels were exposed
to UV light and photographed using a Molecular Imager®
Gel Doc™ System with Image Lab™ Software, Bio-Rad. The
size of the DNA fragments was estimated based on a DNA
ladder (100 to 2000 bp, MBI, Fermentas). The presence or
absence of each band was treated as binary character in a data
matrix, that is, coded 1 and 0, respectively, The amplifica-
tion products were scored as (1) for the presence and (0)
for the absence of the bands and were compared to the
bands in the control group to determine the genetic alter-
ations across the other treated groups. The appearance of
new bands and disappearance of existed bands in compari-
son with the control group are considered DNA polymor-
phism. Percentage of polymorphism is calculated according
to this equation: number of polymorphic DNA band× 100/
total number of bands.

2.6. Preparation of Chromosome for Chromosomal
Aberration Analysis. Microscopic slides for mitotic chromo-
somal spread were prepared as described by Yosida and
Amano [28]. Rats were injected i.p. with colchicines
(0.05%) and then euthanized 2h later. Femurs of rats were
removed, and the bone marrow cells were aspirated from
both femurs in warmed hypotonic solution (5-6ml of
0.56% KCl) for 30min. The aspirate was centrifuged, and
the supernatant was decanted. The resultant cellular mass
was fixed three times in a mixture of (3 : 1) methanol-
glacial acetic acid. Slides were prepared by dropping the
cell suspension onto ethanol-cold slides and flaming them
slightly. The slides were stained with Giemsa (10%) in
phosphate buffer (pH6.8). In each group, approximately
250 metaphase spreads were analyzed and the structural
chromosomal aberrations per cell were counted. Different
types of chromosomal aberrations such as chromosomal
ring, chromatid deletion, dicentric chromosomes, chromo-
some fragments, and polyploidy chromosomes were
accounted. The data was expressed as chromosomal aber-
ration percentage (%) in each group using the following
formula: chromosomal aberration %= total number of
chromosomal aberrations× 100/total number of counted
metaphase spreads (250).

2.7. Statistical Analysis. Statistical analysis was carried out
using the Student’s t-test (two-tailed) with SPSS 24 software.

Chromosomal aberrations are expressed as mean± SE.
Differences were considered as significant when P < 0 05.

3. Results

3.1. Genotoxic Changes in Hepatic and Cardiac Tissues. ISSR
analysis of the hepatic and cardiac tissues was performed to
assess the genotoxicity of CP and the effect of C60 and
VOO on CP-induced genotoxicity in rats. Numbers of ISSR
bands ranged between 8 and 15 and 9 and 17 in hepatic
and cardiac tissues, respectively (Figures 1 and 2, Table 2).
The amplified bands had molecular weight of genomic
DNA ranged between 160 and 1400 bp for both the hepatic
and cardiac tissues, with 12 band average per primer
(Figures 1 and 2, Table 2). In the control group, there were
57 ISSR bands in liver samples, compared to 52, 57, 56, and
61 bands in CP, C60, CP+C60, and CP+VOO groups,
respectively. The CP group exhibited the highest number of
lost bands. The number of lost bands caused by CP was
decreased after treatment with C60 or VOO (Table 2). CP-
induced loss in bands has been improved through treatment
with C60, as well as VOO.

In cardiac tissues, ISSR bands were 53, 46, 53, 50, and 55
in control, CP, C60, CP+C60, and CP+VOO groups, respec-
tively (Figure 2, Table 2). Similarly, rats treated with CP had
the highest number of ISSR band loss, and treatment with
C60 or VOO decreased the band loss and recovered to control
levels. Treatment with C60 and VOO improved the CP-
induced genotoxicity. Furthermore, cardiac muscles were
more affected by genotoxic effects of CP than hepatic tissues,
and the rate of improvement due to treatment with C60 was
lower than that observed in hepatic tissue.

The highest polymorphic bands were produced by the
ISSR-3 and ISSR-1 primers (71.4% and 50% in hepatic and
cardiac tissues, resp.) in the CP group (Table 3), whereas
the lowest polymorphic bands were produced by ISSR-5
and ISSR-2 (0% and 9.1%) in hepatic and cardiac tissues,
respectively (Table 3).

3.2. Attenuation of CP-Induced Polymorphism in Hepatic and
Cardiac Tissues after Treatment with Fullerene C60 and
VOO. Genetic analysis revealed that CP induced 11 poly-
morphic bands out of 52 bands (21.2% polymorphism)
detected in the hepatic tissues (Table 3). In cardiac tissues,
CP produced 15 polymorphic bands out of 46 bands
(32.6% polymorphism) (Table 3). In contrast, the percent-
ages of polymorphism in fullerene C60 (7%), CP+C60
(8.9%), and CP+VOO (9.8%) were lower than those
recorded in CP (21.2%) in liver tissues (Table 3). Band
polymorphism in cardiac tissues is recorded in Table 3.
The percentages of polymorphism were 32.6, 11.3, 12,
and 12.7% in cardiac tissues of CP, C60, CP+C60, and
CP+VOO groups, respectively. Livers and hearts from rats
exposed to C60 dissolved in VOO (C60 group) showed
7% and 11.3% polymorphisms, respectively (Table 3).
These results indicate that polymorphisms induced by
CP can be attenuated by C60 or VOO (in CP+C60 and
CP+VOO groups).

Table 1: The primer code and nucleotide sequences.

Primer Primer sequence 5′-3′
ISSR-1 5′-ACACACACACACACACYA-3′
ISSR-2 5′-AGAGAGAGAGAGAGAGYT-3′
ISSR-3 5′-CTCCTCCTCCTCCTCTT-3′
ISSR-4 5′-CTCTCTCTCTCTCTCTCG-3′
ISSR-5 5′-TCTCTCTCTCTCTCTCA-3′
Nucleotide code: A = adenine, C = cytosine, G = guanine, T = thymine, and
Y = Cor T.
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Comparison of polymorphism percentages in cardiac
muscles in all groups with those of hepatic tissues indicated
that cardiac muscles (32.6% in CP) were more sensitive to
CP genotoxicity than hepatic tissues (21.2% in CP) and the
latter was better in response to the effect of C60 and VOO
in moderation, reduction, or attenuation of CP toxic effects.
Moreover, treatment with C60 was more effective than with
VOO in improving the CP-induced genetic toxicity.

3.3. Cyclophosphamide-Induced Chromosomal Aberrations
and Effect of C60 and VOO. The chromosomal alterations in
bone marrow cells due to CP, C60, and VOO were recorded.
The CP group had the highest level (23.00± 14.28) of
aberrant chromosomes (Figure 3, Table 4) in comparison to
other treated groups. The major chromosomal aberrations
were the formation of chromosomal rings (40.0%) (Table 4,
Figure 3). Dicentric chromosomes (Figures 3(d) and 3(g)),

chromosomal fragments (Figure 3(e)), chromatid deletions
(Figures 3(c), 3(e), and 3(f)), and polyploidy were recorded
after CP treatment, representing 4.00%, 3.5%, 6.0%, and
4.0%, respectively. Rats cotreated with CP and C60 or VOO
reduced significantly the percentage of chromosomal
aberrations when compared to those with CP alone. The fre-
quencies of total chromosomal aberrations were 0.40± 0.24,
23.0± 14.28, 8.20± 3.29, 10.40± 5.10, and 11.20± 6.23 in
control-, CP-, C60-, CP+C60-, and CP+VOO-treated ani-
mals, respectively. The percentages of total aberrant chromo-
somes were 1, 57.5, 20.5, 26.0, and 28% in control, CP, C60,
CP+C60, and CP+VOO groups, respectively (Table 4).
Phenotype of chromosomal ring was reduced significantly
after treatment with C60 or VOO (Table 4, Figure 3). Other
chromosomal changes such as deletion, dicentric chromo-
some, fragmentation, and polyploidy were reduced in num-
ber and percentage in treatment groups (C60, CP+C60, and
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Figure 1: PCR products of liver genomic DNA after treatments with cyclophosphamide, fullerene nanoparticles (C60), and virgin olive oil;
lane M: DNA marker; lane 1: control; lane 2: CP group; lane 3: C60 group; lane 4: CP +C60 group; and lane 5: CP +VOO group.
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CP+VOO) compared with those in the CP group (Table 4,
Figure 3). The total numbers of aberrant chromosomes in
250 bone marrow cells were 2, 115, 41, 52, and 56 in control,
CP, C60, CP+C60, and CP+VOO, respectively (Table 4). C60
and VOO significantly reduced chromosomal aberrations
(50% reduction or more) in comparison with CP-treated rats.

4. Discussion

CP is used as a cancer chemotherapy alkylating agent. Active
compounds of CP are acrolein and phosphoramide which are
responsible for reducing the growth of cancerous cells by act-
ing at the DNA level [29]. On the other hand, CP can
enhance secondary tumors in healthy human tissues such
as urinary bladder tumors as well as metastasis occasionally
[30, 31]. CP, as a prooxidant, is used for treatment for a long
time which leads to oxidative stress through generation of
free radicals. After CP treatment, antioxidant enzyme

activities decreased and lipid peroxidation increased [32].
Moreover, CP-induced genotoxicity is a dose-dependent
manner. Although CP is used as an anticancer drug which
is necessary to kill the carcinogenic cells, the increase use of
CP in the treatment period leads to cytotoxicity of healthy
cells in the body [5]. CP chemotherapy induces a variety of
changes in DNA and proteins that lead to imbalance in cell
division. In the present study, CP decreased the DNA level
and increased the chromosomal aberrations in rat tissues.
Most of chemotherapeutic agents and CP cause gene muta-
tions, chromosomal aberrations, and rearrangements in
somatic and germ cells of experimental animals [33]. Protec-
tion against CP chemotherapy-induced genotoxicity is a hot
research point. Many mechanisms have been adopted to deal
with CP genotoxicity, and several antimutagens were
recorded acting in rodents and may be active in human too
[34]. The objective of the current study was to assess the
effect of fullerene C60 nanoparticles as well as VOO to
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Figure 2: PCR products of heart genomic DNA after treatments with CP, fullerene nanoparticles (C60), and virgin olive oil; lane M: DNA
marker; lane 1: control; lane 2: CP group; lane 3: C60 group; lane 4: CP +C60 group; and lane 5: CP +VOO group.
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ameliorate CP-induced genotoxicity. Previous studies were
demonstrating an improved effect of some extracts and che-
micals such as garlic and Ocimum sanctum on the chromo-
somal aberrations [35, 36]. This study investigated the
antigenotoxic activity of fullerene C60 as well as VOO in rat
tissues by two main methods, molecular assays and cytoge-
netic biomarkers using DNA fragmentation assay in liver
and heart tissues and chromosomal aberrations in bone mar-
row cells, respectively. CP produced severe mutations in
DNA strands and chromosomes giving the ability to fairly
judge on the DNA repair and cytogenetic activity of C60
and VOO in rats in vivo. CP induced loss of ISSR bands that
decreased by cotreatment with C60 or VOO. CP-induced loss
in bands has been improved through treatment with C60, as
well as VOO. Moreover, treatment with C60 was more effec-
tive than with VOO in improving the CP-induced genetic
toxicity because the percentages of DNA polymorphism in
hepatic and cardiac tissues were 8.9% and 9.8% and 12 and
12.7% in CP+C60 and CP+VOO groups, respectively. Ful-
lerene C60 causes no damage in DNA strands and had no
impact on the level of aberrant chromosomes in vivo and
in vitro [15, 37, 38]. In the present study, C60 and VOO
induced an improved DNA level and decreased the chromo-
somal aberration in CP+C60 or CP+VOO compared to that
in the CP group. Fullerene nanoparticles (C60) possess an
ability to protect against oxidative stress and may decrease
mutagenic activity, due to the nanosize [19, 20, 39]. In con-
trast, few reports stated that C60 possesses genotoxic activity
in different animal tissues where it induces breaks and oxida-
tive damages of in the DNA strand [12, 13, 40, 41]. In the
present study, C60 improved the lost ISSR bands in both
hepatic (57 and 56 in C60 and CP−C60, resp.) and cardiac
(53 and 50 in C60 and CP−C60, resp.) tissues when compared
to those of CP (52 and 46), respectively. Moreover, C60
decreased the percentage of DNA polymorphism in hepatic
(7% and 8.9% in C60 and CP−C60, resp.) and cardiac
(11.3% and 12% in C60 and CP−C60, resp.) tissues when
compared to that of CP (21.2% and 32.6%), respectively.

Effect of C60 on tissues in vivo and in vitro studies depends
on the size of nanoparticles, the given dose, duration of expo-
sure, and type of cells [41, 42]. In the present study, low dose
of C60 was 4mg/kg dissolved in VOO as those recorded by
Baati et al. [24] and Elshater et al. [25] as low doses are pro-
tective against oxidative stress.

Effect of C60 on CP-induced hepatotoxicity was more
effective than its effect on CP-induced cardiotoxicity and
triggered a better response against genotoxicity in the liver
than in the heart. Comparison of polymorphism percentages
in cardiac muscles in all groups with those of hepatic tissues
indicated that cardiac muscles (32.6% in CP) were more sen-
sitive to CP genotoxicity than hepatic tissues (21.2% in CP).
Cardiac muscles were worse in response to the effect of C60
and VOO than hepatic tissue in moderation, reduction, or
attenuation of CP toxic effects.

The chromosomal aberration is an important parameter
for investigating the protective effects of antigenotoxic agents
on chemical and drug-induced toxicity. C60 had no genotoxic
effects, and it induced antigenotoxic effects at subcytotoxic
concentrations on human lymphocytes, presented by the
decreased in micronuclei and chromosomal aberration fre-
quency [37, 38]. Moreover, C60 prevents the toxic effect of
doxorubicin (chemotherapeutic agent) on normal cells and
possesses no genotoxic effect on human lymphocytes [18].
C60 has a potential antioxidative effect against CP-induced
hepatotoxicity [25]. In the present work, in spite of C60
induced few genotoxic features represented by a few number
of chromosomal aberration, for example, chromosomal ring,
chromosomal fragments, and chromatid deletions, C60 had a
protective effect against CP-induced genotoxicity. C60 as well
as VOO decreased the number and types of aberrant chro-
mosomes in CP+C60 and CP+VOO groups, respectively,
when compared to the treatment by CP alone. Similar find-
ings have been approved by C60 and VOO against
cadmium-induced genotoxicity [43]. Fullerene C60 and
VOO significantly ameliorate cadmium chloride-induced
genotoxicity in hepatic and renal tissues. Moreover, they

Table 2: Number and frequency of the obtained bands using ISSR in liver and heart tissues after treatment with CP, C60, and VOO.

Primers Total band numbers Mobility range (bp)
Number of bands

Band frequency (mean± SE)
Control CP C60 CP+C60 CP+VOO

Rat liver

ISSR-1 11 170–670 10 11 11 11 11 0.98± 0.02
ISSR-2 14 160–850 12 11 14 10 14 0.81± 0.07
ISSR-3 13 190–1000 13 7 10 12 13 0.85± 0.06
ISSR-4 15 260–1400 14 15 14 15 15 0.97± 0.03
ISSR-5 8 290–1000 8 8 8 8 8 1.00± 0.00
Sum 57 52 57 56 61

Rat heart

ISSR-1 9 160–670 10 10 10 11 11 0.82± 0.08
ISSR-2 11 160–850 12 11 11 11 12 0.95± 0.05
ISSR-3 11 190–850 12 9 12 7 10 0.83± 0.06
ISSR-4 17 260–1400 12 11 13 14 15 0.87± 0.06
ISSR-5 11 290–1000 7 5 7 7 7 0.83± 0.10
Sum 53 46 53 50 55
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3: Metaphase-chromosomal aberrations in bone marrow cells showing the effect of CP treatment in group 2; (a and b) normal
metaphase. Deletion in chromatid (D), ring chromosomes (R), dicentric chromosome (Dc), and fragment chromosomes (F), and
polyploidy in chromosome numbers was observed in (h).

8 Oxidative Medicine and Cellular Longevity



T
a
bl
e
4:
C
hr
om

os
om

al
ab
er
ra
ti
on

s
in

ra
t
bo
ne

m
ar
ro
w
ce
lls

af
te
r
tr
ea
tm

en
t
w
it
h
C
P
,C

60
,a
nd

V
O
O
.

G
ro
up

s
A
be
rr
at
io
n
ce
lls

(n
um

be
r)

C
hr
om

os
om

al
ab
er
ra
ti
on

T
ot
al
ab
er
ra
ti
on

s
A
ve
ra
ge

nu
m
be
r
of

ab
er
ra
ti
on

(m
ea
n
±
SE

M
)

R
(n
um

be
r)

D
(n
um

be
r)

D
c
(n
um

be
r)

F
(n
um

be
r)

P
ol
y
(n
um

be
r)

N
um

be
r

%

C
on

tr
ol

2
1

1
—

—
2

1.
00

0.
40

±
0.
24

C
P

95
80

12
8

7
8

11
5

57
.5

23
.0
0
±
14
.2
8∗

C
60

25
20

10
6

1
4

41
20
.5

8.
20

±
3.
29

∗

C
P
+
C
60

36
30

10
7

3
2

52
26
.0

10
.4
0
±
5.
10

∗

C
P
+
V
O
O

45
36

7
3

5
5

56
28
.0

11
.2
0
±
6.
23

∗

R
=
ri
ng

ch
ro
m
os
om

e,
D
=
de
le
ti
on

in
ch
ro
m
at
id
,D

c
=
di
ce
nt
ri
c
ch
ro
m
os
om

e,
F
=
fr
ag
m
en
ta
ti
on

ch
ro
m
os
om

es
,a
nd

P
ol
y
=
po

ly
pl
oi
dy

ch
ro
m
os
om

es
.V

al
ue
s
ar
e
m
ea
n
of

re
pl
ic
at
es
±
SE

M
.∗
Si
gn
ifi
ca
nt

at
P
<
0
05
.

9Oxidative Medicine and Cellular Longevity



reversed the chromosomal alterations caused by cadmium
chloride toxicity on bone marrow [43].

Moreover, VOO had an antigenotoxic impact on rat tis-
sues. Our molecular studies on ISSR in hepatic and cardiac
tissues as well as cytogenetic of bone marrow cells indicated
that VOO alleviated CP-induced genotoxicity. Similarly,
Fabiani et al. [22] reported that olive oil has a protective
activity against cancer through arrest of the cell cycle
and induction of apoptosis in tumor cells and also it has
cytotoxic as well as cytoprotective compounds with poten-
tial pharmaceutical properties. VOO has a potential anti-
oxidative effect, and it protects DNA from damage
induced by a toxic material or a chemotherapeutic agent
[21, 44, 45]. This study displays the antioxidant and anti-
genotoxic activities of fullerene C60 nanoparticle and olive
oil and its antimutagenic impacts in reducing the DNA
damage, which can be occurred in healthy cells as side
effect of the treatment with cyclophosphamide.

5. Conclusion

The present study investigated the antigenotoxic activity of
C60 as well as VOO in hepatic and cardiac tissues of a rat after
induction of genotoxicity by CP. Two main methods were
performed molecular ISSR assay and cytogenetic biomarkers
using DNA fragmentation of liver and heart tissues and chro-
mosomal aberrations in bone marrow cells, respectively. CP
made severe mutations in DNA strands and chromosomal
aberration; in contrast, DNA band numbers return to the
control level as well as the chromosomal aberration fre-
quency decreased significantly after C60 and VOO treat-
ments. This study investigated the antigenotoxic activities
of C60 nanoparticle and VOO and its antimutagenic impacts
in reducing the DNA damage in healthy cells (C60 group) and
after genotoxicity (CP+C60 and CP+VOO groups). Virgin
olive oil has potent antigenotoxic effect compared with C60.
Cardiac muscles were more susceptible to CP-induced geno-
toxicity and less responsive to C60 and VOO treatments than
hepatic tissues. These findings highlight the principles for the
future research possibilities to design and develop C60- and
VOO-related drugs combined to CP and other chemothera-
peutics, which might minimize the side effects caused by
the commonly used chemotherapeutic agent.
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Gastric ulcers are among the most broadly perceived illnesses affecting individuals. Alcohol consumption is the main cause of
gastric ulceration. This study assessed the protective effects of Salvadora persica (SP) extract against ethanol-induced gastric
ulcer and elucidated the conceivable underlying mechanisms involved. For this purpose, 40 rats were allotted into 4 equal
groups (control, ethanol- (EtOH-) treated, and SP-treated “SP200 and SP400” groups). The control and EtOH-treated groups
were given phosphate buffer saline (PBS), and both the SP200 and SP400 groups were given SP extract dissolved in PBS at doses
of 200 and 400mg/kg b.w., respectively. All treatments were given orally for 7 constitutive days. On the 8th day, all rats were
fasted for 24 h followed by oral gavage of PBS in the control group and chilled absolute ethanol solution (5ml/kg b.w.) in the
EtOH- and SP-treated groups to induce gastric lesions. One hour later, the rats were sacrificed and the stomachs were harvested.
Gross and microscopic examinations of the EtOH-treated group showed severe gastric hemorrhagic necrosis, submucosal
edema, destruction of epithelial cells, and reduced glycoprotein content at the mucus surface. These pathological lesions were
defeated by SP extract treatment. Administration of SP extract modulated the oxidative stress and augmented the antioxidant
defenses. The elevated ethanol-expressed tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) genes, as well as bcl-2-like
protein 4 (Bax) and inducible nitric oxide synthase (iNOS), were diminished in the SP-treated group. Curiously, SP extract
upregulated endothelial nitric oxide synthase (eNOS) and transforming growth factor-β1 (TGF-β1) gene expression comparable
to that of the EtOH-treated rats. Aggregately, SP exerted antiulcer activities in ethanol-induced gastric ulcer rat models via
modulation of oxidant/antioxidant status, mitigation of proinflammatory cytokines, and apoptosis, as well as remodeling of both
NOS isoforms.

1. Introduction

Gastric ulceration mainly occurs as a result of disharmony
between 5 inverse factors at the gastric mucosa [1]. Induc-
ing factors include alcohol, nonsteroidal anti-inflammatory

drugs, smoking, stress, and Helicobacter pylori [2]. This is
in contrast to the gastroprotective factors that are attrib-
uted to adequate secretion of mucus and prostaglandins,
maintenance of anti-inflammatory and antioxidative agents,
and normal mucosal blood flow [3].
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Ethanol is one of the forceful factors that prompt gastric
ulcer and is used as a model for assessment of the gastro-
defensive effects of various drugs and natural products [4].
The oxidative stress that leads to the production of reactive
oxygen species (ROS) along with the decline in antioxidative
enzymes at the gastricmucosa induced by ethanol ingestion is
implicated in the pathogenesis of ethanol-induced gastric
ulceration [5]. Alcohol consumption induces gastric mucosal
damage and apoptosis through tumor necrosis factor-α
(TNF-α) signaling and ROS formation [6]. TNF-α, an initiat-
ing proinflammatory cytokine, has a critical role in the
pathogenesis of gastric ulcer via inflammation and injury
inducement [7]. Alcohol-induced gastric damage has been
mediated through hypersecretion of gastric acid [8], proin-
flammatory cytokines and ROS generation [9], apoptosis
induction, and depletion of nitric oxide (NO) and prostaglan-
din E2 [10]. NO, a vasodilator that is synthesized from the
amino acid arginine by twoNO synthases, has a dual function
at the gastric mucosal level. One of them is the endothelial
nitric oxide synthase (eNOS) that produces NO to assist gas-
tric ulcer healingmainly through stimulation of blood vessels’
formation, increasing blood flow, and anti-inflammatory
action [11], while NO generated from inducible nitric oxide
synthase (iNOS) functions in gastric ulcer induction via the
formation of ROS and toxic effects on cells [12].

Alleviation of gastric aggressive mediators and progres-
sion of gastric preservative factors are considered as
therapeutic tools for the healing of gastric ulcer [13]. The
mechanism of the healing process encompasses the restora-
tion of the gastro-defensive factors’ balance, generation of
gastric mucosal cells and blood vessels, matrix reconstruc-
tion, antioxidation, and anti-inflammation [14].

Natural products have attracted scientific attention as
prophylactic alternatives for gastric ulcer [15]. Salvadora
persica L. (SP), also known as miswak, a Salvadoraceae
family member, has been used mainly as natural tooth-
brushes [16]. SP-lyophilized decoction has a protective
action on gastric ulcer induced by acetylsalicylic acid in
rats [17]. Soliman et al. [18] reported that SP root extract
attenuated oxidative stress, restored antioxidant enzymes,
and reduced glutathione (GSH) level in rats exposed to lead
acetate. Also, Nomani et al. [19] showed that the anti-
inflammatory activity of SP extract is mediated via the down-
regulation of TNF-α mRNA expression in inflammatory
bowel disease-induced rats. Further, the most potent inflam-
matory factors IL-1β, TNF-α, and TGF-β1 were decreased in
rat serum subjected to carrageenan-induced paw edema
pretreated with SP extract [20].

In view of previously published data concerning the
mechanistic factors of gastric ulcer healing, the current study
was designed to evaluate the effects of SP aqueous extract on
proinflammatory cytokines, nitric oxide synthases, apoptotic
pathways, and oxidative/antioxidative pathways involved in
ethanol-induced gastric ulcer in rats.

2. Materials and Methods

2.1. Ethics Statement. The experiments were done in compli-
ance with the rules set by the Ethics Committee at the Faculty

of Veterinary Medicine, Alexandria University, Egypt. All
efforts were made to minimize the suffering of rats during
experimentation and sampling.

2.2. Chemicals and Reagents. Absolute ethanol (EtOH) solu-
tion was purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). Polyclonal rabbit anti-mouse iNOS antibody (1 : 100;
Cat: ab15323), monoclonal rabbit anti-human Bax antibody
(1 : 300; Cat: ab32503), polyclonal rabbit anti-mouse IL-1β
antibody (1 : 250; Cat: ab9722), and polyclonal rabbit anti-
human CD3 antibody (1 : 100; Cat: ab5690) were purchased
from Abcam Co., Cambridge, UK.

Kits for malondialdehyde (MDA), GSH, total superoxide
dismutase (T.SOD), catalase (CAT), glutathione peroxidase
(GPx), and glutathione S-transferase (GST) were obtained
from Biodiagnostic Co. (Dokki, Giza, Egypt). Total RNA
extraction and SYBR Green Master Mix kits were purchased
from Qiagen Co., Germany. cDNA kit was obtained from
Promega Co., Madison, WI, USA.

2.3. Plant Extraction. SP roots were purchased from the local
market in Alexandria, Egypt, and authenticated at the Botany
Department, Agriculture Faculty, Alexandria University.
One kg of SP roots was cut into small pieces, air dried, and
ground into fine powder and then extracted in distilled water
for 48h at 25°C. After centrifugation at 1435×g for 15min,
the resulting supernatants were filtered through Whatman
number 1 filter paper and the filtrates were concentrated
using a rotary evaporator at 40°C [21]. The obtained fine
extract powder was subdivided into small portions in brown
bottles and freshly prepared before supplementation to rats.

2.4. Gas Chromatography-Mass Spectrometry (GC-MS)
Analysis of SP Phytochemicals in Extract. SP extract was
dissolved in N,O-Bis(trimethylsilyl)trifluoroacetamide and
injected into a Trace GC Ultra-ISQ mass spectrometer with
a direct capillary column TG-5MS (30m× 0.25mm×
0.25μm). The GC was equipped with splitless mode/30 s
with helium as a carrier gas. The temperature of the GC oven
was maintained at 45°C for 30 s. The oven temperature was
gradually raised to 235°C at a rate of 8°C/min andmaintained
at 235°C for 7.07min. The MS ion source temperature was
150°C and mass spectra were obtained at 70 eV [22].

Table 1: Ingredients of basal diet.

Ingredients g/kg diet

Corn flour 529.5

Casein 200

Sucrose 100

Soybean oil 70

Cellulose 50

Mineral mix 35

Vitamin mix 10

L-Cysteine 3

Choline 2.5
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Separated compounds were identified by comparing their
mass spectra to the Wiley Registry 8e.

2.5. Animal Study Design and Induction of Gastric Ulcer.
Forty male adult rats weighing between 240 and 250 g were
purchased from the Animal Breeding Unit, Medical Research
Institute, Alexandria University. Animals were housed in
clean metal cages under optimum conditions proportionate
to the Institutional Guideline for Care and Use of Laboratory
Animals: temperature: 21± 2°C, humidity: 56± 5%, 12 h
light/dark cycle, and free access to water and to diet as listed
in Table 1.

Rats were allocated into the control group (n = 20), SP200
(n = 10) group that received SP extract 200mg/kg b.w., and
SP400 (n = 10) group that received SP extract 400mg/kg
b.w. [23, 24]. SP extract was dissolved in phosphate buffer
saline (PBS) and given orally to the SP200 and SP400 groups
for 7 days while the control group received only PBS. On the
8th day, all rats were fasted for 24 h followed by adminis-
tration of ethanol by gastric tube to induce gastric lesions
to 10 rats of the control group and all rats in the SP200
and SP400 groups; rats were gavaged with chilled absolute
ethanol solution 5ml/kg b.w. according to the method
described by Park et al. [25]. The remaining 10 rats of
the control group were gavaged with PBS and kept as neg-
ative control. One hour following the induction of gastric
lesions, the rats were sacrificed under anesthesia with
intravenous injection of sodium pentobarbital (30mg/kg).

2.6. Macroscopic Examination of Gastric Mucosa. Stomachs
of anesthetized rats from each group were opened along
the greater curvature and rinsed with normal saline
(NaCl 0.9%) followed by gross examination for assess-
ment of any abnormal lesions and then photographed.
The length of each lesion in mm was measured according
to Bozkurt et al. [26], and the gastric ulcer index (UI)
was calculated according to the method described by Das
and Banerjee [27].

2.7. Histological Screening of Gastric Mucosa. Stomachs were
flushed with PBS pH7.4 and fixed in 4% paraformaldehyde
in 0.1M phosphate buffer. Fixed specimens were processed
using the conventional paraffin embedding technique includ-
ing dehydration through ascending grades of ethanol and

clearing in 3 changes of xylene andmelted paraffin and ended
by embedding in paraffin wax at 65°C. Paraffin blocks were
sectioned into 4μm thickness sections. These sections were
stained with hematoxylin and eosin (H&E) stain according
to the method described by Bancroft and Layton [28] and
Periodic acid–Schiff (PAS) stain according to Pearse [29]. The
section images were taken with a digital camera (Leica EC3,
Leica, Germany) connected to a microscope (Leica DM500).

2.8. Determination of Gastric Mucosal Malondialdehyde and
Antioxidant Parameters. Gastric tissues were homogenized
with PBS to prepare 10% (w/v) homogenate and divided into
3 aliquots; one was used for the estimation of the MDA level.
The second aliquot was deproteinized by adding 10%
trichloroacetic acid and centrifuged, and the supernatant
was used for the determination of reduced glutathione level,
while the third aliquot was centrifuged and used to determine
the antioxidant enzyme activities in the supernatant. All pro-
cedures were performed using commercial kits (Biodiagnos-
tic Co.) according to the manufacturer’s instructions.

Table 2: Primer sequences.

Gene symbol Gene description
GenBank

accession number
Sequence

Annealing
temperature (°C)

Actb β-Actin NM_031144.3
F: TGTTGTCCCTGTATGCCTCT
R: TAATGTCACGCACGATTTCC

60

eNOS Endothelial nitric oxide synthase NC_005103.4
F: TCTTCAAGGACCTACCTCAGGC
R: GCTAAGGCAAAGCTGCTAGGTC

60

TGF-β1 Transforming growth factor-β1 NM_021578.2
F: CCAACTACTGCTTCAGCTCCACA
R: TGTACTGTGTGTCCAGGCTCCAAA

58

TNF-α Tumor necrosis factor-α NM_012675.3
F: GACCCTCACACTCAGATCATCTTCT
R: TTGTCTTTGAGATCCATGCCATT

60

IL-1β Interleukin-1β NM_031512.2
F: CACCTCTCAAGCAGAGCACAG
R: GGGTTCCATGGTGAAGTCAAC

60

Table 3: Phytochemical analysis of S. persica extract by GC-MS.

Retention time
(min)

Phytochemicals
Area
(%)

5.52 Chavicol 1.18

10.18 Oleic acid 1.97

12.31 3-Penten-2-one 4.24

15.58
Tristrimethylsilyl ether derivative
of 1,25-dihydroxyvitamin D2

3.94

16.24 Retinoic acid 1.31

16.78 Palmitic acid 13.19

17.27 Androst-7-ene-6,17-dione 9.56

19.05 Methyl alpha-D-glucopyranoside 4.09

19.32 α-Linolenic acid 1.77

20.83 Tributyl acetylcitrate 5.24

23.78 Hexa-t-butylselenatrisiletane 6.97

26.33 Lycopene 16.56

27.45 Pregn-16-ene-11,14,18,20-tetrol 1.73

28.46 Lycoxanthin 1.61

Ingredients less than 1.00% 26.64
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2.9. Relative Expression of Proinflammatory Cytokine and
Endothelial Nitric Oxide Synthase. Total RNA was isolated
from 100mg gastric tissue samples in all groups using an
RNA extraction kit (Qiagen Inc., Germantown, MD, USA).
qRT-PCR was performed in a real-time PCR machine using
one-step SYBR Green RT-PCR Master Mix (Qiagen Inc.)
and ready-made primers of TNF-α, IL-1β, TGF-β1, eNOS,
and β-actin as housekeeping reference genes (Table 2). Ther-
mal cycling conditions were retention time step at 50°C/
10min for cDNA synthesis followed by inactivation step at
95°C/15min. For gene amplification, conditions were 45
cycles of 95°C/15 s, 58–60°C/30 s, and 60°C/1min, followed

by 60°C/10min. Analysis of relative gene expression was esti-
mated using the 2−ΔΔCt method [30].

2.10. Immunohistochemical Examination of Bax, iNOS, IL-
1β, and CD3 Proteins. Briefly, 4μm thick paraffin sections
were prepared and deparaffinized using xylene, rehydrated
in graded alcohols, and finally washed with distilled water.
Antigen retrieval was done in the case of anti-iNOS, anti-
Bax, and anti-CD3 by heating in 10mM citrate buffer
(pH6.0) for 20min at 95°C with no antigen retrieval for
anti-IL-1β, followed by washing with distilled water. Deacti-
vation of endogenous peroxidase was carried out using 3%
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Figure 1: Gastric ulcer index (a) and macroscopic finding of gastric mucosal lesions (b) in rats exposed to ethanol-induced gastric ulcer and
treated with S. persica extract. EtOH: ethanol-induced gastric ulcer; EtOH+ SP200: ethanol-gastric ulcer treated with S. persica extract
200mg/kg b.w.; EtOH+ SP400: ethanol-gastric ulcer treated with S. persica extract 400mg/kg b.w. Data are expressed as mean± SE (n = 5),
and the statistical analysis was done with one-way ANOVA, followed by Tukey’s post hoc test multiple comparisons. ∗∗∗P < 0 001 versus
control, +++P < 0 001 versus EtOH, and xxxP < 0 001 versus EtOH+ SP400.
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H2O2 in absolute methanol for 30min at 4°C. After washing
with PBS, the nonspecific reaction was blocked with 10%
normal blocking serum for 60min at room temperature.
The sections were incubated at 4°C overnight with the spe-
cific primary antibody: monoclonal rabbit anti-human Bax
antibody (Abcam, Cat: ab32503); polyclonal rabbit anti-
mouse iNOS antibody (Abcam, Cat: ab15323, Cambridge,
UK); polyclonal rabbit anti-mouse IL-1β antibody (Abcam,
Cat: ab9722); and polyclonal rabbit anti-human CD3 anti-
body (Abcam, Cat: ab5690) diluted in 1.5% BSA/PBS
(pH7.2) at 1 : 100; 1 : 300; 1 : 250; and 1 : 100, respectively.
For negative control sections, PBS was used instead of the
primary antibody. After washing with PBS, the sections
were incubated with biotin-conjugated goat anti-rabbit
IgG antiserum (Histofine kit, Nichirei Corp.) for 60min
and then washed with PBS, followed by incubation with
streptavidin-peroxidase conjugate (Histofine kit, Nichirei
Corp.) for 30min. The streptavidin-biotin complex was
visualized with 3,3′-diaminobenzidine tetrahydrochloride
(DAB) H2O2 solution, pH7.0, for 3min. Then sections were
washed in distilled water and Mayer’s hematoxylin was
used as a counterstain. The section images were taken with

a digital camera (Leica EC3, Leica, Germany) connected to
a microscope (Leica DM500).

2.11. Statistical Analysis. Data were analyzed with one-way
ANOVA followed by Tukey’s post hoc test multiple compar-
isons using GraphPad Prism 5 (GraphPad Software, San
Diego, CA, USA). The data of oxidative and antioxidant sta-
tus were analyzed with one-way ANOVA followed by Dun-
can’s post hoc test multiple comparisons using the SPSS
programming tool (IBM SPSS. 201, Coppell, TX, USA).

3. Results

3.1. GC-MS Analysis of S. persica Extract. Phytochemical
ingredients of SP extract detected with GC-MS analysis are
listed in Table 3 and Figure S1. The SP extract contained
many ingredients with antioxidant potentials such as
lycopene (16.56%), α-linolenic acid (1.77%), oleic acid
(1.97%), lycoxanthin (1.61%), and retinoic acid (1.31%).

3.2. Macroscopic Examination of Gastric Mucosa. Normal
appearance of gastric mucosal epithelium and folding in the
control group is shown in Figure 1. Rats exposed to EtOH
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Figure 2: Light microscopic images of gastric mucosa. (a) The control group showed normal histologic appearance of all parts of the gastric
wall. (b) The EtOH-induced gastric ulcer group revealed severe degeneration, necrosis, and hemorrhage of gastric base, neck, and isthmus
with sloughing of gastric pits. (c) The EtOH-induced gastric ulcer and treated with S. persica at a dose of 200mg/kg b.w. group showed
moderated degeneration and hemorrhage in the gastric neck, isthmus, and pits with slight vacuolation in the gastric neck. (d) The EtOH-
induced gastric ulcer and treated with S. persica at a dose of 400mg/kg b.w. group showed normal histologic appearance of all gastric
portions with only slight vacuolation. Scale bar = 50 µm.
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revealed severe gastric mucosal congestion and hemorrhage,
loose mucosal folds, and thinning and ballooning of the gas-
tric wall with serious ulcers. However, treatment with SP
extract significantly reduced the ethanol-induced gastric
lesions, moderated congestion and petechial hemorrhage,
improved the gastric mucosal folding, and lowered the ulcer
index at an SP extract dose of 200mg/kg, while the high dose
of 400mg/kg caused more alleviation in these lesions as com-
pared to normal ones.

3.3. Histological Findings. Light microscopic examination of
the gastric mucosa stained with H&E showed a normal
structure of all gastric portions in the control group
(Figure 2). Contrary to the control, ethanol produced gastric
damage as manifested by intense degeneration, necrosis, and
hemorrhages in almost all parts of the gastric wall, severe
submucosal edema, and sloughing of gastric pits. Interest-
ingly, treatment with SP extract significantly reduced the
degeneration and hemorrhage induced by ethanol, indicating

protective action that was evident with the high dose of
400mg/kg b.w.

An augmented level of PAS staining was observed at the
surface of the mucosal epithelium in the pit region in the
control group (Figure 3), indicating high glycoprotein con-
tents. However, negative PAS staining of the surface mucosal
epithelium showed low reactivity at the mucosa cells in the
pit and isthmus regions among those in the alcohol-treated
group. Notably, there was moderate distribution of PAS-
reacting cells mainly at the pit region in SP200-treated rats,
and an intense reaction was observed in SP400-treated rats
resembling those in the control rats.

3.4. Oxidative Damage and Antioxidative Biomarkers. The
levels of antioxidant GSH (14.2± 1.4μmol/g tissue) and
CAT (9.8± 1.1U/g tissue) were significantly reduced in the
EtOH group relative to control. Notably, SP extract intake
in a dose-dependent manner significantly attenuated the
gastric MDA level and motivated the enzymatic and
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Figure 3: Light micrograph of histochemical staining of periodic acid–Schiff (PAS) in rats. (a) Control rats revealed intense PAS reaction at
the surface mucous epithelium in the pit region. (b) No PAS reaction at the surface mucous epithelium in the pit region and moderate PAS
reaction at the mucous cells in the pit and isthmus region of EtOH-induced gastric injury. (c) Lower distribution of PAS reacting cells in the
SP200-protected group than those observed in the control group concentrated mainly in the pit region. (d) Similar distribution of PAS
reacting cells in the SP400-protected group to the control group concentrated in the pit region. Scale bar = 50 µm.

Table 4: Oxidative stress and antioxidative profile in ethanol-induced gastric ulcer rat model pretreated with S. persica extract.

MDA (nmol/g) GSH (μmol/g) T.SOD (U/g) CAT (U/g) GPX (U/g) GST (U/g)

Control 101.3± 8.2a 16.8± 1.6c 75.4± 7.8c 11.2± 2.6c 46.9± 7.6c 143.2± 12.4c

EtOH 111.5± 7.6a 14.2± 1.4d 70.5± 5.4c 9.8± 1.1d 41.7± 8.9c 131.8± 15.8c

EtOH+ SP200 83.7± 8.9b 18.6± 2.1b 85.4± 7.1b 13.6± 2.3b 63.8± 8.7b 165.7± 13.3b

EtOH+ SP400 74.3± 9.1b 22.9± 1.9a 96.8± 6.4a 16.7± 2.2a 72.9± 6.3a 181.2± 11.8a

Values are expressed as mean ± SEM. The means within the same column carrying different superscript letters are significantly different at P < 0 05 as
determined with one-way ANOVA, followed by Duncan’s post hoc test multiple comparisons. EtOH: ethanol-induced gastric ulcer group; EtOH+ SP200:
ethanol-induced gastric ulcer pretreated with S. persica extract at a dose of 200mg/kg b.w.; EtOH+ SP400: ethanol-induced gastric ulcer pretreated with S.
persica extract at a dose of 400mg/kg b.w.
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nonenzymatic antioxidant levels P < 0 05 when compared to
EtOH-treated rats, suggesting antioxidative characteristics of
the SP extract (Table 4).

3.5. Gastric IL-1β, TNF-α, TGF-β1, and eNOS Relative
Expression. Ethanol intake significantly upregulated the
proinflammatory cytokines’ expression: TNF-α (2.7-fold)
(P < 0 001) and IL-1β (3.5-fold) (P < 0 05). It also reduced
the expression of TGF-β1 (0.02-fold) (P < 0 001) and insig-
nificantly downregulated eNOS (0.6-fold), elucidating the
inflammatory condition as compared to control (Figure 4).
Pretreatment with SP extract significantly downregulated
both proinflammatory cytokines in a dose-dependent man-
ner comparable to the EtOH-treated group while causing
an elevation in the relative expression of TGF-β1 and eNOS
P < 0 001, which is more pronounced at the high dose of SP
extract in comparison to the control group.

3.6. Immunohistochemical Detection of Bax, iNOS, IL-1β, and
CD3 Proteins. Immunohistochemical analysis revealed an
overexpression of Bax, IL-1β, iNOS, and CD3 proteins in

the ethanol-treated group as indicated by high distribution
of IL-1β-, Bax-, and iNOS-immunopositive cells in the base,
neck, isthmus, and mucous surface of the pit region as
compared to negative or low distribution of immunopositive
cells in the control group (Figures 5–7), while CD3-
immunopositive cells distributed at the margin of the inflam-
mation that was extensive in the alcohol group penetrated all
epithelial layers (Figure 8). Interestingly, pretreatment with
SP extract significantly reduced the immunopositive stain-
ing of IL-1β, Bax, CD3, and eNOS in a dose-dependent
manner in the EtOH group, elucidating reduced expression
of these proteins.

4. Discussion

The current study highlights the antiulcerative effect of SP
aqueous extract against EtOH-induced gastric ulceration in
rats. This antiulcerative potential might be due to the antiox-
idant ingredients found in SP aqueous extract such as lyco-
pene [31], α-linolenic acid [32], oleic acid [33], lycoxanthin
[34], and retinoic acid [35].
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Figure 4: Reverse transcription polymerase chain reaction (RT-PCR) validation of (a) IL-1β, (b) TNF-α, (c) TGF-β1, and (d) eNOS. IL-1β:
interleukin-1 beta; TNF-α: tumor necrosis factor-alpha: TGF-β1: transforming growth factor beta; eNOS: endothelial nitric oxide synthase;
CON: control; EtOH: ethanol-treated group; EtOH+ SP200: ethanol-treated and treated with S. persica at a dose of 200mg/kg b.w.; EtOH
+ SP400: ethanol-treated and treated with S. persica at a dose of 400mg/kg b.w. ∗P < 0 05 and ∗∗∗P < 0 001 versus control. +P < 0 05,
++P < 0 01, and +++P < 0 001 versus EtOH. xxxP < 0 001 versus EtOH+ SP400. Statistical analysis was done with one-way ANOVA,
followed by Tukey’s post hoc test multiple comparisons. Error bars represent SE. Samples (n = 5).
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Short-term exposure to ethanol-induced gastric damage,
hemorrhagic erosions, and increased gastric ulcer index
(UI) was confirmed by our histological findings: hemorrhagic
degeneration, submucosal edema, shedding of gastric pits,
and decreased glycoproteins in the gastric mucosal surface.
These results are similar to those obtained by Yang et al.
[36] who stated that ethanol had an immense effect on the
gastric mucosa represented by severe hyperemia, inflamma-
tory cell infiltration, loss of epithelial cells, and cell erosions.
In addition to hemorrhage, epithelial exfoliation, submucosal
edema [37], and mucosal friability [38] were recognized. In a
recent study, interrupted gastric mucosa, neutrophil infiltra-
tion, glandular cell nuclear intensification, and acute hemor-
rhage were the major histological findings following ethanol
exposure in rats [39].

The collective mechanisms implicated in the gastric dam-
aging effect induced by ethanol are due to the perturbation of
the antioxidant system, recruitment of inflammatory cascade
and apoptosis, and disturbance of nitric oxide synthases.
Results of the present study revealed that ethanol stimulated
slight production of MDA accompanied by the minimization
of both enzymatic and nonenzymatic antioxidants in gastric
tissues. Antonisamy et al. [5] revealed that the imbalance
between prooxidant and antioxidant molecules is the major
contributor of ethanol-induced gastric damage. Park et al.
[25] reported that ethanol had dual effects on the gastric

mucosa: direct action through damaging the mucosal
membranes, cytotoxic dehydration, and generation of
inflammatory signaling pathways and an indirect action via
neutrophil infiltration with subsequent inflammation and
induction of oxidative stress and apoptosis. Alcohol con-
sumption catalyzed the formation of MDA in the gastric tis-
sue with a reduction in SOD, CAT enzymatic activities [40],
and GPX activity [41]. Treatment with SP extract caused a
decline in the gastric MDA level and enhanced the enzymatic
and nonenzymatic antioxidants. The antioxidant activity of
SP may be attributed to its high content of furan derivatives,
vitamin C, tannins, saponins, and flavonoids [42, 43].

The data of the current study showed an upregulation of
gene expression of proinflammatory cytokines: TNF-α and
IL-1β in the gastric mucosa of the EtOH-treated rats. In the
same context, Katary and Salahuddin [44] reported the
enhancement of gene expression and mucosal levels of
TNF-α along with increased mucosal levels of IL-1β after
ethanol consumption in rats. The gastric inflammatory con-
dition has been associated with the release of TNF-α, which
activates the immune cells and other proinflammatory cyto-
kines and increases the NF-κB expression [45]. TNF-α could
trigger gastric tissue damage mediated through the activation
of neutrophil migration into the gastric tissue associated with
retardation of gastric ulcer healing [37]. Inevitably, alcohol
resulted in the augmentation of the proinflammatory
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Figure 5: Immunohistochemical reactivity of Bax in rats exposed to induced gastric ulcer and treated with S. persica extract. (a) Control
group, (b) EtOH-induced gastric ulcer group, (c) EtOH-induced gastric ulcer and treated with S. persica at a dose of 200mg/kg b.w.
group, and (d) EtOH-induced gastric ulcer and treated with S. persica at a dose of 400mg/kg b.w. group. Scale bar = 50 µm.
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Figure 6: Immunohistochemical reactivity of iNOS in rats exposed to induced gastric ulcer and treated with S. persica extract. (a) Control
group, (b) EtOH-induced gastric ulcer group, (c) EtOH-induced gastric ulcer and treated with S. persica at a dose of 200mg/kg b.w.
group, and (d) EtOH-induced gastric ulcer and treated by S. persica at a dose of 400mg/kg b.w. group. Scale bar = 50 µm.
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Figure 7: Immunohistochemical reactivity of IL-1β in rats exposed to induced gastric ulcer and treated with S. persica extract. (a) Control
group, (b) EtOH-induced gastric ulcer group, (c) EtOH-induced gastric ulcer and treated with S. persica at a dose of 200mg/kg b.w.
group, and (d) EtOH-induced gastric ulcer and treated with S. persica at a dose of 400mg/kg b.w. group. Scale bar = 50 µm.
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cytokines: TNF-α participating in gastric ulcer via boosting
apoptosis, NF-κB, iNOS, and neutrophil infiltration and IL-
1β arousing the oxidative stress inflicting the gastric damage
[46]. Meanwhile, TNF-α promotes the release of oxygen free
radicals and other proinflammatory cytokines, causing
destruction of cell membrane stability and leading to gastric
tissue injuries [36].

TGF-β1 coordinates different signaling pathways includ-
ing adhesion, cell proliferation, angiogenesis, and production

of extracellular matrix components [47]. Our data revealed
low expression of TGF-β1 in the EtOH-treated group, while
SP extract mitigated the inflammatory effect of ethanol on
the gastric tissue, which is in compliance with the results
of Monforte et al. [17] who showed that the antiulcer
activity of SP decoction against acetylsalicylic acid-induced
gastric ulcer in rats resulted in a significant reduction of
UI via anti-inflammatory activity. Furthermore, the serum
proinflammatory cytokine IL-1β, IL-6, and TNF-α levels
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Figure 8: Immunohistochemical reactivity of CD3 in rats exposed to induced gastric ulcer and treated with S. persica extract. (a) Control
group, (b-c) EtOH-induced gastric ulcer group, (d-e) EtOH-induced gastric ulcer and treated with S. persica at a dose of 200mg/kg b.w.
group, and (f-g) EtOH-induced gastric ulcer and treated with S. persica at a dose of 400mg/kg b.w. group. Scale bar = 50 µm.
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were significantly decreased following the administration of
ethyl acetate extract of SP in a gastric ulcer model [20].

Apoptosis induction was evidenced in the current study
by increased protein expression of the proapoptotic Bax
after EtOH exposure. Ye et al. [48] reported that the gastric
damage induced by ethanol might be due, to a certain
extent, to the enhancement of the apoptotic pathway. The
proapoptotic protein Bax signals the initiation of apoptosis
[4], causing cytochrome-C release followed by caspase cas-
cade activation and finally apoptotic cell death [49]. Nota-
bly, Al Batran et al. [50] implied that ethanol-triggered
gastric injury was in part due to the enhancement of
apoptosis in subsequent mucosal epithelial cell loss. The
attenuation of lipid peroxidation and TNF-α secretion
resulted in inhibition of the gastric apoptosis [4]. The anti-
oxidative and anti-inflammatory activities of SP reflected
the inhibition of the apoptotic pathway, providing another
explanation of its antiulcer activity.

Ethanol evoked the protein expression of iNOS and the
decline of the gene expression of eNOS in gastric tissue. A
high concentration of NO generated from iNOS was involved
in the gut tissue damage during the inflammatory conditions
[51]. Nagai et al. [52] indicated that iNOS-produced NO had
a critical role in the enhancement of gastric ulcer. Activation
of iNOS expression was associated with gastric ulcer and
chronic ulcerative colitis in affected patients, suggesting a
detrimental effect due to the excessive production of NO on
the pathogenesis of these conditions [53]. In contrast,
eNOS-derived NO plays a central role in gastric ulcer healing
via the maintenance of gastric epithelium, mucosal blood
flow, and mucus secretion and synthesis [54]. The present
results are comparable to those of Pan et al. [55] who
reported that ethanol activated iNOS and the inhibitory effect
on eNOS gene expression. Furthermore, ethanol provoked
the gene expression of TNF-α, IL-1β, and iNOS, inflicting
the immense effect of the generated NO on gastric ulcer for-
mation [56]. This phenomenon was initiated via the NF-κB
pathway where the production of proinflammatory cytokines
TNF-α and IL-1β, upregulation of iNOS gene expression,
and release of NO were enhanced by activated NF-κB during
gastric ulcer formation [57]. However, pretreatment with SP
extract significantly reduced the protein expression of iNOS
and upregulated eNOS gene expression in gastric tissue
exposed to EtOH, indicating an antiulcerative effect. NO
derived from highly expressed iNOS in the ulcerated stomach
had no role in the healing process modulation. On the con-
trary, eNOS-originated NO might enhance the formation of
new blood vessels assisting the gastric ulcer healing [11]. This
hypothesis suggested the involvement of NO generated from
eNOS isoforms in the healing process of gastric ulcers. This
mechanism emphasizes the pivotal role that NO plays in
the liberation of vasoactive peptides and in the stimulation
of cGMP in gastric tissue [58]. NO-stimulated cGMP led to
relaxation of mouse gastric smooth muscles and prevented
the cytotoxic effect of EtOH on the gastric parietal cells
[59]. Also, eNOS-originated NO established the protection
and healing of gastric ulcer via augmentation of mucus
and bicarbonate secretions, promotion of blood flow, and
angiogenesis [60]. CD3 proteins are receptors characteristic

for T lymphocyte populations. Bamford et al. [61] detected
an increase of CD3 expression in gastric inflammation
caused by infection of H. pylori. Our results showed the
increase of intensity of CD3-expressed cells in the EtOH-
treated group that decreased in the SP-treated groups sug-
gesting the effective role of SP in decreasing the symptoms
of inflammation that resulted from alcohol exposure. This
supports our histological PAS staining that was used to
evaluate the level of glycoprotein, mucin, and subsequent
mucus content; intense mucin staining in the mucosal cell
layer reflects high mucus content in the SP-treated groups,
suggesting a protective effect.

5. Conclusion

SP aqueous extract alleviated serious gastric mucosal ulcera-
tions induced by ethanol and emphasized its efficacy as an
antiulcer protectant. The underlying mechanism of its activ-
ity is through the enhancement of the antioxidative defense
system, minimization of proinflammatory cytokines and
apoptotic pathway, augmentation of mucus content, and
redesign of the NOS isoforms supporting the antioxidant,
anti-inflammatory, and antiapoptotic effects of SP favoring
the healing and prevention of gastric ulcers.
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As an environmental and industrial pollutant, cadmium (Cd) can cause a broad spectrum of toxicological effects. Multiple organs,
especially the liver, are considerably affected by Cd in both humans and animals. We investigated the protective effects of
metallothionein (MT) and vitamin E (VE) supplementation on Cd-induced apoptosis in the grass carp (Ctenopharyngodon
idellus) liver. Grass carp were divided into four groups: the control group, Cd + phosphate-buffered saline (PBS) group, Cd +VE
group, and Cd+MT group. All fish were injected with CdCl2 on the first day and then VE, MT, and PBS were given 4 days
postinjection, respectively. The results showed that Cd administration resulted in liver poisoning in grass carp, which was
expressed as an increase in Cd contents, malondialdehyde (MDA) concentration, percentage of hepatocyte apoptosis, and
apoptosis-related gene mRNA transcript expression. However, VE and MT treatments protected against Cd-induced
hepatotoxicity in grass carp by decreasing Cd contents, lipid peroxidation, and histological damage and reducing the percentage
of hepatocyte apoptosis by regulating related mRNA transcript expression. These data demonstrate that oxidative stress and
activation of the caspase signaling cascade play a critical role in Cd-induced hepatotoxicity. However, VE and MT alleviate
Cd-induced hepatotoxicity through their antioxidative and antiapoptotic effects, and MT has a more powerful effect than VE.

1. Introduction

Cadmium (Cd) is a widespread environmental toxin and
occupational pollutant and was listed as one of the most toxic
substances to human health and the most malicious
carcinogen by the Agency for Toxic Substances and Disease
Registry and the International Agency for Research on
Cancer, respectively [1, 2]. Cd can endanger human and
animal health by causing multiple organ damage [3–5],
which may result in prostate, lung, and testes cancer in
humans [6] and kidney, liver, bone, and brain injury, as well
as immune and cardiovascular system impairment [7].

Free Cd, which can cause human poisoning, is mainly
taken into the body via food [8]. Fish is known to be the

richest source of toxic trace elements in humans, and these
animals live in contaminated water and bioaccumulate Cd
through the food chain [9]. Cd generally enters an aquatic
organism’s body, accumulates in the body via the blood
circulation, and binds to the sulfhydryl groups of proteins
[10]. Thus, Cd can be transferred to humans following the
ingestion of aquatic organisms. This issue is critical in Cd
intoxication research, not only for the aquaculture industry
but also for human health [9].

The mechanisms of Cd-induced damage in organisms are
mainly related to apoptosis and oxidative stress [11–16].
Glutathione [17], cysteine [10], anthocyanin [18], zinc and
selenium [19], and other drugs have been found to protect
organisms against Cd-induced damage by reducing apoptosis
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and blocking oxidative stress pathways. Vitamin E (VE) is a
primary liposoluble antioxidant, which may play an impor-
tant role in scavenging free oxygen radicals and stabilizing
cell membranes, thus maintaining cell permeability [20].
In addition, metallothionein (MT), a ubiquitous metal-
binding protein, is an endogenous detoxification factor in
organisms and is highly conserved in evolution, and can
reduce damage by chelating Cd [21]. Furthermore, the trans-
location of MT to the nucleus is probably associated with the
protection of cells by resisting DNA damage and apoptosis as
well as gene transcription during different stages of the cell
cycle [22]. However, it is unclear whether MT can protect fish
from damage through these pathways. It is necessary to deter-
mine whether VE and MT have protective effects and which
drug has the best effect against Cd-induced damage in fish.

Liver is one of the primary target organs of Cd and is
extremely sensitive to both acute and chronic Cd exposures
[23]. Grass carp (Ctenopharyngodon idellus) aquaculture
accounts for 18.10% of the total products from freshwater
fisheries worldwide each year [24]. Cd-induced chronic
diseases such as rickets, deformities, and liver toxicity can
seriously jeopardize the grass carp cultivation industry [25].
Therefore, we have created an “intoxication–detoxification”
comparative grass carp model to determine whether Cd-
induced liver injury can be prevented by exogenous VE and
MT supplementation. The underlying protective mechanism
was also investigated.

2. Materials and Methods

2.1. Chemicals and Their Preparation. CdCl2 was obtained
fromMOLBASE (Shanghai) Biotechnology Co. Ltd. VE (lipo-
soluble; purity 99%) andMT-2 (pure rabbit liver MT powder;
purity 99%) were purchased from Shanghai Shou Feng Indus-
trial Co. Ltd. and Sigma-Aldrich Company (Beijing, China),
respectively. All other chemicals were of analytical grade or
thehighest gradeavailable andobtained fromlocal companies.

CdCl2 andMT were dissolved in sterilized PBS. Liposolu-
ble VE was dissolved in sterilized phosphate-buffered saline
(PBS) and emulsified using an ultrasonic crusher until milky.

2.2. Experimental Carp. Grass carp of similar weight
(50± 3.4 g) and length (15± 2.5 cm) were purchased from a
fish farm in Meishan, Sichuan, China. The fish were acclima-
tized in the laboratory for 2 weeks before experimentation.
The carp were exposed to a light : dark cycle of 12 h : 12 h, an
uninterrupted oxygen supply to ensure more than 5mg/L
dissolved oxygen, pH of 6.5–8.5, ammoniacal nitrogen and
nitrite maintained at 0–0.02mg/L, the water in the tanks
was pretreated with UV light and an aeration process, and
20% of the culture water was renewed every day. The fish were
fed with commercial pellets (Tongyi Company, Suzhou,
China) twice a day for 2 weeks. Fish that has a bright body
color and is responsive, robust, and healthy were selected for
experimentation. All animal handling procedures were
approved by the Animal Care and Use Committee of Sichuan
Agricultural University, following the guidelines of the
animal experiments of Sichuan Agricultural University,
under permit number DY-S20144657.

2.3. Establishment of the “Intoxication–Detoxification”Model

2.3.1. Determination of the LC50 of Cd in Grass Carp. To
assess the lethal concentration 50% (LC50) of CdCl2, similar
body weight (54± 4.2 g) grass carp (n = 60) were divided into
six groups (10 fish/group). Our previous study found that
large amounts of precipitate covered the surface of skin and
gills and led to dyspnea during CdCl2 contaminated water;
therefore, CdCl2 was administered by intraperitoneal injec-
tion. The nominal concentrations of Cd tested were 71.308,
101.696, 145.036, 206.845, 294.994, and 420.709μmol/kg.
The experiment in each group was repeated three times,
and the number of dead fish in 96 h was recorded. No food
was provided during the test. The LC50 was determined with
the Karber method [26]. The results showed that the mortal-
ity rate rose as the concentration increased within 96h in the
different groups. No deaths were recorded in the control
group. According to the modified Kobvgguffer method
[27], the LC50 was 199.631μmol/kg (Table 1).

2.3.2. Challenge and Detoxification Reagent Injection. As pre-
viously reported [28], 1/10 LC50 was used as the subacute
concentration in the present study. Challenged fish (n = 450)
were divided into three groups and each group included
three parallel tanks. Another 150 control fish were also
divided into three parallel tanks (Figure 1). CdCl2 was
injected into the challenged fish (n = 450) intraperitoneally
during the challenge period. Healthy fish (n = 150) not
given CdCl2 were included as controls. On the 4th day
post Cd injection, challenged fish were medicated with
4mL/kg PBS, 20 IU/kg VE [29], and 2.1mg/kg MT [30],
respectively. Liver samples were collected after treatment
on the 4th, 8th, 12th, and 16th days postchallenge.

2.4. Histological Analysis. Six fish in each group were necrop-
sied at 4, 8, 12, and 16 days. Liver tissues were fixed in 10%
neutral formalin and routinely processed in paraffin. Liver
tissues were also trimmed into cassettes, dehydrated in
graded ethanol solutions, cleared in xylene, and embedded
in paraffin wax. Sections of 5μm for hematoxylin and eosin
(H&E) staining were prepared prior to microscopic analysis.

2.5. Determination of the Cd Content in the Liver. All glass
containers used in the trial were soaked in 10% nitric acid
for 24h and then rinsed several times with deionized water.
The grass carp liver (n = 6) was sampled on the 4th, 8th,

Table 1: The LC50 of Cd in grass carp.

Concentration
of CdCl2
(μmol/kg)

Injected
concentration
(μmol/kg)

The
number
of deaths

Mortality
rate

LC50
(μmol/kg)

420.709 20 8 80%

199.631

294.994 20 8 80%

206.845 20 6 60%

145.036 20 4 40%

101.696 20 3 30%

71.3081 20 1 10%

0 20 0 0
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12th, and 16th days, treated immediately with liquid nitro-
gen, and then stored at −80°C. The liver tissue was placed
in a 25mL stopper flask, and a few clean glass spheres were
added to prevent splashing. The tissue was incubated with
2mL mixed acid (HNO3 :HClO4= 4 : 1) overnight and then
transferred to an 18°C sand bath to digest, until the color
of the liquid was clear. The liver tissue was then trans-
ferred to a volumetric flask and detected using an
AA680 Shimadzu (Kyoto, Japan) flame atomic absorption
spectrometer [31, 32], under the following conditions: wave-
length of 228.8 nm, crack 0.5 nm, lamp current 6mA, drying
at 100°C for 20 s, ashing at 300°C for 15–20 s and an atomiza-
tion at 1500°C. The results were calculated according to the
following formula:

X =
A1 −A2 ×V × 1000

M × 1000
, 1

where X (μg/kg) is the Cd content in the liver, A1 (μg/mL) is
the Cd content in the sample, A2 (μg/mL) is the Cd content
in the reagent blank, V (mL) is the total volume after sample
treatment, and M (g) is the sample mass.

2.6. Determination of the MDA Content in the Liver.MDA is
a breakdown product of the oxidative degradation of cell
membrane lipids and is generally considered an indicator of
lipid peroxidation [33]. Lipid peroxidation was evaluated by
measuring MDA concentrations using a spectrophotometer
to determine the color produced during the reaction of thio-
barbituric acid with MDA. At 4, 8, 12, and 16 days, six fish in
each group were anesthetized and immediately necropsied.
Livers were immediately removed and stored at 0°C in
0.65% NaCl solution. Approximately 1 g liver tissue was
homogenized with 9mL 0.65% NaCl solution in a homoge-
nizer on ice. The homogenates were then centrifuged at
3500g at 4°C, and total protein in the supernatant was

determined with a protein quantification kit (A045-2)
(NJJCBIO, Nanjing, China). The activity of MDA (A003-2)
in the supernatant was determined using a commercial
kit (NJJCBIO, Nanjing, China), according to the manufac-
turer’s instructions.

2.7. Liver Cell Apoptosis Measurement. At 4, 8, 12, and 16
days, six fish from each group were anesthetized by MS-222.
The livers were then sampled to determine the percentage of
apoptotic cells using flow cytometry [34]. The livers were
immediately minced to form a cell suspension and filtered
through a 300-mesh nylon screen. Cells were washed twice
with cold PBS, and the cell pellet was resuspended at a con-
centration of 1× 106 cells/mL in PBS. Then, 5μL of annexin
V-fluorescein isothiocyanate (V-FITC) (BD Pharmingen,
Franklin Lakes, New Jersey, USA) and 5μL of propidium
iodide (PI) (BD Pharmingen) were added into the 100μL cell
suspension, respectively. The cells were then incubated with
annexin V-FITC/PI in the dark for 15min at room tempera-
ture. Apoptotic cells were examined by flow cytometry
(BD FACSCalibur). The data were analyzed using Expo
32 software (Beckman Coulter, Kraemer Boulevard, Brea,
California, USA).

2.8. Quantitative Real-Time Polymerase Chain Reaction
(qPCR) Analysis. At 4, 8, 12, and 16 days, six fish from each
group were anesthetized by MS-222. Livers were sampled,
placed in RNA/DNA protector solution (TaKaRa, Dalian,
China), and stored at 4°C. The livers were then homogenized
by crushing with a mortar and pestle and stored at −80°C.

Total RNA was isolated from livers with a TRIzol reagent
(TaKaRa). Complementary DNA (cDNA) was synthetized
from 1μg of RNA using the PrimeScript™ RT reagent kit
with gDNA eraser (RR047A, TaKaRa). qPCR was performed
using an SYBR green real-time PCR kit (TaKaRa, Kusatsu,
Japan) and a thermocycler (Bio-Rad, Hercules, California,
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Figure 1: Study design showing the challenge model based on a three-parallel-tank system. Each group included 150 fish divided into three
parallel tanks.
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USA). β-Actin and 18S ribosomal RNA were used as
reference genes to determine the relative expression of target
genes, which was the invariant expression in the grass carp
liver in our previous validation. The primers used for qPCR
are listed in Table 2.

For qPCR, the 25μL reaction mixture contained 12.5μL
SYBR green PCR master mix, 8.5μL diethylpyrocarbonate-
treated water, 1.0μL of forward primer, 1.0μL of reverse
primer, and 2μL cDNA. The following program conditions
were used for the reactions: 3min at 95°C for 1 cycle, samples
were amplified for 40 cycles at 95°C for 10 s, melting
temperature of a specific primer pair for 30 s, followed by
10 s at 95°C, and 72°C for 10 s. To distinguish between spe-
cific and nonspecific reaction products, a melting curve was
obtained at the end of each run. The 2−ΔΔCT method was used
to calculate relative changes in mRNA transcript expres-
sion from the qPCR results (ΔCT = CTtarget gene − CTβ−actin,
ΔΔCT = ΔCTexperimental − ΔCTcontrol) [35].

2.9. Statistical Analysis. The results are expressed as the mean
value (n = 6) and standard deviation. The significance of dif-
ferences was analyzed by variance analysis. The analysis was
performed using one-way analysis of variance while the t-test
was applied to determine whether the differences between
groups were significant (SPSS v.20.0, IBM Corp., Armonk,
New York, USA). A value of P < 0 05 was considered signif-
icant, while a P < 0 01 was considered highly significant.

3. Results

3.1. VE and MT Protected Cell Morphological Integrity in the
Liver. Under normal conditions, grass carp hepatocytes
had normal morphology and growth, and there were no

significant morphological changes in the hepatopancreas
(Figures 2(a)–2(c)). After Cd treatment, hepatic sinusoids
were congested on the 4th day (Figure 2(d)). On the
12th day, the number of inflammatory cells was elevated
in the blood vessels and hepatic sinusoids (Figure 2(e)).
Interstitial edema was also noted following Cd challenge.
In the final stage of the challenge, various degrees of
necrosis and apoptosis in hepatic cells and pancreatic cells
were observed (Figure 2(f)).

No obvious congestion in hepatic sinusoids was seen in
the VE and MT groups (Figures 2(g) and 2(j)). Inflammatory
cells gradually decreased with prolonged detoxification
(Figures 2(h) and 2(k)). Simultaneously, interstitial edema
in hepatopancreatic tissues also recovered following 12 days
of detoxification. In addition, apoptotic and necrotic hepatic
cells and pancreatic cells were significantly reduced and
gradually recovered (Figures 2(i) and 2(l)).

3.2. MT, but Not VE, Decreased Cd Accumulation to Protect
the Liver. To further assess the protective effect of VE and
MT in the liver, we evaluated the Cd content in the liver
under different treatments. Significant accumulation of Cd
was seen in the liver after the Cd challenge (P < 0 01) com-
pared with the control group, which reached a maximum
value on the 8th day (Figure 3). After detoxification, the VE
group showed no significant difference in the Cd content
compared with the PBS group, which indicated that VE
may protect the liver by a different mechanism, such as
antioxidation. However, Cd accumulation in the liver in the
MT group was significantly reduced compared with that in
the PBS group (P < 0 01). Furthermore, the Cd content in
the VE group was not statistically different to that in the
MT group until the 8th day.

Table 2: Primers of various genes detected with qPCR.

Gene Abbreviation Primer sequence (5′–3′) Acc. number

B-cell lymphoma 2 Bcl-2
F GAGATGGCGTCCCAGGTAGAT

JQ713862
R GCCAATCCAAGCACTTTCGT

Bcl-2 associated X Bax
F CAGCCATAAACGTCTTGCGC

JQ793788
R GTCGGTTGAAGAGCAGAGTCATTTA

Caspase-3 CASP3
F AGTCGCTGTGCTTCATTTGTTT

JQ793789
R CGGTCTCCTCTGAACAGGCTA

Caspase-9 CASP9
F CCTACTCAACCTTTCCAGGCTATG

KT239368
R TCATCTGTGGCAACATTCTCCTT

Apoptosis-inducing factor AIF
F CATGAAGCGAATGATGGAGAAGT

KR872830
R CAAAGTCCCTGTAGTTGATGGTGT

Glucose-regulated protein-78 Grp78/BiP
F CTGACCTGAAGAAGTCTGACATCG

FJ436356
R GAAGGCTCTTTGCCGTTGAA

Caspase-8 CASP8
F ATGGTAATCTGGTTGAAATCCGTG

KP145003
R TCCTTGGCAGGCTTGAATGA

β-Actin ACTB
F GCTCTGCTATGTGGCTCTTGACT

DQ211096
R CAATGGTGATGACCTGTCCGT

18S ribosomal RNA RNA18S
F ACCCATTGGAGGGCAAGTCT

EU047719
R CTCCCGAGATCCAACTACAAGC

4 Oxidative Medicine and Cellular Longevity



3.3. MT Is Better Than VE in Protecting the Liver by
Eliminating Cd-Induced Lipid Peroxidation. Following the
Cd challenge, there was significant accumulation of MDA
in the liver of grass carp injected with CdCl2 (Figure 4). As
the Cd challenge time increased, the MDA content in the
PBS group increased up to the 8th day and then declined,
which indicated that the liver was also involved in detoxifica-
tion, although the effect was minimal. During detoxification,
it was apparent that VE and MT hastened the recovery of
MDA; however, MT was superior to VE in this recovery.
Both VE and MT significantly reduced the MDA content
compared with PBS (P < 0 01) on the 8th day. Although this
ability declined in the late stages of detoxification, the effect
of MT was also significant compared with that of PBS. How-
ever, the effect of VE on reducing MDA was only statistically
significant after the 12th day (Figure 4). Furthermore, MDA

in the MT group was significantly different to that in the VE
group after the 12th day.

3.4. MT Had a Greater Effect Than VE in Inhibiting Cd-
Induced Apoptosis of Liver Cells in Hepatoprotection.
Apoptosis was detected by flow cytometry. Liver cells were
examined by counting the total percentage of early apoptotic
liver cells and late apoptotic liver cells (Figure 5). Cd induced
apoptosis during the challenge period in the PBS group
compared with the controls (P < 0 01). However, apoptosis
was reduced following detoxification by VE and MT in the
Cd-challenged group (P < 0 01), which indicated that VE
and MT played a role in the inhibition of liver cell apoptosis
caused by Cd. The PBS group also showed recovery of liver
cell apoptosis at the end of the Cd challenge, and both VE
and MT hastened this recovery on the 8th day.

12 d 16 d4 d
Control

Cd + PBS

Cd + MT

Cd + VE

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 2: Histopathological changes in the livers induced by cadmium and detoxification-treated livers collected on the 4th, 12th, and 16th
days after challenge with cadmium and treatment with VE and MT. (a–c) The liver of the control group. (d–f) Histopathological changes in
the liver in the PBS group with time. (d) The arrow shows congestion in hepatic sinusoids. (e) The number of inflammatory cells increased in
the blood vessels and hepatic sinusoids on the 12th and 16th days postchallenge. The arrow shows inflammatory cells. (f) Necrotic and
apoptotic cells present in pancreatic cells. The arrows show cell degeneration and necrosis. (g–i) Histopathological changes in the liver in
the VE group with time. (g) Hyperemia did not significantly improve during the Cd challenge in the VE group on the 4th day. The arrows
show red blood cells. (h, i) Hepatopancreas recovered on the 12th and 16th days in the VE group. The arrows show pancreatic cells
restored. (j–l) Histopathological changes in the liver in the MT group with time. (j) Hyperemia did not significantly improve during the
Cd challenge in the MT group on the 4th day. The arrows show pancreas congestion. (k, l) Inflammatory cells decreased on the 12th and
16th days and hepatopancreas damage recovered. The arrows show red cells in the pancreas decreased.
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3.5. VE and MT Reversed the Expression of Apoptosis-Related
Genes to Inhibit Apoptosis. To investigate the mechanism of
MT and VE in inhibiting hepatocyte apoptosis to protect
the grass carp liver, we determined the mRNA transcript
expression of several apoptosis-related genes at different
times. Compared with the control group, caspase-3 mRNA
expression in the PBS group was significantly increased up
to the 12th day and then sharply decreased in the last few
days of the Cd challenge. Compared with the PBS group,
caspase-3 expression was downregulated in the VE and MT
groups on the 12th and 16th days (Figure 6(a)), and there
was a significant difference between the VE/MT group and
the PBS group on the 12th day (P < 0 01). These results
suggest that VE and MT play a role in inhibiting apoptosis
as they both inhibited caspase-3 expression, which is a widely
accepted apoptotic terminal gene [36]. Therefore, the mRNA
transcript expression of caspase-3 in the MT group was sig-
nificantly different to that in the VE group on the 16th day.

To better understand how VE and MT regulate caspase-3
expression,we detected severalmain genes of threemajor apo-
ptotic pathways [37]. These three genes, caspase-8, caspase-9,
and Grp78/BiP, showed a high level of mRNA transcript
expression after the Cd challenge (Figures 6(b)–6(d). How-
ever, caspase-8 showed no significant change until the 16th
day, and Grp78/BiP mRNA expression only increased early
in the Cd challenge. This may indicate that Cd-induced
apoptosis was mainly through the mitochondrial pathway
rather than the death receptor pathway and endoplasmic

reticulum stress pathway. VE and MT reduced the
expression of caspase-9 but not caspase-8 or Grp78/BiP
to diminish the expression of caspase-3 (P < 0 01).

We also investigated other apoptosis-related genes
during the Cd challenge and VE/MT stimulation to confirm
our findings that VE/MT inhibit liver cell apoptosis. Com-
pared with the controls, the mRNA transcript expression
of AIF (Figure 6(e)) and Bax (Figure 6(f)) was signifi-
cantly enhanced in the PBS group after the Cd challenge,
despite the fact that the expression of AIF increased
continuously, while Bax increased up to the 8th day and
then declined. Compared with the PBS group, a significant
decrease (P < 0 01) in Bax expression in the VE and MT
groups was observed in the liver of grass carp from the
8th to the 16th day. It was reduced by almost 5-fold com-
pared with the PBS group on the 8th day and showed a
good antiapoptotic effect. The mRNA transcript expression
of AIF was also significantly decreased (P < 0 01) in the
VE and MT groups. In addition, AIF expression in the
MT group was significantly different (P < 0 05) to that in
the VE group on the 12th day. Moreover, as an antiapop-
tosis gene [38], Bcl-2 mRNA transcript expression levels in
the PBS group showed a decline within the first 4 days
and then an increase compared with the control group.
Bcl-2 in the VE and MT groups was significantly higher
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(P < 0 05 or P < 0 01) than that in the PBS group on the
8th day (Figure 6(g)). Furthermore, the greatest recovery of
Bcl-2 was seen in the MT group on the 8th day compared
with the other groups. VE and MT significantly accelerated
the upregulation of Bcl-2 mRNA transcript expression.

4. Discussion

Heavy metals contained in food products have a negative
impact on human health, as it will be chronic if the food they
consume contains heavymetals. The International CodexAli-
mentarius Commission’s (CAC) limit of Cd is 0.05mg/kg in
fruits and vegetables, 0.1mg/kg in beans and cereals (CAC,
CODEX STAN 193-1995). The limit standard of heavy metal
residues in food in China stipulates that the limit of Cd
concentration is 0.03mg/kg in fruits, 0.05mg/kg in vegetables
and eggs, and 0.1mg/kg in aquatic products (limit of contam-
inants in food, GB2762-2012). However,many aquatic organ-
isms have a very strong enrichment capacity for Cd, andmany
fish in contaminated areas are seriously overstandard [39].
Even in some places, the Cd content of fish was as high as
37.867mg/kg [40]. Previous studies found that the LC50 of
Cd in mice was only 3.2mg/kg [41] and 15mg/kg in rabbits
[42], which means that residual Cd in some fish may kill the
mice or rabbit directly. Therefore, the problem of Cd in fish
seriously involves the food safety issues.

Water is the main natural route of exposure to metal
pollution in fish. However, our previous study found that
large amounts of precipitate covered the surface of the skin
and gills and led to dyspnea during Cd water-contaminated
exposure. The potential reason for this is not yet clear, but
we speculate that Cd may act on the mucus of fish. Therefore,
it was difficult to determine whether the death of fish was
caused by hypoxia or by Cd poisoning. Moreover, the
precipitate also reduced the concentration of Cd in the water
environment markedly and may have interfered with the
experimental results. To avoid this interference, we delivered
the drugs intraperitoneally in the present study.

Currently, to identify therapies, more and more studies
have focused on exogenous drugs for Cd-induced damage.
In previous studies, VE [43] and MT [44] were used in rats
and mice for detoxification. Moreover, VE has also been used
in chickens as an antidote [45]. However, to date, these drugs
have not been studied in aquatic species with regard to pro-
tection against Cd-induced damage. Therefore, we selected
exogenous VE and MT to evaluate their protective effects
on Cd-induced intoxication in grass carp. The results showed
that all the experimental fish demonstrated significant poi-
soning after the Cd challenge, which resulted in severe oxida-
tive stress and apoptosis in the grass carp liver, with gradual
accumulation of Cd in the liver. The accumulation of Cd in
the liver reached 51.176± 1.070μg/kg, although accumula-
tion slowed down during the latter part of the Cd challenge.
We speculate that a potential reason for this may be due to
the body’s own detoxification system, such as the antioxida-
tion and self-repair mechanisms. Following Cd challenge,
the body’s antioxidant enzyme activity increased, and both
apoptosis- and antiapoptosis-related gene mRNA transcript
expressions changed in order to protect the body against
damage. Furthermore, after VE and MT addition, recovery
in the detoxification groups was significantly accelerated
and similar to the control group within a short period of
time. These findings provide a theoretical basis for the treat-
ment and prevention of toxicity caused by heavy metals,
which may benefit humans.

Previous studies have shown that Cd is distributed via the
blood circulation where it is bound to red blood cells and
plasma proteins, mainly albumin, after being absorbed into
the body. The liver is a major organ where Cd is distributed
[46]. In animal studies, an acute dose of Cd caused severe
liver injury and was the major toxic effect [12]. Widespread
hepatocellular damage including congestion in mice was
caused by Cd [47]. In addition, hepatocellular dissociation,
degenerative changes including swelling, hydropic degenera-
tion, hypertrophy and necrosis were seen in the Cd-
challenged freshwater fish Ophiocephalus striatus [48]. In
the present study, severe liver damage including congestion,
cytoplasmic dissolution, nuclear debris, and increased
inflammatory cell infiltration was observed. This provides
further evidence that the liver, which is a sensitive organ, is
affected by Cd. Moreover, VE and MT can protect the liver
against Cd-induced damage.

Cd can be absorbed into the blood and binds with
albumin and other high molecular weight proteins. When
the bound Cd is overloaded, free Cd2+ will accumulate in
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various tissues and organs and is eventually delivered to the
liver, which is a detoxification organ [49, 50]. However,
redundant Cd is likely to cause severe liver damage [51]. In
the present study, the Cd content in the liver was measured
under different experimental conditions. In our research,
the accumulation of Cd in the liver increased with time.

However, we also found that Cd then decreased after reach-
ing a certain level in the Cd-challenged grass carp liver. This
may be due to the body’s self-protection mechanism. The
previous study showed that hepatic subcellular Cd was less
distributed in nuclei, mitochondria, and microsomes, and
more Cd was found in the cytosol in MT-transgenic mice
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Figure 6: The mRNA expression levels of caspase-3, caspase-8, caspase-9, Grp78, AIF, Bax, and Bcl-2 in the liver. (a) Caspase-3, (b)
caspase-8, (c) caspase-9, (d) Grp78, (e) AIF, (f) Bax, and (g) Bcl-2. Data are presented as means± standard deviation. ∗P < 0 05 or
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compared with wild-type mice [52]. MT has the ability to
chelate [21], therefore, we speculate that the grass carp
protects itself by endogenous MT chelating Cd.

Free radicals, which can be generated by Cd, can cause
lipid peroxidation [14]. We determined the MDA content
to investigate whether Cd caused similar oxidative damage
in the grass carp liver. Many studies have shown that MDA
concentrations always increase with elevated lipid oxidation,
which reflects the level of lipid peroxidation [53] as well as
the level of peroxides in the body. Exposure to Cd can result
in an excessive generation of MDA [45]. In addition, Cd
derived from chicken ovarian follicles showed elevated Cd-
induced MDA generation [33]. Moreover, the increase in
MDA in broilers caused by Cd at a concentration of
25mg/L was time-dependent during the 6-week trial [54].
In our research, we also found that MDA was elevated
following Cd challenge in grass carp, which indicated that
Cd caused severe oxidative damage. VE, as a typical antioxi-
dant, has excellent antioxidative activity. A previous study
demonstrated that VE had a protective role in relation to
the toxic effects of Cd on hematological indices and lipid per-
oxide concentration in rats [20]. Furthermore, MT also had
an antioxidative effect beyond its chelation function, which
reduced the content of free radicals in the rat liver [55]. In
the present study, a highly significant reduction in MDA

was found in the livers from the VE and MT groups on the
8th day compared with the PBS group, which indicated that
these two drugs can recover the antioxidant capacity of the
body, and that they can protect the liver by decreasing lipid
peroxidation due to the reduced production of MDA. In
addition, the content of MDA in the MT group was signifi-
cantly different to that in the VE group on the 12th day,
which indicated that MT had a better effect in reducing the
MDA content.

We observed cell apoptosis in the Cd-challenged group,
which then recovered in the VE/MT groups as shown by
histopathology. To further confirm that VE and MT can
reduce Cd-induced apoptosis, we determined the apoptotic
ratio in each experimental group using flow cytometry. The
results showed that VE and MT diminished the apoptosis
caused by Cd, and MT was more efficient than VE. Previous
research showed that apoptosis is mainly controlled by
three major apoptotic pathways: the mitochondrial path-
way, death receptor pathway, and endoplasmic reticulum
pathway [37]. The apoptotic machinery is well conserved
among vertebrates [56]. A similar apoptotic pathway also
exists in fish [56–59]. To investigate how VE and MT were
regulated to suppress Cd-induced apoptosis, we determined
the changes in a number of apoptosis-related genes in the
Cd-induced and VE/MT treatment groups. The expression
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of caspase-3, Bax, caspase-9, AIF, and Bcl-2 was determined
to evaluate the apoptotic level associated with the mitochon-
drial pathway [60–66]. One study suggested that caspase-8 is
located downstream of the death receptor pathway [67].
Grp78/BiP is the major endoplasmic reticulum partner with
Ca2+ binding and antiapoptotic properties in vivo [29]. Our
findings showed that Cd induced apoptosis of grass carp liver
cells by activating the mitochondrial pathway via upregula-
tion of the expression of caspase-3, Bax, caspase-9, and AIF
and downregulation of Bcl-2 expression. We showed Cd-
induced apoptosis by inducing the mitochondrial pathway.
VE and MT were able to regulate these genes to inhibit
apoptosis. Nevertheless, VE and MT had no significant effect
on caspase-8 and Grp78/BiP mRNA expression, with the
exception of a significant effect on the 16th day on caspase-
8 expression. These findings indicated that VE and MT had
no obvious effect on the death receptor pathway and endo-
plasmic reticulum pathway. We conclude that Cd mainly
accumulated in cells and initially produced reactive oxygen
species then rapidly activated downstream apoptotic genes,
which ultimately led to apoptosis. These findings suggested
that MT had a stronger hepatoprotective effect than VE in
Cd-induced liver injury (Figure 7).
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The effects of zinc oxide nanoparticles (ZnONPs) on antioxidants in Nile tilapia muscles and the protective role of vitamins C and E
were examined. Two hundred males of Nile tilapia were held in aquaria (10 fishes/aquarium). Fishes were divided into 5 groups: 40
fishes in each group; the first group was the control; the 2nd and 3rd groups were exposed to 1 and 2mg/L of ZnONPs, respectively;
and the 4th and 5th group were exposed to 1 and 2mg/L of ZnONPs and treated with a (500mg/kg diet) mixture of vitamin C and E
mixture (250mg/kg diet of each). Muscles were collected on the 7th and 15th day of treatments. Muscle malondialdehyde, reduced
glutathione levels, superoxide dismutase (SOD), catalase (CAT), reduced glutathione (GR), glutathione peroxidase (GPx), and
glutathione-S-transferase (GST) activities were measured after treatments. Relative quantification of SOD, CAT, GR, GPx, and
GST mRNA transcripts was detected in the muscles. Results showed that MDA and GSH concentration; SOD, CAT, GR, GPx,
and GST activities; and mRNA expression were significantly decreased in groups exposed to ZnONPs. Vitamins C and E
significantly ameliorated the toxic effects of ZnONPs. In conclusion, vitamins C and E have the ability to ameliorate ZnONP
oxidative stress toxicity in Nile tilapia.

1. Introduction

Despite their useful properties, nanoparticle hazards on the
biological system are poorly understood up till now [1–3].
The wide production and huge use of nanoparticles facilitate
their possibility to induce hazards, for example, the use of
nanoparticles in water waste treatment leads to their spread
in the aquatic environment inducing a huge hazard for both
human and aquatic beings [4]. The hazards of nanoparticles
(NPs) generally and zinc oxide nanoparticles (ZnONPs)
especially in aquatic environment may be related to their
ability to induce an oxidative stress [5]. Furthermore, the
generation of reactive oxygen species (ROS) could be

influenced by the size and shape of NPs as well as the exper-
imental conditions [6]. Several studies have examined the
effect of ZnONPs on aquatic environment. Cytotoxicity and
genotoxicity on the freshwater molluscan bivalve Coelatura
aegyptiaca have been approved [7]. Moreover, the embryo-
toxicity of ZnONPs to marine medaka, Oryzias melastigma,
was explored [8]. Additionally, changes in the transcriptional
profile in larval zebrafish exposed to ZnONPs have been
reported [9]. Now, there is a great concern that ZnONPs have
a powerful effect on the aquatic environment and organisms.
Antioxidant enzymes have been used as a biomarker for
detection of contamination of Nile tilapia and its possibility
to be potential candidates for tissue toxicity biomarkers of
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pollutants [10]; also, they have been used as biochemical
markers for short-term exposure to diesel oil, pure biodie-
sel, and biodiesel blends in Nile tilapia [11]. This gave us
the light to examine these antioxidant enzymes as targets
for ZnONP exposure in Nile tilapia (Oreochromis niloticus).
We especially chose Nile tilapia for our study due to its
importance as an economical source of food and its varied
systems of cultivation in developed countries [12]. The
activity and expression profile of antioxidant enzymes
under the effect of ZnONPs as well as the protective role of
vitamins C and E were studied. We preferred to examine
both vitamin C and E due to their important antioxidant
capacity. The importance of vitamin C on fish health has
been approved [13], while on the other hand, vitamin E
has been used to control cyanotoxin [14], and both vitamin
E and C have been used to control the hazards of metal
toxicity in Nile tilapia [15]. At this moment, there is
unclear role for both vitamin E and C to compete the tox-
icity originated form NP exposure. Only one recent study
has showed the protective role of vitamin E alone against
exposure to ZnONPs in Nile tilapia [16]. This gives us
the impetus to validate their role to overcome the ZnONP
toxicity on tilapia.

2. Material and Methods

2.1. Fish Preparation and Management. Two hundred males
of O. niloticus, weight 90± 5 g, length 15± 3 cm, were
obtained from Abrahem El-Solimani farms for fish, Kholes,
KSA. The fishes were held in twenty glass boxes (n = 10 indi-
viduals/box), with 100 liters of water (pH7.16± 0.3, 0.52mM
CaCl2, and 0.24mMMgCl2) that was changed daily, a contin-
uous system of water aeration (Eheim Liberty 150 Bio-
Espumador cartridges). Temperature was maintained at
28± 2°C and O2 at 7.0± 0.5mg/L. Fishes were fed on fish
diet containing proteins (31%), carbohydrates (37%), lipids
(6%), fibers (2.5%), total phosphorus (1.5%), ash (12%),
α-tocopherol (200mg/kg diet), vitamin D3 (1700 IU/kg
diet), and vitamin A (10,000 IU/kg diet). Daily change of
water was established to eliminate any residuals of food or
NPs. Institutional and national guidelines for the care and
use of fisheries were followed.

2.2. Fish Grouping and Induction of ZnONP Toxicity. The
fishes were randomly divided into 5 groups, 40 fishes in each
group triplicate; the first group served as control (C) and the
2nd and 3rd groups were exposed to ZnONPs of 1 and
2mg/L (T1 and T2), respectively. This dosage was deter-
mined in review of the related literature [17, 18]. The 4th
and 5th group were exposed to ZnONPs of 1 and 2mg/L
and treated with a mixture of vitamins C and E in a dose
of 500mg/kg diet (250mg of each), T1+V and T2+V,
respectively. After 7 and 15 days of exposure, there was no
mortality, and twenty fishes of each group were randomly
selected and were anesthetized on ice. The muscles were
removed, frozen in liquid nitrogen, and stored at −80°C
until experimental procedures.

2.3. Preparation and Characterization of ZnONP Particle
Suspensions. ZnONPs were obtained in the form of disper-
sion from Sigma-Aldrich, Steinheim, Germany (CAS num-
ber 1314-13-2), of concentration 50wt.% in H2O; average
particle size (APS) was <35nm Figure 1. The particle size dis-
tribution (hydrodynamic diameter) was <100 nm using
dynamic light scattering (DLS) technique, pH7± 0.1(for
aqueous systems), and density 1.7± 0.1 g mL−1 at 25°C.
Suspensions of ZnONPs in a concentration of 1 and 2mg/L
were daily prepared (JL-360, Shanghai, USA) for 20min. To
characterize the ZnONP shape and size, a small drop of aque-
ous ZnONP solution was air dried by directly placing onto a
mesh of carbon-coated copper grid then examined under
transmission electron microscope (TEM) (JEM-1011, JEOL,
Japan). The concentration of ZnONPs in the exposure
solution was quantified by inductively coupled plasma mass
spectrometry (ICP-MS) at zero, 12, and 24h of exposure to
verify the exposure concentration is the same as the prepared
concentrations (Supplemental Table 1).

2.4. Tissue Preparations. Trunk muscle homogenate was
prepared from each sample without pooling according to
[19], where 0.5 g of each muscle homogenization was per-
formed using a solution formed from 5mL of 0.1M potas-
sium phosphate buffer (pH6.5) containing 20% (v/v)
glycerol, 1mM EDTA, and 1.4mM dithioerythritol, centri-
fuged at 3000 rpm/5m; then, the supernatant was used for
biochemical assays.

50 nm

Figure 1: Transmission electron microscopic (TEM)
photomicrograph of ZnONPs, which shows that the APS is 30±
5 nm.

Table 1: Oligonucleotide sequences of primers for examined
antioxidant enzymes.

Gene Forward 5′->3′ Reverse 5′->3′ Amplicon
size (pb)

CAT tcctgaatgaggaggagcga atcttagatgaggcggtgatg 232

SOD ggtgccctggagcccta atgcgaagtcttccactgtc 377

GPx ccaagagaactgcaagaga caggacacgtcattcctacac 180

GR cattaccgagacgcggagtt cagttggctcaggatcatttgt 420

GST taatgggagagggaagatgg ctctgcgatgtaattcagga 640

β-actin caatgagaggttccgttgc aggattccataccaaggaagg 280
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2.5. Malondialdehyde (MDA), Reduced Glutathione (GSH),
and Antioxidant Enzyme Activity Analysis. The biochemical
levels of MDA [20] and GSH [21] and the activities of
SOD [22], CAT [23], GR [24], GPx [25], and GST
[26] were determined in the muscles of all experimental
fishes. Details about the biochemical analysis were included in
Supplemental Methods.

2.6. Antioxidant EnzymemRNAExpression Levels by RT-PCR.
Muscle SOD, CAT, GPx, GR, and GST gene expression
was quantified using real-time PCR. RNA was isolated
from the muscles using the RNeasy Mini Kit (Qiagen)
(Cat. number 74104). 0.5μg of total RNA was used for
production of cDNA using Qiagen Long Range 2 Step
RT-PCR Kit (Cat. number 205920). Five μL of total

cDNA was mixed with 12.5μL of 2x SYBR® Green PCR
mix with ROX from BioRad and 10pmol/μL of each for-
ward and reverse primer for the measured genes. Primer3
software was used for primer design (The Whitehead
Institute, http://bioinfo.ut.ee/primer3-0.4.0/) as per the pub-
lished O. niloticus SOD, CAT, GPx, GR, GST, and β-
actin gene sequences (JF801727.1, JF801726.1, FF280316.1,
XM_003445184, EU234530, and EF206801), respectively, of
NCBI database; all primers were provided by Sigma-
Aldrich (Sigma-Aldrich Chemie GmbH, Steinheim, Ger-
many) and are shown in Table 1. PCR reactions were carried
out in a thermal cycler (AbiPrism 7300) (Applied Biosys-
tems, USA). The quantitative fold increase in genes was
determined in relation to β-actin mRNA gene and calculated
by the 2−DD CT method.
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Figure 2: Activities and mRNA expression of muscle antioxidant enzymes, catalase, and superoxide dismutase in the (C) control group and
in those (T1) exposed to 1mg/L of zinc oxide nanoparticles, (T2) exposed to 1mg/L of zinc oxide nanoparticles, (T1 +V) exposed to 1mg/L
of zinc oxide nanoparticles with a mixture of both vitamin C and E, and (T2 +V) exposed to 2mg/L of zinc oxide nanoparticles with a
mixture of both vitamin C and E. Values are expressed as mean± SD (n = 20). Significant levels (p < 0 05) observed are as follows: a = in
comparison to control group, b =when 2mg ZnONP groups versus 1mg ZnONP groups are compared, and c =when ZnONPs + vitamin
groups versus their respective ZnONP groups are compared. ∗When 15-day-treated groups are compared with their respective 7-day-
treated groups.
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2.7. Statistical Analysis. Statistical Package for Social Science
(SPSS Inc., Chicago, IL, version 20, USA) was used to analyze
all data. The data were expressed as mean± SD. One-way
analysis of variance (ANOVA) was used to a comparison
among groups. For intergrouping homogeneity, Duncan’s
test was used. Statistical significance was set at P ≤ 0 05.

3. Results

3.1. Effects of ZnONPs on Antioxidant Enzyme Activities and
Gene Expression in Fish Muscles. The activities of antioxidant
enzymes in the muscle tissues are shown in Figures 2–4.
ZnONPs significantly inhibited CAT, SOD (Figure 2), GPx,
GR (Figure 3), and GST (Figure 4) activities in muscles of
ZnONP-exposed groups when compared to their control

(p < 0 05). Supplementation of vitamin C and E mixture
significantly ameliorated the enzyme activities to a similar
level when compared with their control of nontreated
fishes (p < 0 05). ZnONPs induced a significant repression
of the relative mRNA expression of SOD and CAT (Figure 2),
GPx and GR (Figure 3), and GST (Figure 4) in the muscles of
exposed groups when compared with their control (p < 0 05).
Supplementation of vitamin C and E mixture caused a signif-
icant induction in the antioxidant enzyme relative mRNA
expression in muscles if compared with exposed nontreated
fishes (p < 0 05).

3.2. Effects of ZnONPs on the Level of Reduced Glutathione
(GSH) and MDA in Fish Muscles. ZnONPs induced a signif-
icant decline in the concentration of GSH (Figure 5) in the
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Figure 3: Activities and mRNA expression of muscle antioxidant enzymes glutathione peroxidase and glutathione reductase in the (C)
control group and in those (T1) exposed to 1mg/L of zinc oxide nanoparticles, (T2) exposed to 1mg/L of zinc oxide nanoparticles,
(T1 +V) exposed to 1mg/L of zinc oxide nanoparticles with a mixture of both vitamin C and E, and (T2 +V) exposed to 2mg/L of
zinc oxide nanoparticles with a mixture of both vitamin C and E. Values are expressed as mean± SD (n = 20). Significant levels (p < 0 05)
observed are as follows: a = in comparison to control group, b =when 2mg ZnONP groups versus 1mg ZnONP groups are compared, and
c =when ZnONPs + vitamin groups versus their respective ZnONP groups are compared. ∗When 15-day-treated groups are compared with
their respective 7-day-treated groups.
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muscles of exposed groups when compared with their con-
trol. Supplementation of vitamins C and E induced an
increase in its level in exposed groups when compared with
nontreated groups. ZnONPs also induce a significant
increase in the concentration of MDA (Figure 5) in the mus-
cles of exposed fishes when compared with their control.
Supplementation of vitamins C and E did not induce signifi-
cant changes of MDA in exposed groups when compared
with the nontreated groups. In the same time, increase in
the duration of exposure leads to increase of the generation
of MDA in the muscles of exposed fishes.

4. Discussion

In the present study, we evaluated the possible effect of
ZnONPs on the antioxidant system in Oreochromis niloticus.
We also validated the use of antioxidants as bioindicators for
NP exposure. The high exposure of humans and animals to
NPs is the main subject that motivates us to do this work.
There is great importance for such study. First, to the best
of our knowledge, this is the first record about the sublethal
effect of ZnONPs in Nile tilapia. Second, it is important to
assess the oxidative stress risk resulted from ZnONP expo-
sure, not only in aquatic organisms but also for human
and all consummated beings. Third, we aimed to evaluate
the possible protective role of vitamins C and E for of the
ZnONP exposure drawbacks. The minimal effective dose
(1mg/L) of ZnONPs was used and it was duplicated
(2mg/L) for intensifying their effects. We selected muscles
as a target for our study as it has been approved to be the
main site for NPs deposition [5]. Moreover, muscles are
the main consumed part of fish so their effect will directly
reflected on human health.

4.1. Effects of ZnONPs on Antioxidant Enzyme Activities,
Glutathione, and Lipid Peroxide Levels in Fish Muscles. The
current study has showed a great effect of ZnONPs on the
antioxidant enzyme activities and their mRNA expression
in the muscles of O. niloticus. In general, NPs can induce
their toxicity through many mechanisms; much of NPs
have an oxidant power through production of reactive
oxygen species (ROS) or through its power to inhibit cells
antioxidant system [27, 28]. Our results showed a decline
in superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx), glutathione reductase (GR), and glutathi-
one-S-transferase (GST) activities, respectively, in ZnONP-
exposed groups. Therefore, our results could indicate the
involvement of oxidative stress in response to ZnONPs. The
concept of involvement of ZnONPs in the oxidative stress
development has been recently approved in other organisms
that have been exposed to NPs rather than O. niloticus
[7, 29–36]. All these recent observations strengthen our
concept of the involvement of ZnONPs in elevation of
oxidative stress in fishes. Furthermore, our results showed
that ZnONP effects were directly proportional to the period
of exposure and in a dose-dependent manner.

4.1.1. Effect of ZnONP Exposure on SOD and CAT Activities
and mRNA Expression Levels. SOD and CAT are used as
potent markers for early detection of environmental oxida-
tive pollution; their activity was significantly reduced in
ZnONP-exposed groups. The reduction of SOD and CAT
activities and their mRNA expression has been used as an
indicator for oxidant eradication [37]. In the same line of
our study, the same observations were found in Chinook
salmon cells exposed to 10–60μg/mL of titanium oxide
NPs [38]; in the brain of O. niloticus and Tilapia zilli exposed
to 2 and 4mg/L of silver NPs [39]; in the liver of adult
Japanese medaka exposed to nanoiron [40]; in Mozambique
tilapia, Oreochromis mossambicus, exposed to nickel NPs
[41]; in heart and gill cell lines of Catla catla and gill cell line
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of Labeo rohita exposed to silver NPs [42]; and in Carassius
auratus exposed to 20, 40, 80, 160, and 230mg/L of a mixture
of copper NPs, zinc oxide NPs, and cerium oxide NPs and
individual NP, respectively [43], while our results regarding
SOD and CAT activities have come in contrary to previous
studies conducted on a freshwater fish, Carassius auratus,
livers and gills exposed to 10μg/mL of ZnONPs [44] and
Chinook salmon cells exposed to 10–60μg/mL of copper
oxide NPs [45].

4.1.2. Effect of ZnONP Exposure on GPx, GR, and GST
Activities and GSH Levels and mRNA Expression Levels.
Our results showed a significant decline in GPx, GR, and
GST activities and their mRNA expression levels in
ZnONP-exposed groups. Previous studies have showed
the same observations regarding these enzyme activities
and/or mRNA expression levels. The effect of 2 and
4mg/L of silver NPs on O. niloticus and T. zillii was stud-
ied; the GPx, GR, and GST activities and expression have
been declined in the fish brain [39]. The same results have
been obtained in the cells of Chinook salmon exposed to
10–60μg/mL of copper oxide NPs [45]. In the same line,
GST was declined in the livers of Carassius auratus and
Danio rerio following exposure to 0, 0.01, 0.1, 1, 10, and
100mg/L of titanium oxide NPs [46]. From the previously
mentioned, we can say that antioxidant enzyme activities
have tended to be increased after a short time of NP
exposure, while longer time of exposure can lead to inhi-
bition of their activities and moreover their production.
In our study, we have observed that the activities of
enzymes at 7-day exposure period were higher than the

activities after 14-day exposure. Our data come in the
same line of the observations of [44]. The activities of
GPx, GR, and GST were directly proportional to the GSH
levels. This was also clear from our data, which has showed
a low level of muscle GSH in the exposed groups. Usually,
the level of GSH is directly proportional to GPx, GR, and
GST activities, and this has been approved in the previous
studies [5, 18, 38, 47–51].

4.1.3. Effect of ZnONP Exposure on Malondialdehyde (MDA)
Levels. Our results showed high levels of lipid MDA in the
muscles of exposed fishes. The levels of malondialdehyde
(MDA) as a potent marker for LPOs have been used in the
present study. In the same line of our data, other authors also
have proved high generation of MDA under ZnONP expo-
sure [44, 52] and under other NP exposure [48, 50, 53]. In
general, MDA has been considered a potent indicator for oxi-
dative stress generation; the approved ability of ZnONPs to
generate an oxidative stress has led directly to the increase
of MDA levels in the tissues of the affected organism. The
level of MDA was usually increased with the increase of
exposure duration, and this was approved in our study. We
can establish a concept here; the ability of NPs to induce
toxicity to aquatic organisms depended on their doses, the
duration of exposure, and their accessibility and distribution
in organisms’ tissues. Authors have approved that the gills,
livers, brains, and muscles were the most affected fish
parts when they are exposed to NPs. From our point of
view, the muscles were considered the most important tis-
sues, as they are the most consumed tissue by human
beings. ZnONPs have induced an oxidative stress in the
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muscles of Nile tilapia, and alleviating this toxic effect is
an important issue.

4.2. Effect of Vitamins C and E as Protective Agents for
ZnONP Exposure. Vitamin C scavenged superoxide anion
by forming semidehydroascorbate radical which is subse-
quently reduced by GSH [54], while vitamin E has the ability
to stop lipid peroxidation in the cell membrane. It does this
by two ways: first by unsaturated fatty acid interaction and
second by preserving the protein peptide chains [55]. In
addition, it scavenges O2, H2O2, (OH

−) radicals, and (O−)
radicals. The ability of both vitamin C and E to overcome
the oxidative stress generated in the cells has now become a
clear issue. Also, both vitamins have been known to have
active pharmacological action, and they were therapeutically
used in treatment of many oxidative stress-based diseases
[56]. However, the challenge here is as follows: are they able
to overcome the oxidative stress generated from exposure to
sublethal doses of NPs? In the present study, we examined
this. The results showed that there was a significant neutral-
ization in the antioxidant system; the activities of SOD, CAT,
GPx, GR, and GST started to return to normal as control
with amelioration in the GSH levels and reduction in
LPOs was observed in all fishes fed vitamin E and C mix-
ture. This confirms the ability of both vitamin C and E to
fight the oxidative damage results from ZnONP exposure.
Our results were confirmed by previous observations;
recently, vitamin C has been used to prepare a ligand for
cerium oxide NPs as promising tool for facilitating NP
detections in tissues [57]. This explained how much it
has the power for binding of NPs; this illustrated the effi-
cacy of vitamin C to tight bind to NPs and do its action.
In the same line of our study, vitamin C and E mixture
have the ability to correct some hematological and bio-
chemical disorders in O. niloticus exposed to sublethal
doses of ZnONPs [58]. In addition, vitamin E and vitamin
C have induced protection against the cytotoxicity of sili-
con NPs [59]. This come in the same line of our finding.
Moreover, the existence of NPs themselves could increase
the activities of both vitamin C and E [60].

In conclusion, sublethal doses of ZnONPs were able to
induce an oxidative stress in the muscles of O. niloticus,
and a mixture of vitamins C and E was able to alleviate the
oxidative stress generated due to exposure to ZnONPs.
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This study was aimed at evaluating the efficacy of berberine-rich fraction (BF) as a protective and/or a therapeutic agent against
inflammation and oxidative stress during male infertility. Sexually mature Sprague-Dawley male rats were divided into five
groups treated with either corn oil, BF (100mg/kg BW, orally, daily for 30 days), gossypol acetate (5mg/kg BW, i.p.) eight times
for 16 days, BF alone for 14 days then coadministered with gossypol acetate for the next 16 days (protected group), or gossypol
acetate for 16 days then treated with BF for 30 days (treated group). All animals completed the experimental period (46 days)
without obtaining any treatments in the gap period. Sperm parameters, oxidative index, and inflammatory markers were
measured. Gossypol injection significantly decreased the semen quality and testosterone level that resulted from the elevation of
testicular reactive oxygen and nitrogen species (TBARS and NO), TNF-α, TNF-α-converting enzyme, and interleukins (IL-1β,
IL-6, and IL-18) by 230, 180, 12.5, 97.9, and 300%, respectively, while interleukin-12 and tissue inhibitors of metalloproteinases-
3 were significantly decreased by 59 and 66%, respectively. BF (protected and treated groups) significantly improved the semen
quality, oxidative stress, and inflammation associated with male infertility. It is suitable to use more advanced studies to validate
these findings.

1. Introduction

Infertility is the disability of a couple to achieve pregnancy
after one year without intercourse precautions [1]. Male
infertility is found to contribute 45%–50% of infertility cases
[2]. Africa and Central/Eastern Europe were considered to
have the highest rates of infertility [3]. Many factors are
known to impair male infertility, including varicocele, testic-
ular failure, treatment with radiation, and illicit drugs [4].
Infertility produces psychological stress as a couple fails
achieve the expected goal of reproduction, causing disap-
pointment and frustration that is attributed to generalized
increased oxidative stress levels [5]. Oxidative stress is a
well-known causative factor involved in the etiology of male
infertility [6, 7]. Oxidative stress arises when reactive oxygen
species (ROS) or free radical production overwhelms the

endogenous antioxidant defense of the male reproductive
tract [1, 8]. ROS have destructive effects on semen quality
by disrupting the integrity of sperm nuclear DNA and ATP
production [1]. The spermatozoal cell membrane contains a
high abundance of polyunsaturated fatty acids representing
the most vulnerable target for free radical damage and lipid
peroxidation and, hence, influencing the sperm viability,
count, motility, and morphology [9]. Inflammation could
be linked to oxidative stress, and as oxidative stress primarily
occurs, it can further induce inflammation and vice versa;
thus, they strengthen each other, causing destructive effects
to the cells [10, 11].

Cytokines, including interleukins (ILs) and tumor necro-
sis factor alpha (TNF-α), are important mediators of immu-
nity and can be contributed in numerous physiological
processes in the male reproductive tract [2]. Cytokines have
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different effects on the semen quality and sperm function. IL-
1β, IL-6, and IL-18 are proinflammatory cytokines, can be
produced by specific cells in the male reproductive system
(such as testicular somatic cells and Sertoli cells), are
included in the inflammatory reaction, and can induce apo-
ptosis [2], while IL-12 improves male fertility due to its
immunomodulatory properties [12]. It is involved in the
induction and maintenance of the immune response during
both cell-mediated (helper T1) and humoral responses
(helper T2) [13] and regulating antigen-presenting activity
and natural killer cell activity [14]. TNF-α has destructive
effects on sperm [8], and the TNF-α-converting enzyme
(TACE; ADAM-17) is an enzyme involved in the proteolytic
liberation of TNF-α from the pro-TNF-α molecule. Since
ADAM-17 was found to be inhibited by tissue inhibitors of
metalloproteinases-3 (TIMP-3); TIMP-3 are important fac-
tors involved in the regulation of the inflammatory process
and the disease progression [15].

Antioxidants quench free radicals and protect gonadal
cells and mature spermatozoa from ROS production and oxi-
dative damage [9]. According to the World Health Organiza-
tion (WHO), developing countries make use of herbal
medicinal products for a variety problems due to their safety
and the side effects of chemical drugs [16]. Berberine is an
isoquinoline alkaloid that belongs to the structural class of
protoberberines [17] and is present in roots, rhizomes, and
stem bark of the Berberis species that belongs to the Berber-
idaceae family. Berberine is the most active constituent in
Berberis vulgaris [18–20]. Several studies have indicated that
berberine acts as a natural medicine with multiple biochem-
ical and pharmacological activities [21, 22] including anti-
inflammatory [23], antioxidant [24], antidepressant [25,
26], anticancer [27], hypoglycemic, hypolipidemic [22], and
antimicrobial activities [19].

Gossypol was used as antifertility agent in male rats.
Gossypol is a very toxic crystalline polyphenolic com-
pound and is found in the highest concentration in the
seeds of cotton plants [28]. Gossypol induces oxidative
stress by the imbalance between antioxidants and prooxi-
dants, resulting in the accumulation of ROS [29]. Oral
gossypol acetate was found to reduce the levels of serum
testosterone and luteinizing hormone in a dose- and
duration-dependent manner [30]. Gossypol acts directly
on testes and induces azoospermia or oligospermia [31].
Furthermore, gossypol blocked cAMP formation in sperms,
which subsequently decreased sperm motility [32]. It also
reduced the secretory activity of accessory sex glands
[33]. Therefore, gossypol was used as an efficient male
contraceptive drug [34].

The present study was aimed at assessing the therapeutic
and/or protective effects of BF against the inflammation pro-
cess produced during male infertility induced in rats by using
gossypol acetate. The study will demonstrate its effect on bio-
chemical blood parameters (TBARS, GSH, testosterone, cho-
lesterol, glucose, and albumin), semen quality (sperm count,
motility, morphology, α- glucosidase activity, and fructose
level), and finally the inflammatory markers [testicular
TBARS, NO, TNF-α, ADAM-17, TIMP-3, and interleukins
(IL-1β, IL-6, IL-12, and IL-18)].

2. Materials and Methods

2.1. Plant Collection and Preparation of Ethanol Extract and
Different Fractions. Barberry roots were purchased and
authenticated by Professor Salma El-dareir, Botany Depart-
ment, Faculty of Science, Alexandria University, Egypt. This
classification was dependent on the data about the plant pub-
lished in the Dargon Herbarium. Barberry roots were sub-
jected to steam distillation, and the ethanol extract was
prepared as described by [27]. The extract was lyophilized
and the obtained powder (35 g, ethanolic extract) was dis-
solved in 1% HCl and then filtrated. The pH of the filtrate
was optimized to 8 by using concentrated NH4OH. The ter-
tiary alkaloids were extracted from the previous solution by
using chloroform, and this fraction (chloroform fraction)
was evaporated and lyophilized (25 g). The obtained powder
was dissolved in the minimum amount of chloroform and
then was subjected to a silica gel 100–200 mesh column. A
berberine-rich fraction (2.5 g) was obtained by using gradient
elution with CHCl3 :MeOH (9 : 1; 8 : 2) and finally methanol
[35]. The presence of berberine in the fraction was identified
using TLC, melting point [36], HPLC [27], and 1H-NMR
[37]. The obtained powder was dissolved in polyethylene gly-
col (20%) to be administrated to rats.

2.2. Preparation of Gossypol Acetate. The Egyptian cotton-
seeds (Giza 70) were collected with the help of Professor Ali
Aisa Nawar, Department of Crop Science, Faculty of Agricul-
ture, Alexandria University, Egypt. The collected seeds were
cleaned and crushed; the decorticated kernels were mashed
by a meat chopper and finally extracted with peroxide-free
ether by percolation. Briefly, the decorticated kernels (1 kg)
were defatted by petroleum ether for at least 2 h at room tem-
perature (RT), then filtrated by using a Bűchner funnel and
dried. The dried kernels were soaked in peroxide-free ether
at RT, overnight in the dark. The oil-ether extract was
filtrated as mentioned above, and the extract was concen-
trated by using rotary evaporator (Büchi, Switzerland). Gla-
cial acetic acid was added to the extract (1 : 1, v/v) and
stirred thoroughly, and the gossypol acetate crystals were
precipitated overnight. The crystals were collected and stored
in refrigerator until use [38].

2.3. Animal Experimental Design. Thirty albino sexually
mature Sprague-Dawley male rats, about 10–12 weeks of
age (100–130 g body weight), were purchased from the
experimental animal house of the Faculty of Science, Cairo
University, and housed in the animal house of the physiology
department of the Faculty of Medicine, Alexandria Univer-
sity. The animals were grouped (six rats/cage), under stan-
dard laboratory conditions with water and food provided
ad libitum. All animal experiments were performed following
the ethical standards according to the Guide for the Care and
Use of Laboratory Animals of the National Institutes of
Health (Institute of Laboratory Animal Resources 1996) in
the Faculty of Medicine, Alexandria University, Egypt.

The healthy experimental animals were equally divided
into five groups (Figure 1). Group 1 (control) received corn
oil (0.5ml, intraperitoneally) eight times for 16 days. Group
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2 (BF supplemented) received BF (100mg/kg BW, orally by
gavage) daily for 30 days. Group 3 (induced) received gossy-
pol acetate (5mg/kg BW, intraperitoneally, dissolved in corn
oil) eight times for 16 days. Group 4 (protected) was admin-
istered BF alone for 2 weeks and then was coadministered
with gossypol acetate for the next 16 days. Group 5 (treated)
received gossypol acetate for 16 days and then was treated
with BF for 30 days. The doses of BF and gossypol acetate
were as mentioned in groups 2 and 3, respectively
(Figure 1). Experimental animals in groups 1, 2, 3, and 4 were
allowed free access to water and food without any treatments
until the 16th day for groups 2 and 4 for and until the 30th
day for groups 1 and 3.

At the end of the experiment (after 46 days), the rats were
fasted for eight hours and then the blood was collected from
the eye canthus to measure the blood glucose level. Rats were
allowed to complete fasting overnight and then decapitated
to collect the blood and testes. Sera were isolated and stored
at −20°C.

2.4. Preparation of Testicular and Epididymal Tissues. After
decapitation, one testis was removed and most of the paren-
chyma (2/3) was weighed. A 10% (w/v) homogenate of testis
tissues in 0.1M phosphate buffer saline (PBS), pH7.4, was
prepared by using a mortar in an ice bath and centrifuged
at 10,000g for 20min at 4°C. The supernatant was collected
and stored for further biochemical investigations. The second
testis and one epididymis were postfixed overnight in 10%
neutral buffered formalin for histopathological study. The
second epididymis was isolated, washed, crushed in 2ml
Ham’s F-10 medium (0.5% bovine serum albumin, BSA),
and incubated at 37°C for the estimation of the spermatozoal
quality by automated examination by MiraLab’s Computer
Aided Semen Analysis System (CASA, WLJY 9000, Beijing
Weili New Century Science and Tech. Dev. Co. Ltd., China)
[39]. Methylene blue and eosin red stains were used, respec-
tively, for studying the sperm morphology.

2.5. Biochemical Assays. Serum-reduced glutathione (GSH)
and TBARS as well as testicular TBARS and nitric oxide
levels were determined according to Jollow et al. [40], Tappel

and Zalkin [41], and Menaka et al. [42], respectively. Testos-
terone level was determined in serum by using an ELISA
commercial kit [43], and the levels of glucose [44], choles-
terol [45], and albumin [46] were also measured in the serum
by using commercial kits (Biosystems S.A., Spain).

2.6. Semen Parameters. Sperm count, motility, and morphol-
ogy index were assessed using CASA. Alpha-glucosidase
activity and fructose level are important parameters related
to semen quality. Alpha-glucosidase activity was measured
by using the method of Han and Srinivasan [47], in which
the specific activity (IU/mg) of the enzyme was defined as
micromoles (μmol) of p-nitrophenol released per min per
milligram (mg) of protein. The semen fructose level was
determined according to Foreman et al. [48].

2.7. Determination of Sperm Inflammatory Markers. Tes-
ticular IL-1β, IL-6, IL-12, and IL-18 were estimated by
using enzyme-linked immunosorbent assay (ELISA) kits
(Koma Biotech–Korea), and testicular TNF-α, ADAM-17,
and TIMP-3 were determined by Sun Red (England)
ELISA kits. Precoated wells with the captured antibodies
were washed four times with the washing buffer. Standard
or samples (100 μl) were added to each well in duplicate, cov-
ered, and incubated at RT for 2 h. The plates were then
washed four times and 100 μl of the diluted detection anti-
body was added per well, covered, and incubated at RT for
2 h. 100 μl of streptavidin-HRP was added to each well and
incubated for 30min at RT for a proper colour development.
The plates were washed and 100 μl of the substrate solution
(3,3′,5,5′-tetramethylbenzidine, TMB) was added to each
well and incubated for 30min at RT. The reaction was termi-
nated by adding 100 μl of the stop solution (H2SO4, 5%) to
each well, and the colour developed was read at 450nm on
a plate reader (Sanofi Diagnostics Pasteur, France).

2.8. Histopathological Changes. The testes and epididymides
of the control and experimental groups were removed, post-
fixed overnight in 10% neutral buffered formalin, dehydrated
in ascending grades of alcohol (70%, 80%, 95%, and absolute
alcohol), and cleaned by immersion in xylene followed by
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Figure 1: An illustration of the experimental design groups. Corn oil (0.5ml, intraperitoneally) eight times for 16 days, BF (100mg/kg BW,
orally by gavage) daily for 30 days, and gossypol acetate (5mg/kg BW, intraperitoneally, dissolved in corn oil) eight times for 16 days. Green
colour indicates free access to food and water, red colour indicates the administration of corn oil or gossypol acetate, and blue colour indicates
treatment with BF.
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impregnation in melted paraffin wax for 1–2h. Sections
5 μm thick were cut by using a rotary microtome. Finally,
the sections were stained with conventional hematoxylin and
eosin (H&E) stain for examination under a light microscope
of any histopathological changes. The histopathological
study was carried out in the Histopathology Department,
Faculty of Medicine, Alexandria University.

2.9. Statistical Analysis. Data was analysed by one-way anal-
ysis of variance (ANOVA) using the Primer of Biostatistics
(Version 5) software program. The significance of means ±
SD was detected between groups by a post hoc test (Tukey)
at p < 0 05.

3. Results

3.1. Characterization of Berberine-Rich Fraction. Table 1
shows the berberine concentration in different prepared sam-
ples, and BF had the highest concentration (0.89mg/mg
extract). The melting point of berberine chloride was 190°C
and that of the berberine base was 165°C. Both the chloro-
form fraction and BF had the same berberine spot equal
distance as shown in TLC results in Figure 2. Table 2 presents
the 1H-NMR (DMSO/TMS) showing δ: 3.17 (2H, t, H 5),
4.03 (3H, s, H 10-OCH3), 4.05 (3H, s, H 9-OCH3), 4.89
(2H, t, J = 5 35Hz, H 6), 6.14 (2H, s, 3-OCH2O), 7.06
(1H, s, H 4), 7.77 (1H, s, H 1), 7.96 (1H, d, H 12), 8.17
(1H, d, J = 8 4Hz, H 11), 8.90 (1H, s, H 13), and 9.85
(1H, s, H 8) as our team previously published [36].

3.2. Effect of Berberine-Rich Fraction on Blood Parameters.
Serum GSH, TBARS, testosterone, cholesterol, glucose,
and albumin levels were measured to assess the effect of
BF alone or in combination with gossypol on rats’ fertility.
The administration of BF to healthy rats showed no signif-
icant change in the levels of GSH, testosterone, or albumin
compared to the normal control group. While it signifi-
cantly decreased the levels of TBARS, cholesterol, and glu-
cose compared with those of the control group as shown
in Table 3, gossypol acetate-injected rats (induced group)
had a significantly increased TBARS level and decreased
GSH, testosterone, cholesterol, glucose, and albumin levels
compared to the control group. BF coadministration with
gossypol acetate (protected group) significantly decreased the
TBARS level and increased GSH, testosterone, cholesterol,
glucose, and albumin levels compared to the induced
group, at p < 0 05. The treatment with BF (treated group)
normalized the TBARS level and significantly enhanced the
GSH, testosterone, cholesterol, glucose, and albumin levels,
approaching the control levels (Table 3).

3.3. Effect of Berberine-Rich Fraction on Semen Quality.
The BF-supplemented group showed normal sperm motility
and had significantly improved sperm count and morphol-
ogy compared with the control group. In addition, BF admin-
istration significantly increased the α-glucosidase activity
compared to that of the control group. The male infertility-
induced group showed a highly significant decrease in the
sperm count, inhibited sperm motility, and a marked change
in the sperm morphology to irregular shapes compared to

the control group. Gossypol acetate injection also signifi-
cantly inhibited the α-glucosidase activity and significantly
decreased the semen fructose level compared with the con-
trol group. The BF-protected and BF-treated groups had
significantly improved sperm count, motility, and mor-
phology as well as significantly increased α-glucosidase
activity and semen fructose level compared to the induced
group (p < 0 05), with their values approaching the values
of the control group, as shown in Figure 3.

3.4. Effect of Berberine-Rich Fraction on the Testicular
Inflammatory Markers. Figures 4 and 5 demonstrate that
the administration of BF to healthy rats resulted in a non-
significant change in the levels of testicular TBARS, NO,
TIMP-3, and interleukins (IL-1β and IL-18) compared to
the normal control group, at p < 0 05. It also significantly
decreased TNF-α, ADAM-17, and IL-6 while it increased
IL-12 compared to that of the control group (at p < 0 05).
Gossypol-induced male infertility markedly and significantly
increased the levels of testicular TBARS, NO, TNF-α,
ADAM-17, and interleukins (IL-1β, IL-6, and IL-18) while
significantly decreasing the levels of both TIMP-3 and IL-
12 compared with those of the control group. A significant
decrease in the levels of testicular TBARS, NO, ADAM-17,
TNF-α, and interleukins (IL-18, IL-6, and IL-1β) as well as
a significant increase in the levels of TIMP-3 and IL-12 was
observed in the BF-protected and BF-treated groups com-
pared to the gossypol-induced group. In addition, the admin-
istration of BF after gossypol injection (treated group)
normalized the levels of testicular TIMP-3, TBARS, and
interleukins (IL-1β and IL-6), approaching the values of the
control group.

3.5. Histological Changes in Testicular and Epididymal
Tissues of Different Experimental Groups. Figures 6(a)–6(d)
show that the control healthy and BF-supplemented rats had
normal and well-organized seminiferous tubules, and they
show all stages of spermatogenesis till the stage of sperm
formation. They also have normal epididymal ducts. On
the other hand, the testicular tissue of the gossypol-treated
group (Figure 6(e)) shows an accumulation of immature
germ cells in the lumen and defects in spermatogenesis and
sperm formation. Furthermore, it shows an increase in intra-
cellular gaps due to disruption in cell-cell contacts in the
seminiferous epithelium compared to the control one. More-
over, the epididymal section (Figure 6(f)) revealed leukocytic
infiltration, congestion, and edema. The BF-protected group
shows almost near-normal spermatogenesis with sperm
formation in the testicular sections (Figure 6(g)) and mild
interstitial inflammation and edema in the epididymal sec-
tions (Figure 6(h)). The testicular section of the BF-treated

Table 1: The berberine concentration in different prepared samples.

Extract Berberine concentration (mg/mg extract)

Ethanolic extract 0.6

Chloroform fraction 0.73

Berberine-rich fraction 0.89
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group (Figure 6(i)) revealed a marked improvement in
spermatogenesis in all stages till sperm formation com-
pared with those observed in the control one, but little
interstitial inflammation was observed in the epididymal
section (Figure 6(j).

4. Discussion

Male infertility is considered to be one of the most critical
health problems that are expected to increase [49]. Multiple
lifestyle and environmental factors contributed to the etiol-
ogy of male infertility including cigarette smoking, alcohol,
heavy metals, pesticides, radiation, and illicit drugs; these fac-
tors are growing in number and are widely spread [50, 51].
In this study, BF (89%) was shown to be a leading therapy

for this problem by controlling the inflammatory markers
that are produced in the case of male infertility and that
result in a destructive damage to sperm and reduction in
the semen quality.

Gossypol is a toxic phenolic compound extracted from
cottonseeds [28, 38]. Deleterious effects of gossypol on fertil-
ity have been widely reported in the literature [29, 52]. The
intraperitoneal injection of gossypol acetate significantly
reduced the semen quality as evidenced by the decrease in
the sperm count and motility and changed the sperm mor-
phology as well as inhibited the α-glucosidase activity com-
pared with those of the control group. Alpha-glucosidase
activity is widely used as an indicative marker for sperm
count as alpha-glucosidase is produced by the epididymis,
so a low level of α-glucosidase indicates epididymal obstruc-
tion [53]. Gossypol administration significantly reduced the
enzyme activity in all segments of the epididymis [54]. The
major antifertility effect of gossypol is to inhibit sperm pro-
duction and motility; this inhibitory action has been attrib-
uted to a dramatic drop in the production of mitochondrial
ATP [29]. Furthermore, gossypol induces oxidative stress
by promoting the formation of ROS and lipid peroxides,
which negatively affected plasma membrane permeability,
ATPase activity, and glucose transport in sperms [55, 56].
In the present study, gossypol injection significantly elevated
serum and testicular TBARS and NO levels as well as
depleted the antioxidant capacity (GSH) and serum glucose
level, resulting in the damage of sperm membrane. These
results are in concert with the reports from El-Sharaky et al.
[38] and Santana et al. [29] that demonstrated the reproduc-
tive damage caused by gossypol-induced oxidative stress in
rats and that from Chen et al. [52] that reported a lowered
serum glucose level after gossypol treatment.

1 2 3

(a)

1 2 3

(b)

Figure 2: TLC identification of standard berberine chloride (spot 1), chloroform fraction (spot 2), and isolated berberine base (Spot 3).

Table 2: 1H-NMR (DMSO/TMS) chemical shifts of isolated
berberine in ppm [36].

Proton δ (ppm)

H 5 3.17 (2H, t)

H 10-OCH3 4.03 (3H, s)

H 9-OCH3 4.05 (3H, s)

H 6 4.89 (2H, t, J = 5 35Hz)
H 2,3-OCH2O 6.14 (2H, s)

H 4 7.06 (1H, s)

H 1 7.77 (1H, s)

H 12 7.96 (1H, d, J = 8 4Hz)
H 11 8.17 (1H, d, J = 8 4Hz)
H 13 8.90 (1H, s)

H 8 9.85 (1H, s)
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Free radical overproduction enhances proinflammatory
gene expression and is associated with inflammatory reac-
tions. On the other hand, inflammatory cells increased the

generation of ROS, leading to exaggerated oxidative stress
that impairs sperm function [8, 11]. The proinflammatory
cytokines TNF-α, IL-1α and IL-1β may have certain

Table 3: Effect of berberine-rich fraction on blood parameters of different experimental groups.

Groups TBARS (nmol/ml) GSH (mg/ml) Testosterone (ng/ml) Cholesterol (mg/dl) Glucose (mg/dl) Albumin (g/dl)

Control 0.49± 0.01 0.38± 0.01 3.7± 0.21 110± 5.2 95± 2.4 3.5± 0.2
BF supplemented 0.44± 0.02∗ 0.37± 0.02 3.8± 0.15 90± 1.6∗ 80± 3.1∗ 3.4± 0.1
Induced 0.58± 0.03∗ 0.29± 0.01∗ 0.36± 0.23∗ 65± 2.3∗ 65± 2.1∗ 2.9± 0.04∗

Protected 0.52± 0.03# 0.32± 0.06# 3.2± 0.34# 75± 1.9∗# 75± 2.8∗# 3.3± 0.05 #

Treated 0.49± 0.05# 0.30± 0.08# 3.4± 0.16# 85± 3.9∗# 82± 2.6∗# 3.1± 0.2#

Values represent the mean ± SD of 6 rats. ∗p ≤ 0 05 versus control. #p ≤ 0 05 versus induced group. ANOVA (one-way) followed by Tukey’s test.
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shows α-glucosidase activity and fructose level. Values represent the mean ± SD of 6 rats. ∗p ≤ 0 05 versus control group. #p ≤ 0 05 versus
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physiological functions in the male genital tract. However,
the elevated levels of these cytokines compared with the nor-
mal one, as seen during the inflammation process, are very
harmful to sperm production [8]. Increasing the generation
of ROS induces ADAM-17 expression and results in TNF-α
proteolytic cleavage, which in turn increases ROS produc-
tion, induces oxidative stress, promotes lipid peroxidation,
causes destructive damage sperm cell membrane, decreases
sperm motility, and induces apoptosis [57]. TIMP-3 is an
inhibitor for ADAM-17 and negatively controls its activity
[15]. Thus, the balance between ADAM-17 and TIMP-3
expression can control the inflammation process. In addi-
tion, IL-18 was found to stimulate the cytotoxic activity of
T cells and natural killer cells and stimulates the produc-
tion of IL-6 and TNF-α [58]. On the other hand, Naz
and Evans [12] suggested a significant correlation between
IL-12 levels and fertility as these improve the count and
normal morphology of sperm in the semen. Therefore, male
infertility may be attributed to its derangement. The destruc-
tion of testicular tissues, in the case of infertility, lowered the
production of IL-12 and negatively affected the sperm count
and motility [12]. In agreement with the earlier findings,
gossypol acetate injection significantly increased the levels
of testicular ADAM-17, TNF-α, and interleukins (IL-1β,
IL-6, and IL-18), while it decreased TIMP-3 and IL-12 levels
compared with those of the control group. TNF-α affects the
androgenic receptor controlling testosterone activity; it
decreases the production of testosterone and reduces the
sperm function [2].

Testosterone, as a steroid hormone, is essential for
spermatogenesis [5]. Gossypol was found to induce the
regression of Leydig cells, resulting in a significant decrease
in the level of serum testosterone and reduced libido [56].
Furthermore, testosterone regulates the formation of sem-
inal fructose, as it controls the activity and function of
the accessory glands that are responsible for fructose
secretion. Fructose is an important source of energy for

sperms and is required for sperm motility [59]. Thus,
the decreased level of semen fructose is due to gossypol-
induced depletion in the testosterone level. In addition,
gossypol decreased the serum level of cholesterol, which
is consistent with the studies by Nwoha and Aire [60] and
Obeidy et al. [61], who reported that gossypol altered the
serum lipoprotein metabolism.

Antioxidants can contribute to the protection of cells
and tissues against the deleterious effects of free radicals
[9]. The toxicological effect of gossypol was reversed by the
treatment of animals with berberine-rich fraction. Berberine
(BBR) is one of the most potent ingredients in Berberis vul-
garis, characterized by a diversity of pharmacological effects
[17, 22] including antioxidant and anti-inflammatory prop-
erties in a variety of tissues including kidney, liver, pan-
creas, and adipose tissue. BBR administration reduced the
oxidative stress markers (TBARS) and evaluated the antiox-
idant enzymes (GSH, GPx, and SOD) in diabetic animals
[24]. In the present study, the oral administration of BF
successfully reversed most of the hazardous effects of gossy-
pol on semen characteristics. BF significantly enhanced the
sperm count, motility, and morphology as well as improved
α-glucosidase activity and increased the semen fructose
level. BF has antioxidant properties, as confirmed by the
reduction of TBARS and NO levels as well as the elevation
of the reduced level of glutathione, and can be considered
one of the most potent antioxidant agents, protecting the cell
against ROS destructive damage [62]. These results con-
firmed the potent antioxidant capacity of BF as mentioned
previously [27, 63, 64].

The oral administration of BF either with or after gos-
sypol acetate injection represented an ameliorative effect
against the analysed inflammatory markers. Previously,
BBR showed a potent anti-inflammatory effect by suppress-
ing the production of inflammatory mediators such as
TNF-α, COX-2, IL-1β, IL-6, NO, and inducible nitric oxide
synthase (iNOS) as well as by the inhibition of arachidonic
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Figure 4: Effect of berberine-rich fraction on sperm prooxidants. Values represent the mean ± SD of 6 rats. ∗p ≤ 0 05 versus control group.
#p ≤ 0 05 versus induced group. One-way ANOVA followed by Tukey’s test was used.
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acid metabolism [23, 24, 65, 66]. In addition, BBR was found
to inhibit the activator protein-1 (AP-1, a key transcription
factor in inflammation) [67] and inhibit DNA synthesis in
active lymphocytes, resulting in the inhibition of lymphocyte
transformation [68].

The obtained biochemical results were confirmed by the
histological study where gossypol intraperitoneal injection
resulted in a marked histological alterations in the testicular
and epididymal tissues including depressed spermatogenesis,
degenerative germ cells, and vacuoles (in testicular section)
as well as leukocytic infiltration and edema (in epididymal
section), which are in agreement with the El-Sharaky et al.
[38]. A normal histological structure of a rat’s testis and epi-
didymis was observed in both control and BF-supplemented
animals. Almost near-normal spermatogenesis with sperm
formation in the testicular sections and little mild interstitial

inflammation in the epididymal sections were observed in
BF-protected and BF-treated groups.

In conclusion, the mechanism of gossypol-induced tox-
icity on rats’ testes contributed to the induction of oxidative
stress and inflammatory responses, leading to cell membrane
damage and reduced sperm count, motility, and morphol-
ogy. The administration of BF to animals was shown to be
effective in preventing oxidative damage and inflammation
induced by gossypol. Thus, the use of BF can be suggested
as a palliative measure in animals subjected to poisoning
by gossypol. However, further studies must be done to con-
firm the anti-inflammatory effect of BF by using different
experimental models. Moreover, the concentration of active
metabolite (berberine) must be measured in the testicular
tissue and the pharmacokinetics of BF should be investigated
in rats.

Sperms

(g)

Interstitial inflammation

(h)

(i) (j)

Figure 6: The histological examination of both testicular and epididymal tissues of different treated groups compared to the control one.
(Magnification of a and c: ×40; magnification of b, d, e, f, g, h, i, and j: ×10). Testicular (a) and epididymal tissues (b) of control group.
Testicular (c) and epididymal tissues (d) of berberine-rich fraction (100mg/kg orally) supplemented group. Testicular (e) and epididymal
tissues (f) of gossypol-induced group (5mg/kg, 8 times). Testicular (g) and epididymal tissues (h) of berberine-rich fraction (100mg/kg
orally) protected group. Testicular (i) and epididymal tissues (j) of berberine-rich fraction (100mg/kg orally) treated group.
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Diversified biological activities of dithiocarbamates have attracted widespread attention; improving their feature or exploring their
potent action of mechanism is a hot topic in medicinal research. Herein, we presented a study on synthesis and investigation of a
novel dithiocarbamate, DpdtbA (di-2-pyridylhydrazone dithiocarbamate butyric acid ester), on antitumor activity. The growth
inhibition assay revealed that DpdtbA had important antitumor activity for gastric cancer (GC) cell lines (IC50 = 4.2± 0.52μM
for SGC-7901, 3.80± 0.40 μM for MGC-803). The next study indicated that growth inhibition is involved in ROS generation in
mechanism; accordingly, the changes in mitochondrial membrane permeability, apoptotic genes, cytochrome c, bax, and bcl-2
were observed, implying that the growth inhibition of DpdtbA is involved in ROS-mediated apoptosis. On the other hand, the
upregulated p53 upon DpdtbA treatment implied that p53 could also mediate the apoptosis. Yet the excess generation of ROS
induced by DpdtbA led to cathepsin D translocation and increase of autophagic vacuoles and LC3-II, demonstrating that
autophagy was also a contributor to growth inhibition. Further investigation showed that DpdtbA could induce cell cycle arrest
at the G1 phase. This clearly indicated the growth inhibition of DpdtbA was via triggering ROS formation and evoking p53
response, consequently leading to alteration in gene expressions that are related to cell survival.

1. Introduction

Gastric cancer (GC) ranks as one of the fifth most common
malignancies in the world, and more than half of cases are
reported annually in East Asia [1, 2]. Resection may benefit
certain patients, but mostly transiently due to metastasis.
Chemotherapy is still the main treatment for advanced GC
[3]. It has been demonstrated that 5-year overall survival
increased by 6% with chemotherapy compared to that of sur-
gical treatment alone [4]. However, the side effects and resis-
tance of chemotherapeutic agents limit their wide use, thus
requiring alternative drugs.

Enzymes are important biological macromolecules
involved in many biological processes. Almost half of all

enzymes associate with a particular metal ion to function
[5], such as cytochrome oxidase, zinc-copper superoxide
dismutase, and lysyl oxidase, and several transcription
factors require copper for activity [6]. It is well documented
that cancer cells have an increased demand for iron and
copper to maintain robust cell proliferation and metastasis;
thus, disturbing the metal requirement of cancer cells by che-
lators has been an alternative option for cancer therapy [7].

Dithiocarbamates have received attention because of its
multiple biological activities and strong affinity toward metal
ions, which aroused an interest to probe their potent applica-
tions on disease treatment [8]. However, the strong affinity
toward transition metals, especially to copper and zinc ions,
may also bring undesirable consequences, such as direct
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inactivation of enzymes that are required for cell growth
[9–11]. To achieve the optimal therapeutic index, a reason-
able balance is needed between cytotoxicity and affinity to
metal ions for dithiocarbamates; thus, structural modifica-
tion of dithiocarbamate is an active field. Dithiocarbazate
is a widely used intermediate that can react with aldehyde
and ketone derivatives, as well as alkylating agents; the
resulting dithiocarbamate derivatives are more stable. We
previously reported that S-propionic or acetic acid ester of
di-pyridylhydrazone dithiocarbamate had excellent antitu-
mor activity but has lesser activity for their copper complexes;
this situation was rare in literatures [12, 13]. Analysis of
structure-activity relationship revealed that S-propionic acid
of the dithiocarbamate was better than S-acetic acid; how-
ever, a reversed phenomenon was found for their complexes
in growth inhibition, which aroused an interest to further
probe the effect of length of carbon chain on biological activ-
ity. To extend our knowledge of the new dithiocarbamate
derivatives, in this study, di-pyridylhydrazone dithiocarba-
mate S-butyric acid (DpdtbA) was further prepared and
characterized by MS and NMR. Next, its antiproliferative
effect was evaluated on gastric cancer cell lines, as like other
dithiocarbamates we have reported previously, the new pre-
pared DpdtbA also showed excellent antitumor activity;
thus, its underlying mechanism was preliminarily investi-
gated. In vitro ROS assay revealed that DpdtbA could induce
ROS generation, which triggered p53 response; conse-
quently, the apoptotic genes and externalization of phospha-
tidylserine were altered, supporting the finding that induced
apoptosis was p53 mediated. The excess ROS generated by
DpdtbA also caused autophagy, protease leakage from

lysosome, and cell cycle arrest, implying that ROS played
important roles in the proliferation inhibition.

2. Results

2.1. Proliferation Inhibition of DpdtbA.DpdtbA was prepared
as described previously [12], with the difference being that
4-bromine butyric acid was used in the last step-reaction.
The resulting dithiocarbamate, di-2-pyridylhydrazone
dithiocarbamate butyric acid ester (DpdtbA), was character-
ized by NMR and MS spectra (see Materials and Methods);
the structure of DpdtbA is shown in Figure 1(e). HPLC and
NMR indicated that it has adequate purity (>95%) for bio-
logical assay (Figure S1). Next, we assessed the growth inhi-
bition of DpdtbA against gastric cancer cell lines, SGC-7901
and MGC-803; the dose-response curves are depicted in
Figure 1. As shown in Figures 1(f) and 1(g), DpdtbA had
significant growth inhibition with IC50 = 4.20± 0.52μM for
SGC-7901 and 3.80± 0.40μM for MGC-803. The cell depen-
dence was not obvious, but the maximal inhibition was
slightly different. For SGC-7901 cells, the maximal inhibi-
tion (~80%) was achieved at ~10μM, but 40μM DpdtbA is
required for same inhibition of MGC-803 (Figures 1(f) and
1(g)). The morphology changes when exposure of the agent
to the investigated cells was also recorded; rounded cells
were observed for both cell lines (compare Figures 1(b)
and 1(d) with Figures 1(a) and 1(c)).

2.2. DpdtbA Induced a ROS-Dependent Growth Inhibition.
Generation of reactive oxygen species (ROS) in mechanism
is involved in many chemotherapeutic agents; thus, the
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Figure 1: The chemical structure and growth inhibition of DpdtbA. The effect of DpdtbA onmorphology. SGC-7901 cells: (a) control and (b)
5μMDpdtbA after 16 h treatment. MGC-803 cells: (c) control and (d) 5μMDpdtbA treatment after 16 h treatment. (e) Structure of DpdtbA.
(f) Proliferation inhibition of DpdtbA against SGC-7901 cell line (IC50 = 4.2± 0.52 μM). (g) Proliferation inhibition of DpdtbA against
MGC-803 cell line (IC50 = 3.8± 0.4 μM).
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ability of ROS production was assessed. DCFH-DA is fre-
quently used to determine ROS; the populations in different
fluorescence intensities were measured by flow cytometry.
As shown in Figure 2, ROS increased with increasing DpdtbA
(Figure 2(A2 and A3)). To determine whether ROS
correlated with growth inhibition, a ROS scavenger, NAC
(N-acetyl-L-cysteine), was introduced into the growth inhibi-
tion assay. As shown in Figure 2(b), the inhibitory effect of
DpdtbA against both cell lines in the presence of NAC was
significantly attenuated. For SGC-7901 cell, DpdtbA caused
~85% growth inhibition at low concentration (10μM) but
~30% growth inhibition at higher concentration (20μM) in
the presence of 1.5mM NAC (Figures 1(f) and 2(b)); similar
for MGC-803 cell, IC50 was increased by ~3-fold in the pres-
ence of NAC (Figures 1(g) and 2(b)). This clearly indicated
that the growth inhibition displayed by DpdtbA was
ROS dependent.

2.3. DpdtbA and Its Copper Complex Induced Cellular
Apoptosis. The excess intracellular ROS correlating with apo-
ptosis has been well documented; the elevated ROS level
implies that the action of the agent may be involved in
apoptosis induction. To measure the apoptosis populations
at early and late stages, the annexin V/propidium iodide
(PI) staining was performed, which measures externaliza-
tion of phosphatidylserine on the cell surface of apoptotic
cells specifically. As shown in Figure 3, DpdtbA induced
early apoptosis and later apoptosis of GC cells in a
concentration-dependent manner; that is, the population
of apoptosis was increased from 4.8 to 46.5% for SGC-
7901 cells and from 5.6 to 35.0% for MGC-803 cells
(Figures 3(a) and 3(b)).

To further support involvement of apoptosis, Western
blotting was employed to determine changes in apoptotic
genes. The excess ROS generally lead to apoptosis through
changes in the expression of bcl-2 family proteins; thus, the
alterations of bcl-2 and bax proteins before and after treat-
ment with DpdtbA at different concentrations were mea-
sured. As shown in Figure 4, the upregulated bax and
downregulation Bcl-2 were observed when DpdtbA treated
SGC-7901 and MGC-803 cells in contrast to that of control

(Figures 4(a) and 4(b)). Accordingly, the relative ratios of
bax/bcl-2 were also generated for comparative purposes;
clearly, the related ratios were elevated with increased con-
centration of DpdtbA (Figures 4(c) and 4(d)). In addition,
the other apoptotic genes, caspase-8 and cytochrome c, were
also observed to be upregulated; this was in agreement with
the result of externalization of phosphatidylserine from flow
cytometry (Figure 3), implying that the apoptosis was
involved in the growth inhibition caused by DpdtbA.

To determine whether the alterations of apoptotic pro-
teins correlated with ROS generation, the decreased ratio of
bax/bcl-2 would be indicative when scavenging ROS. Thus,
a ROS scavenger, NAC (N-acetyl-L-cysteine), was employed.
In view of a similar tendency toward DpdtbA treatment in
both gastric cell lines, the MGC-803 cell line was chosen
and treated by either DpdtbA alone or combined with
NAC; the related changes of the apoptotic genes are shown
in Figure 5. It was clear that the NAC did decrease the ratio
of bax/bcl-2 in contrast to the DpdtbA treatment only
(Figure 5(b)). In addition, the other apoptosis-related pro-
teins, cyt c and caspase-8, were also downregulated upon
addition of NAC. Similarly, DpdtbA changed the mitochon-
drial membrane permeability (Figure S2); this indicated that
the agent-induced apoptosis was ROS dependent. Since ROS
is involved in growth inhibition, in response to ROS, p53
might be activated; upregulation of p53 when treated by the
agent was observed but downregulation in combination with
NAC (Figure 5(a)), implying that p53 played a role in the
growth inhibition.

To further determine the role of p53 in the growth inhi-
bition, a p53 inhibitor, pifithrin-α (PFT-α), was employed;
accordingly, the MGC-803 cells were treated with either
DpdtbA alone or in combination with PFT-α; p53 and other
apoptotic proteins were evaluated by immunoblotting. As
shown in Figure 6, the addition of PFT-α attenuated the
increases of p53, cyt c, caspase-8 (Figure 6(a)), and ratio of
bax/bcl-2 (Figure 6(b)), indicating that p53 did play a role
in the process of induced apoptosis.

2.4. DpdtbA Induced Change in Lysosomal Membrane
Permeability (LMP) and Autophagy Response. Lysosome is a
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Figure 2: DpdtbA induced ROS generation and growth inhibition in the presence of NAC. (a) MGC-803 cells used for ROS assay (24 h
incubation): (A1) DMSO, (A2) 2.5 μM DpdtbA, and (A3) 5 μM DpdtbA. (b) Growth inhibition of DpdtbA in the presence of 1.5mM NAC.
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Figure 3: Flow cytometry analysis of apoptosis of GC cell lines. DpdtbA was incubated with the cells for 24 h. All attached cells were collected
and double stained with annexin V and propidium iodide (PI) using a kit from Dojindo Laboratories following the manufacturer’s
instructions. (a) SGC-7901: (A1) DMSO, (A2) 2.5 μM DpdtbA, and (A3) 5.0μM DpdtbA. (b) MGC-803: (B1) DMSO, (B2) 2.5μM
DpdtbA, and (B3) 5.0 μM DpdtbA.
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Figure 4: Western blotting analysis of changes of apoptosis-related genes. (a) MGC-803 and (b) SGC-7901: 1 =DMSO; 2 = 1.25 μMDpdtbA;
3 = 2.5 μM DpdtbA; 4 = 5 μM DpdtbA. (c) Normalized ratio of bax/bcl-2 (MGC-803). (d) Normalized ratio of bax/bcl-2 (SGC-7901)
(∗p < 0 05; ∗∗∗p < 0 01; one-way ANOVA).
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subcellular compartment that contained a host of hydrolytic
enzymes and is responsible for digesting long-lived proteins
and organelles, so the lysosomal membrane integrity is an
important factor for maintaining its function. Some chemo-
therapeutic agents caused apoptosis and alteration of lyso-
somal membrane permeability; DpdtbA might have a
similar action. To test the hypothesis, LysoTracker Red that
can accumulate within lysosomes was employed to assess
the lysosome membrane permeability [13]. As shown in
Figure 7, the red fluorescence intensities of MGC-803 cells
increased when DpdtbA was increased compared to those
of nontreated cells, indicating that more LysoTracker
Red accumulated in lysosomes and LMP was altered
(Figures 7(b) and 7(c)). Since the alteration of the permeabil-
ity, we questioned whether cathepsin release also occurred.
To determine the possibility, cathepsin D was evaluated by
immunofluorescence technique. As shown in Figure 7, the
granular-stained cathepsin D was observed in the untreated
cells (Figure 7(d)) and a diffusion pattern in the DpdtbA-
treated cells (Figure 7(e)), indicating that cathepsin D was
released from lysosome to cytosol, implying that apoptosis
has occurred. A similar result from a Western blotting anal-
ysis further supported the increase of cathepsin D in cytosol,
consistent with that reported previously [14].

Apoptosis associated with release and translocation of
cathepsin has been realized [15], which may have stemmed
from induced ROS generation. DpdtbA could produce
excess ROS in response to the oxidative stress, and a
response to autophagy might occur. Thus, the formation of
autophagosome was measured by acridine orange staining.
As shown in Figures 8(a)–8(c), the red granular fluorescence
in the acidic vacuoles was observed in the agent-treated
groups and in a concentration-dependent manner, indicat-
ing that more autophagic vacuoles were formed. To confirm
the above result, 3-methyladenine (3-MA), an autophagy
inhibitor, was introduced in the assay; clearly, the red gran-
ular fluorescence in the acidic vacuoles decreased in contrast
to that of the agent only (Figures 8(b)–8(e)). To ensure the
reliability of the results, the formation of autophagic
vacuoles or autophagosomes was further analyzed by mono-
dansylcadaverine (MDC) staining via flow cytometer and
microcopy techniques (Figures S3 and S4) [16]. As shown
in Figure S3, the fluorescence intensities of MDC were
increased with treatment of DpdtbA and decreased with
addition of 3-MA or NAC, and the trend in fluorescence
intensity was similar to that of acridine orange staining
(Figures 8(a)–8(e)). A similar situation was found during
morphologic observation (Figure S4). This supported that
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Figure 5: The effect of NAC on expressions of apoptotic genes of MGC-803 cells. (a) Western blotting analyses of apoptotic genes; (b) the
changes in ratio of bax/bcl-2 in the presence or absence of NAC (∗∗∗p < 0 01; one-way ANOVA).

p53

Cyt c

Caspase-8

Bax

Bcl-2

GAPDH
+ +

+
+

+
+
−

−
−

+
−
+

(a)

DMSO
DpdtbA (5 �휇M)
DFT-�훼 (10 �휇M)

+ +
+
+

+
+
−

−
−

+
−
+

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

0

2

4

6

8

10

Ra
tio

 (b
ax

/b
cl-

2)

(b)

Figure 6: p53 played a role in DpdtbA-induced apoptosis. (a) Western blotting analyses of apoptotic genes when the MGC-803 cells
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autophagy occurred. Furthermore, the molecular evidence
of autophagy occurrence was from measurement of LC3-
II (microtubule-associated protein light chain 3), an
autophagosome marker. As expected, the increase of
LC3-II was observed when DpdtbA was exposed to the
cells (Figure 8(f), line 2), but with addition of 3-MA or
NAC, the LC3-II decreased or disappeared (Figure 8(f),
line 1, line 3), indicating that DpdtbA indeed induced
autophagy (Figure 8).

2.5. The Effect of DpdtbA on Cell Cycle. ROS induce cell cycle
delay at the G1/S boundary [17]. We therefore evaluated the
effect of DpdtbA on the cell cycle distribution using propi-
dium iodide staining via flow cytometry. As shown in
Figure 9, DpdtbA caused an accumulation of the GC cells
in the G1 phase, and the percentage at the G1 phase signifi-
cantly increased from 43.6 to ~70% during 24h insult of
the agent with both cell lines (Figures 9(a) and 9(b)), indicat-
ing that DpdtbA can disturb cell cycle and arrest the cells at
the G1 phase as do other iron chelators [18].

3. Discussion

Transition metals, such as iron, that require to maintain via-
bility and to support proliferation of almost all kinds of cells
[19] play important roles in biosystem. Those metals locate
either in proteins as cofactor or in cytosol as free form in

metal labile pool. Clearly, chelators can disturb homeostasis
of the metals, accordingly producing different biological
effects. Cancer cells have higher iron demand than have
normal cells, and depleting iron will be favorable to inhibit
proliferation of cancer cells; thus, chelation therapy is a
promising strategy. Dithiocarbamate derivatives have strong
affinity toward transition metals; pyrrolidine dithiocarba-
mate (PDTC) is a representative compound, exhibiting
diverse biological effects [20–22]. In view of instability and
stronger affinity toward transition metals, especially zinc
and copper ions, the thiol-modified dithiocarbamate deriva-
tives were prepared to enhance their stability and improve
their biological activity [23, 24]. In the present study, a new
synthesized dithiocarbamate derivative (DpdtbA) showed
better antitumor activity against gastric cell lines. In view of
its good activity, the underlying mechanism was preliminar-
ily investigated. Generally, antitumor drugs used clinically
exert one of their actions via generating excess ROS, which
causes oxidative damage of protein and nucleic acids, conse-
quently resulting in cell death [25, 26]. DpdtbA may have a
similar action. As expected, DpdtbA indeed has the ability
to generate ROS at a cellular level (Figure 2). Next, we ques-
tioned whether the increased ROS correlated to the growth
inhibition; thus a ROS scavenger, NAC, was employed in
the proliferation assay. Clearly, addition of NAC could atten-
uate the cytotoxicity of DpdtbA (or increase viability of gas-
tric cells), indicating that there was a ROS-dependent
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(d) (e)
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Cath D
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Figure 7: DpdtbA-induced change in lysosomal membrane permeability and cathepsin D translocation. LysoTracker Red-stained MGC-803
cells (objective size 10× 10): (a) control, (b) 2.5 μMDpdtbA, and (c) 5.0 μMDpdtbA. The enhanced fluorescence intensities of the cells clearly
indicated the alteration of LMP. Immunofluorescence detection of cathepsin D in MGC-803 cells (objective size 10× 20): (d) control cells and
(e) 2.5 μM DpdtbA. (f) Western blotting analysis of cathepsin D in cytosol.
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growth inhibition, which was in agreement with that
reported previously [27, 28]. The correlation between ROS
and apoptosis has been well investigated; one of the
molecular events upon apoptosis is externalization of
phosphatidylserine, which can be revealed by the annexin
V/propidium iodide (PI) staining though flow cytometric
analysis [29]. The cytometric data showed that the
DpdtbA induced early apoptosis and later apoptosis in a
concentration-dependent manner (Figure 3). The evidence
from Western blotting analysis also supported involvement
of apoptosis due to the upregulation of bax, p53, and cas-
pases and downregulation of bcl-2 after DpdtbA exposure
to the cells (Figure 4). This situation is frequently observed
in cells subjected to drug treatments [30]. The aforemen-
tioned changes in the apoptotic proteins may stem from
ROS generation. To conform to the relevance, an antioxi-
dant, NAC, was used to scavenge ROS; accordingly the
extent of apoptosis was attenuated, indicating that ROS
indeed play an important role in apoptosis induced by
DpdtbA (Figure 5). p53 is a housekeeper gene that
responds to external stimulus or oxidative stress; the
upregulated p53 implied that it might be involved in the
regulation of expression of bcl-2 family [31]. In this study,
DpdtbA upregulated p53 protein expression, downregu-
lated antiapoptotic protein bcl-2 expression, promoted
proapoptotic protein bax expression, and triggered cell
apoptosis via intrinsic and extrinsic pathways (Figure 6)

[32]. Moreover, p53 can directly induce bax and bak
oligomerization [33]; thus, the higher ratio of bax/bcl-2
would be favorable for bax oligomerization, consequently
translocating the oligomerized bax to the mitochondrial
membrane, which releases cytochrome c and causes mito-
chondrial cell death. Some forms of apoptosis have been
found to be associated with a lysosomal pathway [34].
Similarly, the translocation of bax oligomer to lysosomal
membrane causing the release of cathepsins from the
lysosomal lumen to the cytosol has been also observed
[35, 36]. Cathepsin D normally resides within lysosomes
and endosomes but can be translocated to the cytoplasm
under stress conditions, where it initiates apoptosis [37].
In the present study, this phenomenon of translocation
of cathepsin D was also found (Figure 7), which was con-
sistent with that reported previously [38]. The relocation
of lysosomal cathepsins induces apoptotic signaling and
leads to lysosomal cell death [39]; this clearly indicated
that growth inhibition induced by DpdtbA is involved
in apoptosis.

Autophagy plays an important role in cell survival by
removing misfolded or aggregated proteins, clearing dam-
aged organelles, and eliminating intracellular pathogens
[40]. ROS-triggered apoptosis and autophagy have been well
documented [41]. DpdtbA induced excess ROS production;
accordingly, autophagy may be also involved. Figures 8(b)
and 8(c) showed that the accumulated red granular

(a) (b) (c)

(d) (e)
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Figure 8: DpdtbA-induced autophagy in MGC-803 cells. Stained by acridine orange: (a) control, (b) 2.5 μM DpdtbA, (c) 5μM DpdtbA, (d)
2.5 μMDpdtbA+ 3-MA (2mM), and (e) 5μMDpdtbA+ 3-MA (2mM). (f) Western blotting: 1 = 5μMDpdtbA plus 1.5μMNAC; 2 = 5μM
DpdtbA; 3 = 5 μM DpdtbA plus 1.5mM 3-MA; 4 =DMSO control; 5 = 1.5mM NAC; 6 = 1.5mM 3-MA.
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fluorescence in the acidic vacuoles in DpdtbA-treated cells
was increased but decreased with the addition of an autoph-
agy inhibitor (3-MA) (Figures 8(d) and 8(e)); a similar result
was from flow cytometric analysis based on MDC staining
(Figure S3). These data clearly showed that autophago-
somes were increased; that is, autophagy was activated
when DpdtbA was exposed to the cells. Interestingly, with
the addition of a ROS scavenger, NAC, autophagy induced
by DpdtbA was attenuated, indicating that occurrence of
autophagy was triggered by ROS, which was consistent
with findings of literatures [40, 41]. LC3 is an autophago-
some molecular marker; the increase of LC3-II and
decrease of LC3-I indicated that autophagy was activated.
In the present study, DpdtbA induced the change in
LC3, and the changes were attenuated by an addition of
either autophagy inhibitor or ROS scavenger (Figure 8(f)).
The aforementioned data demonstrated that autophagy
made a contribution to the growth inhibition induced by
DpdtbA. ROS generation leads to cell cycle delay. The cell
cycle analysis revealed that DpdtbA could induce cell cycle
arrest at the G1 phase as reported for other iron chelators
(Figure 9) [18, 42]. Generally, iron chelators exhibit ribo-
nucleotide reductase inhibition and then disturb cellular

DNA synthesis [43]; therefore, cell cycle arrest caused by
the agent was also partly a contributor to growth inhibi-
tion. It was noted that the DpdtbA-induced cell cycle
arrest may be cell line dependent because its analogue,
DpdtpA, led to cell cycle arrest in the S phase for hepa-
toma carcinoma cell line [12].

In conclusion, DpdtbA exhibited significant antiprolifer-
ative activity against gastric cells; it may stem from induction
of ROS generation, subsequently provoking p53 response
and triggering apoptosis, autophagy, lysosomal cell death,
and cell cycle arrest. Therefore, ROS may be an initiator in
the growth inhibition.

4. Materials and Methods

4.1. General Information. MTT, acridine orange, di-2-pyri-
dylketone, pifithrin-α, and monodansylcadaverine (MDC)
were purchased from Sigma-Aldrich. LC3 antibody was
obtained from Proteintech Group (Wuhan, China), cas-
pase-8, GAPDH, bax, cytochrome c, and bcl-2 were pur-
chased from Boster (Wuhan, China). RPMI 1640 and fetal
bovine serum were purchased from Zhejiang Tianhang
Biological Technology Co. Ltd.
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Figure 9: Cell cycle distribution of GC cells following treatment with various concentrations of DpdtbA. (a) SGC-7901: (A1) control, (A2)
2.50μM DpdtbA, and (A3) 5.0 μM DpdtbA. (b) MGC-803: (B1) control, (B2) 2.5 μM DpdtbA, and (B3) 5.0μM DpdtbA.
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4.2. Preparation of Di-2-pyridylhydrazone Dithiocarbamate
S-Butyric Acid (DpdtbA). DpdtbA (chemical name generated
by ACD/Labs, 3-[({2-[di(pyridin-2-yl)methylidene]hydra-
zinyl}carbonothioyl)sulfanyl]butyric acid) was made as
reported previously [12]. Briefly, the hydrazine dithiocar-
bamate was synthesized by reaction of equimolar carbon
disulfide (1mmol) with hydrazine (1mmol) in KOH
containing ethanol (10ml) on an ice bath for 1 h. Then
the reaction mixture without further separation was mixed
with equimolar di-2-pyridylketone (1mmol); the resulting
mixture was refluxed for 1 h. After being cooled, the red-
brown solid was filtered and washed with cold ethanol.
TLC showed one pot (ethyl acetate/petroleum ether= 3 : 1).
Next, the red-brown (di-2-pyridylhydrazone dithiocarba-
mate, 1mmol) was dissolved in absolute ethanol (5ml)
and reacted with 4-bromo butyric acid at room tempera-
ture for 1 h; the yellow solid was filtered and washed with
ethanol. TLC traced (ethyl acetate/petroleum ether= 3 : 1).
mp: 158.7°C. 1H NMR (Ascend™ 400 spectroscope, Bru-
ker, Switzerland), ppm: 14.93 (s, NH), 8.86 (d, H,
J=4Hz), 8.63 (d, H, J=4Hz), 8.03 (m, 2H, J=8Hz),
7.98 (d, H, J=8Hz), 7.64 (dd, H, J=4Hz), 7.60 (d, H,
J=8Hz), 7.54 (dd, H, J=4Hz), 3.27 (tri, 2H, J=8Hz),
2.37 (tri, H, J=8Hz), 1.91 (tri, H, J=8Hz); 13C NMR
(Ascend 400 spectroscope, Bruker, Switzerland), ppm:
199.98, 174.28, 155.08, 150.98, 149.18, 148.68, 138.34,
137.96, 128.10, 125.80, 124.93, 124.14, 33.10, 24.26. ESI-MS
(C16H16N4S2O2 (cal/obs): M+Na: 383.0615 (383.0606).

4.3. Cytotoxicity Assay (MTT Assay). A 10mM DpdtbA in
80% DMSO was diluted to the required concentration with
culture. The MTT assay was conducted as previously
described [9]. Briefly, 5× 103/ml MGC-803 (or SGC-7901)
cells in exponential phase was seeded equivalently into a
96-well plate, and the various amount of DpdtbA was added
after the cells adhered. After 48 h incubation at 37°C in a
humidified atmosphere of 5% CO2, 10μl MTT solution
(5mg/ml) was added to each well, followed by further 4 h
incubation. The cell culture was removed, and 100μl DMSO
was added in each well to dissolve the formazan crystals.
The measurement of absorptions 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 absor-
bance inhibition within appropriate absorbance in each
cell line. The same assay was performed in triplicate. Mor-
phologic study was conducted under inverted microscope
(Shanghai Batuo Instrument Co. Ltd., Shanghai, China);
the photographs of SGC-7901 and MGC-803 cells treated
by DpdtbA (2.5 or 5.0μM for 16 or 48 h) were recorded
(objective size: 10× 20).

4.4. ROS Detection In Vivo. As described in MTT assay, the
MGC-803 cells were treated by DpdtbA for 24 h. The cells
were collected by centrifugation after trypsinization. Follow-
ing PBS washing, the cell pellets were resuspended in
serum-free culture medium containing H2DCF-DA and
incubated for 30min. Finally, the medium containing
H2DCF-DA was removed by centrifugation and washed

with PBS, and the cells were resuspended in PBS. The intra-
cellular ROS assay was performed on a flow cytometer
(Becton Dickinson, USA).

4.5. Flow Cytometric Analysis of Apoptosis. Cells were seeded
into a 6-well plate and treated as described above for the
cell viability assay. The cells were treated with different
concentrations of the agent (2.5 and 5.0μM DpdtbA) for
24 h. Then the cell culture was removed, following PBS
washing and trypsin digestion; finally, the annexin V and
propidium iodide (a kit from Dojindo Laboratories,
Kumamoto, Japan) were added as recommended by the
company. The stained cells were subjected to cytoflow
analysis (Becton Dickinson, USA).

4.6. Western Blotting Analysis. The protocol used for
Western blotting was as previously reported [10]; briefly,
1× 107 MGC-803 (or SGC-7901) cells treated with or with-
out DpdtbA was scraped off in lysis buffer (50mM Tris-
HCl, pH8.0, 150mM NaCl, 1.0% NP-40, 10% glycerol, and
protease inhibitors) on ice for 30min, following spin down
by centrifugation at 14,000×g. The clear supernatant was
stored at −80°C. The protein concentration was determined
using a colorimetric Bio-Rad DC protein assay on a micro-
plate reader MK3 at 570nm. Proteins (30μg) were separated
on a 13% sodium dodecyl sulfate-polyacrylamide gel at 200V
for 1 h. Then, the separated proteins were subsequently
transferred onto a PVDF membrane at 60V for 1 h. The
membrane was washed three times with Tris-buffered saline
(TBS) and was 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 primary monoanti-
body used at a dilution of 1 : 300 in TBS plus 0.1% Tween-
20 (TBST). The membrane was washed several times with
TBST and was subsequently incubated with HRP-
conjugated secondary antibody (1 : 2000 in TBST) for 1 h at
room temperature. After another wash of the membrane with
TBST, the protein bands were detected using a supersensitive
ECL solution (Boster Biological Technology Co. Ltd.) and
visualized on an Amersham Imager 600 (GE Healthcare Life
Sciences, Fairfield, USA).

4.7. DpdtbA Induced Changes in Lysosomal Membrane
Permeability and Autophagy. The SGC-7901 cells were
seeded into a 24-well flask and treated as described above
for the cell viability assay. The cells were treated with differ-
ent concentrations of DpdtbA (2.5 and 5.0μM DpdtbA) for
24 h. For detection of the acidic cellular compartment, acri-
dine orange (or LysoTracker Red; Invitrogen) was used,
which emits bright-red fluorescence in acidic vesicles but
green fluorescence in the cytoplasm and nucleus. After treat-
ment of the cells with the agent, acridine orange was then
added at a final concentration of 1μg/ml (the concentration
of LysoTracker Red, as recommended) for a period of
15min. Following PBS washing, the fluorescent micrographs
were captured using an inverted fluorescence microscope
(Shanghai Lengguang Technology Co. Ltd., Shanghai, China)
or a laser confocal fluorescence microscope (Zeiss LSM 510
Confocal Inverted Microscope, Jena, Germany).
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4.8. Cell Cycle Analysis. The SGC-7901 or MGC-803 cells
(1× 105) were seeded in a 6-well plate and incubated for
24 h at 37°C (5% CO2). The medium was replaced with fresh
medium supplemented or not (control) with the agent (2.5
and 5.0μM). After 24h of incubation, the cells were har-
vested with trypsin, followed by washing with PBS, fixed in
70% ethanol, and stored at −20°C. To stain the cellular
nuclear DNA, the cells were suspended in 0.5ml PBS con-
taining 50μg/ml propidium iodide (PI) and 100μg/ml RNase
after removing the 70% ethanol and washing with PBS. And
then the cell suspension was incubated at 37°C for 30min.
DNA flow cytometry was performed in duplicate with a
FACSCalibur flow cytometer (Becton Dickinson, USA). For
each sample, 10,000 events were collected, and fluorescent
signal intensity was recorded and analyzed by CellQuest
and ModiFit (Becton Dickinson).
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The current study aimed to investigate the potential protective role of boswellic acids (BAs) against doxorubicin- (DOX-) induced
hepatotoxicity. Also, the possible mechanisms underlying this protection; antioxidant, as well as the modulatory effect on the Nrf2
transcription factor/hem oxygenase-1 (Nrf2/HO-1) pathway in liver tissues, was investigated. Animals were allocated to five
groups: group 1: the saline control, group 2: the DOX group, animals received DOX (6mg/kg, i.p.) weekly for a period of three
weeks, and groups 3–5: animals received DOX (6mg/kg, i.p.) weekly and received protective doses of BAs (125, 250, and
500mg/kg/day). Treatment with BAs significantly improved the altered liver enzyme activities and oxidative stress markers.
This was coupled with significant improvement in liver histopathological features. BAs increased the Nrf2 and HO-1 expression,
which provided protection against DOX-induced oxidative insult. The present results demonstrated that BAs appear to scavenge
ROS and inhibit lipid peroxidation and DNA damage of DOX-induced hepatotoxicity. The antioxidant efficacy of BAs might
arise from its modulation of the Nrf2/HO-1 pathway and thereby protected liver from DOX-induced oxidative injury.

1. Introduction

Organ dysfunction is common within cancer patients, and
hepatic dysfunction has a great impact on the patient out-
come leading to a health-care burden [1]. Doxorubicin
(DOX) is a widely used chemotherapeutic agent, possessing
a broad spectrum of antineoplastic effects against various
tumor types and hematological malignancies [2]. Although
DOX is a successful cancer chemotherapeutic, side effects
limit the clinical utility of DOX-based therapy, including
dose-dependent chronic cardiotoxicity, myelosuppression
[3], and hepatotoxicity [4]. While the full mechanism of
DOX-related cytotoxicities is not fully understood, it has
been demonstrated that oxidative stress plays an essential
role in DOX-induced toxicity [5]. Reactive oxygen species
(ROS) can damage liver membranes causing the release of
liver enzymes. Thus, controlling the oxidative injury by
different agents is extensively appreciated.

Recently, the protective properties of pentacyclic triterpe-
noids have gained increasing attention. For instance, oleano-
lic and ursolic acids are triterpenoids extensively distributed
in food and remedial plants [6] and exhibiting protective
properties against liver injury in experimental models [7].
Additionally, it was documented that ursolic acid promotes
neuroprotection after cerebral ischemia in mice by triggering
the NF-E2-related factor 2 (Nrf2) pathway [8].

Boswellia serrata resin extracts show an antioxidant
activity in a diversity of experimental diseases including
ulcerative colitis [9], myocardial I/R injury [10], and pul-
monic fibrosis [11]. Acetyl 11-keto-b-boswellic acid (AKBA)
is a pentacyclic triterpenoid compound. It is known as the
most significant component of Boswellia serrata resin [12].
AKBA has a structural similarity to ursolic acid, and interest-
ingly, one study affirmed that AKBA has greater antioxidant
activity in mice than ursolic acid [13]. Consequently, it may
promote some of its protective effects via activating the
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Nrf2 pathway, a hypothesis which was proved recently by
Zhang et al. [14].

It was shown that Nrf2 is involved in regulating the
expression of genes encoding antioxidant proteins and
detoxifying enzymes of phase 2 through a promoter sequence
termed the antioxidant response element. The importance of
Nrf2 and its downstream proteins such as NAD(P)H, gluta-
thione S-transferases, and heme oxygenase-1 (HO-1) has
been evidenced in guarding against chemically induced
oxidative stress causing cellular insult in several organs
[15–17]. Among these genes, many studies have concen-
trated on the regulation and action of HO-1 as it has been
proven to have the highest antioxidant response elements
on its promoter. HO-1 catalyzes the first and rate-limiting
step in heme breakdown and generation of the antioxidants
biliverdin and bilirubin [18, 19].

Taking altogether, the profitable features of triterpenoids
and the probable role of the Nrf2/HO-1 pathway, our
hypothesis is that BAs may offer a protective effect against
hepatotoxicity of DOX. We tested if this putative protective
effect involves the stimulation of the Nrf2/HO-1 pathway.

2. Materials and Methods

2.1. Chemicals and Drugs. A standardized B. serrata extract
containing 65% BAs in the form of a tablet preparation
was purchased from Advance Physician Formulas Inc.
(California, USA). Tablets were grid and suspended in dis-
tilled water. Adricin vial containing 2mg/ml of DOX was
obtained from EIMC United Pharmaceuticals (Cairo, Egypt),
and dilution was done with saline solution.

2.2. Animals. Animal experiments were licensed and per-
formed according to the rules of the research ethics commit-
tee at the Faculty of Pharmacy, Al-Azhar University, and
complied with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. We used male Swiss
albino mice weighing 21–25 g. Mice were fed a regular chow
diet with water ad libitum and maintained in a clean room
with normal light and dark cycles. Animals were purchased
from the Modern Veterinary Office in Cairo.

2.3. Design of the Experiment. Mice were equally and
randomly assigned into five groups, eight animals per group:
group 1: animals were injected with saline weekly [16ml/kg,
i.p.] and received distilled water [12ml/kg/day] orally; group
2 (DOX group): DOX was given to animals every week
(6mg/kg, i.p.) [20] in addition to distilled water [12ml/kg/
day p.o.]; and groups 3, 4, and 5: animals received DOX
(6mg/kg, i.p.) every week and were treated with three doses
of BAs [125, 250, and 500mg/kg/day, p.o.]. All treatment
regimens were continued for 3 weeks.

The intraperitoneal route was used for injecting DOX
and saline weekly in a volume of 16ml/kg whereas the oral
gavage needle was used to administer BAs and distilled water
daily in a total volume of 12ml/kg. Generally, DOX or saline
was given at days 1, 8, and 15 of the experiment. However,
BAs started on day 1 and extended to day 21.

2.4. Blood and Sample Collection. At the last day of the exper-
iment, mice were sacrificed by cervical dislocation after being
anesthetized with ketamine (80mg/kg, i.p.). Samples of blood
were collected in dry tubes and centrifuged at 1200×g. Serum
samples were then collected in clean Eppendorf tubes and
kept at −20°C to be utilized later in biochemical assays.

For the evaluation of liver function, serum alanine ami-
notransferase (ALT) and aspartate aminotransferase (AST)
activities were determined by enzymatic colorimetric kits
from Biodiagnostic (Egypt). Readings for the reaction colors
were obtained using an ultraviolet-visible spectrophotometer
(UV-1601-PC; Shimadzu, Japan).

Then, each mouse abdomen was opened, and liver was
separated and washed in cold phosphate-buffered saline
(pH=7.4). One liver portion was utilized for DNA extraction
used in DNA laddering assay, and another one was stored at
−80°C for the preparation of tissue homogenate (prepared as
10% w/v).

2.5. Determination of Oxidative Stress Markers. Frozen liver
samples were homogenized in phosphate-buffered saline
(pH7.4) by the aid of a Teflon homogenizer. Tissue homog-
enates were then put in a cooling centrifuge at 2000×g for
10min. The supernatants were used for malondialdehyde
(MDA) determination which has been identified as the prod-
uct of lipid peroxidation that reacts with thiobarbituric acid
(TBA) in acidic medium at 95°C to give pink product
measured by a spectrophotometer at wave length equals
534 nm using tetramethoxypropane as a standard [21, 22].

2.6. Western Blot Analysis for Nrf2, HO-1, and Cleaved
Caspase-3. The frozen tissues were homogenized and lysed
using ice-cold lysis buffer (10% glycerol, 2% SDS in 62mM
Tris-HCl, pH6.8) containing a cocktail of protease inhibitors
(Sigma-Aldrich, St. Louis, MO). The protein content in the
collected protein lysates was quantified using the Bradford
method [23]. Equal amounts of total protein were resolved
under denaturing conditions by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred into nitrocellulose membranes. Blocking was
done with 6% non-fat dry milk in TBS-Tween buffer for 3 h
at 4°C; then the nitrocellulose membranes were incubated
at 4°C overnight with the primary antibodies against the
target proteins (Nrf2, HO-1, and cleaved caspase-3). For
Nrf2, we used Human/Mouse/Rat Nrf2 Antibody Monoclo-
nal Mouse IgG2B Clone number 383727 from R and D
Systems Inc. (Minneapolis, USA), for HO-1, we used (A-3):
sc-136960 antibody from Santa Cruz Biotechnology Inc.
(Dallas, Texas, USA), and for cleaved caspase-3, we used
cleaved caspase-3 (Asp175) antibody from Cell Signaling
Technology (Danvers, MA, USA). Again, the membranes
were incubated with β-actin monoclonal antibody for 1 h
on a roller shaker at 4°C. Membranes were then washed 5
times (5min each) in TBS-Tween buffer in order to get rid
of the excess primary antibodies after which they were
incubated with an appropriate horseradish peroxidase-
conjugated secondary antibodies for another 1 h at 37°C.
The bands were scanned using ChemiDoc scanner, and then
the densitometric intensity of each band was quantified.
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2.7. DNA Fragmentation Analysis for Detecting Apoptosis.
The liver gnomic DNA was extracted by a Bio Basic EZ-10
spin column genomic DNA kit (Markham, Canada). The
diluted samples of extracted genomic DNA (90ng/ml) were
resolved by 0.8% (w/v) agarose gel electrophoresis for 2 h
(90V and 110mA) and visualized by ethidium bromide
staining using UV illumination. The 100 bp DNA ladder, a
ready to use molecular weight marker, was purchased from
Solis Biodyne (Tartu, Estonia). The gel was imaged using a
gel documentation system; then analysis was done using
Gel Docu advanced version 2 software.

2.8. Histopathological Examination. For the investigation of
histopathological abnormalities, specimens were taken from
the biggest lobe of the liver, fixed with 10% formaldehyde,
and embedded in paraffin. From these paraffin blocks, tis-
sue sections were cut and stained with hematoxylin and
eosin (H and E). Histological examination for hepatic tissues
was done by an expert pathologist who was blinded to the
experimental groups. Abnormal histopathological findings
were evaluated using a semiquantitative method according
to standards proposed by the Knodell histology activity index
scoring system [24]. In brief, it grades necroinflammation
and fibrosis on a scale of 0 to 22, including 0 to10 for the
periportal and/or bridging necrosis, 0 to 4 for intralobular
degeneration and focal necrosis, 0 to 4 for portal inflamma-
tion, and 0 to 4 for fibrosis.

2.9. Statistical Analysis of the Results. Data were expressed as
the mean± SD and analyzed using the Statistical Package of
Social Sciences (Chicago, IL, USA). Differences among
means were tested for significant differences employing
one-way analysis of variance (ANOVA) test followed by
Bonferroni’s multiple comparison test in order to determine
differences between each pair of study groups. Statistical sig-
nificance was considered at P < 0 05.

3. Results

Results indicated that injecting DOX in a dose of 6mg/kg
weekly increased serum liver enzyme level; ALT and AST
activities increased to 158.83± 11.49 and 191.33± 18.48
versus 59.17± 5.87 and 84.17± 7.11 in group 1 (saline con-
trol), respectively. Combining BAs with DOX (groups 3, 4,
and 5) reduced the serum liver enzyme activities in

comparison to group 2 (DOX control). The effect of BAs
(500mg/kg) was significantly different from the lowest dose
(125mg/kg) (Table 1).

Furthermore, hepatic MDA levels increased 10-fold in
group 2 (DOX control) as compared with group 1 (saline
control). Therapeutic doses of BAs (groups 3, 4, and 5)
decreased the MDA level to one-third of the value recorded
in group 1 (DOX control) (Figure 1).

Western blot analysis indicated downregulation in genes
encoding for Nrf2 and HO-1 {0.2 and 0.3 of the value

Table 1: Effect of three weekly doses of doxorubicin (6mg/kg) alone or in combination with boswellic acids (125, 250, or 500mg/kg/day) on
serum ALT and AST in mice.

Groups ALT (unit/l) AST (unit/l)

Saline 59.17± 14.39 (%CV= 24.31) 84.17± 17.41 (%CV= 20.68)

Doxorubicin (6mg/kg/week) 158.83± 28.14a (%CV= 17.72) 191.33± 45.26a (%CV= 23.66)

Doxorubicin (6mg/kg/week) + BAs (125mg/kg) 110.83± 22.46b (%CV= 20.27) 158.17± 27.59b (%CV= 17.44)

Doxorubicin (6mg/kg/week) + BAs (250mg/kg) 91.33± 8.71b (%CV= 9.54) 129.33± 18.03b (%CV= 13.94)

Doxorubicin (6mg/kg/week) + BAs (500mg/kg) 72.2± 12.81bc (%CV= 17.79) 125.67± 10.78bc (%CV= 8.58)

Mice were injected with doxorubicin (DOX, 18mg/kg i.p.) in combination with boswellic acids (BAs, 125, 250, or 500mg/kg). Data are mean ± SD, and analysis
was done by one-way ANOVA followed by Tukey’s post hoc test. aCompared to the saline group. bCompared to the DOX group. cCompared to the doxorubicin
+ BAs (125mg/kg) group. P value < 0.05.
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Figure 1: Malondialdehyde level in liver tissue in experimental
groups. Mice were injected with doxorubicin (DOX, 18mg/kg i.p.)
in combination with boswellic acids (BAs, 125, 250, or 500mg/kg).
Data are the mean± SD, and analysis was done by one-way
ANOVA followed by Tukey’s post hoc test. aP value < 0.05
compared to the saline group; bP value < 0.05 compared to the
DOX group.
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Figure 2: Western blot analysis for Nrf2, heme oxygenase-1, and cleaved caspase-3. (a) Western blots for the measured factors in
comparison to β-actin, lane 1 (saline), lane 2 (DOX control), and lanes 3, 4, and 5 (DOX in combination with BAs (125, 250, or
500mg/kg). Column charts for fold changes in Nrf2 (b), heme oxygenase-1 (c), and cleaved caspase-3 (d). DOX: doxorubicin; BAs:
boswellic acids; HO-1: heme oxygenase-1. Data are the mean± SD, and analysis was done by one-way ANOVA followed by Tukey’s post
hoc test. aP value < 0.05 compared to the saline group, bP value < 0.05 compared to the DOX group, cP value < 0.05 compared to the
doxorubicin + BAs (125mg/kg) group, and dP value < 0.05 compared to the doxorubicin + BAs (250mg/kg) group.
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reported with group 1 (saline control)} (Figures 2(a)–2(c))
and upregulation in gene encoding for cleaved caspase-3 in
group 2 (DOX control—12.45-fold increase) versus group 1
(saline control) (Figures 2(a) and 2(d)). Coadministration
of BAs with DOX increased the expression of Nrf2 gene in
comparison to the DOX control group. The expression of
Nrf2 gene in group 5 (DOX+BAs/500mg/kg) was signifi-
cantly greater than that in group 3 (DOX+BAs/125mg/kg).
Similarly, these combinations upregulated HO-1 compared
to group 2 (DOX control) (Figures 2(b) and 2(c)). Further,
the addition of BAs in all used doses (groups 3, 4, and 5)
to DOX regimen differentially downregulated cleaved
caspase-3 expression if compared to the DOX control group
(group 2). Further, BAs/500mg/kg/day (group 5) downregu-
lated cleaved caspase-3 expression to a greater extent com-
pared to either of the lower doses (groups 3 and 4) when
added to DOX regimen (Figure 2(d)).

Agarose gel electrophoresis for DNA demonstrated nor-
mal intact DNA in saline control (group 1) and apoptotic
DNA fragments in DOX control (group 2). Groups of mice
that received a combination of BAs with DOX (groups 3, 4,
and 5) showed less apoptosis and DNA fragmentation when
compared to DOX control (group 2) (Figure 3).

Representative hepatic histology for all treatment
groups is presented in Figure 4. Normal hepatic sections
from saline-treated mice (group 1) showed normal polyhe-
dral hepatic cells which are arranged in cords that are
radically arranged around the central veins (Figure 4(a)).
However, section from group 2 (doxorubicin control/6mg/
kg/week) showed marked necrosis of hepatocytes (N),
hepatic cells with obscure and fiberized boundary with
inflammatory cell infiltration (black arrow), dilatation, and

congestion of central veins and portal blood vessels (CO)
(Figure 4(b)). Moreover, nuclear pyknosis (white arrow),
diffuse vacuolar degeneration (black arrow), and severe con-
gestion of portal blood vessels (co) along with lymphocytic
infiltration (black arrow), proliferation of bile duct, and
fibrosis were very clear (Figure 4(c)). Sections from the liver
of DOX+BAs- (125mg/kg/day) treated group (group 3)
showed hepatic cells with focal areas of vacuolar degenera-
tion (black arrow) (Figure 4(d)).

Sections from the liver of group 4 (DOX+BAs/
250mg/kg/day) which revealed normal hepatocytes and
vacuolar degeneration ranging from mild to moderate
degree (arrow head) and mild hyperemia in the sinusoids
(black arrow) are shown in Figure 4(e). On the other hand,
Figure 4(f) shows sections from the liver of group 5 (DOX
+BAs/500mg/kg/day) revealing normal tissue architecture
and cellular details with few mild vacuolar degeneration
(black arrow).

Scoring of histopathological finding of H and E-stained
liver section in group 2 (DOX control) demonstrated the
greatest score for necrosis, lymphocytic infiltration, nuclear
pyknosis, vacuolar degeneration, and congested blood vessels
with a total score equal to 18.67 comparing to 0.00 in group 1
(saline control). In groups 3 and 4 (DOX+BAs/125 or
250mg/kg/day), moderate degrees of necrosis, lymphocytic
infiltration, nuclear pyknosis, vacuolar degeneration, and
congested blood vessels were observed with a total score
equal to 8.67 and 4.67, respectively. Meanwhile, group 5
which is treated with the highest dose of BAs (500mg/kg/
day) in combination with DOX expressed a mild level of
necrosis, lymphocytic infiltration, nuclear pyknosis, vacuolar
degeneration, and congested blood vessels with a total score
equal to 0.67 (Table 2).

4. Discussion

A few specialists propose that 66% of natural plants especially
therapeutic ones have an incredible antioxidant potential
[25]. Acetylation of cellular proteome linking to proapoptotic
domain could be changed by ROS in different experiments
[26]. BAs are known as mitigating agents against atheroscle-
rosis, hepatotoxicity, and hyperlipidemia [27] and known for
their antioxidant and anti-inflammatory activities [1]. There-
fore, BAs are considered promising agents in protection
against toxic insults involving generation of ROS. Doxorubi-
cin is a standout among the most broadly utilized anticancer
drugs, showing action against a wide assortment of tumors.
Nonetheless, its symptoms and critical toxicities display a
major problem in cancer treatment that requires careful
administration and close monitoring for patients’ health.
This incited us to address in more prominent subtle elements
the part and defensive system of BAs in DOX-initiated liver
oxidative damage and the resulting improvement of hepatic
injury in mice. Doxorubicin-induced hepatotoxicity is well
documented in a variety of animal models [5, 28–30]. And,
although it might be comparatively minor from a clinician’s
perspective than its well-established cardiotoxicity, indeed,
it still represents a major problem knowing that DOX is
extensively metabolized by the liver to the major metabolite

M 1 2 3 4 5

Figure 3: An agarose gel electrophoresis. Image shows DNA
fragmentation. Lane M is a DNA marker with 100 bp. Lane 1
shows intact DNA in the saline-treated group. Lane 2 shows
DNA streaks of DNA fragmentation in the doxorubicin group.
Lanes 3, 4, and 5 show intact DNA in mice treated with BAs
(125, 250, or 500mg/kg) along with DOX. DOX: doxorubicin;
BAs: boswellic acids.
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doxorubicinol and several hepatotoxic aglycone metabolites
[31, 32]. In our study, we selected a dosage regimen and an
administration schedule that was previously used by Ali
et al. [20] and was proven to cause cardiac toxic effects along-
side the antitumor effects.

In the present work, the DOX-treated group prompted
increments in the activity of ALT and AST enzymes as com-
pared to the saline-treated group representing clinically sig-
nificant liver damage that was further confirmed by our
histological results. This finding was consistent with several
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Figure 4: Photomicrographs for hepatic sections stained with hematoxylin and eosin. (a) Section of the liver from the saline group showing
normal polyhedral hepatic cells which are arranged in cords that are radically arranged around the central veins. (b) Liver section from the
DOX- (6mg/kg/week) treated group showing marked necrosis of hepatocytes (N), hepatic cell which indicated obscure and fiberized
boundary with inflammatory cell infiltration (black arrow), dilatation, and congestion of central veins and portal blood vessels (CO). (c)
Section of the liver from the DOX control group showing nuclear pyknosis (white arrow), diffuse vacuolar degeneration (black arrow),
and severe congestion of portal blood vessels (co) along with lymphocytic infiltration (black arrow), proliferation of bile duct, and fibrosis.
(d) Liver section from mice treated with DOX (6mg/kg/week) + BAs (125mg/kg/day) demonstrating hepatic cells showing focal areas of
vacuolar degeneration (black arrow). (e) Liver section from mice treated with DOX (6mg/kg/week) + BAs (250mg/kg/day) showing
normal hepatocytes, mild to moderate vacuolar degeneration (arrow head), and mild hyperemia in the sinusoids (black arrow). (f)
Sections from mice treated with DOX (6mg/kg/week) + BAs (500mg/kg/day) showing fairly normal tissue architecture and cellular details
with mild vacuolar degeneration (black arrow).
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past reports on DOX-prompted hepatotoxicity and apoptosis
in patients enduring some forms of liver injury upon DOX
administration [33, 34]. The exact mechanism of DOX-
prompted hepatotoxicity is not totally explained. Most
reviews support the free radical-induced oxidative stress
mechanism, as it can be interpreted by the chemical struc-
ture of DOX possessing a tendency to generate superoxide
anions and peroxynitrite radicals during hepatic drug
metabolism [35]. This evokes ROS-initiated lipid peroxida-
tion favoring hepatocyte damage and creating ALT and
AST spillage into serum.

This work has investigated specific exposure responses,
including focal infiltration by inflammatory cells, prolifera-
tion of bile duct, and fibrosis on liver biopsies demonstrat-
ing that DOX induces liver harm. These histopathological
changes together with the elevated liver enzyme activities
recorded in the DOX-treated group are significantly
decreased in the DOX- and BAs-treated groups, suggesting
protection from the cell damage produced by DOX. Specula-
tions in regard to the mechanism underlying DOX hepatic
damage may likewise lay on lessened hepatic HO-1, Nrf2
protein expression, and elevated MDA level favoring oxida-
tive stress with hepatocyte apoptosis.

Here, these mechanisms were initially proposed to be
part of the downregulation of hepatic Nrf2 expression.
Firstly, reduced glutathione is able to react with cysteine
residues in proteins to form disulfides and this chemical
process is known as S-glutathionylation [36]. Curiously, S-
glutathionylation can modulate Nrf2 gene expression [37].
Under stress conditions, hepatic metabolites upregulate
Nrf-2 expression. Further, hepatic gene expression of many
antioxidant and phase II/conjugation enzymes involving
HO-1 is primarily induced by Nrf-2 tied to ARE/EpRE after
being released from Keap1 and translocated to the nucleus
[38–40]. And as presented in our results, Nrf2/HO-1 protein
has been highly expressed in group 1 (saline group) which
can be attributed to the fact that even in normal cells, ROS
are produced but in a controlled fashion to help in different
physiological processes within the cell [41]. However, the
molecular mechanism of action of Nrf2 in the regulation of

physiological oxidative stress, detoxification, and removal of
numerous exogenous and some endogenous chemicals is
expected to be very well functioning in normal cells [42].
Additionally, the expression of Nrf2 has been observed
throughout the human tissue, with high expression in detox-
ification organs, especially the liver [43]. Steady with many
lines of confirmation [38, 44] that underscored, antioxidant
enzymes were actuated in response to mild oxidative stress.
Yet insignificant cellular damage could be known as chemo-
therapy for cancer treatment. Hereinafter, it was referred to
that HO-1 has been downregulated in response to potent
ROS production by DOX as noted in many different experi-
mental models [45–47]. Overall, our data highlighted that
elevated MDA and downregulated Nrf2/HO-1 protein
expression in DOX-treated mice was ameliorated by BAs
coadministration. An effect was significantly demonstrated
with the three doses of BAs. This finding might be ascribed
to free radical-scavenging properties of BAs that are in con-
currence with those got by others [48].

Bearing in mind these data, another proposed mecha-
nism of DOX-induced hepatotoxicity may be attributed
to hepatocytes’ apoptosis that is confirmed in this study
by DNA gel electrophoresis showing significant DNA degra-
dation in the doxorubicin-challenged group compared to
normal in addition to increased caspase-3 protein expression.
A toxic effect was significantly attenuated by the addition
of BAs in all used doses (125, 250, and 500mg/kg/day).
The observed DNA damage is in concurrence with that
reported previously [49]. Indeed, the very well-known lipo-
philic properties of DOX and its DNA-binding capacity are
responsible for the high concentrations accumulated in
hepatic nucleus favoring DNA damage [34]. Unlike the past
outcomes highlighting that DOX treatment did not invigo-
rate hepatic caspase-3, caspase-8, and caspase-9 activation
or PARP-1 cleavage [50], our data and others suggest that
DOX actuates apoptosis signaling in response to ROS pro-
duction [20, 51].

Taking altogether, we thus find that BAs are valuable in
minimizing DOX-promoted hepatic oxidative damage. BAs
downregulated hepatic MDA level and upregulated Nrf-2

Table 2: Histopathological score of hepatic tissues from mice treated with three weekly doses of doxorubicin (6mg/kg) alone or in
combination with boswellic acids (125, 250, or 500mg/kg/day). Scoring for hepatic tissues stained with hematoxylin and eosin was
performed as 0 = absent; 1 = low or weak; 2 =mild; 3 =moderate; and 4 = high or frequent, and the total score was calculated from these.
Presented results are the mean± SD and were analyzed using one-way ANOVA followed by Bonferroni’s post hoc test at P < 0 05.

Groups Necrosis
Lymphocytic
infiltration

Nuclear
pyknosis

Vacuolar
degeneration

Congested
blood vessels

Total
score

Mean± SD

Saline 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0 0.00± 0.00

Doxorubicin (6mg/kg/week)
3.67± 0.58a
(%CV= 15.8)

3.33± 1.15a
(%CV= 34.5)

3.67± 0.58a
(%CV= 15.8)

4.00± 0.00a
(%CV= 0.00)

4.00± 0.00a
(%CV= 0.00)

18.67a
3.73± 0.59a
(%CV= 15.8)

Doxorubicin (6mg/kg/week) +
BAs (125mg/kg)

1.67± 0.58b
(%CV= 34.7)

1.33± 0.58b
(%CV= 43.6)

2.00± 1.00b
(%CV= 50)

2.00± 0.00b
(%CV= 0.00)

1.67± 0.58b
(%CV= 34.7)

8.67b
1.73± 0.59b
(%CV= 34.1)

Doxorubicin (6mg/kg/week) +
BAs (250mg/kg)

0.67± 0.58c
(%CV= 86.6)

1± 0.00b
(%CV= 0.00)

0.67± 0.58c
(%CV= 86.6)

1.33± 0.58c
(%CV= 43.6)

1± 1.00b
(%CV= 100)

4.67c
0.93± 0.59c
(%CV= 34.1)

Doxorubicin (6mg/kg/week) +
BAs (500mg/kg)

0.00± 0.00
(%CV= 0.00)

0.00± 0.00
(%CV= 0.00)

0.00± 0.00
(%CV= 0.00)

0.67± 0.58d
(%CV= 86.6)

0.00± 0.00
(%CV= 0.00)

0.67d
0.13± 0.35d

(%CV= 269.2)
aCompared to the saline group. bCompared to the DOX group. cCompared to the doxorubicin + BAs (125mg/kg) group. dCompared to the doxorubicin + BAs
(250 mg/kg) group. P value < 0.05.
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protein expression and afterward initiated HO-1 expression.
Additionally, it provokes geno-defensive impact by downreg-
ulating cleaved caspase-3 protein expression which in turn
limits DNA fragmentation. Therefore, this complementary
medicinal plant can adequately restrain hepatic damage in
DOX-treated mice. It might be noted that some of the inves-
tigated parameters were ameliorated in a dose-response
manner (e.g., Nrf-2, HO-1, and cleaved caspase-3) while
others were not (e.g., MDA) which might be attributed to
being more sensitive to the antioxidant effect of BAs than
the others. Supporting our work, data published by Kruger
et al. [52] have detailed that the metabolic active elements
of BAs go about as antioxidants and chelate metals involved
in oxidative stress pathways. Another clarification is man-
aged by Hartmann et al. [9] who proposed that BAs possess
antioxidant effects restraining MDA production in acute
experimental colitis. In addition, previous findings accentu-
ated that BAs evoke antioxidant properties that fortify the
Nrf2/HO-1 defense pathway [8, 14].

Since the past works highlighted the stimulant action
of BAs on the Nrf2/HO-1 pathway in addition to the
inhibitory impacts on MDA production and caspase-3
expression, along these lines, we here can depict the
hepatic apoptotic inhibitory impact of BAs by attenuating
both initiation and execution phases of apoptosis through
its antioxidant properties.

Finally, perhaps one of the considerations when coadmi-
nistering DOX and an antioxidant agent is that whether this
agent would interfere with the desired tumor cell death.
However, it has been documented that DOX toxicity in can-
cer cells primarily occurs through DNA intercalation and
damage [53], whereas its cardiotoxicity or hepatotoxicity
mainly occurs by generating oxygen free radicals, which can
be inhibited by free radical scavengers [54–56]. This differ-
ence in DOX-mediated toxicity in cancer and normal cells
can be used to improve the antitumor effects of DOX with
combinatorial approaches that allow protecting normal cells
without affecting the desired oncolytic activity. Another
investigated concept is that the defensive mechanisms of
many cancer cells are known to be impaired. This makes
tumor cells unable to utilize the extra antioxidants in a repair
capacity leading to cell death [57]. Furthermore, if we
consider the induction of Nrf2 expression in cancer cells by
BAs, this will increase the chemosensitivity of anticancer
agents since Nrf2 is widely debated for a dual role in chemo-
sensitive and chemoprotective mechanisms [58].

5. Conclusions

Oxidative stress is viewed as the real occasion fundamental
DOX hepatic harmfulness. Our outcomes in this study pro-
pose that doxorubicin administration is joined by indications
of oxidative damage, including elevated hepatic MDA level in
accordance with DNA fragmentation, caspase-3 protein
expression, HO-1, and Nrf2 protein downregulation. In this
work, BAs were capable of deactivating ROS, repressing lipid
peroxidation and DNA damage. We also highlighted that the
antioxidant effects of BAs involve the regulation of the HO-1/
Nrf2 defense pathway and subsequently protect the liver

from DOX-induced toxicity. Further studies are also needed
to test the corresponding terminal doxorubicin blood con-
centrations across the dose groups to demonstrate consis-
tency of exposure to strengthen follow-up studies.
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