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Grape seed proanthocyanidin extract protects
against perfluorooctanoic acid-induced

hepatotoxicity by attenuating inflammatory
response, oxidative stress and apoptosis in mice
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Weiying Zou,? Bei Yang.? Lei Wu,® Fangming Liu,® Ting Zou® and Dalei Zhang*?®

Grape seed proanthocyanidin extract (GSPE) is a rich source of proanthocyanidins with multiple biological

activities and potential health benefits. In the present study, we investigated the protective effect of GSPE

against liver injury caused by perfluorooctanoic acid (PFOA) in mice and its possible mechanisms of

action. Simultaneous treatment with GSPE for 14 consecutive days attenuated the functional and mor-

phological changes in the liver of PFOA-exposed mice. Furthermore, simultaneous supplementation of

GSPE reduced the production of inflammatory cytokines IL-6 and TNF-«, increased the expression of

Nrf2 and its target antioxidant genes superoxide dismutase and catalase, and decreased the production of

malondialdehyde and hydrogen peroxide in the liver of mice exposed to PFOA. Moreover, GSPE sup-
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1. Introduction

In recent years, there has been a growing interest in plant poly-
phenols because of their potential health benefits. Polyphe-
nols are naturally occurring compounds found largely in
fruits, vegetables, cereals and beverages. Grape seeds, a by-
product of the winery and grape juice industry, contain a large
amount of polyphenolic compounds, such as (+)-catechins,
(-)-epicatechin,  (—)-epicatechin-3-O-gallate,  procyanidin
dimers (B1-B5), procyanidin C1, and procyanidin B5-3'-
gallate."” Grape seed proanthocyanidin extract (GSPE) is
derived from grape seeds, and has been suggested to possess a
broad spectrum of biological, pharmacological and thera-
peutic properties, such as anti-inflammatory, antibacterial,
antiviral, anti-carcinogenic, anti-hypertensive, hypolipidemic,
cardioprotective, hepatoprotective, and neuroprotective
properties.>” Most of the beneficial effects of GSPE are attribu-
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plementation up-regulated the expression of anti-apoptotic protein Bcl-2 and down-regulated the
expression of pro-apoptotic proteins p53 and Bax, with a decreased activity of caspase-3 in the liver of
PFOA-treated mice. These findings suggest that GSPE ameliorates PFOA-induced inflammatory response,
oxidative stress and apoptosis in the liver of mice.

ted to the antioxidant activity and free radical scavenging
ability, which provide excellent protection against oxidative
stress and free radical-mediated tissue injury under pathologi-
cal conditions.®

Perfluorooctanoic acid (PFOA), a member of stable organic
perfluorinated compounds, is mainly used as an emulsifier in
the production of fluoropolymers and fluoroelastomers. Due
to the resistance to biodegradation and bioaccumulation in
food chains, PFOA has been detected extensively in the
environment, wildlife and humans.” The data from NHANES
2007-2010 showed that the geometric mean serum PFOA con-
centration was 3.5 ng mL™" in the U.S. population.® In occu-
pational exposure population, the median serum PFOA level
could reach 775 ng mL™".° Food intake and packaging, water,
house dust, and airborne particles are all potentially signifi-
cant sources of PFOA."’

Exposure to PFOA has been reported to elicit a variety of
toxicities.” Epidemiologic evidence has shown that PFOA
exposure is positively associated with cardiovascular disease,""
chronic kidney disease,'* thyroid disease,"® and hepatocellular
damage.'* The liver serves as the primary target organ for
PFOA-induced toxicity in the body. Numerous studies have
reported that PFOA exposure exerts toxic effects on the
liver.">™*® Because oxidative stress plays an important role in
PFOA-induced hepatic toxicity, antioxidants may be useful in
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the prevention and treatment of PFOA-induced liver damage.
As a more potent scavenger of oxygen free radicals than vitamin
C and V,'® GSPE exhibits strong antioxidant activity in disease
prevention and treatment.®*>*! A clinical study has reported
that grape seed extract improves the liver function in patients
with nonalcoholic fatty liver disease.”” In animal experiments,
GSPE has been shown to exert a protective effect against the
hepatotoxicity triggered by lipopolysaccharide through the anti-
inflammatory and antioxidant mechanisms.>® Moreover, GSPE
has been demonstrated to attenuate acetaminophen-induced
DNA damage and apoptotic and necrotic cell death in the
liver.”* Although studies have suggested the hepatoprotective
action of GSPE, the protection of GSPE against PFOA-induced
hepatotoxicity has not yet been elucidated. Therefore, the
present study was designed to investigate the protective effects
of GSPE on PFOA-induced liver damage and to analyze the poss-
ible hepatoprotective mechanisms of GSPE in mice at the mor-
phological, biochemical and molecular levels.

2. Materials and methods
2.1. Animals and chemicals

Male Kunming mice weighing 20-22 g were obtained from the
Laboratory Animal Center of Nanchang University. GSPE
(purity > 95%) was purchased from Sciphar Biotechnology
(Xi’an, China), and was stored in a sealed container at 4 °C to
maintain its stability. PFOA (purity 96%) was purchased from
Sigma-Aldrich (St. Louis, USA); GSPE and PFOA were dissolved
in water. The mice were housed at room temperature (22 °C)
under a standard 12 h light/dark cycle and given ad libitum
access to food and water. All experimental procedures followed
the Guidelines for Care and Use of Laboratory Animals of Nan-
chang University. The protocols were approved by the Animal
Ethics Committee of Nanchang University (no. 20130916).

After a week of adaptation to laboratory conditions, the
animals were divided into four groups as follows: (1) control
group: mice received vehicle only. (2) PFOA group: mice
received PFOA 10 mg per kg per day. (3) GSPE group: mice
received GSPE 150 mg per kg per day. (4) PFOA + GSPE group:
mice received PFOA 10 mg per kg per day and GSPE 150 mg
per kg per day. All animals were treated once daily by oral
gavage for 14 consecutive days. Chemicals from a single lot
were used for all of the animal experiments.

At the end of treatment period, the mice were fasted for
12 h, anesthetized with sodium pentobarbital (50 mg kg™" ip),
and sacrificed by cervical dislocation. The blood samples were
collected by cardiac puncture and then centrifuged at
13 000 rpm at 4 °C for 30 min to separate the serum. The liver
samples were excised and frozen in liquid nitrogen or fixed in
4% paraformaldehyde for subsequent measurements. The
serum samples were stored at —80 °C until analysis.

2.2. Measurement of serum enzymes

Serum alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), alkaline phosphatase (ALP) and lactate dehydro-
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genase (LDH) activities were measured using the Hitachi 7180
automatic biochemical analyzer.

2.3. Histopathological examination

The fixed liver tissues were dehydrated in an ascending series
of alcohol, cleared in xylene, embedded in paraffin, and sec-
tioned at 5 pm. The sections were stained with hematoxylin
and eosin. The morphological changes were observed under
the Olympus IX71 microscope.

2.4. Measurement of inflammatory markers

The frozen liver tissues were homogenized in ice-cold normal
saline. The levels of inflammatory response markers interleu-
kin 6 (IL-6) and tumor necrosis factor a (TNF-a) in liver tissue
homogenates were measured using commercially available
ELISA Kkits (Westang Biotechnology, Shanghai, China), in
accordance with the manufacturers’ instructions.

2.5. Oxidative stress analysis

The concentrations of malondialdehyde (MDA) and hydrogen
peroxide (H,0,) and activities of superoxide dismutase (SOD)
and catalase (CAT) in liver homogenates were measured using
commercially available kits (Jiancheng Institute of Biotechnol-
ogy, Nanjing, China), in accordance with the manufacturers’
instructions.

2.6. Quantitative real-time PCR assay

Total RNA was extracted from the frozen liver tissue using the
Trizol reagent (Invitrogen, CA), and was reverse transcribed
into cDNA using the RT reagent kit with the gDNA eraser
(TaKaRa, China). Quantitative real-time PCR was performed
using the ABI Prism 7500 sequence detection system (PE
Applied Biosystems) with SYBR Green Mix (TaKaRa, China).
The sequences of the specific primers are listed in Table 1.
The relative expression levels of the target genes were deter-
mined using GAPDH mRNA as an internal control, and the
relative fold change in the mRNA expression was calculated
using the 27*Cr.

2.7. Western blot analysis

The liver tissues were lysed in lysis buffer and then lysates
were centrifuged for 10 min at 14 000g at 4 °C. The super-
natants were collected for the immunoblot assay. Proteins
were separated by SDS-PAGE and transferred to nitrocellulose

Table 1 Specific primers for real-time PCR analysis

Product
Gene Description  Primer sequence (5'-3') length (bp)
Nrf2 Forward TGAAGCTCAGCTCGCATTGA 108
Reverse TGCTCCAGCTCGACAATGTT 108
SOD1 Forward ATCCACTTCGAGCAGAAGGC 96
Reverse CTGATGGACGTGGAACCCAT 96
CAT Forward TTTTGCCTACCCGGACACTC 154
Reverse GGGGTAATAGTTGGGGGCAC 154
GAPDH  Forward GGCAAATTCAACGGCACAGT 84
Reverse GTCTCGCTCCTGGAAGATGG 84
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membranes. The immunoblots were subsequently blocked
with 5% non-fat dry milk and 0.1% Tween 20 in Tris-buffered
saline (TBST). The membranes were incubated overnight at 4 °C
with the primary antibodies against Nrf2, p53, Bcl-2, Bax or
GAPDH (Santa Cruz Biotechnology Inc.). After washing with
TBST, the membranes were incubated with the secondary horse-
radish peroxidase-conjugated antibodies (Santa Cruz Biotech-
nology Inc.) for 1 hour at room temperature. Immunoreactive
bands were visualized by using the enhanced chemilumines-
cence kit (Thermo Fisher Scientific Inc.), and chemilumines-
cent signals were collected on autoradiography films.

2.8. Measurement of caspase-3 activity

The activity of caspase-3 in liver homogenates was determined
using a commercially available kit (KeyGEN Biotechnology, Nanjing,
China), in accordance with the manufacturers’ instructions.
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2.9. Statistical analysis

The experiment was repeated three times. Statistical analysis
was performed using SAS software version 8.2 (SAS Institute
Inc.). Data were presented as the mean + standard deviation of
4 mice and evaluated by one-way analysis of variance (ANOVA).
P < 0.05 was considered statistically significant.

3. Results

3.1. Effect of GSPE on PFOA-induced hepatic dysfunction

In order to investigate the protective effect of GSPE on PFOA-
induced hepatic damage, serum liver function markers AST,
ALT, ALP and LDH were measured. As shown in Fig. 1,
exposure to PFOA for 14 consecutive days induced a marked
increase in serum ALT, AST, ALP and LDH levels compared
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Fig. 1 Effect of GSPE on the serum levels of ALT (A), AST (B), ALP (C) and LDH (D) in PFOA-treated mice. Values are expressed as mean + SD of

4 mice. * P < 0.05 versus control group; # P < 0.05 versus PFOA group.
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with the control group (P < 0.05). However, simultaneous sup-
plementation of GSPE significantly decreased the levels of
these biological markers in the mice exposed to PFOA (P <
0.05). Especially, LDH was restored to the control levels by
GSPE treatment. No significant differences in serum ALT, AST,
ALP and LDH levels were observed between the control group
and the GSPE group (P > 0.05).

3.2. Effect of GSPE on PFOA-induced changes in the liver
morphology

As shown in Fig. 2, oral administration of PFOA for 14 con-
secutive days caused extensive morphological changes in the
liver of mice, which were characterized by architectural disor-
ganization, marked edema, vacuolar degeneration, hepatocel-
lular necrosis and inflammatory cell infiltration. However, all
of these adverse histological changes induced by PFOA were
significantly attenuated by simultaneous treatment with GSPE.
The mice treated with GSPE alone displayed the same normal
liver morphology as the control mice.

3.3. Effect of GSPE on PFOA-induced liver inflammation

In order to investigate the anti-inflammatory effect of GSPE on
PFOA-induced liver inflammation, inflammatory markers
TNF-a and IL-6 were measured in the liver tissue. As shown in
Fig. 3, exposure to PFOA for 14 consecutive days resulted in a
significant increase in hepatic TNF-a and IL-6 levels compared
with the control group (P < 0.05). However, simultaneous sup-
plementation of GSPE markedly decreased the hepatic levels of
these two markers for inflammatory response in mice exposed
to PFOA (P < 0.05). Especially, IL-6 was returned to the control
levels after simultaneous GSPE treatment. No significant
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differences in hepatic TNF-a and IL-6 levels were found
between the control group and the GSPE group (P > 0.05).

3.4. Effect of GSPE on PFOA-induced liver oxidative stress

In order to investigate the antioxidative effect of GSPE on
PFOA-induced liver oxidative stress, the production of MDA
and H,0O, were measured in the liver tissue. As shown in
Fig. 4, exposure to PFOA for 14 consecutive days significantly
increased the hepatic levels of MDA and H,0, compared with
the control group (P < 0.05). However, simultaneous treatment
with GSPE significantly reduced the hepatic levels of these two
markers for oxidative stress to normal levels in mice exposed
to PFOA (P < 0.05). Compared with the control group, GSPE
treatment alone had no significant effect on the production of
MDA and H,0, in the liver of mice (P > 0.05).

3.5. Effect of GSPE on antioxidant enzymes in the liver of
mice exposed to PFOA

Compared with the control group, PFOA treatment for 14 con-
secutive days significantly decreased the activities of SOD and
CAT in the liver (Fig. 5) (P < 0.05). Furthermore, quantitative
real-time PCR revealed a marked down-regulation of SOD and
CAT expression in the liver of mice exposed to PFOA (Fig. 6)
(P < 0.05). However, the activities of SOD and CAT, as well as
the expression of SOD and CAT, were significantly increased by
treatment with GSPE in the liver of PFOA-exposed mice (Fig. 5
and 6) (P < 0.05). Compared with the control group, GSPE treat-
ment alone had no significant effect on the activities of SOD
and CAT in the liver of mice (P > 0.05).

Fig. 2 Histopathological staining. (A) Control group; (B) PFOA group; (C) GSPE group; (D) PFOA + GSPE group. Magnification: 100x.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Effect of GSPE on the hepatic levels of TNF-a (A) and IL-6 (B) in PFOA-treated mice. Values are expressed as mean + SD of 4 mice. * P < 0.05

versus control group; # P < 0.05 versus PFOA group.
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Fig. 4 Effect of GSPE on the hepatic levels of MDA (A) and H,O, (B) in PFOA-treated mice. Values are expressed as mean + SD of 4 mice. * P < 0.05

versus control group; # P < 0.05 versus PFOA group.

3.6. Effect of GSPE on Nrf2 expression in the liver of mice
exposed to PFOA

As shown in Fig. 7 and 8, oral administration of PFOA for 14
consecutive days significantly down-regulated the mRNA and
protein expression of Nrf2 in the liver of mice (P < 0.05).
However, the down-regulation of Nrf2 expression induced by
PFOA was significantly restored by simultaneous GSPE treat-
ment (P < 0.05). Compared with the control group, the mRNA
and protein expression of Nrf2 in the liver was markedly up-
regulated by GSPE treatment alone (P < 0.05).

228 | Toxicol Res., 2016, 5, 224-234

3.7. Effect of GSPE on PFOA-induced hepatocellular
apoptosis

As shown in Fig. 9, western blot analysis revealed a significant
increase in the pro-apoptotic proteins p53 and Bax expression
and a marked decrease in the anti-apoptotic protein Bcl-2
expression in the liver of mice exposed to PFOA (P < 0.05).
However, the increase in p53 and Bax expression and the
decrease in Bcl-2 expression induced by PFOA were significantly
inhibited by simultaneous GSPE treatment (P < 0.05). Further-
more, compared with the control group, a significant increase

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Effect of GSPE on the hepatic activities of SOD (A) and CAT (B) in PFOA-treated mice. Values are expressed as mean + SD of 4 mice.

* P < 0.05 versus control group; * P < 0.05 versus PFOA group.
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Fig. 6 Effect of GSPE on mRNA expression of SOD (A) and CAT (B) in the liver of mice exposed to PFOA. Values are expressed as mean + SD of

4 mice. * P < 0.05 versus control group; * P < 0.05 versus PFOA group.

in caspase-3 activity was found in the liver of PFOA-exposed
mice (P < 0.05). However, hepatic caspase-3 activity was restored
to control levels by simultaneous GSPE treatment (P < 0.05).
Moreover, compared with the control group, the expression of
p53 and Bax and the activity of caspase-3 in the liver were mark-
edly decreased by GSPE treatment alone (Fig. 10) (P < 0.05).

4. Discussion

There is increasing evidence that environmental pollutants
exert adverse effects on the animal and human health. As a

This journal is © The Royal Society of Chemistry 2016

stable compound widely used in various industrial processes,
PFOA has been found not only in occupationally exposed
workers but also general populations.?® The liver is particularly
susceptible to injury following systemic exposure to xeno-
biotics because of its central role in drug metabolism.>® It has
been reported that exposure to PFOA is positively associated
with the hepatic injury in humans." Animal experiments also
demonstrated the hepatotoxicity of PFOA.">™*® It has been
suggested that grape seed extract exhibits the hepatoprotective
effect on liver damage induced by different chemicals in
experimental animals.>**”*® GSPE is considered to be a rich
source of proanthocyanidins with potential health benefits. In

Toxicol. Res., 2016, 5, 224-234 | 229
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Fig. 7 Effect of GSPE on Nrf2 mRNA expression in the liver of mice
exposed to PFOA. Values are expressed as mean + SD of 4 mice.
* P < 0.05 versus control group; # P < 0.05 versus PFOA group.
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Fig. 8 Effect of GSPE on Nrf2 protein expression in the liver of mice
exposed to PFOA. Values are expressed as mean + SD of 4 mice.
* P < 0.05 versus control group; # P < 0.05 versus PFOA group.

the present study, the ameliorating effect of GSPE on PFOA-
induced hepatotoxicity was assessed in mice. In a previous
study, the serum PFOA concentration in mice exposed to PFOA
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Fig. 9 Effect of GSPE on protein expression of p53, Bax and Bcl-2 in
liver of mice exposed to PFOA. Values are expressed as mean + SD of
4 mice. * P < 0.05 versus control group; # P < 0.05 versus PFOA group.

20 mg per kg per day for 28 days reached 105 ug mL™",>° which
was similar to the highest serum PFOA levels reported in occu-
pational workers (114.1 ppm).>° Therefore, the dose of PFOA
tested in this experiment is relevant to occupational exposure
in humans.

Serum transaminases are the most universally important
indicators for the diagnosis of hepatic injury. Hepatocellular
damage with the subsequent disruption of the plasma mem-
brane allows the leakage of intracellular enzymes such as ALT
or AST into the bloodstream, thereby leading to an elevation of

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 Effect of GSPE on caspase-3 activity in the liver of mice
exposed to PFOA. Values are expressed as mean + SD of 4 mice.
* P < 0.05 versus control group; # P < 0.05 versus PFOA group.

serum transaminase levels.”® LDH is another leakage enzyme
used as the potential marker of hepatocellular toxicity. ALP is
widely employed to detect the impaired bile flow, and the elev-
ated serum ALP activity is mostly attributed to hepatobiliary
origin. In this study, the serum levels of AST, ALT, ALP, and
LDH were significantly elevated after oral administration of
PFOA. However, the elevated levels of serum hepatic enzymes
were significantly decreased by simultaneous treatment with
GSPE. In addition, histopathology revealed that the hepatic
morphological changes induced by PFOA administration were
significantly diminished by simultaneous treatment with
GSPE. These results implied a protective effect of GSPE against
liver injury induced by PFOA, which leads to a restoration of
physiological functions and a reduction of pathological
changes in the liver of mice exposed to PFOA.

Although the hepatoprotective effects of GSPE have been
reported, the precise mechanism of action of GSPE is not yet
fully understood. As a naturally occurring anti-inflammatory
agent, GSPE has been demonstrated to reduce the production
of proinflammatory cytokines and to alleviate the inflam-
mation induced by LPS, high-fat diet and hepatic ischemia-
reperfusion in rats.”>?"*?> The proinflammatory cytokines play
an important role in the mediation of inflammation. In the
present study, PFOA treatment resulted in a significant
increase in inflammatory biomarkers IL-6 and TNF-a in the
liver of mice. However, the increase in the hepatic levels of
proinflammatory cytokines was significantly inhibited by
simultaneous treatment with GSPE. These results indicated an
anti-inflammatory effect of GSPE on PFOA-induced inflamma-
tory liver injury.

Oxidative stress is a crucial factor in the development and
progression of various liver diseases. It primarily affects the
proteins, lipids and DNA in the hepatocytes.>® It has been
shown that natural antioxidants quercetin and gallic acid
protect against sodium fluoride-induced oxidative stress in the

This journal is © The Royal Society of Chemistry 2016
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hepatic tissue.***> GSPE has strong antioxidant activity and
free radical scavenging ability. It can protect the cellular mem-
brane from oxidative damage and consequently prevents
protein and lipid oxidation in isolated rat hepatocytes.*® Fur-
thermore, in vivo studies also demonstrated that GSPE
decreased the generation of MDA, an end product of lipid per-
oxidation, and increased the activities of antioxidant enzymes
in the liver.*”?® In the present study, PFOA administration
increased the levels of oxidative stress markers MDA and H,0,
and decreased the activities of endogenous antioxidants SOD
and CAT in the liver of mice. However, GSPE supplementation
significantly attenuated hepatic oxidative stress caused by
PFOA exposure through suppressing lipid peroxidation and
restoring antioxidant enzyme activities, suggesting that GSPE
exerts the hepatoprotective effect as an antioxidant on PFOA-
induced oxidative liver injury.

The central role in defense against oxidative stress is attrib-
uted to nuclear factor-erythroid-2-related factor 2 (Nrf2), an
important transcription factor that protects cells from
endogenous and exogenous stresses. Nrf2 plays a crucial role
in the induction of the expression of antioxidants involved in
environmental oxidative stress responses.’® However, Nrf2 is
down-regulated in cells or tissues exposed to an overwhelming
or long-lasting oxidative stress.’® The Nrf2-knockout mice are
devoid of the basal and inducible expression of phase 2 detoxi-
fication enzymes and antioxidant genes in hepatic cells.”* Fur-
thermore, the tumor suppressor p53 is important in
maintaining both basal and induced levels of Nrf2.*” It has
been demonstrated that p53 suppresses the Nrf2-dependent
transcription of antioxidant response genes.** At high levels or
extended exposure of ROS, p53 expression is enhanced, and
the elevated p53 level inhibits the protein expression of Nrf2
and suppresses Nrf2-mediated survival response.’” In the
present study, PFOA treatment induced a significant decrease
in the expression of Nrf2 protein and its target antioxidant
genes SOD and CAT in the liver of mice, which might be due to
the increase in p53 expression mediated by oxidative damage.
These results suggest that the activation of Nrf2 might be a
potential strategy to ameliorate liver injury caused by PFOA. A
study reported that grape seed proanthocyanidins ameliorated
cadmium-induced renal injury and oxidative stress through
the up-regulation of Nrf2 in rats.** In our study, GSPE sup-
plementation induced a significant increase in the expression
of Nrf2, SOD and CAT in the liver of PFOA-exposed mice,
suggesting that GSPE plays a protective role against PFOA-
caused hepatotoxicity through Nrf2-mediated induction of
antioxidant enzymes.

Apoptosis is a ubiquitous homeostatic process involved in
numerous physiological processes. Environmental stressors
are known to induce apoptosis and oxidative stress may be the
central element in the regulation of the apoptotic pathways
triggered by environmental stressors.*> Mitochondria play a
critical role in mediating apoptotic cell death. In the liver, ROS
are primarily produced in the mitochondria.>® ROS production
results in an alteration in mitochondrial permeability and
transition potential, which induces the release of pro-apoptotic
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factors and an increase in caspase-3 activation. At mitochon-
dria, p53 protein can directly induce permeabilization of the
outer mitochondrial membrane by forming complexes with
the protective Bel-2 family proteins.® It has been documented
that PFOA induces hepatic L-02 cell apoptosis through the p53-
dependent mitochondrial pathway.”” In the present study,
PFOA exposure up-regulated the protein expression of pro-
apoptotic p53 and Bax, and down-regulated the expression of
anti-apoptotic Bcl-2 in the liver of mice. Furthermore, the
activity of caspase-3, a key mediator of p53-induced apoptosis,
was significantly elevated in the liver of PFOA-treated mice.
These results demonstrated that PFOA induced apoptosis in
the mouse liver.

A previous study reported that GSPE increased in vivo Bel-X1
expression and attenuated acetaminophen-induced DNA
damage and apoptotic cell death in the mouse liver.>* More-
over, GSPE ameliorated chemotherapy-induced cytotoxicity
through up-regulating Bcl-2 expression and down-regulating
cmyc and p53 expression in normal human Chang liver
cells.”® In the present study, the alterations in the expression
of p53, Bax and Bcl-2 and activity of caspase-3 were signifi-
cantly restored in the liver of PFOA-exposed mice, suggesting
that GSPE attenuates PFOA-induced hepatotoxicity through
inhibiting hepatic cell apoptosis.

5. Conclusion

PFOA exposure resulted in liver injury in mice through the
induction of oxidative stress, inflammation and apoptosis.
However, GSPE supplementation inhibited lipid peroxidation,
up-regulated the expression of transcription factor Nrf2 and
antioxidant enzymes SOD and CAT, reduced the production of
inflammatory cytokines IL-6 and TNF-o, increased the
expression of anti-apoptotic protein Bcl-2, and decreased the
expression of pro-apoptotic proteins p53 and Bax and activity
of caspase-3 in the liver of PFOA-exposed mice. In summary,
GSPE exerted a protective effect against PFOA-induced hepato-
toxicity by reducing oxidative stress, attenuating inflammatory
response and inhibiting hepatocellular apoptosis. Our results
suggest that GSPE may serve as a potent activator of Nrf2 to
ameliorate PFOA-induced liver damage.
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