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a b s t r a c t

It has been shown that phosphatidylcholine (PC) extracted from egg yolk possesses a variety of biological
activities, such as anti-inflammatory and anti-oxidant effects, and prevents oxidative stress. The aim of this
study was to evaluate the hepatoprotective effects of PC against carbon tetrachloride (CCl4), which is a
well-known hepatotoxicant that causes extensive oxidative liver damage, and to investigate the mecha-
nisms involved in this protective effect. Mice were treated with PC (0.1 ml, 10 or 100 mg/kg, orally) once
daily for 5 consecutive days prior to CCl4 administration (0.1 ml, 20 mg/kg, intraperitoneally). The
experimental data show that pretreatment with PC significantly prevented increases of serum aspartate
transaminase, alanine transaminase, and alkaline phosphatase, and reduced reactive oxygen species
levels. Histopathological evaluation of the liver also revealed that PC effectively ameliorated CCl4-induced
hepatic injury and fibrosis. In addition, PC significantly counteracted the increase in glutathione levels and
glutathione-S-transferase activity induced by CCl4. Concordantly, PC significantly decreased CCl4-induced
upregulation of apoptotic proteins in the liver. These results suggest that PC exerts its protective effects
against CCl4-induced hepatotoxicity via its activities as an anti-oxidant and free radical scavenger.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Anti-oxidative action plays an important role in protection
against carbon tetrachloride (CCl4)-induced liver injury. Toxic
chemicals, drugs, alcohol, and viral infections are known to cause
liver injury. CCl4 has been commonly used in animal models to
study chemical toxin-induced liver injury [1]. Protective effects of
various natural products against CCl4 hepatotoxicity have been
reported [2]. CCl4-induced hepatotoxicity is characterized by
varying degrees of hepatocyte degeneration and cell death [3],
which are thought to result from the formation of reactive oxygen
species (ROS), including superoxide and hydroxyl radicals, that are
known to play an important role in liver disease pathology and the
initiation of hepatic fibrogenesis [4,5]. ROS are associated with
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intoxication by CCl4 [6]. A number of recent reports regarding CCl4
and therapeutic agents targeting its effects suggest that exposure to
this solvent causes acute liver injury [7e9]. One major defense
mechanism for protection against and treatment of liver damage
consists of reducing the production of reactive metabolites by
raising the levels of endogenous antioxidant enzymes, such as su-
peroxide dismutase (SOD), catalase, and glutathione (GSH), and
decreasing lipid peroxidation [10,11].

Phosphatidylcholine (PC, 1,2-diacyl-sn-glycero-3-
phosphocholine) is the main constituent of egg yolk and soy-
beans [12]. These molecules have additional bioactive properties,
including anti-inflammatory [13], anti-oxidant, and anti-fibrotic
activities [14]. Moreover, PC is known to inhibit fatty acid accu-
mulation, and is used as a treatment for myocardial ischemia, ce-
rebrovascular disease, dementia, and fatty liver-induced liver
dysfunction [15]. Resent study shown that PC related to cytotoxicity
and apoptosis induction in HepG2 cells [16].

Until now, PC studies have been limited to agricultural appli-
cations of the anti-inflammatory, anti-oxidant, anti-fibrotic, and
antibiotic properties of this naturally produced compound.
Although PC has various beneficial bioactive properties, its pro-
tective effect against CCl4-induced hepatotoxicity has not previ-
ously been explored. Thus, the present study examines the effects
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of PC on mice treated with CCl4 as a model for liver injury, evalu-
ating the degree of hepatic lesions and the levels of anti-oxidant
enzymes in the liver.

2. Materials and methods

2.1. Animals and experimental design

Male ICR mice (Seven weeks, n ¼ 40) weighing 30e32 g were
obtained from Dae Han Biolink (Daejeon, Korea). All animals were
fed a standard laboratory diet and water ad libitum. They were
maintained in micro-isolator cages under pathogen-free conditions
on a 12 h light/12 h dark schedule for a week. The Animal Care and
Use Committee of Chonbuk National University approved all
experimental procedures involving animals. PC (Sigma, USA) in
corn oil was orally administered at 10 mg or 100 mg/kg concen-
trations once daily for 5 consecutive days. Three hours after the
final treatment, the mice were treated with CCl4 (20 mg/kg, intra-
peritoneally (i.p.)) dissolved in corn oil (2.6%, v/v) as described
previously (Lee et al., 2008). The control group animals were
administered respective vehicles. Eighteen hours after CCl4
administration, mice were anesthetized by isoflurane USP inhala-
tion (Abbott Labs, Chicago, IL, USA), the abdominal cavity was
opened, and approximately 1 ml of blood was removed by cardiac
puncture to determine serum ALT, AST, and ALP activities. The
blood was allowed to clot and the blood samples were centrifuged
at 3000 rpm for 5 min at 4 �C. The samples were stored at �80 �C
until they were analyzed for renal enzyme activity. The livers were
excised from themice, weighed, and frozen quickly on ice at�20 �C
until GSH content and GST activity were assessed.

2.2. Serum biochemistry

Enzyme activities of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and alkaline phosphatase (ALP) as in-
dicators of liver function were evaluated using a VETSTAT 8008
Chemistry Analyzer supplied by IDEXX (Seoul, Korea).

2.3. Hepatic GSH and GST activity

Livers were quickly removed, weighed, and perfused with ice-
cold 0.15 M KCl, and then homogenized with 4 vol. (w/v) 10 mM
TriseHCl (pH 7.4) containing 0.15 M KCl, 0.1 mM EDTA, 1.0 mM
dithiothreitol, and 0.01 mM phenylmethoxysulfonyl fluoride in a
homogenizer. Hepatic microsomal fractions were obtained by dif-
ferential centrifugation, and hepatic GSH levels were estimated
colorimetrically using Ellman's reagent. Cytosolic GST activity was
determined using 1-chloro-2,4-dinitrobenzene as the substrate.
After incubation for a few seconds, the change in absorbance values
was determined at an excitation wavelength of 340 nm.

2.4. Assessment of hepatic ROS generation

ROSweremeasured using themethod of Ali [17]. Hepatic tissues
were homogenized on ice with 1 mM ethylenediaminetetraacetic
acid (EDTA)e50 mM sodium phosphate buffer (pH 7.4), and then
25 mM DCFH-DA (Invitrogen, Carlsbad, CA, USA) was added to the
homogenates. After incubation for 30 min, the change in fluores-
cence values was determined at an excitation wavelength of
486 nm and emission wavelength of 530 nm.

2.5. Histopathological examination

For histopathological examination, liver samples fixed in 10%
neutral buffered formaldehyde solutionwere embedded in paraffin
and sectioned at 5 microns. The sections were deparaffinized with
xylene, rehydrated with a graduated alcohol series to water, and
stained with hematoxylin and eosin (H&E) and Masson's trichrome
for collagen evaluation using conventional light microscopy.

2.6. Western blotting analysis

Total tissue extracts were prepared in RIPA buffer and then
centrifuged at 15,000 RPM for 15 min at 4 �C. Quantification of the
total protein was performed with BCA protein assay reagents (Bio-
Rad Laboratories, Hercules, CA, USA). Proteins were resolved using
sodium dodecyl sulfate polyacrylamide gel electrophoresis (12%
acrylamide gels) and transferred to polyvinylidene difluoride
membranes. After blocking in 5% skim milk in PBS with 0.1%
Tween-20 (PBS-T), the membranes were incubated with specific
primary antibodies for MDA (Abcam, Cambridge, MA, USA), Bcl-xL
(Cell Signaling, Danvers, MA, USA), Bax (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), caspase-3 (Cell Signaling), and b-actin
(Cell Signaling) diluted 1:1000 in 1% skim milk in PBS-T, overnight
at 4 �C. After washing, the blots were incubated with peroxidase-
conjugated goat anti-rabbit IgG secondary antibody (Millipore,
Temecula, CA, USA) diluted 1:10,000 in PBS-T at room temperature
for 1 h. The signals were detected using the Supersignal West Dura
extended duration substrate (Thermo, CA, USA) according to the
manufacturer's instructions. Densitometric analysis was conducted
directly from the blotted membrane using the Chemi Imager
analyzer system (Alpha Innotech, San Leandro, CA, USA).

2.7. Statistical analysis

The control and CCl4 groups were compared, and the CCl4 and
CCl4 þ PC groups were compared separately. Statistical analyses
were performed using a Student's t-test and repeated-measures
ANOVA followed by a Bonferroni test. The data are expressed as
the mean ± SEM. Differences with p values <0.05 were considered
statistically significant.

3. Results

3.1. Hepatic serum levels were decreased by PC

Biochemical measurement of liver function revealed that CCl4
treatment induced a significant increase in plasma AST, ALT, and
ALP levels, reaching 369.6, 259.3, and 133% of control values,
respectively (Fig. 1). The treatment of mice with CCl4 significantly
increased the serum concentrations of AST, ALT, and ALP, while the
serum levels of these same indicators were significantly attenuated
in mice cotreated with PC.

3.2. ROS generation and MDA protein were suppressed by PC

As expected, CCl4 induced a significant increase in ROS produc-
tion compared to the control group (Fig. 2A). Concurrent treatment
of mice with CCl4 and PC significantly counteracted the oxidative
stress effect of CCl4. To evaluate the degree of oxidative injury, lipid
peroxidation in liver tissue was determined by measuring the level
ofMDA,which is anendproductof lipidperoxidation in liverdamage
[18]. As shown in Fig. 2B, a significant increase in MDA production
was found in the livers of mice exposed to CCl4, while pretreatment
with PC significantly decreased MDA levels in liver tissue.

3.3. Hepatic GSH and GST activation were increased by PC

As oxidative stress in tissues generally involves the GSH system,
we measured the level of GSH in livers from each test group. The



Fig. 1. Effects of PC on serum parameters associated with CCl4-induced liver damage in mice. Alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline
phosphatase (ALP) after co-treatment with CCl4 (20 mg/kg) and PC (10 and 100 mg/kg). Data shown are the mean ± SEM (n ¼ 5). *p < 0.05, **p < 0.01 vs. Control,þþp < 0.01 vs. CCl4.
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treatment of mice with CCl4 significantly diminished GSH, while
co-treatment with PC significantly and dose-dependently pre-
vented the GSH depletion induced by CCl4 (Fig. 2C). In addition,
decreased GST activity was observed in CCl4-treated mice
compared to the control group. Concurrent treatment of mice with
PC and CCl4 significantly counteracted the oxidative stress effect of
CCl4 (Fig. 2D). These results show that the protection afforded by PC
against CCl4-induced hepatotoxicity may be related to increased
cellular GSH content and GST activity.

3.4. Liver histopathology and fibrosis

Histological evaluation by H&E stain showed significant differ-
ences among experimental groups (Fig. 3A). CCl4 caused significant
hepatocellular degeneration, including the formation of fibrous
Fig. 2. The effect of PC on the generation of reactive oxygen species (ROS), malondialdehyde
associated with CCl4-induced liver damage in mice. (A) The fluorescence intensity of renal
Immunoblot analysis performed on liver tissue of mice co-treated with CCl4 (20 mg/kg) a
content and GST activity after co-treatment with CCl4 (20 mg/kg) and PC (10 and 100 mg/kg
shown are the means ± SEM (n ¼ 5). *p < 0.05, **p < 0.01 vs. Control, þp < 0.05, þþp < 0
tissue infiltrated with inflammatory cells, compared to the control
group, whereas these changes were ameliorated in CCl4-exposed
mice cotreated with PC relative to the CCl4-alone group. Liver
fibrosis was evaluated histologically by visualizing the blue color of
collagen fibers using Masson's trichrome stain as an index of
collagen accumulation. As shown in Fig. 3B, the CCl4-treated mice
had markedly numerous hepatic lobules surrounded by thick
fibrotic tissue, resulting in the formation of continuous fibrotic
septa, unlike the control group, whereas the area of fibrosis was
markedly decreased in the mice cotreated with CCl4 and PC.

3.5. Apoptotic protein production is decreased by PC

Production of the apoptotic protein Bax was higher in CCl4-
treated mice than in the control group, whereas levels of the anti-
(MDA) protein, hepatic glutathione (GSH) and glutathione S-transferase (GST) activity
ROS measurements in mice co-treated with CCl4 (1.2 mg/kg) and PC (0.5 mg/kg). (B)
nd PC (10 and 100 mg/kg) confirmed the production of MDA. (C, D) The hepatic GSH
). Densitometric data are expressed as the mean ± SEM of triplicate analyses. The data
.01 vs. CCl4.



Fig. 3. The effect of PC on histopathological changes and collagen accumulation induced by CCl4 in the livers of mice. (A) Histopathological changes demonstrated with hematoxylin
and eosin (H&E) stain 5 days after exposure. (B) Collagen accumulation demonstrated with Masson's trichrome stain 5 days after exposure. Sections obtained from liver of CCl4-
intoxicated mice show excessive collagen fiber deposition and pseudolobule formation. Mice co-treated with CCl4 (20 mg/kg) and PC (10 and 100 mg/kg). The number of mice per
experimental point is 5.
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apoptotic protein Bcl-xL were significantly lower in the CCl4-
treated mice. However, treatment of mice with PC significantly
counteracted the respective effects of CCl4 on the levels of both
proteins. In addition, CCl4-treated mice showed a significant in-
crease in caspase-3 production compared to the control group,
whereas caspase-3 production was decreased in the CCl4- and PC-
cotreated mice. These results suggest that PC protects liver tissue
against CCl4-induced oxidative stress by decreasing the production
of apoptotic proteins and increasing anti-apoptotic protein pro-
duction (Fig. 4).

4. Discussion

The anti-oxidant and free radical scavenging activities of many
substances have been assessed, and have been found to exert anti-
hepatotoxic effects associated with strong anti-oxidant activity
Fig. 4. Effect of PC on apoptotic protein production observed during CCl4-induced liver dama
mice treated with CCl4 compared to the control. These changes were prevented in mice co-t
was significantly increased in mice co-treated with CCl4 and PC. The data shown are the m
[7,19,20]. Previous studies have demonstrated that PC has various
beneficial effects, including anti-inflammatory, anti-oxidant, and
anti-fibrotic activity [13,14]. PC was also found to exert a strong
reactive oxygen species scavenging effect and prevented lipid
peroxidation in an in vivo study of oxidative stress [21]. Moreover,
in a severe sepsis rat model, MDA levels were decreased in the liver,
heart and lung by PC treatment [22]. Based on these studies, we
investigated the potential protective effects of PC in an experi-
mental animal model of acute CCl4-induced liver injury.

CCl4-induced liver injury is the best-characterized system of
xenobiotic-induced hepatotoxicity, and is the most commonly used
model for assessing the hepatoprotective activities of drugs [23]. In
the present study, the hepatotoxic effects of CCl4 were assessed as a
significant increase in liver enzymes, namely AST, ALT, and ALP.
Increases in serum AST, ALT, and ALP levels in response to CCl4 have
been attributed to hepatic structural damage, because these
ge in mice. The production of Bax and caspase-3 proteins was significantly increased in
reated with CCl4 (20 mg/kg) and PC (10 and 100 mg/kg). In contrast, Bcl-xL production
eans ± SEM (n ¼ 5). *p < 0.05, **p < 0.01 vs. Control, þp < 0.05, þþp < 0.01 vs. CCl4.
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enzymes are normally localized to the cytoplasm and are released
into circulation after cellular damage has occurred [24]. Pretreat-
ment of mice with PC significantly counteracted the hepatotoxic
effect of CCl4 as indicated by significant decreases in AST, ALT, and
ALP serum levels compared to those seen in treatment with CCl4
alone. Previous studies have demonstrated the exhaustion of
intracellular substances, such as GSH and free radicals, as a
consequence of CCl4-induced hepatotoxicity [24,25]. GSH is capable
of preferentially conjugating with toxic metabolites and thus con-
tributes to the detoxification of CCl4, largely through the activity of
GST. GST binds both GSH and the relevant endogenous or exoge-
nous substance [26]. Therefore, the capacity for GSH conjugation is
critical in alleviating CCl4-induced hepatotoxicity, and is mediated
by GST. In the present study, we observed that CCl4 treatment
resulted in a significant depletion of liver GSH, accompanied with a
significant increase in ROS production and lipid peroxides,
compared to the control group. Furthermore, GST activity was
significantly decreased by CCl4 treatment. However, pretreatment
of mice with PC significantly counteracted GSH depletion and also
significantly restored GST activity. These results indicate that PC's
protective effect against CCl4-induced hepatotoxicity may be
related to increased cellular GSH content and increased GST
activity.

The liver is the principal organ involved in the generation of ROS
induced by drugs and toxic chemicals [27]. Free radicals and the
lipid peroxidation triggered by them are involved in the chief
mechanisms by which CCl4 injures hepatocytes. The oxidative
stress induced by CCl4 is an established model for hepatotoxicity.
CCl4 induces ROS and depletes antioxidant defenses, including
antioxidant enzymes and their substrates, thus causing oxidative
stress in multiple tissues [28]. The toxic effect of CCl4 is due to the
peroxidation of membrane lipids by trichloromethyl or tri-
chloromethyl peroxy radicals [29]. These radicals initiate lipid
peroxidation chain reactions and cause severe cell damage, which
induces the development of fibrosis in the liver. Liver fibrosis
induced by CCl4 is associated with the severity of lipid peroxidation
and the depletion of antioxidants caused by damage in the cell
membrane and organelles of hepatocytes. In agreement with
biochemical studies, histopathological evaluation indicated hepa-
totoxic effects of CCl4 and gave further evidence that pretreatment
with PC attenuated the oxidative injuries and fibrosis induced by
CCl4. Based on these findings, we conclude that PC may have anti-
fibrotic effects in addition to its anti-oxidant properties.

Excessive oxidative stress causes cellular damage to DNA, lipids,
and proteins [19]. Here, we analyzed the effects of PC on apoptotic
proteins such as Bcl-xL, Bax, and caspase-3. Production of the anti-
apoptotic protein Bcl-xL was increased in response to CCl4-induced
hepatotoxicity following PC treatment. Bcl-xL is a potent cell death
inhibitor, and its production prevents cell death. Conversely, the
reduced level of the apoptotic protein Bax induced by PC treatment
is consistent with the expression of caspase-3. The ratio between
the two subsets helps to determine, in part, the susceptibility of
cells to a death signal. They regulate the apoptotic process princi-
pally via the mitochondrial pathway, which is enacted via activa-
tion of caspase, the major executor of apoptosis, resulting from the
release of cytochrome c from mitochondria [30]. Caspase-3 is a
critical mediator of apoptosis in many cell types, including hepa-
tocytes. Caspase-3 protein levels have been shown to increase after
CCl4 exposure. Our results show that pretreatment with PC reduced
the induction of apoptotic proteins by increasing the activation of
Bcl-xL, indicating that PC decreases apoptosis in hepatocytes.

The protective effects of PC were confirmed in a mouse model of
CCl4-induced acute liver injury. We found that PC effectively
ameliorated CCl4-induced oxidative stress damage as evidenced by
reduced oxidative stress, decreased levels of apoptotic proteins, and
improvement of hepatic lesions. The protective potential of PC
correlates directly with its anti-oxidant properties, but its detailed
mechanism and signaling pathway remain to be elucidated by
further investigation.
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