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Hepatoprotective effect of methyl ferulic acid against
carbon tetrachloride-induced acute liver injury in rats
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Abstract. The present study aimed to investigate the hepa-
toprotective effects of methyl ferulic acid (MFA) against
oxidative stress and apoptosis in acute liver injury induced by
carbon tetrachloride (CCl,) in rats, as well as the underlying
mechanisms. Sprague Dawley rats were treated with CCl,
after oral administration of MFA (25, 50, and 100 mg/kg)
or dimethyl diphenyl bicarboxylate (200 mg/kg) for 7 days.
The hepatoprotective effects of MFA were determined by
analyzing serum alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) activities as well as changes of
oxidant parameters. Histopathological analysis was performed
to determine the degree of hepatic injury. The mechanisms
were investigated by detecting the levels of NADPH oxidase
(NOX) trans-membrane subunit NOX4, its ligand p22°ho,
as well as caspase3, cleaved caspase3, B-cell lymphoma
(Bcl)-2, Bcel-2-associated X protein (Bax), tumor necrosis
factor (TNF)-a, interleukin (IL)-1, reactive oxygen species
(ROS), thiobarbituric acid-reactive substances (TBARS), total
anti-oxidant capacity (TAC), phosphorylated J-Jun N-terminal
kinase (p-JNK) and p-p38 mitogen-activated protein kinase
(MAPK) using semi-quantitative polymerase chain reaction,
western blot analysis and colorimetric assays. MFA treatment
significantly decreased serum enzymatic activities of ALT and
AST. MFA markedly increased activities of liver superoxide
dismutase, catalase and glutathione peroxidase, and reduced
the malondialdehyde concentration. Histopathological exami-
nation demonstrated that MFA reduced lipid degeneration,
cytoplasmic vacuolization, necrosis and inflammatory cell
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infiltration in the liversof CCl,-treated rats. MFA treatment
markedly inhibited the expression of inflammatory factors
TNF-o and IL-1p. Mechanistic study revealed that MFA
decreased the TAC and the levels of ROS and TBARS.
Furthermore, MFA treatment led to a reduction of the mRNA
and protein expression of NOX4 and p22phox, as well as the
protein levels of caspase3, cleaved caspase-3 and Bax, and an
upregulation of p-JNK, p-p38 MAPK and Bcl-2 proteins in the
liver. The present study demonstrated that MFA has hepatopro-
tective effects against CCl,-induced acute liver damage. MFA
has anti-oxidant, anti-inflammatory and anti-apoptotic activi-
ties and was able to modulate the NOX4/p22P'*/ROS-JNK/p38
MAPK signaling pathway.

Introduction

Liver injury or dysfunction is recognized as a serious world-
wide health problem. Clinically available synthetic drugs for
the treatment of liver diseases, such as interferon and cortico-
steroids, are expensive, particularly for patients in developing
countries. These drugs may also cause adverse reactions and
further damage (1). Therefore, traditional medicine is impor-
tant in the treatment of liver diseases (2). Although traditional
medicinal treatments have achieved good results, numerous
problems remain due to the complexity of a single herbal
component, the diversity of combination drugs, the uncer-
tainty of drug formulation, randomness of oral administration
and unknown mechanisms of action. Effective drugs with a
clear mechanism and low incidence of side effects are urgently
required.

Carbon tetrachloride (CCl,) has been widely used to induce
chronic and acute liver damage in animal models (3). Liver
damage caused by CCl, is characterized by inflammation,
formation of trichloromethyl radicals and overproduction of
reactive oxygen species (ROS), which initiate lipid peroxida-
tion and finally lead to hepatotoxicity (4). Anti-apoptotic,
anti-oxidant and anti-inflammatory actions may be important
in the protection against CCl,-induced liver damage.

Oxidative damage caused by ROS may lead to various
human diseases, such as liver fibrosis, cancer and inflamma-
tion. It is well known that oxidative stress is involved in the
pathogenesis of acute and chronic liver injury (5). Hepatic
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damage caused by viral infection, ethanol ingestion, iron
overload and exposure to drugs or CCl, is attributed to over-
production of ROS (6,7). NADPH oxidases (NOXs), which
have a critical role in the inflammatory response, contribute to
ROS production during liver injury (8).

The mitogen-activated protein kinase (MAPK) family
is involved in the regulation of cell proliferation and death in
response to various internal stresses. P38 MAPK and c-Jun
N-terminal kinase (JNK), two members of the MAPK super-
family, are activated by cytokines such as tumor necrosis
factor (TNF)-a and interleukin (IL)-1p, or G protein-coupled
receptors, and have an important role in inflammation and
apoptosis in response to stress (9). INKs have a vital role in the
death receptor-initiated extrinsic and mitochondrial intrinsic
apoptotic pathways (10). INKs activate apoptotic signaling
by upregulating pro-apoptotic genes via the transactivation of
specific transcription factors or by modulating the activities of
mitochondrial pro- and anti-apoptotic proteins through distinct
phosphorylation (11). ROS may cause apoptosis by activating
the JNK signaling pathway (12). CCl, has been found to induce
hepatic apoptosis via the mitochondrial intrinsic and extrinsic
apoptotic pathways (13,14). p38 MAPK has an essential role in
regulating numerous cellular processes, including inflammation
and apoptosis. In turn, production of p38 MAPK may be induced
by inflammatory factors and stress. CCl, significantly increases
the levels of p38 MAPK, and oxidative stress as well as certain
cytokines activate p38 MAPK through phosphorylation (15).
The activation of the p38 MAPK pathway accelerates cell apop-
tosis (16). Studies have confirmed that certain factors that activate
JNKs also activate p38 MAPK (16,17). Furthermore, CCl, was
reported to induce apoptosis in the liver by modulating the INK
and p38 MAPK pathways. JNK regulates the expression of pro-
and anti-apoptotic members of the Bcl-2 family such as B-cell
lymphoma 2 (Bcl-2) and Bcl-2-associated X protein (Bax). p38
MAPK induces Bax translocation and enhances the expression
of TNF-a to ultimately induce apoptosis (10,18). In response
to extrinsic as well as intrinsic apoptotic stimuli, JNK and P38
MAPK have an important role by interacting and modulating
the activities of caspase proteins (12,19). Caspase-3 is one of
the critical executioners of apoptosis, capable of cleaving or
degrading numerous key proteins such as nuclear lamins, fodrin
and the nuclear enzyme poly (adenosine diphosphase ribose)
polymerase (PARP) (12,20).

Methyl ferulic acid (MFA) is amonomer that is extracted and
purified from Securidaca inappendiculata Hasskarl (21-23),
which was traditionally used for the treatment of acute or
chronic hepatitis and exhibited some inhibitory effects on
hepatitis B surface antigen in T cell lines (24). However,
only few studies have assessed the hepatoprotective effect of
MFA (24). The present study investigated the effects of MFA
on CCl,-induced acute liver injury in rats. Specifically, the
inhibitory effect of MFA on inflammation, oxidative stress
and apoptosis was assessed, as well as the involvement of p38
MAPK and JNK signaling.

Materials and methods
Animals. A total of 60 Sprague Dawley (SD) rats ((8-10 weeks;

30 males and 30 females) weighing 250-300 g were
obtained from the Experimental Animal Center of Guilin
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Medical University (Guilin, China). The rats were kept in
an environmentally controlled room with a temperature of
25+2°C, relative humidity of 55+10% and a 12-h light/dark
cycle. The rats were allowed free access to food and water.
The SD rats were randomly divided into six groups (n=10
in each). Rats in the control group and the CCl,-treated
model group only received an equivalent of distilled water
containing 0.1% Tween 80 by oral gavage once a day for
one week. Rats in the dimethyl diphenyl bicarboxylate
(DDB)-treated group (positive control group) received DDB
in distilled water containing 0.1% Tween 80 at a dose of
200 mg/kg body weight by oral gavage once a day for one
week. Low, medium and high MFA-treated groups received
MFA in distilled water containing 0.1% Tween 80 at a dose
of 25, 50 or 100 mg/kg body weight by oral gavage once a
day for a week. One hour after the last treatment, all rats in
the CCl,-treated model group, the DDB-treated group and the
MFA-treated group received an intraperitoneal injection of
CCl, (1 ml/kg body weight), while the control group received
an equivalent volume of 0.9% physiological saline solution
instead. At 24 h after CCl, treatment, all rats were sacrificed
and a portion of liver tissues was immediately collected for
analysis and placed in ice-cold 0.9% physiological saline solu-
tion to remove blood cells for ROS detection. The remaining
liver tissues were immediately stored at -80°C for later use.
The present study was performed in accordance with the
Chinese legislation and the US National Institutes of Health
guidelines for the use and care of experimental animals. All
animal experiments were approved by the institutional ethical
committee of Guilin Medical University (Guilin, China).

Measurement of serum aminotransferase activities. After
blood collection, serum was separated by centrifugation at
3,200 x g for 20 min at room temperature. The activities of
alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) in serum from rats were determined using
commercially available diagnostic kits (Alanine aminotrans-
ferase assay kit; cat no. C009-2; Aspartate aminotransferase
assay kit; cat no. C010-2; Nanjing Jiancheng Bio Co., Ltd.,
Nanjing, China) according to the manufacturer's instructions.

Assay of hepatic levels of superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), malondialdehyde (MDA)
and catalase (CAT). Liver tissue samples were homogenized
in nine volumes of ice-cold 50 mM phosphate buffer (pH 7.4)
and centrifuged at 3,200 x g for 20 min at 4°C. Supernatants
were used to determine SOD, GSH-Px, MDA, CAT and
total protein concentrations by using commercially available
diagnostic kits (SOD assay kit; cat no. A001-3; GSH-PX assay
kit; cat no. A0OS; cat no. MDA assay kit; cat no. A003-1;
CAT assay kit; cat no. AO07-1; total protein assay Kkit; cat
no. A045-3; Nanjing Jiancheng Bio Co., Ltd.). The levels of
MDA, GSH-Px, SOD and CAT were normalized to the content
of total protein.

Hematoxylin and eosin (H&E) staining. For histological
examination, liver tissues were removed from a portion of
the left lobe and fixed in 10% phosphate-buffered formalin.
After being processed by routine histological procedures,
the samples were cut into 5-pm slices. Sections were stained
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using hematoxylin for 5 min at 40°C and eosin solution for
1 min at room temperature, then the slides were observed
for conventional morphological evaluation under a light
microscope (BX41; Olympus, Tokyo, Japan) and images were
captured at x100 magnification. The degree of hepatic damage
was evaluated. Histological changes were scored according to
the following system: 0, no injury; 1, mild injury; 2, moderate
injury; and 3, severe injury.

Semi-quantitative polymerase chain reaction (gqPCR). Total
RNA was extracted from liver tissues using a tissue total
RNA isolation kit (cat no. B518651; Shanghai Sangong
Pharmaceutical Co., Ltd., Shanghai, China) according to the
manufacturer's protocol. Total RNA was reversibly transcribed
into complementary DNA (cDNA) using a cDNA synthesis kit
(TIANScript MMLYV; cat no. ER104; Tiangen Biotech Co.,
Ltd., Beijing, China) according to the manufacturer's protocol.
An MJ PTC-200 PCR System (Bio-Rad, Hercules, CA, USA)
and a qPCR kit (cat no. PC0902; 2x Taq PCR Master Mix;
Aidlab Biotechnologies Co., Ltd., Beijing, China) were used
based on the manufacturer's instructions for amplification
of target genes. The primers used in the study are listed in
Table I. The specific primers for target gene [-actin were
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).
As an internal standard control, the expression level of 3-actin
was simultaneously quantified. The PCR protocol was as
follows: Initial denaturation for 3 min at 94°C; 30-40 cycles
of denaturation for 30 sec at 94°C, annealing for 30 sec at
56-58°C, and extension for 1 min at 70°C; and a final exten-
sion for 5 min at 72°C. The PCR products were identified by
electrophoresis using 1.5% agarose gel, and optical density of
target gene bands was calculated in each sample using a Gel
Doc XR+ automatic gel imaging analysis system (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) and with adjustment
through B-actin correction to finally obtain the relative expres-
sion of target gene in each sample (25).

Western blot analysis. Total protein was extracted from liver
tissues with radio immunoprecipitation assay lysis buffer (cat
no. POO13B, Beyotime Institutute of Biotechnology, Shanghai,
China). The Mitochondrial protein was extracted from
liver tissue using a Cytoplasmic and Mitochondrial Protein
Extraction kit (cat no. C500051; Sangon Biotech Co., Ltd.,
Shanghai, China). Protein concentration was determined using
a bicinchoninic acid assay kit (Beyotime Biotechnology, Inc.).
A total of 50 ug/lane of sample proteins were separated by 12%
SDS-PAGE (Bio-Rad Laboratories, Inc. USA). The separated
proteins were then transferred to pure nitrocellulose blotting
membranes. The membranes were then blocked for 1 h with 5%
bovine serum albumin (cat no. B600036; Sangon Biotech Co.,
Ltd., Shanghai, China) in Tris-buffered saline containing 0.05%
Tween 20 (TBST) at room temperature. The membranes were
incubated with anti-NOX4 (1:500; cat no. D121050), anti-Bc¢l-2
(1:1,000; cat no. D151442), anti-caspase-3 (1:1,000; cat
no. D220074), anti-cleaved caspase-3 (1:500; cat no. D260009),
anti-Bax (1:1,000; cat no. D220073), anti-GAPDH (1:1,000;
cat no. D110016; all from Sangon Biotech Co., Ltd., Shanghai,
China), anti-p22P"* (1:500; cat no. BS60290; Bioworld
Technology, Inc., Nanjing, China), anti-phospho-p38 MAPK
(1:1,000; cat no. 4511T), anti-p38 MAPK (1:1,000; cat no. 14451),
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anti-phospho-JNK (1:1,000; cat no. 4668T), anti-JNK
(1:1,000; cat no. 9252T; all from Cell Signaling Technology,
Inc.,Danvers,MA,USA) oranti-IL-1f3 (1:1,000; cat no. sc-52012),
anti-TNF-a (1:1,000; cat no. sc-33639; both from Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) primary antibodies at
4°C overnight. The samples were incubated with corresponding
horseradish peroxidase-conjugated secondary antibodies
(1:50,000; cat no. ZB2301; horseradish peroxidase (HRP)
Affinipure Goat anti-rabbit immunoglobulin G or 1:50,000;
7ZB2305 HRP Affinipure Goat anti-Mouse immunoglobulin G;
Zhongshang Goldenbridge Bio, Beijing, China) at room tempera-
ture for one hour and protein bands were visualized by enhanced
chemiluminescence (cat no. E002-100; 7seapharmatech Co.
Ltd, Shanghai, China). The imaging system Chemi Doc XRS+
(Bio-Rad Laboratories, Inc., USA) was used for imaging and
quantitative analysis of the blots. VCDA1 or GAPDH protein
was used as an internal control.

Fluorescent spectrophotometry. The level of ROS was
determined by detecting the fluorescence intensity of the
oxidant-sensitive probe 2,7-dichlorodihydrofluorescein
diacetate (Molecular Probes; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) as described in a previous study (26). The
amount of formed dichlorofluorescein in the clear supernatant
was determined using a microplate reader (Infinite M200
PRO; Tecan, Zurich, Switzerland) at an excitation wavelength
of 502 nm and an emission wavelength of 523 nm.

Thiobarbituric acid (TBA) reactive substances (TBARS)
colorimetric assay. Tissue lipid peroxidation was measured
using a TBARS colorimetric assay. Liver homogenate was
incubated with 8.1% (w/v) SDS for 10 min, followed by addi-
tion of 20% acetic acid (pH 3.5). The reaction mixture was
incubated with 0.6% TBA (w/v) for 1 h in a boiling water bath.
Pink color chromogen was extracted in butanol-pyridine solu-
tion (15:1) and spectrophotometrically quantified at 532 nm.

Measurement of the total anti-oxidant capacity (TAC). Based
on the oxidation of intracellular anti-oxidants with iron (III)
in acidic medium, the TAC in the liver was assayed with a
commercially available assay kit (cat no. AO15-1; Nanjing
Jiancheng Bio Co., Nanjing, China). The TAC of the samples
was measured according to the manufacturer's protocol. One
unit of TAC was defined as the capability of increasing the
optical density value at 520 nm by 0.01 per mg protein per min
at 37°C.

Statistical analysis. All statistical analyses were performed
using SPSS software (version 17.0; International Business
Machines, Corp., Armonk, NY, USA). One-way analysis
of variance was used to determine significant differences
between groups. The Student-Newman-Keuls test was used
for comparisons between groups. Values are expressed as the
mean + standard deviation. P<0.05 was considered to indicate
a statistically significant difference.

Results

MFA provides protection against CCl,-induced hepatic
injury. To determine whether MFA attenuates liver damage
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in CCl,-treated rats, the activities of ALT and AST in serum
were measured. Compared with those in the normal control,
the activities of ALT and AST in serum from the model group
were significantly increased (P<0.01). Of note, administra-
tion of MFA at all doses significantly inhibited the elevation
of ALT levels, and MFA at 50 and 100 mg/kg significantly
inhibited the elevation of AST levels in CCl,-treated rats in
a dose-dependent manner (P<0.05; Table II). These results
suggested that MFA provides protection against CCl,-induced
liver injury.

MFA suppresses CCl-induced oxidative liver injury. To quan-
tify oxidative liver injury, the hepatic levels of SOD, GSH-Px,
MDA and CAT were assayed. The hepatic levels of MDA
were assessed as an indicator of lipid peroxidation in oxida-
tive liver damage, and CCl, treatment obviously increased the
hepatic MDA levels compared with those in the control group
(P<0.01), which was significantly inhibited by pre-adminis-
tration of MFA (P<0.05; Table III). Furthermore, the results
demonstrated that the activities of SOD, GSH-Px and CAT in
the model group were significantly decreased compared with
those in the control group, but pre-treatment with DDB or
MFA (50 or 100 mg/kg) significantly increased the activities
of SOD, GSH-Px and CAT compared with those in the model
group (P<0.01). In addition, CCl, treatment significantly
increased hepatic MDA levels compared with those in the
control group (P<0.01), but pre-treatment with DDB or MFA
significantly decreased MDA levels compared with those in
the model group (P<0.05). Of note, the low dose of MFA had
no significant effect on SOD or GSH-Px (Table III). These
results indicated that MFA suppressed CCl,-induced oxidative
liver injury.

MFA alleviates CCl,-induced histological changes in
the liver. To detect histological changes in the liver, H&E
staining was performed. Visual observation revealed that
livers from the normal control group were reddish brown,
soft and elastic, but livers from the CCl, model group exhib-
ited significantly increased liver volume, blood stasis, edge
thickening and liver surface with petechial hemorrhage. In
the MFA (25 mg/kg) group, the liver was slightly enlarged,
and spot bleeding was significantly reduced. By contrast,
the appearance of the liver in the medium and high MFA
groups was close to normal. H&E staining of liver sections
from the normal control group demonstrated an intact hepatic
lobular structure, normal hepatic cells with well-preserved
cytoplasm, prominent nuclei, hepatocytes that were radially
arranged around the central vein, well-defined sinusoidal line,
uniform size, no degeneration, no necrosis, and hepatic cords
that were arranged in neat rows. In addition, no inflammatory
cell infiltration was observed (Fig. 1A). In the model group
treated with CCl,, typical pathological characteristics were
observed, including destroyed hepatic lobule structure, liver
sinus and central venous dilatation, hyperemia, a disorder
in the arranged of hepatic cords, ballooning degeneration,
broad infiltration of inflammatory cells, centrilobular fatty
changes, apoptosis and widespread hepatocellular necrosis,
particularly significant bridging necrosis, and inflammatory
cell infiltration in hepatic lobules and portal area (Fig. 1B).
By contrast, CCl,-intoxicated rats pre-treated with DDB had
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Table I. Primer sequences used for the determination of NOX4,
p22°hox TNF-a, IL-1f3 and fB-actin gene expression.

Product
length
Genes  Oligonucleotide primer sequences (5'-3") (bp)
NOX4 Forward, TGTGCCGAACACTCTTGGC 136
Reverse, ATATGCACGCCTGAGAAAATA
p22Pr Forward, TATTGTTGCAGGAGTGCTCA 103

Reverse, CACAGCGGTCAGGTACTTCT
TNF-a Forward, GGCAGGTCTACTTTGGAGTC
Reverse, GCAGGCAGTATCACTCATTG
Forward, GCAGGCAGTATCACTCATTG
Reverse, CACACCAGCAGGTTATCATC 165
B-actin Forward, GACTCCTATGTGGGTGACGA 199

Reverse, ACGGTTGGCCTTAGGGTTCA

233
IL-1B

NOX4, NADPH oxidase 4; TNF-a, tumor necrosis factor-a; IL-1f3,
interleukin-1§.

Table II. Effect of MFA administration on ALT and AST
activities in serum of rats with liver damage induced by CCl,.

Group ALT (U/1) AST (U/)
Control 23.85+9.50 61.14+17.35
Model 216.39+70.93¢ 524.01+160.71°
DDB (200 mg/kg) 130.69+41.33° 360.28+102.76°
MFA (25 mg/kg) 170.56+51.56¢ 465.18+137.63
MFA (50 mg/kg) 150.72+36.99° 380.04+111.66°
MFA (100 mg/kg) 134.72437.52° 353.54+109.15°

MFA, methyl ferulic acid; ALT, alanine aminotransaminase; AST,
aspartate aminotransaminase; DDB, dimethyl diphenyl bicarboxylate.
P<0.01 compared with control group; "P<0.01, °P<0.05 compared
with model group.

nearly normal liver tissues with no significant changes in
hepatocytes (Fig. 1C). In the low MFA group, liver sections
exhibited moderate hypertrophy of hepatocytes with a rela-
tively intact central vein, spotty necrosis, a rare large area of
necrosis, shrinking sinusoidal line and reduced number of
inflammatory cells (Fig. 1D). Of note, hepatic lesions were
markedly ameliorated in the medium and high MFA groups,
with slight inflammatory cell infiltration (Fig. 1E and F). The
inflammation score of CCl,-treated rats was significantly
higher than that of normal control rats, while pre-treatment
with MFA reduced the inflammation score (Fig. 1G). These
results indicated that CCl, treatment caused obvious histo-
logical changes in the liver, while pre-treatment with MFA
prevented CCl,-induced damage.

MFA inhibits CCl,~induced oxidative stress in the liver. To
evaluate oxidative stress in the liver, the levels of ROS and
TBARS as well as the TAC were measured. The results
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Table III. Effect of MFA administration on SOD, CAT and GSH-Px activities as well as the level of MDA in liver tissues of rats

induced by CCl,.

Group SOD (U/mg prot) CAT (U/mg prot) GSH-Px (U/mg prot) MDA (nmol/g prot)
Control 5.14+1.36 66.70+6.16 515.36+133.47 22.78+7.63
Model 2.17+0.74* 36.31+7.29* 307.05+85.33" 45.78+11.92*
DDB (200 mg/kg) 4.30+0.79° 59.79+6.21° 492.07+127.63° 32.55+9.50°
MFA (25 mg/kg) 2.81x1.00 50.33+6.29° 396.12+109.76 36.53+9.59°
MFA (50 mg/kg) 3.34+0.72° 60.37+5.49° 456.87+£131.95° 32.43+6.52°
MFA (100 mg/kg) 4.38+0.95° 62.01+5.44° 495.18+116.97° 26.78+4.94°

SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase; MDA, malondialdehyde; MFA, methyl ferulic acid; DDB,
dimethyl diphenyl bicarboxylate. *P<0.01 compared with control group; °P<0.01, °P<0.05 compared with model group.

demonstrated that CCl, treatment markedly improved hepatic
ROS and TBARS levels, while decreasing the TAC compared
with those in the control group (P<0.01; Fig. 2A-C). Of note,
pre-treatment with MFA significantly reduced CCl,-induced
ROS and TBARS expression and significantly increased the
TAC (P<0.01; Fig. 2A-C). These results indicated that MFA
inhibited oxidative stress induced by CCl, in rat livers.

MFA inhibits NOX4 and p22°"** mRNA and protein expres-
sion in the livers of rats treated with CCl,.To assess whether
MFA affects the generation of ROS by inhibiting NOX4 and
p22°P'°* in acute liver injury induced by CCl,, the present
study determined the expression of NOX4 and p22P"* in
liver tissues. qPCR revealed that the levels of NOX4 and
p22°* mRNA in the livers of CCl,-treated rats were signifi-
cantly increased compared with those in the control group
(P<0.01). By contrast, pre-treatment with DDB or MFA
(100 mg/kg) decreased the expression of NOX4 and p22°h>
mRNA compared with that in rats treated with CCl, only
(P<0.01; Fig. 3A and B). Western blot analysis demonstrated
significantly increased expression of NOX4 and p22°r*
protein in the liver of CCl,-treated rats compared with that in
the control group (P<0.01). Of note, the protein expression of
NOX4 and p22°™* was significantly reduced by pre-treatment
with DDB or MFA (100 mg/kg) compared with that in rats
treated with CCl, only (P<0.01; Fig. 3C and D). These results
suggested that pre-treatment with MFA inhibited the mRNA
and protein expression of NOX4 and p22°™* in the livers of
rats treated with CCl,.

MFA mitigates CCl,-induced pro-inflammatory responses by
reducing the expression of TNF-a and IL-1f5. To determine
the expression of TNF-a and IL-1p in liver tissues, gPCR
and western blot analysis were employed. The results demon-
strated that CCl, treatment significantly increased the hepatic
TNF-a and IL-1f mRNA and protein expression compared
with that in the control group (P<0.01; Fig. 4A-D). Of note,
pre-administration of DDB or MFA significantly suppressed
the CCl,-induced mRNA and protein expression of hepatic
TNF-a and IL-1p (P<0.01; Fig. 4A-D). These results indi-
cated that pre-treatment with MFA prevented CCl,-induced
pro-inflammatory responses by inhibiting the expression of
TNF-o and IL-1f.
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Figure 1. Effect of MFA on CCl,-induced liver damage. The rats were
pre-treated with MFA (25, 50 or 100 mg/kg) once a day for seven consecu-
tive days. One hour after the final treatment, the rats were treated with CCl,
(1.0 ml/kg, intraperitoneally). After 24 h, livers were histologically exam-
ined by hematoxylin and eosin staining (magnification, x100). (A) Control
group; (B) CCl,-treated model group; (C) CCL,+DDB group; (D) MFA
(25 mg/kg) + CCl, (1.0 ml/kg) group; (E) MFA (50 mg/kg) + CCl, (1.0 ml/kg)
group; (F) MFA (100 mg/kg) + CCl, (1.0 ml/kg) group. (G) Tissue inflamma-
tion score, “P<0.01 compared with control group; #P<0.01 compared with
CCl,-treated model group. Values are expressed as the + standard error of
the mean. MFA, methyl ferulic acid; DDB, dimethyl diphenyl bicarboxylate.

MFA inhibits CCl,-induced apoptosis in the livers of rats.
To investigate the effects of MFA on apoptosis induced by
CCl,, western blot analysis was used to determine the ratio
of Bax/Bcl-2 and the ratio of cleaved caspase3/caspase3. The
results demonstrated that CCl, treatment markedly increased
the expression of Bax compared with that in the control group,
while reducing the expression of Bcl-2, leading to a signifi-
cantly increased Bax/Bcl-2 ratio. However, pre-treatment with
MFA significantly decreased the CCl,-induced expression of
the pro-apoptotic protein Bax and prominently decreased the
Bax/Bcl-2 ratio as compared with that in the CCl, treatment
group (P<0.01; Fig. 5A and B). In addition, cleaved caspase3
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Figure 2. Effect of MFA on the oxidative stress in livers of CCl,-treated rats. (A) Levels of ROS; (B) Level of TBARS; (C) TAC. Values are expressed as
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levels in the livers of CCl,-treated rats were significantly
elevated as compared with those in the controls (P<0.01).
However, pre-treatment with MFA significantly inhibited this
CCl,-induced elevation (P<0.01; Fig. 5C and D). These results
suggested that MFA inhibits CCl,-induced apoptosis in the
livers of rats.

JNK and P38 MAPK activation is involved in the
anti-apoptotic effect of MFA. To investigate whether JNK and
P38 MAPK signaling was involved in the mechanism of action
of MFA, the present study investigated the effects of MFA on
JNK and P38 MAPK in livers using western blot analysis. The
results revealed that the levels of p-JNK and p-P38 MAPK
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were significantly increased in the livers of CCl,-treated rats
compared with those in the controls (P<0.01; Fig. 6A and B).
However, this upregulation of p-JNK and p-p38 MAPK was
significantly suppressed by pre-treatment with MFA or DDP
(P<0.01; Fig. 6A and B). These results indicated that JNK and
P38 MAPK activation is involved in the anti-apoptotic effects
of MFA.

Discussion

During liver injury, liver cells exhibit varying degrees of
swelling, degeneration, necrosis and apoptosis, which are
the most basic pathological states of the development of
various liver diseases. CCl, has been widely used to generate
models of hepatic injury for evaluating plant-based drugs for
their hepatoprotective properties (3). It is well known that
CCl,-induced liver damage involves the formation of free
radicals (CCl;) and the occurrence of lipid peroxidation in
cellular and organelle membranes (13). After entering the
body, CCl, is metabolized by cytochrome P450 into free radi-
cals (‘CCly), which are mainly associated with CCl,-induced
hepatic damage. These free radicals react with oxygen to form
trichloromethylperoxy radicals (CC1;00-) and ROS, which
trigger a chain reaction of lipid peroxidation, and attack and
destroy polyunsaturated fatty acids, particularly those asso-
ciated with phospholipids (27,28). All of this results in the
breakdown of cell integrity and leakage of ALT and AST into
the blood, leading to apoptosis and necrosis. Overall, oxidative
stress, caused by the overproduction of ROS, is considered a
vital risk factor in the development of liver disease. Numerous
studies suggested that the levels of ROS and TBARS as well
as the TAC may be indicators of oxidative stress (10,18). MFA
is a monomer isolated from Securidaca inappendiculata
Hasskarl with potent anti-viral activity (28). The present study
investigated the hepatoprotective activity of MFA using a rat
model of CCl,-induced acute liver damage, and DDB was used
as a positive control drug (29). The results demonstrated that
administration of MFA significantly inhibited CCl,-induced
elevation of serum ALT and AST levels.

Oxidative stress has been postulated as an important molec-
ular mechanism in acute liver injury induced by CCl, (13,30).

It was reported that the levels of MDA and GSH-Px are
associated with CCl,-induced, oxidative stress-associated
liver injury (29). MDA, the final product of lipid peroxidation,
gradually accumulates during CCl,-induced liver injury and
binds with biological macromolecules to form aldehydes,
further destroying cell membrane structure and function (31).
Increased MDA suggests enhanced peroxidation that results
in tissue damage and failure of anti-oxidant defense mecha-
nisms (32-34). The results of the present study indicated that
increased MDA during CCl,-induced acute liver injury was
prevented by pre-treatment with MFA.

GSH is a main intracellular anti-oxidant that exerts several
main roles within a cell, including anti-oxidative effects, main-
tenance of the redox state, detoxification of xenobiotics and
protection from damage by free radicals, toxins and perox-
ides (35-37). It is well known that the depletion of reduced GSH
results in enhanced lipid peroxidation and superabundant lipid
peroxidation may cause increased GSH consumption (38,39).
Therefore, it is important to maintain sufficient GSH levels
for the prevention of CCl,-induced damage. The results of
the present study indicated that treatment with MFA mark-
edly inhibited the formation of MDA and increased the level
of GSH in the liver compared with that in the model group,
suggesting that MFA increases the anti-oxidant capacity, clears
free radicals and prevents cellular and organelle membranes
from being damaged by free radicals. MFA contains phenolic
hydroxyl and methoxy groups that directly or indirectly
contribute to anti-oxidant action (32,39).

As an effective metalloenzyme, SOD catalyzes the
dismutation of superoxide anions into hydrogen peroxide and
0O, (35). GSH-Px catalyzes the reduction of toxic peroxide
to a non-toxic hydroxyl compound as well as the reduction
of H,0, and hydroperoxides to water, removing lipid hydro-
peroxides from the cell membrane to thereby terminate the
chain reaction of lipid peroxidation (32,35). The results of the
present study suggested that CCl, treatment lowers the activi-
ties of SOD and GSH-Px in the liver compared with those
in the control group. In addition, administration of MFA
led to significantly elevated activities of SOD and GSH-Px.
Furthermore, MFA decreased ROS and TBARS production
in CCl,-treated livers due to its powerful anti-oxidant and
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free radical scavenging activities. In CCl,-induced liver
injury, GSH has an important role in detoxifying the toxic
metabolites of CCl,, and once GSH is exhausted, hepa-
tocelluar necrosis or apoptosis begin (40). In the present
study, MFA exerted hepatoprotective effects by reducing
CCl,-mediated oxidation of free radical species. In addition,
MFA attenuated hepatic glutathione depletion after CCl,
treatment. In brief, the results of the present study confirmed
that MFA effectively reduced oxidative stress and recovered
anti-oxidant enzymes to their normal levels.

CCl, has been reported to significantly elevate the
concentration of hydrogen peroxide and the amount of lipid
peroxidation in liver (41). Studies suggested that overproduc-
tion of ROS has an important role in the development and
progression of CCl,-induced hepatic damage (42-45). In line
with this, the present study also demonstrated the levels of
ROS in CCl,-treated model group were significantly higher
than those in the control group. Increased ROS generation
stimulates pro-inflammatory cytokines and results in oxida-
tive damage to macromolecules. In addition, pre-treatment
with MFA significantly inhibited elevated CCl,-induced
decreases of SOD activity and increased MDA levels in liver
tissues of rats, suggesting that MFA exerts a hepatoprotective
effect partly through efficiently eliminating excessive ROS in
liver tissues. CCl,-induced ROS is generated mainly through
NOX-mediated pathways and it was reported that NOX is a
major source of ROS; furthermore, the NOX subunit NOX4
and its ligand p22P"* are highly expressed in hepatocytes (30).
NOX4 knock-out rats exhibited lower hepatic lipid peroxida-
tion after CCl, treatment compared with that in wild-type rats
and NOX4 deficiency was effective in preventing liver injury
in rats (46). The present study demonstrated that MFA treat-
ment for seven days decreased the levels of ROS, NOX4 and
its ligand p22°h**, Overall, the protective effect of MFA against
acute liver injury may be partly due to attenuating oxidative
stress.

Apoptosis is a cell physiological self-extinction process
controlled by multiple genes (47,48). The mitochondrial
pathway is caused by a number of stress conditions, chemical
agents and drugs, and controlled by numerous genes. Bax
and Bcl-2 are important control factors (49), and caspase3
is the central effector of apoptosis. Cleaved caspase3 may
be used as a reliable indicator to determine the severity of
apoptosis (7,10,50). The present study demonstrated that MFA
caused upregulation of Bcl-2 expression and downregulation
of the expression of Bax and cleaved caspase3, leading to
inhibition of apoptosis.

IL-1p and TNF-o are commonly considered as biomarkers
of inflammatory conditions. Serum IL-1f is markedly
increased during most inflammatory processes, and has been
demonstrated to prevent hepatocyte proliferation (51). TNF-a.,
which has an important role in acute liver injury, is a mediator
of hepatotoxicity (13). It activates intracellular pathways to
regulate inflammation and proliferation, and has been identi-
fied as an attractive target for liver regeneration (13). TNF-a
is also a pro-inflammatory mediator in hepatocyte apoptosis,
which is tightly associated with cytotoxicity induced by
CCl, (13). In the present study, TNF-o and IL-1f levels in
liver tissues were significantly increased by CCl,-induced
hepatotoxicity, which was consistent with the findings of a
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previous study (32). By contrast, TNF-a and IL-1f levels in the
MFA treatment group were lower than those in model group,
suggesting an anti-inflammatory role of MFA to prevent acute
liver injury.

The MAPK family is important for regulating cell prolif-
eration and death in response to various internal stresses.
JNKs are involved in stimulating apoptotic signaling.
Oxidative stress may activate JNK to cause apoptosis by
receptor-initiated extrinsic and mitochondrial intrinsic apop-
totic pathways. JINKs also has an essential role in modulating
the functions of pro- and anti-apoptotic proteins located in the
mitochondria (12,52). INK and ROS stimulate the activities
of pro-apoptotic proteins such as Bax, and promote apoptosis
by inhibiting anti-apoptotic proteins such as Bcl-2 to regu-
late the release of cytochrome C and apoptosis (10,52). The
present study demonstrated that the levels of p-JNK, TNF-a
and Bax were increased in the livers of CCl,-treated rats.
Of note, pre-treatment with MFA significantly repressed the
CCl,-induced increases of these proteins. Therefore, MFA
exerted its protective effects on the liver by regulating JINK
signaling.

CCl, was previously reported to significantly increase the
levels of p-p38 MAPK as a result of oxidative stress and certain
cytokines, leading to the activation of p38 MAPK through
its phosphorylation (15). The activation of the p38 MAPK
pathway accelerates cell apoptosis (16,17). In the present study,
the levels of p-p38/p38 MAPK ratio in the CCl,-treated model
group were higher than those in the normal control group,
which was consistent with the results of a previous study (53).
The present study demonstrated that pre-treatment with MFA
for seven days decreased the levels of p-p38/p38 MAPK ratio,
as well as ROS levels. Therefore, the results demonstrated that
during CCl, challenge, ROS produced by CCl, promoted the
expression of p-p38 MAPK in the liver tissue, which in turn
resulted in necrosis and liver cell apoptosis. However, MFA
attenuated liver necrosis and cell apoptosis via reducing ROS
production. The histopathological observations of the present
study supported this notion.

P38 MAPK also causes mitochondria-dependent apoptosis.
p38 MAPK activation promotes mitochondrial translocation
of Bax and Bcl-2-like protein 11, while repressing the func-
tion of Bcl-2 by increasing the phosphorylation of p38 MAPK,
and induces the activation of caspase3 (14). Therefore, it is
concluded that p38 MAPK and Bcl-2/Bax signaling influence
each other and cooperatively contribute to the protective effect
of MFA on the acute liver injury induced by CCl,.

In summary, the present study demonstrated that MFA had
strong protective effects against CCl,-induced acute oxida-
tive liver injury and apoptosis by modulating JNK and p38
MAPK as well as Bcl-2/Bax signaling pathways in the liver.
MFA alleviated CCl,-induced hepatic oxidative damage by
inhibiting ROS generation and increasing liver TAC. It also
effectively inhibited CCl,-induced inflammation and apop-
tosis in the liver by upregulating p-JNK, p-P38 MAPK, Bax,
TNF-a and IL-1f3, while downregulating Bcl-2 and cleaved
caspase3. These results provided evidence that MFA may be
used as a hepatoprotective agent for the treatment of liver
diseases. However, further study is necessary to fully elucidate
the molecular mechanisms that are responsible for the hepato-
protective effects of MFA.
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