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ABSTRACT Activated hepatic stellate cells (HSCs) play a key role in hepatic fibrogenesis, and inhibition of HSC activation

may prevent liver fibrosis. Acetaldehyde, the most deleterious metabolite of alcohol, triggers HSC activation in alcoholic liver

injury. In the present study, we investigated the protective effect of sodium ferulate (SF), a sodium salt of ferulic acid that is

rich in fruits and vegetables, on acetaldehyde-stimulated HSC activation using precision-cut liver slices (PCLSs). Rat PCLSs

were co-incubated with 700 lM acetaldehyde and different concentrations of SF. Hepatotoxicity was assessed by measuring

enzyme leakage and malondialdehyde content in tissue. a-Smooth muscle actin, transforming growth factor-b1, and hydro-

xyproline were determined to assess the activation of HSCs. In addition, matrix metalloproteinase (MMP)-1 and the tissue

inhibitor of metalloproteinase (TIMP-1) were determined to evaluate collagen degradation. SF prominently prevented the

enzyme leakage in acetaldehyde-treated slices and also inhibited HSC activation and collagen production stimulated by

acetaldehyde. In addition, SF increased MMP-1 expression and decreased TIMP-1 expression. These results showed that SF

protected PCLSs from acetaldehyde-stimulated HSC activation and liver injury, which may be associated with the attenuation

of oxidative injury and acceleration of collagen degradation.
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INTRODUCTION

Hepatic stellate cells (HSCs) are nonparenchymal
cells located in perisinusoidal space. In the normal and

quiescent state, HSCs are mainly responsible for depositing
retinoids. However, the cells are activated and transdiffer-
entiate into myofibroblast-like cells during liver injury.1

Activated HSCs plays a key role in hepatic fibrogenesis
caused by various etiological factors, including xenobiotic-
induced toxicity (e.g., by drugs or alcohol), viral infection,
and certain genetic diseases.2,3 Therefore, inhibiting the
activation of HSCs may prevent the progression of liver
fibrosis.

Acute and heavy intake of alcohol can induce liver injury,
including early fibrogenic changes, marked fat accumula-
tion in hepatocytes, and distortion of the normal sinusoidal
architecture.4 Acetaldehyde is known as the most deleteri-
ous metabolite of alcohol. It triggers many intricate reac-
tions, including excessive lipid oxidation of polyunsaturated
membrane lipids and activation of HSCs.5,6 Acetaldehyde
exposure increases the synthesis of collagen I while de-
creasing its degradation in HSCs, resulting in high expres-

sion and accumulation of collagen in liver. Svegliati-Baroni
et al.7 reported the early fibrogenic actions of acetalde-
hyde (up to approximately 6 h) and suggested that early
acetaldehyde-dependent events induce the late fibrogenic
responses.

Ferulic acid (3-methoxy-4-hydroxycinnamic acid) is
widely distributed in plants and constitutes a bioactive
ingredient of many staple foods, such as grain bran, fruits,
and vegetables. Sodium ferulate (3-methoxy-4-hydro-
xycinnamate sodium) (SF), a sodium salt of ferulic acid,
also an active component from Angelica sinensis and
Cimicifuga heracleifolia, is clinically used for cardiovas-
cular and cerebrovascular diseases in China.8 It has been
shown that SF has a broad spectrum of biological activities,
such as anti-inflammatory, antioxidative, and antimutagenic
effects.9–12 Our previous studies have demonstrated the
antihepatotoxic effect of SF against various hepatotoxins,
including prednisolone, carbon tetrachloride, bromo-
benzene, paracetamol, tripterygium glycosides, and ethanol,
in vivo.13–15 However, little is known about the effect of SF
on HSC activation.

Many studies have indicated the crucial role of oxidative
stress, especially lipid peroxidation products, in the early
activation of HSCs.16–18 Considering the antioxidative ef-
fect of SF, we used an in vitro model—precision-cut liver
slices (PCLSs) treated with acetaldehyde—to observe the
effect of inhibition of SF on HSC activation in this study.
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MATERIALS AND METHODS

Animals

Specific pathogen-free male Wistar rats with body
weights of 250 – 20 g were obtained from the Experimental
Center of the Medical Scientific Academy of Hubei (China).
The experiments were conducted according to the National
Research Council’s guidelines, and the certificate number of
the animal breeder is SCXK (E) 2003-0004. Animals were
caged individually under a controlled environment at a
constant temperature (21 – 2�C) and relative humidity
(50 – 10%) with a 12-h light/dark cycle. The rats had free
access to standard rat chow and water and were acclimatized
to the surroundings for 1 week before the experiments.

Chemicals

Dulbeccco’s modified Eagle’s medium and newborn calf
serum were from Gibco Co. (Paisley, Scotland, United
Kingdom). Reduced glutathione (GSH) and 1-chloro-2,4-
dinitrobenzene were purchased from Sigma Co. (Poole,
Dorset, United Kingdom). SF was purchased from South-
west Medicine Co. (Chongqing, China), and it was freshly
prepared with Dulbeccco’s modified Eagle’s medium just
before use. Acetaldehyde was obtained from Sinopharm
Chemical Reagent Co. (Shanghai, China). Lactate dehy-
drogenase and hydroxyproline (HYP) kits were purchased
from the Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). The transforming growth factor (TGF)-
b1 enzyme-linked immunosorbent assay (ELISA) kit was
purchased from Shanghai Sengxiong Co. (Shanghai). The
streptavidin–peroxidase conjugate kit was produced by
Zhongshan Jinqiao Biotechnology Co. (Beijing, China).
Goat anti-actin was from Boshide Bioengineering Co.
(Wuhan, China). Goat anti-matrix metalloproteinase
(MMP)-1 and goat anti-tissue inhibitor of metalloprotei-
nase (TIMP-1) were obtained from Santa Cruz Bio-
technology Inc. (Santa Cruz, CA, USA). The chromogenic
agent (3,30-diaminobenzidine) was from Hyclone (Logan,
UT, USA).

Liver slice preparation

Animals were sacrificed, and the livers were excised and
immediately placed in oxygenated, ice-cold Krebs–Hense-
leit solution. Cylindrical liver tissue cores (8 mm in diam-
eter) were prepared with a hand-operated tissue coring press.
PCLSs with a thickness of 250 – 10 lm were prepared from
the tissue cores using a modified Vibratome (Xiangshan
Precision Instruments Co., Zhejiang, China). Tissue slices
were preincubated with 1 mL of Dulbecco’s modified Ea-
gle’s medium (pH 7.2) containing 10% (vol/vol) newborn
calf serum, 2.5 lg/mL amphotericin, 3.7 mg/mL NaHCO3,
50 lg/mL streptomycin, and 100 IU/mL penicillin in a 12-
core culture plate using a gyratory shaker (90 revolution/
min) for 1 h at 37�C under an atmosphere of 5% CO2/
95% O2. The medium was discarded after preincubation
for 1 h, and the slices were kept in an incubator for the
following work.

PCLS treatment

After preincubation, the slices were incubated with
acetaldehyde (700 lM) in Dulbeccco’s modified Eagle’s
medium containing the same components as above, 0.1%
dimethyl sulfoxide, and different concentrations of SF (0.5,
1, and 2 mM) for 6 h at 37�C. The clinically recommended
dose of SF of 100 mg/day, added to 10% dextrose and
administered by intravenous infusion, was given to the
acetaldehyde groups. In brief, five groups of liver slices
were used, including a normal control group, an acetalde-
hyde control group, and acetaldehyde groups treated with
different concentrations of SF.

At the end of the incubation, the culture medium was
collected for further determination. The liver slices were
homogenized and centrifuged at 200 g for 10 min, and then
the aliquot supernatant was centrifuged at 9000 g for another
20 min at 4�C to collect liver S9. Liver slices were fixed with
10% (vol/vol) neutral formalin for histological observation.

Biochemical and ELISA analysis

Lactate dehydrogenase and HYP activities in medium and
liver S9 were measured as described previously.19,20 The
extent of membrane lipid peroxidation was determined by
measuring malondialdehyde content in the tissue as de-
scribed previously.21 ELISA was used for determining TGF-
b1 level in medium as described.22

Glutathione S-transferase activity was measured as de-
scribed but with minor modifications.23 In brief, the reaction
of 1 mM 1-chloro-2,4-dinitrobenzene with 1 mM GSH in the
liver S9 was monitored spectrophotometrically by recording
the increase in absorbance at 340 nm (e340 = 9.6 mM/cm).
A correction was made for the spontaneous reaction be-
tween GSH and 1-chloro-2,4-dinitrobenzene in the absence
of enzyme.

The protein content of the liver slices was determined by
the method of Lowry et al.24 using bovine serum albumin as
a standard.

Immunohistochemistry assay

PCLSs were formalin-fixed and paraffin-embedded, and
then the PCLS sections (5 lm thick) were processed for
immunohistochemistry using a streptavidin–peroxidase
conjugate kit. Sections were deparaffinized, hydrated, and
then pretreated for antigen retrieval in a microwave oven for
approximately 10 min using the antigen unmasking solution.
To quench the endogenous peroxidase activity, the sections
were incubated with 3% H2O2 for 15 min. Nonspecific
binding was blocked with 5% normal rabbit serum for
30 min at room temperature. The sections were incubated
with goat anti-actin antibody (diluted 1:100) in a humidified
chamber at 37�C for 2 h, then rinsed three times in phos-
phate-buffered saline for 5 min each, and incubated with
biotinylated rabbit-anti goat IgG as the secondary antibody
for 30 min at room temperature. After rinsing with phos-
phate-buffered saline, the sections were incubated with
peroxidase-conjugated streptavidin for 30 min. a-Smooth
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muscle actin (a-SMA) protein was localized by the devel-
opment of substrate–chromogen mixture. The sections were
counterstained by hematoxylin, dehydrated, and mounted
immediately with gum. Phosphate-buffered saline was
substituted for goat anti-actin antibody as a negative staining
control. The signal was visualized by light microscopy
(Axiostar Plus, Carl Zeiss, Oberkochen, Germany) and an-
alyzed by measuring the optical density of positive staining
using the HMIAS-2000 photo imaging system (Champion
Medical Imaging Co., Wuhan). Quantitative stereology was
performed in triplicate, with five fields in each slide, at a
magnification of · 400. The positive rate was calculated as a
percentage: (positive area/total area) · 100.

Western blot analysis

After treatment, the medium was collected for western
blot analysis. Samples were precipitated and resuspended in
loading buffer. Electrophoresis was performed in sodium
dodecyl sulfate–polyacrylamide gel, and the proteins were
transferred to a nitrocellulose membrane (Schleicher and
Schuell, Dassel, Germany) at 40 V over a 10-h period. The
membrane was blocked in 5% nonfat milk in Tris-buffered
saline containing Tween at room temperature for 2 h and
then incubated with primary antibodies against MMP-1,
TIMP-1, or glyceraldehyde dehydrogenase for 2 h. Target
protein was subsequently detected using rabbit anti-goat
immunoglobulin G conjugated with horseradish peroxidase
in conjunction with the chromogenic agent.25

Statistics

The experimental results were expressed as mean – SD
values. The Statistical Package for Social Sciences (SPSS,
Inc., Chicago, IL, USA) was used for data analysis. One-
way analysis of variance was used for comparison of the
means of several groups, and Fisher’s discriminant analysis
was performed to test the differences in proportions of
categorical variables among groups. The level of statistical
significance was set at P < .05.

RESULTS

Protective effect of SF on enzyme leakage
and lipid peroxidation

As shown in Figure 1, compared with the normal control
group, 6-h acetaldehyde treatment caused an increased
leakage of glutathione S-transferase and lactate dehydro-
genase (P < .01) in the medium, but this leakage could be
prevented by SF in a dose-dependent manner. Meanwhile,
the content of tissue malondialdehyde was increased by 1.6-
fold (P < .01) in acetaldehyde-treated liver slices compared
with the normal control, whereas it was reduced notably
after treated with 2 mM SF.

Effect of SF on histological damage
and a-SMA expression

There was little a-SMA expression in normal liver slices
in the present study, which was consistent with our previous
finding.26 After incubation with acetaldehyde for 6 h, strong
positive staining for a-SMA was detected in the Disse space
(Fig. 2A). In contrast, when acetaldehyde-treated liver slices
were co-incubated with 2 mM SF, a-SMA-positive cells
were much fewer (Fig. 2B). The a-SMA-positive cell areas
and positive rate were assayed by image analysis. The ac-
etaldehyde-treated liver slices showed the most positive
areas and highest positive rate, whereas the SF-treated group
exhibited fewer positive areas, coupled with a reduction in
the a-SMA-positive cell rate (Fig. 3).

Effect of SF on TGF-b1 secretion and HYP content

TGF-b1 was deemed to be a crucial cytokine for HSC
activation and hepatic fibrosis. In this study, SF inhibited the
secretion of TGF-b1 in acetaldehyde-treated liver slices in a
dose-dependent manner (Fig. 4).

Figure 4 also shows that HYP content was increased in
acetaldehyde-treated liver slices compared with the normal
control (P < .01), and SF showed a moderate protective ef-
fect on acetaldehyde-induced elevation of HYP level.

FIG. 1. Effect of sodium ferulate on leakage of (A) glutathione S-transferase (GST), (B) lactate dehydrogenase (LDH), and (C) mal-
ondialdehyde (MDA) content of precision-cut rat liver slices. The liver slices were treated for 6 h with acetaldehyde (700 lM) only (-) or with
acetaldehyde (700 lM) plus different concentrations of SF (-). Data are mean – SD values (n = 3–4). **P < .01 vs. the normal group; #P < .05,
##P < .01 vs. the acetaldehyde control (model) group.
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Effect of SF on MMP-1 and TIMP-1 expression

MMP-1 and TIMP-1 expressions in medium are shown in
Figure 5. Compared with the normal control, the expression
of TIMP-1 protein was increased, whereas MMP-1 protein
was reduced after acetaldehyde treatment. After incubation
with SF (2 mM), the expression of MMP-1 was enhanced
slightly, whereas the expression of TIMP-1 was decreased
notably.

DISCUSSION

The PCLS has been increasingly used for studying hep-
atotoxicity and evaluating hepatotoxins in vitro. Using

PCLSs protects the tissue architecture from protease-
induced damage during cell isolation.27,28 Although some
previous studies used isolated animal HSCs for evaluating
the fibrogenic effect of acetaldehyde,29,30 the process of
HSC activation is quite complicated, and other liver cell
types (e.g., Kupffer cells) are also involved, especially in
the initiation phase. Liver slices are a microcosm of the
intact liver, consisting of highly organized cellular com-
munities in which different cell types have mutual contact
with each other.31 Therefore, we established a model of
acetaldehyde-stimulated HSC activation in vitro using the
PCLS in this study.

Results from different laboratories suggest that both
ethanol and its principal metabolic product, acetaldehyde,
are stimulators of HSC activation.32,33 We observed a-SMA
expression in ethanol-treated PCLSs but did not see signif-
icant alteration (data not shown), which may be attributed to
the limited incubation time as well as the chronic and in-
direct effects of ethanol on HSC activation. However, in this
study, immunohistochemistry studies showed that HSCs
were activated in acetaldehyde-treated liver slices, which is

FIG. 2. Effect of sodium ferulate on acetaldehyde-induced a-
smooth muscle actin expression in precision-cut rat liver slices: (A)
acetaldehyde (700 lM) only–treated liver slice, (B) acetaldehyde plus
2 mM sodium ferulate–treated liver slice. Magnification · 400. The a-
smooth muscle actin expression was determined by histological and
immunohistochemical analyses.

FIG. 3. Effect of sodium ferulate on positive areas (,) and positive
rate (-) of a-smooth muscle actin expression in precision-cut rat liver
slices. The a-smooth muscle actin expressions were determined by
immunohistochemical analyses. The liver slices were treated for 6 h
with acetaldehyde (700 lM) only (model) or with acetaldehyde
(700lM) plus different concentrations of sodium ferulate. Data are
mean – SD values (n = 3–4). **P < .01 vs. the normal group; ##P < .01
vs. the acetaldehyde control (model) group.

FIG. 4. Effect of sodium ferulate on transforming growth factor-b1

(TGF-b1) secretion (,) and hydroxyproline (HYP) content (-) of
precision-cut rat liver slices. The liver slices were treated for 6 h with
acetaldehyde (700 lM) only (model) or with acetaldehyde (700lM)
plus different concentrations of sodium ferulate. Data are mean – SD
values (n = 3–4). **P < .01 vs. the normal group; #P < .05, ##P < .01 vs.
the acetaldehyde control (model) group.

FIG. 5. Expression of matrix metalloproteinase-1 (MMP-1) and
tissue inhibitor of metalloproteinase (TIMP-1) by Western blot in
medium of precision-cut rat liver slices incubated with acetaldehyde
and sodium ferulate (SF). Model was the slice treated with 700 lM
acetaldehyde only; SF represented the slice treated with 2 mM SF and
700 lM acetaldehyde. GAPDH, glyceraldehyde dehydrogenase.
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consistent with previous reports that acetaldehyde acted as a
directly stimulator for activation of HSCs and up-regulation
of collagen-related genes,5,34 and this activation could be
reversed by SF.

TGF-b1 stimulates the production of extracellular matrix
molecules of the HSCs via an autocrine loop and induces
their phenotypic differentiation.35 In this study, the TGF-b1

level was decreased when the slices were co-incubated with
SF, indicating that SF blocked the process of HSC activa-
tion. We also investigated the oxidative damage and lipid
peroxidation of PCLSs treated with acetaldehyde and found
that SF could inhibit the damage by blocking the formation
of malondialdehyde and leakage of cytoplasmic enzymes
(glutathione S-transferase and lactate dehydrogenase).

The production of several extracellular matrix compo-
nents is stimulated by acetaldehyde after HSC activation. In
our study, the level of HYP, a main component of collagen,
was increased compared with that of the control group.
Although it was not obvious in the image results that col-
lagen formation had occurred, HYP augmentation did in-
dicate that acetaldehyde-treated liver slices had a tendency
to fibrosis, and HYP content was slightly decreased when
the slices were co-treated with SF. MMP-1 is the main
protease responsible for degradation of type I collagen, the
principal collagen in fibrotic liver. TIMPs are endogenous
MMP inhibitors, and sustained TIMP-1 expression is a key
factor resulting in the progression of fibrosis.36–38 In this
study, when liver slices were exposed to 700 lM acetalde-
hyde for 6 h, TIMP-1 expression was reinforced over that of
the control group. However, TIMP-1 expression was de-
creased and MMP-1 content was increased after SF treat-
ment, suggesting that SF could degrade collagen indirectly
by regulating the activities of MMP-1 and TIMP-1.

In addition, our previous work indicated that SF de-
creased the activity of cytochrome P4502E1 (CYP2E1),39

an enzyme that contributes to ethanol metabolism following
excessive or long-term alcohol ingestion.40 It has been re-
ported that damaged hepatocytes release reactive oxygen
species during alcohol metabolism via CYP2E1, which in-
creases collagen production in HSCs.41 Simultaneously,
CYP2E1 may be induced by alcohol and then accelerate the
generation of oxidative products. In addition, the extraor-
dinary capacity of CYP2E1 to convert many xenobiotics to
highly toxic metabolites increases the vulnerability of al-
coholic liver. Previous reports have demonstrated the pro-
tection of CYP2E1 inhibitors against HSC activation and
suggested that CYP2E1 inhibitors may serve as useful
agents for prevention and treatment of heavy drinking as-
sociated hepatotoxicity.41,42 Therefore, both our previous
and present studies have indicated that SF may ameliorate
alcoholic liver disease by suppressing the noxious ethanol
metabolic pathway and by inhibiting activation of HSCs.
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