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Abstract. The aim of the present research was to study the 
therapeutic impacts of fluorofenidone (AKF‑PD) on pig serum 
(PS)‑induced liver fibrosis in rats and the complex molecular 
mechanisms of its effects on hepatic stellate cells (HSCs). 
Wistar rats were randomly divided into normal control, PS 
and PS/AKF‑PD treatment groups. The activated human HSC 
LX‑2 cell line was also treated with AKF‑PD. The expression 
of collagen I and III, and α‑smooth muscle actin (α‑SMA) 
was determined by immunohistochemical staining and 
reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Western blotting and/or RT‑qPCR analyses were 
used to determine the expression of transforming growth factor 
(TGF)‑β1, α‑SMA, collagen I, mothers against decapentaplegic 
homolog (Smad)‑3, extracellular signal‑regulated kinase 
(ERK)1/2, p38 mitogen‑activated protein kinase (p38 MAPK) 
and c‑Jun N‑terminal kinase (JNK). AKF‑PD attenuated the 
degree of hepatic fibrosis and liver injury in vivo, which was 
associated with the downregulation of collagen I and III, and 
α‑SMA at the mRNA and protein levels. In vitro, AKF‑PD 
treatment significantly reduced the TGF‑β1‑induced activation 
of HSCs, as determined by the reduction in collagen I and 
α‑SMA protein expression. The TGF‑β1‑induced upregulation 
of the phosphorylation of Smad 3, ERK1/2, p38 and JNK was 

attenuated by AKF‑PD treatment. These findings suggested 
that AKF‑PD attenuated the progression of hepatic fibrosis by 
suppressing HSCs activation via the TGF‑β1/Smad and MAPK 
signaling pathways, and therefore that AKF‑PD may be suitable 
for use as a novel therapeutic agent against liver fibrosis.

Introduction

Liver fibrosis is a reaction to chronic liver injury resulting 
from various etiological factors, including alcohol consump-
tion, drug misuse, hepatitis B or C infection or toxic injury (1). 
Liver fibrosis is a globally widespread and substantial health-
care issue that results in end‑stage liver diseases, including 
cirrhosis, and ultimately hepatocellular carcinoma. The process 
of liver fibrosis can be reversible, whereas cirrhosis, the result 
of end‑stage fibrosis, is usually irreversible (2). Therefore, it is 
necessary to develop effective anti‑fibrotic therapy for the treat-
ment of fibrosis and hepatic injury.

The activation of hepatic stellate cells (HSCs) serves an 
important role in the initiation and development of liver fibrosis. 
During liver injury, quiescent HSCs are activated by stimulating 
factors or fibrogenic cytokines, including transforming growth 
factor (TGF)‑β1, platelet‑derived growth factor (PDGF) and 
tumor necrosis factor (TNF)‑α (3), which induce trans‑differ-
entiation into myofibroblast‑like cells. This step is characterized 
by the appearance of procollagen‑I and α‑smooth muscle actin 
(SMA), ultimately leading to the accumulation and increased 
output of collagen and extracellular matrix (ECM) compo-
nents (4). Notably, TGF‑β1 is an extremely potent pro‑fibrogenic 
cytokine associated with hepatic fibrosis in humans and other 
animals (5). TGF‑β1 acts though stimulating the mothers against 
decapentaplegic homolog (Smad)‑dependent activation of Snail, 
and the Smad‑independent induction of the mitogen‑activated 
protein kinase (MAPK) pathway (6).

Research to identify safe anti‑fibrotic agents is of high 
importance and is urgently required. A recently identified 
water‑soluble pyridone agent with anti‑fibrotic properties, 
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fluorofenidone [1‑(3‑fluorophenyl)‑5‑methyl‑2‑(1H)‑pyridone; 
AKF‑PD], can attenuate liver (7,8), renal (9), pulmonary (10) 
and cardiac fibrosis (11), and has been adopted in phase I clinical 
trials. However, its therapeutic benefits for hepatic fibrosis 
remain unclear. The aim of the present study was to research the 
anti‑fibrotic effects of AKF‑PD on liver fibrosis in rats and to 
elucidate the underlying mechanisms of the effect of AKF‑PD 
on the activation of HSCs.

Materials and methods

Materials. LX‑2 (12) HSCs [provided by Professor Scott L. 
Friedman (Icahn School of Medicine at Mount Sinai, New 
York, NY, USA)] were used in the present study. Dulbecco's 
modified Eagle's medium (DMEM) and fetal bovine serum 
(FBS) were purchased from Gibco (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). TRIzol for RNA extraction was 
purchased from Invitrogen; Thermo Fisher Scientific, Inc. A 
quantitative polymerase chain reaction (qPCR) kit (SYBR 
PremixEx Taq II) was purchased from Takara Bio, Inc. (Otsu, 
Japan). Antibodies against total extracellular signal‑regulated 
kinase (ERK1/2; cat. no. 9102), p38 mitogen‑activated protein 
kinase (p38 MAPK; cat. no. 9212), c‑Jun N‑terminal kinase 
(JNK; cat. no. 9252), and phosphorylated (p)‑ERK (cat. 
no. 9101), p‑p38 (cat. no. 9211) and p‑JNK (cat. no. 4668) were 
purchased from Cell Signaling Technology, Inc. (Danvers, 
MA, USA). Antibodies against α‑SMA (cat. no. A5228) and 
β‑actin (cat. no. A5441) were purchased from Sigma‑Aldrich; 
Merck KGaA (Darmstadt, Germany). Antibodies against 
p‑Smad‑3 (cat. no. ab193297), collagen I (cat. no. ab34710), 
collagen III (cat. no. ab23746) and Smad‑3 (cat. no. ab40854) 
were purchased from Abcam (Cambridge, UK). Recombinant 
human TGF‑β1 was purchased from PeproTech, Inc. (Rocky 
Hill, NJ, USA). Horseradish peroxide (HRP)‑conjugated 
secondary antibodies for western blot analysis were purchased 
from Jackson ImmunoResearch Laboratories, Inc. (West 
Grove, PA, USA), and HRP‑conjugated secondary antibodies 
for immunohistochemistry were obtained from Golden Bridge 
International, Inc. (Bothell, WA, USA). An enhanced chemilu-
minescence (ECL) kit for western blot analysis was purchased 
from GE Healthcare Life Sciences (Little Chalfont, UK). Pig 
serum (PS) was purchased from Beijing YuanHeng ShengMa 
Biology Technology Research Institute of Biotechnology 
(Beijing, China). AKF‑PD was synthesized by Sunshine Lake 
Pharma Co., Ltd. (Dongguan, China; cat. no. 090601).

Animal model. Male albino Wistar rats weighing 120‑150 g 
(5‑6 weeks old) were obtained from Shanghai SLAC 
Laboratory Animal Co., Ltd. (Shanghai, China). Rats were 
bred and maintained in an air‑conditioned environment 
(temperature 23‑25˚C; humidity 50±2%; 12 h light/dark cycle), 
with a commercial diet and water available ad libitum. The 
experimental protocol was approved by the Ethics Review 
Committee for Animal Experimentation of Central South 
University (Changsha, China), and all rats received humane 
care in compliance with the university's guidelines. For the 
purpose of the present study, rats were randomly divided into 
the following groups: Normal group (n=15), PS model group 
(n=15) and PS+AKF‑PD treatment group (n=15). Hepatic 
fibrosis was induced via intraperitoneal injections of 0.5 ml 

PS twice weekly for 8 weeks (13), whereas the normal group 
received 0.5 ml sterile saline. From the ninth week, the 
treatment group was administered AKF‑PD intragastrically 
(240 mg/kg/day) once daily for 4 weeks. The normal and PS 
model groups were simultaneously administered with 0.5% 
carboxymethyl cellulose sodium intragastrically every day for 
4 weeks. At the end of week 12, all rats were sacrificed. Livers 
were rapidly harvested, rinsed in cold saline and weighed while 
wet. A portion of liver was fixed (room temperature) in 10% 
neutral‑buffered formalin for histopathology and the remaining 
tissue was stored at ‑70˚C until assayed.

Histological and immunohistochemical analysis. The 
formalin‑fixed rat liver tissue was dehydrated in a graded 
alcohol series and embedded in paraffin. The paraffin sections 
(4‑µm thick) were stained (room temperature for 10 min) with 
hematoxylin and eosin or Masson's trichrome. To determine the 
degree of necroinflammatory liver injury, histological grading 
and the quantification of infiltrating inflammatory cells were 
blindly performed by an independent pathologist, as described 
previously (14,15). To further analyze the degree of interstitial 
collagen deposition, Masson's trichrome‑stained sections were 
graded as previously reported (16). 3,3'‑Diaminobenzidine 
immunohistochemical staining was performed using the 
DAKO EnVision system (Dako; Agilent Technologies, Inc., 
Santa Clara, CA, USA), as previously detailed (17). Subsequent 
to blocking non‑specific binding with the included blocking 
solution, the slides were incubated with primary antibodies 
against collagen I (1:100), collagen III (1:150) and α‑SMA 
(1:250) overnight at 4˚C, followed by the corresponding 
secondary antibodies (1:100) at room temperature for 1 h. 
HRP‑labeled polymer and a chromogen substrate were then 
employed to develop the staining. As a negative control, the 
primary antibody was replaced with PBS. Samples were visu-
alized using light microscopy at a magnification of x100. Given 
the homogeneity of the staining of the target proteins, the 
interstitial staining of collagen I, collagen III and α‑SMA was 
measured by a blinded observer using computerized morphom-
etry (QWin 2.8 software; Leica Microsystems GmbH, Wetzlar, 
Germany) (18).

Analysis of mRNA expression. Total RNA was isolated from the 
fresh liver tissue using TRIzol reagent, according to the manu-
facturer's protocol. First‑strand cDNA was synthesized from 
2 µg total RNA in a 20‑µl reaction, using a ReverseAid first 
strand cDNA synthesis kit (Thermo Scientific Inc.) according 
to the manufacturer's protocol. Specific primers for collagen I, 
collagen III, α‑SMA, TGF‑β1 and β‑actin were designed from 
their GenBank sequences (8) and synthesized by Bio Basic, Inc. 
(Markham, ON, Canada; Table I). qPCR quantitation for each 
target mRNA was performed on an ABI Model 7900 Detector 
(Applied Biosystems, Foster City, CA, USA) using the Takara 
qPCR kit. The thermocycling conditions were as follows: 
95˚C for 10 sec; followed by 40 cycles at 95˚C for 5 sec, 60˚C 
for 30 sec; followed by 95˚C for 15 sec, 60˚C for 15 sec and 
95˚C for 15 sec). The amount of each mRNA in the samples 
was calculated from the standard curve and normalized to the 
β‑actin mRNA. The comparative 2-ΔΔCq method was used for 
quantification and the results were expressed as fold‑changes 
relative to the normal controls (19).
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Cell culture and treatment. LX‑2 cells were maintained in 
DMEM supplemented with 10% FBS, 100 U/ml penicillin and 
100 µg/ml streptomycin (Invitrogen; Thermo Fisher Scientific, 
Inc.). The LX‑2 cells were seeded onto 6‑well culture plates to 
60‑70% confluence in DMEM containing 10% FBS for 24‑48 h 
at 37˚C. The medium was replaced with serum‑free DMEM 
for 24 h prior to treatment with recombinant human TGF‑β1 
at 37˚C at a final concentration of 5 ng/ml. For the detection of 
α‑SMA and collagen I, cells were pretreated at 37˚C with 2 mM 
AKF‑PD as reported in a previous study (7), for 24 h. TGF‑β1 
was subsequently added to the medium, for 24 h. Cells cultured 
in DMEM alone were used as a control. The cells were treated for 
48 h at 37˚C, as determined by a preliminary experiment, prior 
to protein isolation. For detection of p‑Smad‑3, p‑ERK1/2, p38 
MAPK and p‑JNK, cells were pretreated with 2 mM AKF‑PD 
for 24 h at 37˚C, and TGF‑β1 (5 ng/ml) was subsequently added 
to the medium at 5, 15, 30 and 60 min prior to the collection of 
cellular proteins. Each experiment was replicated three times.

Western blot analysis. Total protein (30 µg) from the fresh liver 
tissue or cultured cells was extracted using sodium dodecyl 
sulfate (Sigma‑Aldrich; Merck KGaA; cat. no. L3771) and deter-
mined using a PierceTM BCA Protein assay kit (cat. no. 23227; 
Thermo Fisher Scientific Inc.). Samples (20 µg per lane) were 
separated by 8 or 10% SDS‑PAGE under reducing conditions, 
and transferred onto polyvinylidene difluoride membranes 
(EMD Millipore, Billerica, MA, USA). Non‑specific binding 
was blocked with TBS‑T buffer [10 mM Tris/HCl, 150 mM 
NaCl, 0.1% (v/v) Tween 20, pH 7.6] containing 5% (w/v) 
skimmed milk for 1 h at room temperature. The membranes 
were incubated overnight at 4˚C with primary antibodies against 
α‑SMA (dilution, 1:2,500), collagen I (dilution, 1:1,000), p‑ERK 
(dilution, 1:1,000), p‑p38 (dilution, 1:1,000), p‑JNK (dilution, 
1:1,000), p‑Smad‑3 (dilution, 1:1,000), ERK (dilution, 1:1,000), 
p38 (dilution, 1:1,000), JNK (dilution, 1:1,000), Smad‑3 (dilution, 
1:1,000) and β‑actin (dilution, 1:5,000), and were subsequently 
incubated with HRP‑conjugated secondary antibodies (dilution, 
1:5,000) for 1 h at room temperature. The bands were visualized 
using an ECL kit and quantified using Bandscan 5.0 software 
(Glyko, Inc., Novato, CA, USA). Phosphorylated proteins were 
normalized to the expression of the total protein and the loading 
control.

Statistical analysis. Data are expressed as the mean + standard 
deviation. Statistical analyses were performed using SPSS 19.0 
software (IBM Corp., Armonk, NY, USA). The comparison 

among groups was made with a one‑way analysis of variance 
(ANOVA). Multiple‑comparison tests were applied only when 
a significant difference was determined by ANOVA followed 
by an LSD post‑hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

AKF‑PD ameliorates the histological injury induced by PS. As 
demonstrated in Fig. 1A, PS‑gavaged rats displayed impaired 
hepatic lobules, a reduced quantity of hepatic sinusoids, wide 
hemorrhagic necrosis and lobular architecture with narrow 
strips of reticulin connecting central zones. AKF‑PD admin-
istration at the concentration of 240 mg/kg/day attenuated 
these pathological modifications (P<0.05). Although the 
accumulation of collagen fibers between the portal region and 
pseudolobules was augmented in the PS model group, AKF‑PD 
therapy significantly attenuated the increase in collagen expres-
sion (P<0.05; Fig. 1B).

AKF‑PD attenuates ECM deposition and HSCs activation in 
rat fibrotic liver. With respect to the deposition of collagen types 
I and III, the main ECM components of the fibrotic liver, and 
α‑SMA, a marker for HSC activation, no positive staining was 
identified in the control rat liver tissue (Fig. 2). The PS‑injured 
liver exhibited a notable expression of collagen type I, collagen 
type III and α‑SMA, which was significantly suppressed by 
AKF‑PD therapy (P<0.05; Fig. 2). Furthermore, these observa-
tions were confirmed by the RT‑qPCR analysis of collagen type 
I, collagen type III and α‑SMA mRNA expression in liver tissue 
(P<0.05; Fig. 3A‑C).

The expression of TGF‑β1 is decreased by AKF‑PD in fibrotic 
liver tissue. TGF‑β1 is a central mediator of liver fibrosis. The 
upregulated expression of TGF‑β1 has been detected in experi-
mental liver fibrosis models (20). Therefore, it was considered 
whether AKF‑PD diminished the expression of TGF‑β1. It was 
revealed that the expression of TGF‑β1 was notably increased 
following PS treatment, and that AKF‑PD significantly attenu-
ated the expression of TGF‑β1 (P<0.05; Fig. 3D).

AKF‑PD alleviates TGF‑β1‑induced α‑SMA and collagen I 
expression in HSCs. Having demonstrated that AKF‑PD can 
effectively attenuate liver fibrosis in experimental animals, the 
cellular mechanism by which AKF‑PD influences HSCs, the 
central cell type associated with liver fibrosis, was considered in 

Table I. Nucleotide sequences of the primers used for reverse transcription‑quantitative polymerase chain reaction.

Gene Forward (5'‑3') Reverse (5'‑3')

Collagen I TCAGGGGCGAAGGCAACAGT TTGGGATGGAGGGAGTTTACACGA
Collagen III CGTCCTGCAGGTAACAGTGGTTC TGCTCCAGTTAGCCCTGCAA
α‑SMA CTAAGGCCAACCGGGAGAAA CCAGAGTCCAGCACAATACCA
TGF‑β1 CAACAATTCCTGGCGTTACCTT AAGCCCTGTATTCCGTCTCCTT
β‑actin GGAGATTACTGCCCTGGCTCCTA GACTCATCGTACTCCTGCTTGCTG

SMA, smooth muscle actin; TGF, transforming growth factor.
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the LX‑2 cell line. Following the incubation of LX‑2 cells with 
AKF‑PD, the expression of α‑SMA initiated by TGF‑β1 was 
significantly decreased (P<0.05; Fig. 4A). The protein expres-
sion of the fibrosis marker collagen I was also detected. As 
indicated in Fig. 4B, a 2.6‑fold increase in collagen I expression 
was induced by TGF‑β1, which was suppressed by AKF‑PD to 
a variable extent (P<0.05).

AKF‑PD inhibits the TGF‑β1/Smad and MAPK pathways in 
HSCs. To further identify the molecular mechanisms respon-
sible for the inhibitory effects of AKF‑PD on TGF‑β1-induced 
HSC activation, the effects of AKF‑PD on TGF‑β1-induced 
TGF‑β1/Smad and MAPK pathways in LX‑2 cells were 
analyzed. The time course of the activation of Smad‑3, ERK, 
p38 and JNK in reaction to TGF‑β1 was detected in LX‑2 cells. 
Significant increases in p‑Smad‑3, p‑ERK, p‑p38 and p‑JNK 
were observed as early as 15 min following TGF‑β1 treatment 
(Fig. 5). The levels of p‑Smad3, p‑ERK, p‑p38 and p‑JNK were 
markedly decreased by co‑treatment with AKF‑PD. Therefore, 

these data suggest that AKF‑PD inhibits TGF‑β1‑induced HSCs 
activation by targeting the TGF‑β1/Smad and MAPK signaling 
pathways.

Discussion

The inordinate accumulation of ECM proteins such as collagen 
leads to liver fibrosis, which is associated with the majority of 
chronic liver diseases. Advanced stages of liver dysfunction 
and cirrhosis result in liver fibrosis (21). However, despite the 
advancements in knowledge regarding the molecular and 
cellular mechanisms of liver fibrosis and cirrhosis, the available 
anti‑fibrotic treatment options are insufficient. In certain cases, 
causes including alcohol‑induced liver fibrosis may further the 
progression of liver fibrosis, even following the withdrawl of the 
causative agent (alcohol) (22).

In the present study, the anti‑fibrotic effect of AKF‑PD and 
its potential mechanisms were identified: AKF‑PD was revealed 
to reduce the number of activated HSCs, as demonstrated by the 

Figure 1. AKF‑PD improves the histological injuries induced by pig serum. (A) Representative histological images of hematoxylin and eosin‑stained rat liver 
tissue in the (a) normal, (b) PS and (c) PS+AKF‑PD groups, respectively. Arrows indicate impaired hepatic lobules, a reduced quantity of hepatic sinusoids, 
wide hemorrhagic necrosis and lobular architecture with narrow strips of reticulin connecting central zones. Magnification, x200. Columns indicate the necro-
inflammatory score of liver fibrosis for each group. (B) Representative images of Masson‑stained collagen deposition in rat livers in the (a) normal, (b) PS and 
(c) PS+AKF‑PD groups, respectively. Arrows indicate the accumulation of collagen fibers between the portal region and pseudolobules. Magnification, x100. 
Columns indicate the semi‑quantitative score for liver fibrosis in each group. Data are expressed as the mean ± standard deviation (15 rats/group). *P<0.05 vs. 
normal group; #P<0.05 vs. PS group. AKF‑PD, fluorofenidone; PS, pig serum.
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Figure 2. AKF‑PD attenuates ECM deposition and HSC activation in rat fibrotic liver tissue. Immunohistochemical staining for (A) collagen I, (B) collagen 
III and (C) α‑SMA in liver tissue in the (a) normal, (b) PS and (c) PS+AKF‑PD groups are presented (magnification, x100). Arrows indicate the deposition of 
collagen types I and III, the main ECM components of the fibrotic liver, and α‑SMA, a marker for HSC activation. Columns indicate the semi‑quantified scores 
for collagen I, collagen III and α‑SMA expression. Data were expressed as the mean ± standard deviation (6 rats/group). *P<0.05 vs. normal group; #P<0.05 vs. 
PS group. AKF‑PD, fluorofenidone; ECM, extracellular matrix; SMA, smooth muscle actin; PS, pig serum; HSC, hepatic stellate cell.

Figure 3. AKF‑PD decreases the expression of collagen I, III, α‑SMA and TGF‑β1 in fibrotic liver tissue. Reverse transcription‑quantitative polymerase chain 
reaction was used to determine the levels of (A) collagen I, (B) collagen III, (C) α‑SMA and (D) TGF‑β1 mRNA expression following AKF‑PD treatment. Data 
are expressed as the mean ± standard deviation (6 rats/group). *P<0.05 vs. normal group; #P<0.05 vs. PS group. AKF‑PD, fluorofenidone; SMA, smooth muscle 
actin; TGF, transforming growth factor; PS, pig serum.
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decrease in α‑SMA (a myofibroblast marker) and ECM protein 
expression, which was mediated at least partly by attenuating 
the TGF‑β1‑induced upregulation of the TGF‑β/Smad and 
MAPK pathways.

The progression of liver fibrosis is a dynamic process 
comprising several types of cells in the hepatic sinusoids. It is 
characterized by disturbed hepatic architecture and the accu-
mulation of ECM proteins. The activation of HSCs in response 
to hepatic injury is a key process in hepatic fibrogenesis, 
comprising the transformation of quiescent vitamin A‑rich cells 
into proliferative, fibrogenic and contractile myofibroblasts (23). 
α‑SMA is a marker for the detection of activated HSCs during 
fibrogenesis (24). The CCl4‑ and dimethylnitrosamine‑induced 
liver fibrosis models are chemically induced injuries, whereas 
PS immunologically induced injury is more likely to simulate 
hepatic fibrosis, caused by hepatitis B (13). In the present study, 
the oral administration of AKF‑PD to rats hindered PS‑induced 
α‑SMA expression and collagen type I and III deposition, as 
evaluated by immunohistochemistry, a result that was also iden-
tified at the mRNA level. These data implied that PS‑induced 
liver fibrosis can be attenuated by AKF‑PD.

Hepatic fibrosis is characterized by the inordinate yield 
and deposition of ECM proteins, resulting in the devastation 
of the ordinary hepatic parenchyma and interruption of the 
liver structure (25,26). Collagen types I and III and other ECM 
proteins can be excessively deposited, thereby causing organ 
malfunction and failure (27). The regulation of collagen I and 
III expression has been extensively studied to determine the 

mechanism of fibrosis (28). TGF‑β1 is a central mediator of 
HSC activation and ECM protein accumulation, as it gives rise 
to fibrosis. The secretion and activation of TGF‑β1 stimulates 
the synthesis of various ECM components, including collagen 
I and III (29). TGF‑β1 expression is markedly augmented in 
cirrhotic liver tissue; it is a potent inducer of stellate collagen 
production and cell proliferation (30). In the present study, 
TGF‑β1 expression was reduced by AKF‑PD in PS‑induced 
liver fibrosis, suggesting that the anti‑fibrotic effects of AKF‑PD 
may be mediated through the suppression of TGF‑β1.

HSCs are activated by a variety of cytokines, including 
PDGF and TGF‑β1, which are produced by endothelial cells, 
hepatocytes and Kupffer cells (29). PDGF is the most potent 
proliferative cytokine in HSCs, whereas TGF‑β1 is the strongest 
pro‑fibrotic factor (31,32). The transformation of HSCs into 
myofibroblasts can be promoted by TGF‑β1; the synthesis and 
degradation of the ECM can also be stimulated and inhibited 
by TGF‑β1 (33). In the present study, AKF‑PD attenuated the 
TGF‑β1‑induced expression of collagen I and α‑SMA in vitro, 
suggesting that AKF‑PD decreases the extent of liver fibrosis by 
suppressing TGF‑β1.

TGF‑β1 signaling is transduced through the sequential 
activation of its two serine/threonine kinase receptors (TGF‑β 
type I receptor and TGF‑β type II receptor), which in turn 
phosphorylate Smad‑3 or Smad‑2 to induce nuclear transloca-
tion (34). Smad‑3 regulates the transcription of fibrogenic genes, 
including α‑SMA and pro‑collagen type I, which are impor-
tant for the production of ECM proteins to repair damaged 

Figure 4. AKF‑PD alleviates TGF‑β1-induced α‑SMA and collagen I expression in HSCs. AKF‑PD decreases TGF‑β1‑induced (A) α‑SMA and (B) collagen 
I expression in HSCs, as determined by western blot analysis. Untreated cells were used as a negative control. *P<0.05 vs. control group; #P<0.05 vs. 
TGF‑β1‑treated group. AKF‑PD, fluorofenidone; TGF, transforming growth factor; SMA, smooth muscle actin; HSC, hepatic stellate cell; PS, pig serum.
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tissues (35). Therefore, the inhibition of TGF‑β1 signaling in 
HSCs is a therapeutic target for inhibiting the initiation and 
progression of hepatic fibrosis. TGF‑β1 is the primary isoform 
associated with liver fibrosis. The results of the present study 
revealed that treatment with 5 ng/ml TGF‑β1 activated HSCs, 
as confirmed by the increase in α‑SMA and collagen I protein 
expression. Furthermore, the signaling pathway activated by 
TGF‑β1 affects the type I receptor‑mediated phosphorylation 
of Smad‑3 (36), which was also suppressed by AKF‑PD. These 
data suggest that AKF‑PD blocks fibrogenesis via an effect on 
the TGF‑β/Smad signaling pathway.

Smad‑3 was demonstrated to be an effector of TGF‑β1-induced 
fibrosis (37). Additionally, a number of non‑Smad signaling 
molecules, including ERK, p38, JNK, and phosphatidylino-
sitol‑3‑kinase have previously been identified as mediators of 
TGF‑β1‑induced fibrosis (38). Smads and the canonical Smad 
transcription factor pathway have been the focus of previous 

research (39). The linker domains of Smad2/3 can act as 
sensors of Smad independent or non‑Smad signal transduction 
cascades. There are several possible ERK phosphorylation sites 
within the linker region domains of Smad2 and Smad3 (40). 
In addition to the Smad‑mediated canonical TGF‑β1 signaling 
pathway, the ERK, p38 MAPK and JNK signaling pathways 
can also be activated by TGF‑β1 (41). Furthermore, TGF‑β1 can 
augment collagen type I expression through the MAPK and Akt 
pathways (42), and the signaling pathway activated by TGF‑β1 
comprises non‑Smad signaling molecules, including ERK, p38 
and JNK, which were also suppressed by AKF‑PD. These data 
indicated that AKF‑PD blocks fibrogenesis through the MAPK 
signaling pathway.

Considering the ability of AKF‑PD to ameliorate liver fibrosis, 
the present study investigated its effect on TGF‑β1-mediated 
HSC activation in LX‑2 cells and on the fibrogenesis induced by 
PS in rats. The present study demonstrated that AKF‑PD inhibits 
PS‑stimulated liver fibrosis and suppresses TGF‑β1-mediated 
HSCs activation. The impacts of AKF‑PD on HSCs activation 
through the TGF‑β1/Smad and MAPK pathways, which serve 
crucial roles in fibrogenesis, were also identified. The results of 
the present study may inform a novel therapeutic strategy for 
preventing liver fibrosis and other liver diseases.
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Figure 5. AKF‑PD inhibits the TGF‑β1/Smad and mitogen‑activated protein 
kinase pathways in HSCs. AKF‑PD decreases the phosphorylation of Smad‑3, 
ERK, p38 and JNK in TGF‑β1‑induced HSCs as determined by western 
blot analysis. Untreated cells were used as a negative control. *P<0.05 vs. 
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TGF, transforming growth factor; Smad, mothers against decapentaplegic 
homolog; HSC, hepatic stellate cell; ERK, extracellular signal‑regulated 
kinase; JNK, c‑Jun N‑terminal kinase; p, phosphorylated.
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