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Abstract: By activation of the hepatic stellate cells (HSC), transforming growth factor 1 (TGF-f1) makes a major
contribution to the development of hepatic fibrosis in response to increases in intracellular reactive oxygen species
(ROS). However, our understanding of factors regulating the TGF-B1 action in the above process remains limited.
The purpose of this study was to identify the potential role of Peroxiredoxin-1 (Prx1) in TGF-1 induced activation of
HSCs and hepatic fibrosis. Protein and mRNA expression of Prx1 in the rats of dimethylnitrosamine (DMN)-induced
hepatic fibrosis model were determined by Western blot and RT-PCR. siRNA and overexpression plasmid were trans-
fected specifically in HSC cell lines, CFSC or LX-2 cells, to assess the role of Prx1 in hepatic fibrosis. The intracellular
ROS was tested by dichlorofluorescein fluorescence analysis. Prx1 protein and mRNA expression was significantly
reduced in DMN rats with a concurrent increase in TGF-f1 and phosphorylation of Smad3 (p-Smad3). In both CFSC
and LX-2 cells, knocking down Prx1 led to increased ROS production and activation of HSCs, while overexpressing
Prx1 ameliorated these events. Prx1-derived suppression of TGF-B1/Smad3 signaling, thereby leading to modula-
tion of the pro-oxidant/anti-oxidant redox balance. As a result, Prx1 plays a protective role against activation of

HSCs, suggesting Prx1 is potential therapeutic target for hepatic fibrosis.
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Introduction

Hepatic fibrosis is the common pathologic
change like a wound healing response to a vari-
ety of acute or chronic insults [1]. Cholestasis,
ethanol, viral infections and hepatotoxic drugs
could induce progressive hepatic fibrosis,
which may advance to cirrhosis over decades.
It represents a major worldwide medical prob-
lem associated with severe complication and
significant morbidity. However, how to prevent
hepatic fibrosis remains elusive. Understanding
the mechanisms of hepatic fibrosis is essential
in establishing common interventional strate-
gies out of different etiological treatment.

The activation of hepatic stellate cells (HSCs)
into matric-producing myofibroblast-like pheno-
type are known as a central event in hepatic
fibrogenesis [2]. HSCs activation is character-
ized by enhanced contractility, increased migra-
tory capacity, deposition of the extra cellular

matrix (ECM) proteins such as fibronectin (FN)
and collagen | or lll, upregulation of a-smooth
muscle alpha actin (a-SMA) [3]. Especially, the
expression of a-SMA directly correlates with
activation of myofibroblasts [4]. Binding to its
cognate receptors, transforming growth factor
B1 (TGF-B1) initiates phosphorylation on the
Smad3, which in turn enhances the transcrip-
tion of a-SMA and collagen. So that, TGF-B1 can
efficiently induce the activation of HSCs and act
as a major fibrogenic cytokine [5].

A lot of factors have been documented to affect
the activation of HSCs including oxidative stress
(0S), apoptosis, inflammation, paracrine stimu-
lation [6, 7]. Among these factors, OS has
always been suggested to play an important
role in pathogenesis and proved in almost every
kind of clinical and experimental liver disease,
including virus hepatitis, non-alcoholic fatty
liver disease and autoimmune Hepatitis [8-10].
Moreover, OS-related molecules may act as
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Figure 1. Pathology change of DMN-induced hepatic fibrosis. Control and DMN group liver tissue stained with HE,
Masson’s trichrome or Sirius red staining (x100). Typical images and quantifications (means + SD) were shown in
each parts. *P<0.05; **P<0.01; ***P<0.001 in comparison to the control group.

mediators that modulate different pathways
responsible for the progression of liver fibrosis.
However, the mechanisms underlying this pro-
cess remains unclear.

Peroxiredoxin-1 (Prx1) is a member of the per-
oxiredoxin family that detoxifies H,0,, mediates
signaling and regulates metabolism [11].
Evidence is emerging for a critical role of Prx1
in protection from lung, kidney, and potentially
liver fibrosis which are associated with OS [12-
14]. However, whether Prx1 plays a role in the
development of hepatic fibrosis is currently
unknown, and the underlying mechanisms
remains poorly understood. In this study, we
would demonstrate the role of Prx1 in hepatic
fibrosis and explore the molecular mechanisms
under this.

Materials and methods
Antibodies and reagents

The antibodies respectively against Prxi,
o-SMA, phospho-Smad3, Smad2/3, and B-
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Actin were purchased from Abcam (Cambrige,
UK). Anti-Flag antibodies and 2’, 7’-Dichloro-
fluorescin diacetate (DCFH-DA) were obtained
from Sigma (Saint Louis, MO). The antibody
against fibronectin was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). The
Horseradish Peroxidase (HRP)-conjugated sec-
ondary antibody in Western blotting was manu-
factured by the Jackson Laboratory (Bar Harbor,
Maine). Trizol reagent, RevertAid First Strand
cDNA Synthesis Kit, Lipofectamine 2000,
Penicillin, Streptomycin were all purchased
from Life Technologies (Carlsbad, CA). TGF-B1
(Peprotech, Rocky Hill, CT), SYBR green real-
time PCR kit (Takara, Dalian, Liaoning, China),
siRNA (Genepharma, Shanghai, China), the
overexpression plasmid (Yingrun, Changsha,
Hunan, China), and TBARS Assay kit (R&D
Systems, Minneapolis, MN) were respective-
ly purchased from the indicted sources.
Dulbecco’s modified eagle medium (DMEM),
Fetal Bovine Serum (FBS) and Opti-MEM were
purchased from Gibco (Waltham, MA).
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Figure 2. Feature of DMN-induced hepatic fibrosis. A: TGF-B1 mRNA in liver from the control and DMN group tested
by Real-time PCR. B: Western blot analysis of p-Smad3 in the liver of the indicated rats. C: Western blot analysis of
a-SMA and FN in the liver of the indicated rats. D: The MDA level were tested in control and DMN groups. Typical im-
ages and quantifications (means + SD) were shown in each parts. *P<0.05; **P<0.01; ***P<0.001 in comparison

to the control group.

Cell culture and transfection

Rat HSCs of CFSC-2G and human HSCs of LX-2
cells were provided from the Department of
Cell Biology, Central South University, China.
Cells were cultured in DMEM supplemented
with 10% FBS, 100 ug/mL streptomycin and
100 U/mL penicillin (Life Technologies) at 37°C
in a humidified atmosphere with 5% CO, and
95% air. The cells were seeded on 6-well cul-
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ture plates in complete medium for 24 h.
Transfections were performed with Prx1 siRNA
or overexpression plasmid using Lipofectamine
2000 according to the manufacturer’s instruc-
tions. The sequences for the rat Prx1 siRNA oli-
gos were as follows: sense 5-CACCAUUGCU-
CAGGAUUAUTT-3’ and antisense 5-AUAAUC-
CUGAGCAAUGGUGTT-3". The sequences for the
human Prx1 siRNA oligos were: sense 5-GC-
CGAAUUGUGGUGUCUUAUU-3’ and antisense
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Figure 3. Prx1 reduced in DMN-induced hepatic fibrosis. A: Western blot analysis of Prx1 in the liver of the indicated
rats. B: Real-time PCR analysis of Prx1 mRNA in liver from the control and DMN groups. Typical images and quanti-
fications (means + SD) were shown in each parts. *P<0.05; **P<0.01; ***P<0.001 in comparison to the control

group.

5-UAAGACACCACAAUUCGGCUU-3". pCDNA3.1-
Prx1-Flag (rat), pCDNA3.1-Prx1-Flag (human)
and the empty vector pCDNA3.1 were used for
overexpression and negative control vectors,
respectively. The HSCs were incubated with
TGF-B1 (10 ng/mL) for 24 h to induce transdif-
ferentiation, 15 min to activate Smad3, or 30
min to examine intracellular ROS levels,
respectively.

Animals

Male albino rats of the Wistar strain weighing
between 220 and 250 g were obtained from
Silaike Laboratory Animal Co. (Shanghai,
China). Animals were housed in a pathogen-
free environment with a 12-hour light-dark
cycle and unrestricted access to standard rat
chow diet and water. Animal care was provided
in compliance with the university’s guidelines.
All experimental protocols were approved by
the Ethics Review Committees for Animal
Experimentation of Central South University.
For the purpose of this study, animals were ran-
domly divided into two groups: control (n = 8),
and DMN treatment (n = 8). Hepatic fibrosis
was induced via intraperitoneal injections of
DMN at a dose of 1 yL (diluted 1:100 with 0.15
M NaCl) per 100 g body weight. The injections
were given on the first three consecutive days
of each week for a period of 4 weeks. The con-
trol animals received the same injection of 0.15
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M sterile NaCl without DMN. Rats were eutha-
nized at the end of 4 weeks. Their livers were
rapidly removed, and a portion of liver was fixed
with 4% paraformaldehyde before embedding
in paraffin. Paraffin sections (4 ym) were used
for haematoxylin and eosin (H&E) and Masson’s
trichrome procedures. The remaining tissue
was snap-frozen in liquid nitrogen for Western
blot and Real-time PCR analyses.

Histological analysis

The paraffin sections (4 um) were stained with
H&E, Masson’s trichrome or Sirius red staining.
To determine the degree of necroinflammatory
liver injury, histological grading were blindly per-
formed by an independent pathologist as previ-
ously described [15]. To quantify interstitial col-
lagen deposition, Masson’s trichrome-stained
sections and Sirius red staining sections were
graded according to previously published pro-
cedures [16].

Western blot

Liver tissue, CFSC-2G and LX-2 cell lysates
were prepared using a lysate buffer (20 mM
Tris-HCI (pH 7.4), 4% SDS, and 10% glycerol).
Twenty micrograms of lysate protein was se-
parated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) under
reducing conditions, and transferred onto poly-
vinylidene difluoride membranes (Millipore,

Int J Clin Exp Med 2017:10(6):8896-8906
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Figure 4. Prx1 suppresses TGF-B1-derived Smad3 phosphorylation of HSCs. A: EV and Prx1 overexpression CFSC-2G
or LX-2 cells were treated with TGF-B1 (10 ng/ml) for 10 min, followed by Western blot examination for p-Smad3.
B: siCtrl and siPrx1 CFSC-2G or LX-2 cells were treated with TGF-B1 (10 ng/ml) for 10 min, followed by Western blot
examination for p-Smad3. Experiments were repeated three times; typical images and quantifications (mean + stan-
dard deviation (SD)) are shown. *P<0.05; **P<0.01; ***P<0.001 in comparison to the respective untreated cells.

Billerica, MA). The membranes were immersed
in a blocking solution composed of 5% skim
milk and TBS-T (0.05% Tween 20, 20 mM
Tris-HCI, and 150 mM NaCl (pH 7.6)) for 1 h at
room temperature before incubation with the
primary antibodies at 4°C overnight. The HRP
secondary antibodies were added for 1 h at
room temperature, followed by removing the
primary antibodies and rinsing the membranes.
Upon completion of three washes with TBS-T,
signals were developed using the ECL Plus
Western Blotting Detection Reagents (Advan-
sta, Menlo Park, CA) and X-ray film (Kodak,
Rochester, NY). Bands were quantified using
Image J. Primary antibodies used were anti-
Prx1 (1:2000), anti-a-SMA (1:8000), anti-phos-
pho-Smad3 (1:2000), and anti-Smad2/3 (1:
2000), anti-Fibronectin (1:800), anti-B-Actin
(1:5000), anti-Flag (1:1000) respectively.

Real-time PCR

Total RNA was isolated from liver tissue using
Trizol reagent according to the manufacturer’s
instruction. The first strand cDNAs were synthe-
sized from 1 pg of total RNA in a 20 pL reaction
using RevertAid First Strand cDNA Synthesis
Kit. The specific primers used for Prx1, TGF-f1
and B-actin were designed based on the gene
sequences and synthesized by Generay Biotech
(Shanghai, China). The Prx1 primer pair consist-
ed of forward primer 5-GGCTCACGGTTGGTTC-
TGTT-3’ and reverse primer 5-GGGAGCAGGA-
TGCCCAATTT-3’; TGF-B1 primer pair consisted
of forward primer 5’-CAACAATTCCTGGCGTTAC-
CTT-3’ and reverse primer 5-AAGCCCTGTATT-
CCGTCTCCTT-3’; and B-actin primers were for-
ward primer 5-CACCCGCGAGTACAACCTTC-3’
and reverse primer 5’-CCCATACCCACCATCACA-
CC-3'. Real-time reverse transcription poly-
merase chain reaction (RT)-PCR quantification
for individual target mRNA expression was per-
formed using the CFX96 Real-time Detection
System (Bio-Rad, Hercules, CA) involving a
TaKaRa SYBR green real-time PCR kit. The
amount of specific mMRNA in each sample was
calculated from the standard curve and nor-
malized to the B-actin mRNA. The comparative
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288CT method was used for quantification and
statistical analysis.

Flow cytometry detection of intracellular ROS

Intracellular ROS were measured using the
DCFH-DA assay. CFSC-2G and LX-2 cells were
seeded at a density of 10° cells/well in a 6-well
plate in complete medium for 24 h, followed by
transfection for 48 h. After incubation with
DCFH-DA (10 uM) and stimulation with TGF-f1
(10 ng/ml) in 5% CO, at 37°C for 30 min, the
cells were washed three times with PBS and
analyzed within 30 min using FACScan (Becton
Dickinson, San Jose, CA) with excitation set at
488 nm and emission at 525 nm.

MDA assay

The serum Malondialdehyde (MDA) levels
were determined by TBARS assay kit according
to the manufacturer’s instruction.

Statistical analysis

All data are presented as mean + SD (standard
derivation). Statistical analysis was performed
using SPSS 20.0 software (IBM Corp, Armonk,
NY). Difference between two groups was per-
formed using Student’s t-test. Differences
among groups were tested by one-way ANOVA.
Multiple comparison tests were applied only
when a significant difference was determined
by the ANOVA. P<0.05 was considered statisti-
cally significant.

Results

Reduction of Prx1 expression in DMN-induced
hepatic fibrosis

To examine the role of Prx1 in liver fibrosis in
vivo, we established the hepatic fibrosis model
by intraperitoneal injection of DMN. This is a
well-established rat model for hepatic fibrosis,
which is characterized by differentiation and
proliferation of HSCs, and increases in ECM
deposition. Consistent with this concept, we
observed damages in the portal area architec-
ture, derangement of liver cells, infiltration of
inflammatory cells, and deposition of collagen

Int J Clin Exp Med 2017:10(6):8896-8906
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Figure 5. Prx1 restrains o-SMA expression of HSCs. B: EV and Prx1 overexpression CFSC-2G or LX-2 cells were
treated with TGF-B1 (10 ng/ml) for 24 h, followed by Western blot examination for a-SMA. A: siCtrl and siPrx1 CFSC-
2G or LX-2 cells were treated with TGF-B1 (10 ng/ml) for 24 h, followed by Western blot examination for a-SMA.
Experiments were repeated three times; typical images and quantifications (mean + standard deviation (SD)) are
shown. *P<0.05; **P<0.01; ***P<0.001 in comparison to the respective untreated cells.

fibers in DMN group compared to control rats
using H&E, Masson’s trichrome staining and
Sirius red staining (Figure 1). As expected, an
elevation of the TGF-B1 mRNA was also demon-
strated in the liver of DMN-treated mice (Figure
2A). Furthermore, the phosphorylated form of
Smad3 (p-Smad3) was concomitantly increased
in DMN livers (Figure 2B), which was associat-
ed with robust upregulations of fibronectin (FN)
and o-SMA (Figure 2C). Furthermore, in com-
parison to control rates, DMN treatment let to
an increase in melonaldehyde (MDA) (Figure
2D), indicating an elevation of ROS levels in the
liver. Collectively, we have established a liver
fibrosis model that is associated with activation
of the TGF-B1 pathway and an increase in ROS.

By using this model, we demonstrated a down-
regulation of Prx1 expression at both mRNA
and protein levels in DMN rats in comparison to
control rats (Figure 3A, 3B). As Prx1 is a well-
known anti-oxidant enzyme, and because oxi-
dative stress is a major fibrogenic factor, our
observed Prx1 reduction (Figure 3A, 3B) and
the concomitant elevation of the TGF-B1 path-
way (Figure 2A-C) in DMA rat liver reveal a
reverse correlation between Prx1 expression
and activation of the TGF-B1 pathway during
the development of hepatic fibrosis.

Prx1 represses TGF-1 signaling

Prx1 has been demonstrated to protect fibrosis
in the lung and kidney [12, 13]. To investigate
potential contributions of Prx1 to liver fibrosis,
we first examined an impact of Prx1 on TGF-f1
signaling in two HSC cell lines (CFSC and LX-2
cells), the cell type of origin of liver fibrosis [17,
18]. While Prx1 overexpression in either cell
line did not affect the basal level of Smad3
phosphorylation (p-Smad3) (Figure 4A, com-
paring the respective lane 1 to lane 3), TGF-B1-
stimulated p-Smad3 was significantly attenu-
ated in Prx1 overexpressing cells in comparison
to the respective empty vector (EV) lines (Figure
4A, comparing lane 2 to the respective lane 4).
To further demonstrate a role of Prx1 in re-
ducing TGF-Bl-initiated p-Smad3, Prx1 was
knocked-down in CFSC and LX-2 cells (Figure
4B, top panel, comparing lane 1 to the respec-
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tive lane 3); Prx1 knockdown significantly sensi-
tized p-Smad3 upon stimulation with TGF-1
(Figure 4B, comparing lane 2 to the respective
lane 4). Consistent with Prx1 overexpression,
Prx1 downregulation was without a clear effect
on the basal levels of p-Smad3 in both cell lines
(Figure 4B, up panel, see basal levels of
p-Smad3 lane 1 vs lane 3). This would be
expected as the basal levels of p-Smad3 in
both cell lines are low. Since p-Smad3 is a
major TGF-B1 target [5], the above observa-
tions support a role of Prx1 in inhibiting TGF-B1
signaling.

In addition of the production of p-Smad3, TGF-
Bl signaling transactivates multiple targets,
including a-SMA. The expression of a-SMA in
HSCs reflects of their transition towards a myo-
fibroblast-like phenotype [3]. To further demon-
strate Prx1-derived inhibition of TGF-B1 signal-
ing, we were able to show a reduction of a-SMA
in Prx1-overexpressing CFSC-2G and LX-2 cells
comparing to the respective EV lines, when the
cells were stimulated with TGF-B1 (Figure 5A,
comparing lane 1 to the respective lane 3).
Conversely, knockdown of Prx1 significantly
elevated o-SMA expression compared to the
control cells upon stimulated with TGF-1
(Figure 5B, comparing lane 2 to the respective
lane 4). Collectively, we provide comprehen-
sive evidence demonstrating an important role
of Prx1 in downregulating TGF-B1-mediated
signaling.

Prx1 suppresses TGF-B1-mediated ROS pro-
duction

ROS induces liver fibrosis, a process in which
TGF-B1 signaling plays a critical role. This
knowledge suggests a positive feedback loop
between ROS and TGF-B1 signaling in the
pathogenesis of liver fibrosis [6]. The observed
role of Prx1 in inhibiting the TGF-B1 signaling
implies a possibility that Prx1 reduces TGF-B1-
induced ROS production. In supporting this sce-
nario, we were able to show a reduction of ROS
in Prx1 overexpression CFSC and LX-2 cells
compared to the respective EV cells with TGF-
B1 stimulating (Figure 6A) and an elevation of
ROS production in Prx1 knockdown CFSC and

Int J Clin Exp Med 2017:10(6):8896-8906
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the respective untreated cells.
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LX-2 cells in comparison to the respective siCtrl
lines (Figure 6B). Taken together, these obser-
vations support a role of Prx1 in attenuating the
positive feedback loop between ROS and TGF-
B1 signaling.

Discussion

Hepatic fibrosis is the common pathological
process by all the kind of liver injury leading to
hepatic cirrhosis. Oxidative stress plays a piv-
otal role in initiation and progression of hepatic
fibrosis by activation of HSCs [19].

The molecular mechanisms about fibrogeniesis
are not fully understood. In this study, we firstly
demonstrated a significant downregulation of
Prx1 in hepatic fibrosis. Prx1 is the most abun-
dant Prx protein in mammalian cells [20]. Prxs
reduce peroxide through the conserved cyste-
ine (Cys) residue and function in multiple cellu-
lar processes by maintaining a proper cellular
redox level. Indeed, accumulative evidence
reveals Prx1 being involved in multiple pro-
cesses, including differentiation, proliferation,
inflammation, apoptosis, and tumorigenesis
[21-24]. Recent developments also support an
anti-fibrogenic role of Prx1. During the develop-
ment of kidney fibrosis, a reduction of Prx1 was
reported [13]. Mice deficient in Prx1 are sensi-
tized to bleomycin-induced pulmonary inflam-
mation and fibrosis [12]. However, the link
between Prx1 and hepatic fibrosis remained to
be determined.

In DMN-induced Rat hepatic fibrosis model, the
portal area architecture was damaged with
ECM deposition. We found that Prx1 protein
and mRNA expression was significantly de-
creased in DMN rats. To identify the function of
Prx1, we knocked down and overexpression
Prx1 in CFSC and LX-2. Incubated with TGF-B1
which is the major fibrogenic factor, we found
knocking down Prx1 exacerbated the TGF-f1
induced activation of HSCs and lifted the basal
level of a-SMA, whereas Prx1 overexpression
attenuated it. TGF-B1 subsequently initiates
phosphorylation on the Smad proteins via bind-
ing to its cognate receptors, and regulates gene
expression by p-Smad3 and p-Smad2 com-
bined with Smad4 to from a heteromeric com-
plex [5]. To further confirm that Prx1 plays a
role in hepatic fibrosis through TGF-B1 pathway,
we used the same in vitro model and found
that Prx1 inhibiting phosphorylation of Smad3
induced by TGF-B1. These in vitro finding com-
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panied with decreased Prx1 expression in vivo
was suggested that Prx1 prevent hepatic fibro-
sis by inhibition of HSCs activation.

Oxidative stress is one of the important patho-
genesis of hepatic fibrosis which can both initi-
ate and then perpetuate fibrosis. Oxidative dis-
ruption of lipids, proteins and DNA induces
necrosis and apoptosis of hepatocytes, ampli-
fies the inflammatory response, induces the
cytokines released including TGF-B, activates
the HSCs. ROS are also interact with several
molecular pathways in fibrogenesis which is
cover of TGF-B pathway, NADPH oxidase, MAPK
pathway [25-27]. Curtailing oxidative stress as
a therapeutic option in patients with hepatic
fibrosis is under investigation. We found that
ROS were higher in DMN rats. In vitro, ROS
were enhanced in Prx1 knock down HSCs, and
ROS were reduced in Prx1 overexpression
HSCs. Taken together, these finding suggest
significant interrelationships between Prx1
expression and oxidative stress in hepatic
fibrosis.

Above all, we first provide the evidence of Prx1
inhibiting TGF-B1/Smad3 and ROS signal path-
way in hepatic fibrosis. Our findings not only
add another intriguing aspect of the multiple
regulation mechanism of hepatic fibrosis, but
also provide the potential therapeutics target-
ing Prx1 to prevent hepatic fibrosis in clinical.
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