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Abstract. Fibrosis induces a progressive loss of liver function, 
thus leading to organ failure. Activins are secreted proteins 
that belong to the transforming growth factor (TGF)‑β 
superfamily, which initiate signaling by binding to their two 
type  II receptors: Activin A receptor type 2A (ACVR2A) 
and activin A receptor type 2B. Previous studies that have 
explored the mechanisms underlying immune‑induced hepatic 
fibrosis have mainly focused on TGF‑β signaling, not activin 
signaling. To investigate the role of the activin pathway in 
this disease, adenovirus particles containing short hairpin 
(sh)RNA targeting ACVR2A mRNA (Ad‑ACVR2A shRNA) 
were administered to mice, which were chronically treated 
with concanavalin A (Con A). The pathological changes in 
the liver were evaluated with hematoxylin/eosin staining, 
Masson trichrome staining and immunohistochemical assay. 
The results detected an increase in serum activin A and liver 
ACVR2A in Con A‑treated animals. Conversely, liver func-
tion was partially restored and fibrotic injury was attenuated 
when activin signaling was blocked. In addition, the activa-
tion of hepatic stellate cells  (HSCs) in response to Con A 
was suppressed by Ad‑ACVR2A shRNA, as evidenced by 
decreased α‑smooth muscle actin, and type I and IV collagen 
expression. Furthermore, primary mouse HSCs  (mHSCs) 
were activated when exposed to interleukin (IL)‑17A  or 
IL‑17F, which are two major cytokines produced by cluster 
of differentiation 4+ T helper 17 cells. The levels of activin A, 
type I and IV collagen were determined with ELISA kits and 
the expression of fibrotic molecules was determined with 
western blot analysis. Conversely, blocking activin/ACVR2A 

impaired the potency of HSCs to produce collagens in 
response to IL‑17s. In addition, C terminus phosphorylation 
of Smad2 on Ser465 and Ser467, induced by either Con A in 
the liver or by IL‑17s in mHSCs, was partly inhibited when 
activin A/ACVR2A signaling was suppressed. Collectively, 
the present study demonstrated an involvement of activated 
activin  A/ACVR2A/Smad2 signaling in immune‑induced 
hepatic fibrosis.

Introduction

Hepatic fibrosis is defined as the aberrant and excess production 
of extracellular matrix (ECM) components, which is involved 
in numerous human chronic liver diseases (CLDs) (1). Although 
fibrogenesis is considered a potentially reversible scarring 
response in the liver, persistent fibrosis can lead to progres-
sive loss of organ function and subsequent liver failure (2). 
Furthermore, immune dysregulation occurs in several liver 
diseases, including autoimmune hepatitis, alcohol‑related liver 
disease and primary biliary cirrhosis (1). Progress in deter-
mining the underlying mechanisms of immune‑induced liver 
fibrogenesis has given realistic hopes to patients with CLD; 
however, scientific and clinical challenges remain (3).

Hepatic stellate cells (HSCs) have garnered attention 
because they give rise to ~90% of ECM‑generating myofi-
broblasts during hepatic fibrosis (4). In addition to repetitive 
injury of hepatocytes and inflammation following destructive 
stimulation, the activation/proliferation of HSCs is a major 
mechanism that contributes to hepatic fibrosis (5). There is a 
growing consensus that HSCs may function as recipients of 
inflammatory signals, and thus generate fibrogenic cytokines, 
including transforming growth factor (TGF)‑β (6). Persistently 
activated TGF‑β signaling leads to overproduction of ECM 
by HSCs in the liver  (7). Conversely, inhibition of TGF‑β 
signaling can attenuate dimethylnitrosamine‑induced liver 
fibrosis, but fails to completely abrogate it (8,9), thus indicating 
that TGF‑β may not be the sole regulator in fibrotic diseases.

Activins are another important TGF‑β‑like group in the 
TGF‑β superfamily (10). Similar to TGF‑βs, activins, including 
activin A, B, AB and AC, are secreted proteins formed by 
various activin subunits as homo‑ and heterodimers  (11). 
Activins signal by binding to heteromeric complexes, which 
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consist of type  I and II receptors  (11). Activin A receptor 
type  2A (ACVR2A, formerly known as ACTRII) is an 
essential type II receptor for activin (10). Notably, increased 
expression of activin A in cirrhotic and fibrotic liver tissues 
has previously been reported (12). Inhibition of activin A with 
its main biological inhibitor follistatin mitigates carbon tetra-
chloride (CCl4)‑induced hepatic fibrosis (13). These studies 
suggest a contributory role for activated activin signaling in 
hepatic fibrosis. However, the precise mechanisms underlying 
activin‑mediated events in hepatic fibrosis, particularly with 
regards to immune‑mediated fibrosis, remain to be fully eluci-
dated.

In response to injurious stimuli, HSCs interact closely 
with liver‑resident cells such as hepatocytes, endothelial 
cells and Kupffer cells, and with infiltrating immune cells, 
such as cluster of differentiation (CD)4+ T lymphocytes (14). 
Concanavalin A (Con A) is a plant lectin, multiple injections of 
which induce T‑cell‑mediated liver fibrosis in mice (15). In addi-
tion, it has been suggested that Con A administration promotes 
the infiltration and differentiation of T helper (Th)17 cells in 
the liver (16). Interleukin (IL)‑17 is mainly generated by Th17 
cells and has been reported to accelerate liver fibrosis by acti-
vating HSCs (17). However, whether activin signaling has a 
role in Th17‑mediated HSC activation is unclear and requires 
further investigation.

In the present study, T‑cell‑mediated liver fibrosis was 
established in BALB/c mice following numerous injections 
of Con A. To disrupt activin signaling delivery, recombinant 
adenoviruses expressing ACVR2A short hairpin (sh)RNA 
were administered to experimental animals and primary 
mouse HSCs (mHSCs). In addition, IL‑17A and IL‑17F, two 
important Th17‑family cytokines, were used to stimulate 
mHSCs expressing normal or decreased ACVR2A. The results 
indicated that inhibition of the activin signaling pathway atten-
uated Con A‑induced fibrotic injury in the liver and suppressed 
IL‑17‑induced mHSC activation.

Materials and methods

Animal model. BALB/c mice (weight, 20‑23 g; age, 8‑10 weeks) 
were purchased from Liaoning Changsheng Biotech Co., Ltd. 
(Benxi, China) and maintained under a 12‑h light/dark cycle 
with free access to food and water. The present study was 
approved by the Institutional Animal Care and Use committee 
of Mudanjiang Medical University (Mudanjiang, China).

The whole experiment consisted of two parts. In experi-
ment part 1, a total of 16 mice were randomly divided into 
two groups: i) Control (n=8) and ii) Con A (n=8) groups. For 
establishment of the immune‑associated hepatic fibrosis animal 
model, mice in the Con A group were administered intrave-
nous (i.v.) injections of Con A (8 mg/kg/week; Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) through the tail vein for 
up to 6 weeks (18). The mice were anesthetized by pentobar-
bital sodium (50 mg/kg body weight; intraperitoneal injection; 
Xiya Reagent, Linshu, China), and the blood was obtained 
from the retro-orbital plexus. The blood was then centrifuged 
at 850 x g for 10 min (4˚C) to collect the serum. After sacrifice, 
the liver was removed from each animal. The expression levels 
of activin A, ACVR2A, IL‑17A and IL‑17F were subsequently 
detected.

In experiment part 2, a total of 40 mice were randomly 
divided into five  groups (n=8 per group): i)  Control, 
ii) Con A, iii) ConA + Ad‑negative control (NC) shRNA, 
iv)  ConA  +  Ad‑ACVR2A shRNA, v)  control  +  Ad‑NC 
sh R NA.  Re c o mbi n a n t  a d e n ov i r u s e s  c a r r y i ng 
ACVR2A shRNA (Ad‑ACVR2A shRNA, target area: 
5'‑GGAGUGUCUUUUCUUUAAU‑3'; NM_007396.4)  (19) 
and NC shRNA (Ad‑NC shRNA) (Shanghai GenePharma Co., 
Ltd., Shanghai, China) were used in the present study. Hepatic 
fibrosis was induced in mice in groups 2‑4 as aforementioned. 
At weeks 1 and 4, 1x109 plaque‑forming units Ad‑ACVR2A 
shRNA or Ad‑NC shRNA was administered to mice in 
groups 3‑5 via i.v. injection 24 h after Con A injection. Serum 
and liver tissue samples were obtained from each mouse at the 
end of week 6, and stored at -80˚C or embedded into paraffin 
until use.

Cell culture. Primary mHSCs were isolated from the fresh 
liver samples of BALB/c mice according to previously reported 
protocols (20‑23) with minor modifications. Briefly, the liver 
samples were initially perfused with PBS containing heparin 
(2 U/ml) at 4˚C for ~20 min, and were then digested with a 
mix of pronase (1 mg/ml; Dalian Meilun Biotech Co., Ltd., 
Dalian, China)/collagenase  IV (0.4  mg/ml; Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA)/DNase I 
(0.2 mg/ml; Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C 
for ~30 min. Subsequently, tissue samples were cut into small 
pieces and incubated with warm PBS containing pronase 
(1 mg/ml)/collagenase IV (0.4 mg/ml)/DNase I (0.2 mg/ml) 
at 37˚C for additional 15 min. The digestion was terminated 
by the addition of an equal volume of Dulbecco's modified 
Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, 
Inc.) containing 10%  fetal bovine serum (FBS; HyClone; 
GE Healthcare, Logan, UT, USA). The digested mix was 
filtered and centrifuged at 160 x g at 4˚C for 3 min, and the 
supernatant was discarded. The cell pellet was resuspended in 
PBS, and centrifuged again. Subsequently, cells suspended in 
DMEM were carefully added to 5 ml 39.5% percoll solution 
(Beijing Solarbio Science & Technology Co., Ltd., Beijing, 
China) and were centrifuged at 430 x g at 4˚C for 20 min. The 
interface between DMEM and percoll solution was collected, 
suspended in DMEM, and centrifuged at 160 x g at 4˚C for 
7 min to collect the final cell pellet. The cells were then 
cultured with DMEM containing penicillin/streptomycin and 
10% FBS. The purity of HSCs was >90%, as determined by 
desmin immunostaining (24). The first passage of mHSCs 
was used in the present study. Recombinant murine IL‑17A 
and IL‑17F (PeproTech, Inc., Rocky Hill, NJ, USA) at 10, 30 
or 100 ng/ml were used to stimulate mHSCs for 1, 3, 6, 12, 
24 or 48 h. For some experiments, the mHSCs were infected 
with Ad‑ACVR2A shRNA or Ad‑NC shRNA (multiplicity of 
infection, both 50) for 24 h, and were then stimulated with 
recombinant IL‑17A (30 ng/ml) or IL‑17F (30 ng/ml) for addi-
tional 48 h.

Western blot analysis. Total proteins were isolated from liver 
tissues and primary HSCs using radioimmunoprecipitation 
assay lysis buffer (P0013B), and protein concentration was 
quantified using a Bicinchoninic Acid Protein assay kit 
(P0009) (both from Beyotime Institute of Biotechnology, 
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Shanghai, China). Rabbit polyclonal antibodies against 
ACVR2A (ab135634, 1:500; Abcam, Cambridge, UK), 
type  I  α  collagen (collagen  I, BA0325, 1:400; Wuhan 
Boster Biological Technology, Ltd., Wuhan, China), 
type  IV  α  collagen (collagen  IV, BA2174, 1:400; Wuhan 
Boster Biological Technology, Ltd.), Smad2 (bs‑0718R, 
1:500), phosphorylated (p)‑Smad2S465/467 (bs‑3419R, 1:500; 
both from BIOSS, Beijing, China) and a mouse monoclonal 
antibody against α‑smooth muscle actin (α‑SMA, BM0002, 
1:400; Wuhan Boster Biological Technology, Ltd.) were used 
to detect the expression of corresponding proteins. Briefly, 
equal protein samples (20 µg) mixed with loading buffer 
were separated by 10% SDS‑PAGE for 2.5 h and were then 
transferred onto polyvinylidene fluoride membranes, which 
were blocked with 5% (M/V) non‑fat milk (TTBS buffered) 
for 1  h at room temperature. The membranes were then 
incubated with primary antibodies at 4˚C overnight, followed 
by incubation with goat anti‑rabbit or goat anti‑mouse horse-
radish peroxidase (HRP)‑labeled‑immunoglobulin G (IgG) 
secondary antibodies (A0216 or A02087; 1: 5,000; Beyotime 
Institute of Biotechnology) for 45 min at 37˚C. Finally, the 
membranes were visualized using an enhanced chemilumi-
nescence reagent (Beyotime Institute of Biotechnology) in 
the dark. β‑actin served as the control (sc-47778; 1:1,000; 
Santa Cruz Biotechnology, Inc., Dallas, Texas, USA). The 
software used to semi-quantify the blots was gel-pro analyzer 
(version 4).

Morphological structure analysis and immunohistochemistry 
(IHC). Staining reagents were purchased from Sinopharm 
Chemical Reagent  Co.,  Ltd. (Beijing, China) or Beijing 
Solarbio Science & Technology Co., Ltd. Briefly, the liver 
tissues were first fixed in 4% paraformaldehyde (Sinopharm 
Chemical Reagent Co., Ltd.) at room temperature for 24 h, 
and then rinsed with water for 4 h. After being dehydrated 
in an alcohol gradient (70, 80, 90 and 100%), the tissues were 
embedded into paraffin. The tissue block was cut into 5‑µm 
slices, slowly spread in water, and dried at 60˚C for ~40 min. 
Subsequently, the tissue sections were dewaxed in xylene, 

rehydrated in an alcohol gradient (95, 85 and 75% for 2 min, 
respectively) and soaked in water for 2 min. The sections were 
then treated with staining reagents accordingly to the manufac-
turer's protocols. For hematoxylin and eosin (H&E) staining, 
the prepared tissue sections were stained with hematoxylin 
for 5 min and with eosin for 3 min. The collagen areas were 
stained blue using Masson trichrome. In brief, the slices were 
stained with acid ponceau/solferino for 1 min and then with 
aniline blue for 5 min at room temperature. Cell nuclei were 
stained with hematoxylin for 6 min. The main by‑product of 
collagens, hydroxyproline, was detected in fresh liver tissues 
using a commercial detection kit (A030‑1; Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China) according to the 
manufacturer's protocol.

For IHC, tissue sections were incubated in citrate buffer at 
100˚C for 10 min for antigen retrieval, and then with 3% H2O2 

at room temperature for 15 min to block peroxidase activity. 
After washing, sections were treated with goat serum (SL2-
10; Beijing Solarbio Science & Technology Co., Ltd.) for 
15 min, and then with rabbit polyclonal antibodies against 
α‑SMA (BS‑0189R, 1:200; BIOSS), collagen  I (BA0325, 
1:200) and collagen IV (BA2174, 1:200) (both from Wuhan 
Boster Biological Technology, Ltd.) at 4˚C overnight under 
humid conditions. These samples were then treated with 
biotin‑labeled goat anti‑rabbit IgG (A0277; 1:200; Beyotime 
Institute of Biotechnology) at 37˚C for 30 min, and then with 
HRP‑labeled streptavidin (both from Beyotime Institute of 
Biotechnology) for another 30 min. After visualization with 
DAB (Beijing Solarbio Science & Technology  Co.,  Ltd.), 
images of the tissue sections were captured under a micro-
scope (BX53; Olympus, Tokyo, Japan).

Reverse transcription‑quantitative real‑time polymerase 
chain reaction (RT‑qPCR). Primers used for detection of the 
mRNA expression levels of ACVR2A, actin α2 (ACTA2), 
collagen type I α1 chain (COL1A1) and collagen type IV α1 
chain (COL4A1) genes are listed in Table I. Total RNA was 
isolated from liver samples and cells using the RNApure 
extraction kit (RP1201), after which RNA was reverse tran-

Table I. Sequences of primers used in reverse transcription‑quantitative polymerase chain reaction analysis.

Gene name	 Sequence (5'>3')	 Product (bp)	 Gene ID

ACVR2A	 F:	AAGATAAACGGCGACATTG	 232	 NM_007396.4
	 R:	GTAACAGGATTTGAAGTGGG
ACTA2	 F:	CCGCAAATGCTTCTAAGTCCC	 195	 NM_007392.3
	 R:	AATTGAATCAGTGTTGCTAGGC
COL1A1	 F:	GGCAAGACAGTCATCGAATACA	 137	 NM_007742.4
	 R:	GAGGGAGTTTACACGAAGCAG
COL4A1	 F:	CGGCTATTCCTTCGTGATG	 206	 NM_009931.2
	 R:	ATGGCGTGGGCTTCTTGA
β‑actin	 F:	CTGTGCCCATCTACGAGGGCTAT	 155	 NM_007393.5
	 R:	TTTGATGTCACGCACGATTTCC

ACTA2, actin α2; ACVR2A, activin A receptor type 2A; COL1A1, collagen type I α1 chain; COL4A1, collagen type IV α1 chain F, forward; 
R, reverse.
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scribed into cDNA using Super M‑MLV reverse transcriptase 
(PR6502) (both from BioTeke Corporation, Beijing, China) 
according to the manufacturer's protocol. Subsequently, qPCR 
was performed in a mix containing primer pairs (10 µM, 0.5 µl 
of each), cDNA (1 µl), SYBR‑Green mastermix (10 µl, SY1020; 
Beijing Solarbio Science & Technology Co., Ltd.) and ddH2O 
(8 µl) on an Exicycler™ 96 real‑time quantitative thermal 
block (Bioneer Corporation, Daejeon, South Korea). The rela-
tive mRNA expression levels of each gene were calculated 
using the 2‑ΔΔCq method (25). β‑actin was used as a control. 
The thermocycling conditions were as follows: 94˚C for 5 min, 
38 cycles at 94˚C for 15 sec / 60˚C for 20 sec / 72˚C  for 30 sec, 
72˚C for 150 sec, 40˚C for 90 sec, melting from 60˚C to 94˚C 
(every 1˚C for 1 sec), 25˚C for 60-120 sec.

Assessment of serum or cell supernatant indices. The contents 
of activin A, IL‑17A and IL‑17F in the serum, and the contents 
of collagen I and IV in cell supernatants were determined using 
corresponding ELISA kits (EK0302/EK0431/EK0796; Boster 
and SEA571Mu/SEA180Mu; Uscn Life Sciences, Inc., Wuhan, 
China) according to the manufacturers' protocols. The activities 
of aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT) were assessed using commercial detection kits 
(C010‑1/C009‑1; Nanjing Jiancheng Bioengineering Institute) 
according to the manufacturer's protocols.

Statistical analysis. The experiments were repeated for 
3 times. Data are expressed as the means ± standard deviation 
or standard error. SPSS 20.0 software (IBM Corp., Armonk, 
NY, USA) was used to analyze the results. Data with equal vari-
ance between two groups were analyzed using Mann‑Whitney 
test, whereas those with unequal variance were analyzed using 
a Student's t‑test. Data over three groups were analyzed via 
one-way analysis of variance (ANOVA) and Bonferroni post 
hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Con A administration stimulates activation of activin and 
IL‑17 signaling in the liver. In the present study, liver and 
serum samples were collected from the control and chronic 
Con  A‑treated mice at the end of week  6  (Fig.  1A). The 
contents of activin A, and IL‑17A and IL‑17F in the serum and 
liver tissue samples were detected using corresponding ELISA 
kits. Activin A levels were increased in Con A‑treated mice 
compared with in the control mice (Fig. 1B). Increases in serum 
IL‑17A and IL‑17F levels were also detected in Con A‑treated 
mice (Fig. 1C). Similar increases in expression were detected 
for these three indices in liver tissues (Fig. 1D and E).

The mRNA and protein expression levels of ACVR2A 
were also upregulated in liver tissues obtained from 
Con A‑treated mice, as determined by RT‑qPCR and western 
blot analysis  (Fig.  1F  and  G). Subsequently, adenovirus 
particles containing ACVR2A shRNA or NC shRNA were 
intravenously injected into mice in the Con A group (Fig. 1H). 
The results demonstrated that Ad‑NC shRNA did not affect 
the expression of ACVR2A in mice with or without liver 
fibrosis, whereas Ad‑ACVR2A shRNA significantly inhibited 
ACVR2A expression in fibrotic liver tissue (Fig. 1I).

Adenovirus‑mediated inhibition of ACVR2A attenuates 
Con A‑induced liver fibrosis. To detect whether inhibition of 
ACVR2A may preserve liver function of Con A‑treated mice, 
the activities of ALT and AST, which are transaminases crit-
ical for liver function, were tested in serum samples using the 
corresponding kits. The results indicated that ALT and AST 
activities were increased in mice treated with Con A compared 
with in the control group (Fig. 2A). Conversely, treatment with 
Ad‑ACVR2A shRNA, but not Ad‑NC shRNA, partly rescued 
the impaired liver function, as evidenced by decreased ALT 
and AST activities (Fig. 2A). The results of H&E staining 
demonstrated that mice in the control group exhibited normal 
and clear lobular architecture, and the hepatic cells were 
arranged in neat rows (Fig. 2B). However, apparent pathological 
alterations were detected in the livers of Con A‑treated mice. 
The hepatic cord was disarranged and inflammatory cells 
abnormally infiltrated into the liver (Fig. 2B). The pathological 
situation was not improved by treatment with Ad‑NC shRNA; 
however, it was partly improved by Ad‑ACVR2A shRNA 
treatment, although not completely (Fig. 2B). Furthermore, 
liver fibrosis was detected using Masson trichrome staining; 
evident collagen deposition was observed in liver samples 
from Con A‑treated mice  (Fig. 2C). Adenovirus‑mediated 
blockade of activin signaling had an antifibrotic effect in the 
liver (Fig. 2C). In addition, downregulation of hydroxyproline 
in Ad‑ACVR2A shRNA‑treated mice also confirmed the 
reduced liver fibrosis (Fig. 2D). Notably, in one of the control 
groups, mice received two injections of Ad‑NC shRNA, in 
order to investigate whether the adenoviruses used in the 
present study had any adverse effects on the mice. There 
were no significant alterations in liver structure and function 
between normal control mice and those treated with Ad‑NC 
shRNA. Collectively, these results indicated that abnormal 
activation of the activin/ACVR2A signaling pathway may 
contribute to immune‑associated fibrosis.

Inhibition of activin/ACVR2A signaling suppresses 
Con A‑induced activation of HSCs in vivo. Excessive collagen 
deposition indicates abnormal fibrosis in the liver. The majority 
of ECM‑generating myofibroblasts in the liver are derived 
from activated HSCs, and α‑SMA is a molecular marker for 
activated HSCs (26). In the present study, the mRNA expres-
sion levels of ACTA2, COL1A1 and COL4A1 were determined 
using RT‑qPCR, and the expression levels of their respective 
proteins, α‑SMA, collagens  I and IV, were detected using 
western blot analysis and IHC. The results demonstrated that in 
Con A‑treated mice, the mRNA expression levels of ACTA2, 
COL1A1 and COL4A1 were increased in the liver, whereas 
mice treated with Ad‑ACVR2A shRNA exhibited decreased 
expression(Fig.  3A). Similar alterations were detected in 
α‑SMA, collagen I and IV protein expression (Fig. 3B and C). 
Furthermore, the enhanced phosphorylation of Smad2 in 
fibrotic liver tissues was suppressed when activin/ACVR2A 
signaling was blocked  (Fig.  3D). Collectively, these data 
demonstrated that activation of HSCs was decreased in mice 
treated with Ad‑ACVR2A shRNA.

Ad‑ACVR2A shRNA suppresses IL‑17‑induced activation of 
primary mHSCs in vitro. In order to determine the role of 
the activin/ACVR2A/Smad2 pathway in immune‑associated 
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liver fibrosis, primary mHSCs were isolated from normal liver 
samples and were treated with IL‑17A and IL‑17F (Fig. 4). 

Following stimulation with IL‑17A or IL‑17F, mHSCs produced 
more activin A, as evidenced by ELISA (Fig. 4A, C, E and G). 

Figure 1. Chronic treatment with Con A induces activation of activin and IL‑17 signaling in mouse liver. (A) Experiment part 1: Mice were administered Con A 
(8 mg/kg/week) for up to 6 weeks, in order to generate a model of immune‑associated liver fibrosis. (B‑E) Serum and liver levels of activin A, IL‑17A and IL‑17F 
were detected in mice in the control and Con A groups using specific ELISA kits. (F) mRNA and (G) protein expression levels of ACVR2A were determined 
using reverse transcription‑quantitative polymerase chain reaction and western blot analysis, respectively. Data are expressed as the means ± standard deviation. 
(H) Experiment part 2: Mice in the Con A groups were administered two injections of Ad‑ACVR2A shRNA or Ad‑NC shRNA at the indicated timepoints. 
(I-K) Protein expression levels of ACVR2A were analyzed in mouse liver tissues collected from the various groups. Data are expressed as the means ± standard 
error. ACVR2A, activin A receptor type 2A; Con A, concanavalin A; IL‑17, interleukin‑17; NC, negative control; shRNA, short hairpin RNA.
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In addition, an increase in α‑SMA was detected in mHSCs 
in response to IL‑17 treatment (Fig.  4B,  D,  F  and  H). 
Furthermore, in order to disrupt activin/ACVR2A signaling 
in primary mHSCs, cells were infected with Ad‑ACVR2A 
shRNA or Ad‑NC shRNA for 24 h, and were then stimulated 
with IL‑17A or IL‑17F for an additional 48 h. The results 
demonstrated that IL‑17‑induced overproduction of collagens 
was suppressed when ACVR2A was inhibited. In addition, the 
expression levels of α‑SMA and p‑Smad2 were decreased in 
mHSCs infected with Ad‑ACVR2A shRNA (Fig. 5). Taken 
together, these results suggested that knockdown of ACVR2A 
may inhibit IL‑17‑induced mHSC activation in vitro.

Discussion

The natural inhibitor of activin, follistatin, has been reported 
to attenuate CCl4‑induced liver fibrosis by reducing HSC 
proliferation and activation (27), thus suggesting that activated 
activin signaling may contribute to liver fibrosis. An immune 
imbalance is involved in liver fibrosis (1); however, the mecha-
nisms underlying activin signaling in immune‑induced liver 
fibrosis remain unclear. In the present study, adenovirus‑medi-
ated knockdown of ACVR2A was performed in mice treated 
with Con A and in primary mHSCs stimulated with IL‑17. 
The results indicated that the suppression of activin signaling 

Figure 2. Knockdown of ACVR2A improves liver function and attenuates fibrosis in Con A‑treated mice. (A) Activity of liver function indices ALT and AST in 
serum samples were determined using commercial detection kits (n=7‑8/group). (B) H&E staining was applied to detect the morphological structure of the liver. 
(C) Hepatic fibrosis was determined using the Masson trichrome assay (fibrotic area, blue). (D) Hydroxyproline content was assessed using a commercial kit. 
Data are expressed as the means ± standard deviation (n=8/group). Scale bars, 100 µm. ACVR2A, activin A receptor type 2A; ALT, alanine aminotransferase; 
AST, aspartate aminotransferase; Con A, concanavalin A; H&E, hematoxylin and eosin; NC, negative control; shRNA, short hairpin RNA.
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Figure 3. Knockdown of ACVR2A suppresses Con A‑induced activation of hepatic stellate cells in vivo. (A) Relative mRNA and (B) protein expression levels 
of ACTA2, COL1A1 and COL4A1 were determined using reverse transcription‑quantitative polymerase chain reaction and western blot analysis, respectively. 
(C) Immunohistochemistry was performed to detect the protein expression levels of α‑SMA, collagen I and IV. Orange arrowheads, representative α‑SMA-positive 
cells; pink arrowheads, representative collagen I-positive cells; green arrowheads, representative collagen IV-positive cells. Scale bars, 50 µm. (D) Protein expression 
levels of p‑Smad2 and total Smad2 in liver tissues were detected using western blot analysis. Data are expressed as the means ± standard error (n=5/group). α‑SMA, 
α‑smooth muscle actin; ACVR2A, activin A receptor type 2A; Con A, concanavalin A; ; NC, negative control; p‑, phosphorylated; shRNA, short hairpin RNA.
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attenuated chronic Con A administration‑induced hepatic 
fibrosis, in addition to preserving liver function. Collagen 
production in IL‑17‑stimulated mHSCs was also inhibited in 
response to ACVR2A knockdown.

Patella et al reported that serum levels of activin A were 
much higher in human subjects with chronic viral hepa-
titis (28), thus revealing a link between increased activin A and 
liver disorders. Similar to TGF‑β, activins initiate signaling 
by binding to heterodimers, which consist of the two type Ⅱ 
receptors: ACVR2A and activin A receptor type 2B (10). Our 
previous study reported that the mRNA expression levels 
of activin β and ACVR2A may be increased in the liver of 
mice following a single injection of CCl4, and that blockade 
of activin signaling using a specific blocking antibody may 
preserve liver function (29). This previous study revealed an 
involvement of activin signaling in repair/regeneration‑related 
acute liver injury. The present study aimed to further explore 
the role of this signaling pathway in immune‑associated 
fibrotic liver injury.

The present study detected increased levels of activin A in 
the serum, and of its receptor ACVR2A in liver tissues of mice 

with T‑cell‑mediated fibrosis. Suppression of activin signaling 
was achieved using adenoviruses containing ACVR2A shRNA. 
The results indicated that systematic delivery of Ad‑ACVR2A 
shRNA effectively inhibited ACVR2A expression in fibrotic 
liver tissues. Furthermore, liver function was partly restored in 
response to Ad‑ACVR2A shRNA, and the activation of HSCs 
and collagen deposition were also inhibited. George et al 
demonstrated that the TGF‑β receptor antagonist is able to 
partly block fibrogenesis induced by ligation of the common 
bile duct in rats (30). These findings indicated that TGF‑β 
may be a determinant for liver fibrosis; however, it may not be 
the only one. The present study suggested a pathogenic role 
for activated activin signaling in experimental liver fibrosis, 
particularly in immune‑induced liver fibrosis.

Fibrotic autoimmune diseases, including primary biliary 
cirrhosis and systemic sclerosis, are associated with an inflam-
matory process in which Th17 lymphocytes serve a critical 
role (31). IL‑17 is a proinflammatory and fibrogenic cytokine 
that is mainly produced by Th17 cells. In a previous study, 
IL‑17 elevation was detected in animals with Con A‑induced 
acute liver injury (32); similarly, in the present study, IL‑17A 

Figure 4. IL‑17 induces activation of primary mHSCs in vitro. Recombinant mouse (A and B) IL‑17A and (E and F) IL‑17F (10, 30 or 100 ng/ml) were used 
to stimulate primary mHSCs for 48 h. In addition, mHSCs were treated with 30 ng/ml (C and D) IL‑17A and (G and H) IL‑17F for the indicated time periods. 
Activin A content in cell supernatants was determined by ELISA, and the expression levels of the marker for the activated HSCs, α‑SMA, was determined 
by western blot analysis. Data are expressed as the means ± standard deviation (n=3/group). α‑SMA, α‑smooth muscle actin; IL‑17, interleukin‑17; mHSCs, 
mouse hepatic stellate cells
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and IL‑17F levels were upregulated in mice chronically treated 
with Con A. HSCs are considered potential target cells for 
IL‑17, because they also express IL‑17 receptors  (33,34). 
Previous studies have indicated that IL‑17s strongly stimulate 
the activation of HSCs; however, these studies have focused on 
TGF‑β signaling (17,21). The production of activin A is reported 

to be mediated by numerous immune‑related cytokines, 
including interferon‑γ (IFN‑γ) and IL‑10 (35,36). Notably, in 
a Con A‑induced liver fibrosis model, the expression levels of 
IFN‑γ and IL‑10 were increased in serum and liver samples (15). 
In order to exclusively study whether IL‑17s affect activin 
signaling transduction in HSCs, and whether the interaction 

Figure 5. Ad‑ACVR2A shRNA suppresses IL‑17‑induced activation of primary mHSCs in vitro. The primary mHSCs were infected with Ad‑ACVR2A shRNA 
or Ad‑NC shRNA for 24 h, and were then stimulated with recombinant IL‑17A or IL‑17F for an additional 48 h. (A) Knockdown efficiency of Ad‑ACVR2A 
shRNA was confirmed in normal mHSCs by western blot analysis. (B and D) Production of collagens I and VI in cell supernatants were determined by 
ELISA kits. (C and E) Protein expression levels of α‑SMA, p‑Smad2 and total Smad2 were determined by western blot analysis. Data are expressed as the 
means ± standard deviation (n=3/group). α‑SMA, α‑smooth muscle actin; ACVR2A, activin A receptor type 2A; IL‑17, interleukin‑17; mHSCs, mouse hepatic 
stellate cells; NC, negative control; p, phosphorylated; shRNA, short hairpin RNA.



ZHANG et al:  Blockade of activin signaling attenuates immune-induced hepatic fibrosis288

between IL‑17 and activin signaling impacts HSC activation, 
recombinant IL‑17A and IL‑17F were used to stimulate primary 
mHSCs with normal or reduced ACVR2A expression in vitro.

The present results were in agreement with a previous 
study (21), thus indicating that IL‑17 may induce activation 
of mHSCs. TGF‑β and activin A are autocrine factors, which 
stimulate each other's expression, thus triggering amplified 
fibrotic signaling in HSCs (37). Notably, in addition to TGF‑β, 
the present study demonstrated that mHSCs generated more 
activin  A in response to IL‑17 stimulation. Furthermore, 
mHSCs with reducedACVR2A expression produced less 
collagens in the presence of IL‑17A or IL‑17F; α‑SMA expres-
sion was also decreased. Wada  et  al previously reported 
that exogenous activin A activates HSCs and increases their 
collagen production and α‑SMA expression (37). The present 
findings supported the hypothesis that activated activin 
signaling is involved in IL‑17‑induced HSC activation.

Smad proteins are known as intracellular mediators for 
signaling transduction of TGF‑β family members (38). The 
receptor‑regulated Smads, such as Smad2, can be recruited and 
phosphorylated by heteromeric complexes, including activins 
and their receptors, and further form heterotrimers with Smad4 
to relocate into the nucleus, thus regulating transcription 
via various promoters (10). Reportedly, exogenous activin A 
induces phosphorylation on Smad2 at Ser465 and Ser467 in 
hepatic progenitor cells (39). Phosphorylation of Smad2 in the 
C terminus is considered a marker of fibrogenic signaling (40). 
Ser465 and Ser467 are located in the C terminus of Smad2, 
and the phosphorylation of these sites may provide a recogni-
tion site for interaction with Smad4 (41). Therefore, due to the 
critical role of p‑Ser465/Ser467 in Smad2 signaling activation, 
the present study detected p‑Smad2 (Ser465/Ser467) expres-
sion. The results demonstrated that phosphorylation of these 
two sites induced by Con A in liver and by IL‑17 in mHSCs 
were attenuated when activin signaling was blocked.

Notably, besides Th17 cells, other polarized CD4+ T‑cells, 
including Th1, Th2 and regulatory T‑cells, are critical regulators 
of the immune response during fibrosis (42). Further study is 
required to explore whether the activin A/ACVR2A/Smad2 
signaling pathway is mediated by other CD4+ T‑cells in 
hepatic fibrosis. Furthermore, in the presence of proinflam-
matory factors, including IL‑1β and tumor necrosis factor‑α, 
exogenous TGF‑β1 treatment is able to promote the conver-
sion of naive CD4+ T‑cells into Th17 cells (43). Activin A has 
a synergic role with TGF‑β1 (44). Notably, Ihn et al demon-
strated that transcription of the ACVR2A gene is induced 
during Th17 differentiation, but not in Th1 or Th2 cells, thus 
suggesting that the activin/ACVR2A signaling pathway may 
serve a role in Th17 polarization  (45). The present study 
focused on Th17 cell‑mediated activation of HSCs; however, 
to fully reveal the role of activin A/ACVR2A signaling in 
immune‑associated liver fibrosis, it will be interesting to 
investigate whether activated HSCs in turn mediate the 
polarization of CD4+ T‑cells through this signaling pathway.

In conclusion, the present study demonstrated that acti-
vated activin A/ACVR2A/Smad2 signaling may contribute 
to Con A‑induced hepatic fibrosis and IL‑17‑mediated HSC 
activation. Further studies are required to explore the role of 
this signaling pathway in the interaction between immune 
cells and HSCs in liver fibrosis.
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