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Abstract: Liver fibrosis is a wound-healing process of liver featured by the activation of hepatic stellate cells (HSCs) 
and the deposition of extra cellular matrix (ECM). Accumulating facts have suggested that interleukin (IL) 26 is in-
volved in the pathogenesis of liver fibrosis by the modulation of HSCs. However, the biological roles of IL-26 in liver 
fibrosis are still unclear. The present study aimed to determine the effect and mechanism of IL-26 on the prolifera-
tion and activation of HSCs in vitro. By cell counting kit (CCK)-8 assay, we observed that IL-26 significantly promoted 
the proliferation of HSCs by increasing S phase and decreasing G0/G1 phase. Annexin V-FITC/PI double staining 
showed that IL-26 could suppress the apoptosis of HSCs by inhibition of caspase 3 (CASP3) and Bcl-2 associated X 
protein (BAX). Furthermore, quantitative real-time PCR (qRT-PCR) assay and western blotting analysis revealed that 
IL-26 exacerbated the degree of hepatic fibrosis, which was associated with the upregulation of the mRNA levels and 
protein concentrations of IL-6, IL-10, tumor necrosis factor (TNF)-α, matrix metallopeptidase (MMP)-9, and α-smooth 
muscle act in (SMA). Mechanistically, western blotting analysis showed that IL-26 upregulated the protein expres-
sion levels of transforming growth factor (TGF)-β1 and SMAD family member 2 (Smad2) in HSCs. In summary, the 
data demonstrated a key role of IL-26 on the proliferation and activation of HSCs in liver fibrosis and the underlying 
mechanism might be related to the TGF-β1/Smad2 signaling pathway. The finding will provide a proof that targeting 
IL-26 may be developed as therapeutics for liver fibrosis.
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Introduction

Hepatitis B virus (HBV) infection is one of the 
serious problems that threaten public health 
worldwide [1, 2]. HBV infection leads to persis-
tent inflammatory reaction in the liver, causing 
secretion and deposition of extracellular matrix 
(ECM) and eventually leading to liver fibrosis  
[3]. The current overall rate of reversal of liver 
fibrosis by anti-HBV drugs (nucleosides and 
interferons) is only 30-40% and fibrosis may 
still exist and continue to progress after viro-
logical response [4]. Because the pathogenesis 
of liver fibrosis is still unclear, this directly 
affects the development of prevention strate-
gies and measures. Therefore, it is necessary 
and urgent to identify the potential mechanism 
of liver fibrosis.

Previous studies confirmed that hepatic stel-
late cells (HSCs) play a key role in the process 
of hepatic fibrosis [5, 6]. The activation and pro-
liferation of HSCs lead to the secretion of a 
large amount of ECM, resulting in an imbalance 
between synthesis and degradation in liver [7]. 
The secretion of ECM by HSCs is regulated by 
various factors in the liver microenvironment, 
especially various cytokines [8]. The intrahe-
patic immune cells are the source of mostly 
regulated cytokines. Studies have shown that 
monocytes/macrophages accumulate in large 
areas of liver fibrotic lesions and have been 
identified as an important immune cell popula-
tion that promote liver fibrosis [9]. Mononuclear/
macrophage release profibrotic inflammatory 
cytokines such as transforming growth factor 
(TGF)-β1, interleukin (IL)-1β, and tumor necro-
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sis factor (TNF)-α, to increase the survival of 
activated HSCs, and secrete the chemokine 
ligand C-C motif chemokine ligand 2 (CCL2) and 
C-C motif chemokine ligand 7 (CCL-7) to pro-
mote the migration of HSCs [10].

The IL-26 gene is located on chromosome 
12q15 region, between interferon gamma 
(IFNG) and IL-22. IL-26 is highly conserved in 
mammalian species and more weakly similar to 
nonmammalian species. Emerging evidences 
have suggested that IL-26 contributes to host 
defense against intracellular and extracellular 
bacteria [11, 12]. At present, many studies 
have proved that multiple cells can produce 
IL-26, including Th17, NK subgroup, and mono-
cytes [13-15]. In rheumatoid arthritis (RA), IL-26 
is abundantly presented in the synovial fluid 
and plasma of patients and can promote the 
secretion of pro-inflammatory cytokines or 
aggravate local damage [16]. IL-26 is signifi-
cantly elevated in multiple sclerosis (MS) and 
psoriasis lesions and is closely related to the 
degree of injury [17]. In inflammatory bowel dis-
ease (IBD), IL-26 synergizes with other pro-
inflammatory factors to mediate tissue-damag-
ing immune responses [18]. Thus, IL-26 plays 
an important role in the inflammation and injury 
process of various diseases. However, the rela-
tionship between IL-26 and liver fibrosis has not 
been illustrated. The purpose of this study was 
to observe the effect of IL-26 on the prolifera-
tion and activation of HSCs in vitro, and to elu-
cidate the potential mechanism of IL-26 on liver 
fibrosis.

Materials and methods

Ethics statement

The study was approved by the ethics commit-
tee of Navy Military Medical University (Shang- 
hai, China). All experimental procedures on rats 
were approved by the ethics committee of 
Animal Experiments of Navy Military Medical 
University. The experiment was carried out in 
accordance with the recommendations in the 
Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health.

Cell culture and IL-26 stimulation

Normal male Sprague-Dawley rats weighing at 
100-130 g (5-6 weeks) were obtained from 

Laboratory Animal Center of Navy Military 
Medical University (Shanghai, China). All rats 
were fed with available diet and water in an air-
conditioned environment with temperature at 
23-25°C, humidity at 50 ± 2%, and 12 h light/
dark cycle. Primary rat HSCs were isolated from 
rat livers by pronase/collagenase digestion fol-
lowed by subsequent density gradient centrifu-
gation as previously reported [19]. The HSCs 
(passage at 3-5) were cultured in a humidified 
incubator at 37°C with 5% CO2 atmosphere 
containing DMEM/Nutrient Mixture F-12 Ham 
(Sigma, St Louis, MO, USA), 10% FBS (Gibco, 
CA, USA), 1% of 100 U/ml penicillin + 100 mg/
ml streptomycin (Sigma, St Louis, MO, USA), 
and 1% fungizone (Gibco, CA, USA). Recom- 
binant human IL-26 protein was obtained from 
Abcam (#ab163232; Cambridge, MA, USA). 
HSCs were serum starved for 24 hand then 
stimulated with human IL-26 protein at 0, 50, 
100, and 200 pg/ml for 12 h. After that, HSCs 
were collected for further experiments.

RNA isolation and quantitative real-time PCR 
(qRT-PCR)

Total RNA was isolated with the TRIzol® reagent 
(Thermo Fisher Scientific, Waltham, MA, USA), 
according to the manufacturers’ protocols. First 
strand cDNA was synthesized from 1 µg total 
RNA in a 20 µl reaction, using a Reverse Aid 
first strand cDNA synthesis kit (Thermo Fisher 
Scientific, Waltham, MA, USA) according to the 
manufacturer’s protocols. The qPCR reaction 
was performed using a Go Taq® qPCR Master 
Mix (Promega, Madison, WI, USA) on Appli- 
ed Biosystems 7900HT Fast Real-Time PCR 
System (Applied Biosystems, Foster City, CA, 
USA), according to the manufacturers’ proto-
cols. The thermocycling conditions were as fol-
lows: 95°C for 10 sec; followed by 40 cycles at 
95°C for 5 sec, 60°C for 30 sec, and 72°C for 
30 sec. Specific primers for IL-6, IL-10, TNF-α, 
matrix metallopeptidase (MMP)-9, α-smooth 
muscle act in (SMA), caspase 3 (CASP3), and 
Bcl-2 associated X protein (BAX) were designed 
from Ribo Bio Co., Ltd (Guangzhou, China). The 
sequences of each primer were shown in Table 
1. The glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) gene was used as an internal 
control. The relative expression level of each 
target gene was quantified by the 2-ΔΔCT method 
[20]. 
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Western blotting analysis

Total protein was extracted with RIPA lysis buf-
fer (Thermo Fisher Scientific, Waltham, MA, 
USA), according to the manufacturers’ proto-
cols. The concentration of protein was deter-
mined by DC protein assay (Bio-Rad, CA, USA). 
Total protein (30 µg) were separated by 10% 
SDS-polyacrylamide gel electrophoresis and 
transferred to polyvinylidene fluoride mem-
branes. Membranes were blocked with 5%  
non-fat milk at 37°C for 2 h and primary  
mouse monoclonal anti-TGF-β1 (#ab27969, 
1:1000; Abcam, Cambridge, MA, USA) and  
anti-Bcl-2 associated X protein (BAX) (#ab- 
77566, 1:500; Abcam) antibodies, and primary 
rabbit monoclonal anti-SMAD family member 2 
(Smad2) (#ab40855, 1:500; Abcam), anti-cas-
pase 3 (CASP3) (#9662, 1:1000; Cell Signaling 
Technology, Danvers, MA, USA), anti-cleaved 
CASP3 (#9661, 1:1500; Cell Signaling Tech- 
nology) antibodies were prepared in blocking 
solution and incubated overnight at 4°C. After 
washing three times in 0.1% Tween-20/PBS 
buffer, membranes were incubated with anti-
mouse and rabbit horseradish peroxida- 
se (HRP) conjugated secondary antibodies at 
37°C for 1 h. Protein of GAPDH (#ab181602, 
1:2000; Abcam, Cambridge, MA, USA) was 
used as loading control. Protein signals were 
detected using a using Chemiluminescence 
plus western blot analysis kit (GE Healthcare, 
Waukesha, USA).

Enzyme-linked immunosorbent assay (ELISA)

Total protein was extracted from HSCs using an 
ELISA kit (Sen BeiJia Biotechnology Co., LTD, 
Nanjing, China) in accordance with the manu-
facturer’s protocols. A Synergy™ HT Multi-Mode 
Microplate Reader (Biotek, Winooski, VT, USA) 

to plate onto 96-well culture plates. After grown 
overnight, the cells were stimulated with IL-22 
at 0, 50, 100, and 200 pg/ml for 12 h, respec-
tively. After incubation for 0, 24, 48, and 72 h, 
each well was added with 10 μl CCK-8 solution 
(Dojindo, Kumamoto, Japan), and HSCs were 
incubated for 4 h in a humidified incubator at 
37°C with 5% CO2 atmosphere. Optical density 
values were measured at 450 nm by a Synergy™ 
HT Multi-Mode Microplate Reader (Biotek) as 
reading reference wavelength at 690 nm.

Cell cycle analysis

The cell cycle of HSCs was determined by flow 
cytometry. The HSCs at 5 × 106/well were used 
to plate onto 6-well culture plates. After grown 
overnight, the cells were stimulated with IL-26 
at 0, 50, 100, and 200 pg/ml for 12 h, respec-
tively. After incubation for 48 h, HSCs were col-
lected and resuspended in 75% ethanol at -4°C 
for 60 min. After that, cells were stained with 5 
μl of Annexin V-FITC and 10 μl of propidium 
iodide (PI). After incubated for 15 min at 37°C 
in the dark, FITC or PI fluorescent intensities 
were detected and analyzed by a BD FACS 
Calibur™ Flow Cytometer (Franklin Lakes, NJ, 
USA). The percentages of the cells in G0/G1, S, 
and G2/M phases were calculated.

Cell apoptosis assay 

The apoptosis of HSCs was analyzed by annex-
in V-FITC/PI double staining. Cells were seeded 
in 6-well plates overnight and then treated with 
different concentrations of IL-26 for 48 h. A 
annexin V-FITC/PI apoptosis detection kit (BD 
Biosciences, CA, USA) were used for detection 
of cell apoptosis. Annexin V-FITC positive cells 
were regarded as apoptotic cells using a BD 
FACS Calibur™ Flow Cytometer (Franklin Lakes, 
NJ, USA).

Table 1. The sequences of specific primers used for quanti-
tative real-time PCR
Gene Forward (5’-3’) Reverse (5’-3’)
IL-6 ACTCACCTCTTCAGAACGAA CCATCTTTGGAAGGTTCAGG
IL-10 TCAAGGCGCATGTGAACTCC GATGTCAAACTCACTCATGG
TNF-α AACCTCCTCTCTGCCATCAA GGAAGACCCCTCCCAGATAG
MMP-9 TTGACAGCGACAAGAAGTGG GCCATTCACGTCGTCCTTAT
α-SMA AAAAGACAGCTACGTGGGTG GCCATGTTCTATCGGGTACTTC
CASP3 CGGATGGGTGCTATTGTGAGG CGAAAACCAGAGCGCCGAGT
BAX TTGCTTCAGGGTTTCATCCAG TTGAGACACTCGCTCAGCTTC
GAPDH GGAGCGAGATCCCTCCAA GGCTGTTGTCATACTTCTCAT

was applied to analyze optical dens- 
ity values at a wavelength of 450  
nm, with a standard curve drawn. 
After that, the protein concentrations 
of human TNF-α (#SBJ-H0038), IL-6 
(#SBJ-H0465), IL-10 (#SBJ-H0481), 
MMP-9 (#SBJ-H0154), and α-SMA 
(#SBJ-H1419) were calculated.

Cell proliferation assay

The proliferation of HSCs was detect-
ed by Cell counting kit (CCK)-8 assay. 
The HSCs at 6 × 103/well were used 
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Statistical analysis

Statistical analyses were performed using 
SPSS 16.0 software (SPSS Inc, Chicago, IL, 
USA). Each experiment was replicated three 
times, and data were expressed as means ± 
standard deviation (SD). Multiple-comparison 
tests were applied only when a significant dif-
ference was determined by ANOVA followed by 
an LSD post-hoc test. P<0.05 was considered 
significant.

Results

IL-26 promoted the proliferation of HSCs by 
modulation of cell cycle

The effect of IL-26 on the growth of HSCs was 
evaluated using multiple doses of human IL-22 

protein at 0, 50, 100, and 200 pg/ml in vitro. 
We observed that treatment with IL-26 signifi-
cantly increased the proliferation of HSCs in a 
dose-dependent manner (Figure 1A, P<0.05). 
To assess mechanism of IL-26 promoting HSCs 
proliferation, cell cycle analysis was performed 
in HSCs. The percentages of S and G0/G1 
phases in each group are shown in Figure 1B 
and 1C. The results showed that IL- 
26 stimulation resulted in an increase of HSCs 
in S phase and a decrease of HSCs in G0/G1 
phase in a dose-dependent manner (P<0.05). 
In contrast, there was no significant differen- 
ce in percentages of G2/M phase in the differ-
ent concentrations of IL-26 stimulation groups 
(Figure 1D). These data indicated that IL-26 
promoted the proliferation of HSCs in a dose-
dependent manner by increasing S phase and 
decreasing G0/G1 phase.

Figure 1. Interleukin (IL)-26 promoted the proliferation of hepaticstellate cells (HSCs) by modulation of cell cycle. 
A. Cell counting kit (CCK)-8 assay was applied to evaluated cell proliferation, and IL-26 treatment significantly in-
creased the proliferation of HSCs in a dose-dependent manner. B. Flow cytometry was used to measure the pro-
portion of HSCs in S phase. C. IL-26 stimulation markedly decreased G0/G1 phase of HSCs in a dose-dependent 
manner. D. There was no significant difference in percentages of G2/M phase in the 0, 50, 100, and 200 pg/ml 
groups. *P<0.05.
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IL-26 suppressed the apoptosis of HSCs by 
inhibition of CASP3 and BAX

In order to observe the effect of IL-26 on apop-
tosis of HSCs, we exposed HSCs to multiple 
doses of IL-26 for 48 h. Annexin V-FITC/PI dou-
ble staining was used to evaluate apoptotic 
cells. The percentages of cell apoptosis in each 
group were shown in Figure 2A. The resul- 
ts showed that IL-26 treatment significantly 
decreased the apoptosis of HSCs in a dose-
dependent manner (P<0.05). To further inquire 
into the mechanism of IL-26-related apoptosis 
in HSCs, qRT-PCR was applied to detect the 
mRNA expression of CASP3 and BAX. We found 
that IL-26 stimulation markedly downregulated 
the mRNA expression levels of CASP3 and BAX 
in a dose-dependent manner (Figure 2B, P< 
0.05). In addition, the protein levels of CASP3, 
cleaved CASP3, and BAX in HSCs were de- 
creased in a dose-dependent manner after IL- 

26 treatment (Figure 2C and 2D, P<0.05). The 
data suggested that IL-26 could decrease the 
apoptosis of HSCs by inhibition of CASP3 and 
BAX.

IL-26 induced the activation of HSCs to pro-
mote liver fibrosis

The activation of HSCs is regulated by various 
cytokines, including IL-6, IL-10, and TNF-α [8]. 
To explore the possible role underlying the 
IL-26-related activation of HSCs, we investigat-
ed IL-6, IL-10, and TNF-α expression. The qRT-
PCR assay and western blotting analysis 
revealed IL-26 stimulation significantly upregu-
lated the mRNA levels and protein concentra-
tions of IL-6, IL-10, and TNF-α in HSCs in a 
dose-dependent manner (Figure 3A and 3B, 
P<0.05). Furthermore, we also investigate the 
effect of IL-26 on the expression of MMP-9 and 
α-SMA (a marker protein of HSCs activation). 

Figure 2. IL-26 suppressed the apoptosis of HSCs by inhibition of caspase 3 (CASP3) and Bcl-2 associated X protein 
(BAX). A. Apoptosis of HSCs by annexin V-FITC/PI double staining after treatment with IL-26 at 0, 50, 100, and 200 
pg/ml for 48 h. B. The mRNA expression levels of CASP3 and BAX were detected by quantitative real-time PCR (qRT-
PCR) in the different concentrations of IL-26 groups. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene 
was used as the reference control. C and D. Western blotting analysis of the protein levels of CASP3, cleaved CASP3, 
and BAX in HSCs after IL-26 treatment. *P<0.05.



IL-26 promotes liver fibrosis via TGF-β1/Smad2 signaling

4276 Int J Clin Exp Pathol 2019;12(12):4271-4279

The results showed that treatment with IL-26 
significantly increased the mRNA levels and 
protein concentrations of MMP-9 and α-SMA in 
a dose-dependent manner (Figure 3C and 3D, 
P<0.05). These data indicated that IL-26 
induced the activation of HSCs to promote liver 
fibrosis.

TGF-β1/Smad2 signaling pathway was associ-
ated with IL-26 induced liver fibrosis

To further determine the potential mechanism 
of IL-26 in liver fibrosis, the TGF-β1/Smad2 sig-
naling pathway aroused our attention. TGF-β1 
and Smad2 are two important molecules in the 
TGF-β1/Smad2 signaling. TGF-β1 is one of the 
strongest profibrotic factors expressed by acti-
vated HSCs. Western blotting analysis revealed 
that IL-26 upregulated the protein expression 
levels of TGF-β1 in HSCs in a dose-dependent 

manner (Figure 4, P<0.05). In addition, similar 
results of Smad2 protein expression levels 
were also found in HSCs (Figure 4, P<0.05). 
Taken together, our data demonstrated that 
IL-26 exacerbated liver fibrosis by the TGF-
β1/Smad2 signaling pathway.

Discussion

Liver fibrosis is a complex fibrogenic and inflam-
matory process that results from chronic liver 
injury and represents an early step in the pro-
gression of liver cirrhosis [21]. HSCs mainly 
localize to the perisinusoidal space between 
sinusoidal endothelial cells and hepatocytes, 
and are the primary source of activated myofi-
broblasts and portal fibroblasts that start the 
fibrogenic process. Activated HSCs can secrete 
ECM, tissue inhibitors of metalloproteinases, 
and MMPs that cause liver structural remodel-

Figure 3. IL-26 induced the activation of HSCs to promote liver fibrosis. A. The mRNA expression levels of cytokines, 
including IL-6, IL-10, and tumor necrosis factor (TNF)-α, in HSCs after treatment with different concentrations of 
IL-26. B. Enzyme-linked immunosorbent assay (ELISA) was performed to detect the protein concentrations of IL-6, 
IL-10, and TNF-α in HSCs after treatment with IL-26. C. qRT-PCR assay indicated that expression of matrix metallo-
peptidase (MMP)-9 and α-smooth muscle act in (SMA) mRNA in HSCs were increased in a dose-dependent manner 
after treatment with IL-26 at 0, 50, 100, and 200 pg/ml for 48 h. D. IL-26 significantly increased the protein concen-
trations of MMP-9 and α-SMA in a dose-dependent manner. *P<0.05.
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ing [22]. Liver transplantation is currently re- 
garded as the ideal treatment method for liver 
cirrhosis and is generally insufficient. Therefore, 
it is necessary to develop effective anti-fibrotic 
therapy for the treatment of fibrosis. In this 
study, we observed that IL-26 promoted the 
proliferation and activation of HSCs to exacer-
bate liver fibrosis in vitro. Further investigation 
demonstrated that IL-26 facilitated liver fibrosis 
via the TGF-β1/Smad2 signaling pathway.

To date, several literatures showed potential 
effects of interleukin on liver fibrosis, including 
IL-11, IL-17, and IL-22 [5]. For instance, block 
IL-11 signaling decreases fibrosis, steatosis, 
hepatocyte death, inflammation and hypergly-
cemia in mice with diet-induced steatohepatitis 
[23]. IL-17 signaling in inflammatory, Kupffer 
cells, and hepatic stellate cells exacerbates 
liver fibrosis in mice [24]. IL-22 suppressed 
HSCs activation and reduces liver fibrosis 
through downregulating expression of microR-
NA-200a and upregulating expression of 
β-catenin [25]. However, the role and mecha-
nism of IL-26 in liver fibrosis remain unknown. 
In agreement with previous reports, our data 
indicated that treatment with IL-26 significantly 
promoted the development of liver fibrosis. 
Furthermore, similar to the Meng et al [24] 
research, we found that promotive effect of 
IL-26 on HSCs was majorly reflected by induc-
tion of cell proliferation and reduction of cell 
apoptosis in a dose-dependent manner. The 
activation of HSCs is regulated by various cyto-
kines, including IL-6, IL-10, and TNF-α [8]. 
α-SMA is a marker for the detection of activat-

ed HSCs during liver fibrosis. We further ob- 
served that the mRNA levels and protein con-
centrations of IL-6, IL-10, TNF-α, and α-SMA 
were upregulated in a dose-dependent manner 
along with the IL-26 treatment, indicating that 
IL-26 induced the activation of HSCs to pro-
mote liver fibrosis.

Accumulating studies have indicated that TGF-β 
regulates ECM metabolism and tissue fibrosis 
through the mixed actions of MMPs [26]. In 
vitro, we found that IL-26 significantly increas- 
ed them RNA and protein expression of MMP-9 
in HSCs, and thus inhibited the degradation of 
ECM. Previous data have proved that the 
Smad2/3/4 complex can translocate to the 
nucleus and increase the expression of profi-
brotic genes in human [27]. A recent study has 
demonstrated that TGF-β/Smad signaling path-
way plays a key role in the development of 
hepatic fibrosis [28]. TGF-β1 is transduced 
through the sequential activation of its two ser-
ine/threonine kinase receptors, which in turn 
Smad-2 to induce nuclear translocation [29]. 
The transformation of HSCs into myofibroblasts 
can be promoted by TGF-β1 [30]. The results of 
the present study revealed that treatment with 
IL-26 upregulated the protein expression levels 
of TGF-β1 and Smad-2 in HSCs in a dose-
dependent manner. These data indicated that 
IL-26 exacerbated liver fibrosis by the TGF-β1/
Smad2 signaling pathway.

In conclusion, we first showed that IL-26 pro-
moted the proliferation and activation of HSCs 
to exacerbate liver fibrosis in a dose-dependent 

Figure 4. IL-26 regulated the expression of TGF-β1/Smad2 signaling pathway in HSCs. The expression of transform-
ing growth factor (TGF)-β1 and SMAD family member 2 (Smad2) was detected by western blotting analysis in the 
different concentrations of IL-26 groups. The results showed that IL-26 upregulated the protein expression levels of 
TGF-β1 and Smad2 in HSCs in a dose-dependent manner. *P<0.05.
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manner, and the underlying mechanism might 
be related to the TGF-β1/Smad2 signaling 
pathway. These results might help in develop-
ing more effective therapeutics for liver fi- 
brosis.
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