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Abstract
Activated hepatic stellate cells are reported to play a significant role in liver fibrogenesis.

Beside the phenotype reversion and apoptosis of activated hepatic stellate cells, the senes-

cence of activated hepatic stellate cells limits liver fibrosis. Our previous researches have

demonstrated that interleukin-10 could promote hepatic stellate cells senescence via p53

signaling pathway in vitro. However, the relationship between expression of p53 and senes-

cence of activated hepatic stellate cells induced by interleukin-10 in fibrotic liver is unclear.

The purpose of present study was to explore whether p53 plays a crucial role in the senes-

cence of activated hepatic stellate cells and degradation of collagen mediated by

interleukin-10. Hepatic fibrosis animal model was induced by carbon tetrachloride through

intraperitoneal injection and transfection of interleukin-10 gene to liver was performed by

hydrodynamic-based transfer system. Depletions of p53 in vivo and in vitrowere carried out

by adenovirus-based short hairpin RNA against p53. Regression of fibrosis was assessed

by liver biopsy and collagen staining. Cellular senescence in the liver was observed by

senescence-associated beta-galactosidase (SA-b-Gal) staining. Immunohistochemistry,

immunofluorescence double staining, and Western blot analysis were used to evaluate

the senescent cell and senescence-related protein expression. Our data showed that

interleukin-10 gene treatment could lighten hepatic fibrosis induced by carbon tetrachloride

and induce the aging of activated hepatic stellate cells accompanied by up-regulating the

expression of aging-related proteins. We further demonstrated that depletion of p53 could

abrogate up-regulation of interleukin-10 on the expression of senescence-related protein in vivo and vitro. Moreover, p53 knock-

out in fibrotic mice could block not only the senescence of activated hepatic stellate cells, but also the degradation of fibrosis

induced by interleukin-10 gene intervention. Taken together, our results suggested that interleukin-10 gene treatment could

attenuate carbon tetrachloride-induced hepatic fibrosis by inducing senescence of activated hepatic stellate cells in vivo, and

this induction was closely related to p53 signaling pathway.
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Introduction

The hallmark of hepatic fibrosis is the massive accumula-
tion of extracellular matrix (ECM), and activated hepatic

stellate cells (HSCs) are the principal cellular source of
ECM. In addition to phenotypic reversion,1 activity inhibi-
tion and clearance of activated HSCs were considered effec-
tive anti-fibrotic measures.2,3 Recent studies have found
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that inducing activated HSCs senescence contributes to
mitigate liver fibrosis.4Senescent-activated HSCs could
reduce the deposition of collagen fibers, promote the deg-
radation of collagen fibers, and enhance immune surveil-
lance, thereby attenuating liver fibrosis.5–8 Therefore,
promoting senescence of activated HSCs has therapeutic
implication for hepatic fibrosis.

Cellular senescence is a relatively stable cell cycle arrest
that is implicated in many age-related diseases including
cancer.9 Senescent cells are characterized by the increase of
senescence-associated beta-galactosidase (SA-b-Gal) activi-
ty, irreversible arrest of cell cycle, induction of senescence-
related protein P53, P27, P21, and P16 INK4a,10 formation of
senescence-associated heterochromatin foci (SAHF),11,12

and upregulation of senescence-associated secretory phe-
notype (SASP).9 Together with tumor suppressor p16 INK4a,
high mobility group A1 (HMGA1) proteins, a marker of
cellular senescence, are able to promote SAHF generation
and proliferative arrest, and also stabilize senescence
through contributing to the inhibition of proliferation-
associated genes.13 In addition, HMGA1 proteins play an
instrumental role in the proinflammatory SASP by upregu-
lating nicotinamide phosphoribosyltransferase (NAMPT)
through an enhancer element.14Interleukin-10 (IL-10) is a
pleiotropic cytokine with anti-inflammatory and anti-
fibrotic properties.15–17 Our previous studies demonstrated
that IL-10 could attenuate hepatic fibrosis induced by
carbon tetrachloride (CCL4) and porcine serum in
rats.18,19 But the anti-fibrogenic mechanism of IL-10 was
poorly understood. Recently, we found that IL-10 promoted
primary rat HSCs senescence by up-regulating the
expression of p53 and p21 in vitro.20 Moreover, we demon-
strated that induction of HSCs senescence by IL-10 may be
associated with p53-mediated signaling pathway in vitro.21

As p53 plays a vital role in the senescence of activatedHSCs
mediated by IL-10 and then affect the progression of
fibrosis, we sought to determine whether p53 knockdown
could affect the senescence of activated HSCs and
degradation of fibrosis mediated by IL-10. This work will
contribute to elucidate the anti-fibrogenic mechanism of
IL-10 and may shed important light into the
anti-fibrogenic therapy of IL-10.

Materials and methods

Reagents and antibodies

The reagents and kits were used in present research:
Carbon tetrachloride (Tianjin Damao Chemical Reagent
Factory, China), olive oil (Chengdu Kelong Chemical
Reagent Factory, China), pcDNA3.1-IL-10 expression plas-
mid, pcDNA3.1 empty plasmid, recombinant adenovirus
particle AD-Trp53-RNAi (68825–1,68826–1,68827–1), nega-
tive control virus CON098 (hU6-MCS-CMV-EGFP) were
purchased from Shanghai Genechem Co., Ltd (Shanghai,
China); Rat hypersensitive two-step immunohistochemis-
try detection reagent, phthalate tissue antigen repair solu-
tion (PH¼ 6.0), DAB immunohistochemistry color
development kit (ZSGB-BIO; Beijing, China); SA-b-gal

staining kit (Beyotime Biotechnology, China); Sirius red
staining kit (Beijing Solarbio Science & Technology Co.,
Ltd, China); fluorescent anti-quenching agent (Invitrogen,
United States); Hyaluronic Acid Detection Kit (Zhengzhou
Autobio Engineering Co., Ltd, China). Antibodies were
used in these experiments: HMGA1, P53, P27 (Cell
Signaling Technology Company, United States); P21
(109199) and a-smooth muscle actin (a-SMA) (ab32575)
(Abcam Company, Hong Kong, China); b-actin (Sigma,
United States), P16 (OriGene, Canada); goat resistance to
mouse/rabbit IgG H&L(Alexa FluorVR 488) (Abcam, United
Kingdom), goat resistance to mouse/rabbit IgGH&L(Alexa
FluorVR 594) (Invitrogen, United States).

Animals

All animal studies were approved by the Animal Care
Committee of Fujian Medical University (Fuzhou, China)
and experiments were conducted in compliance with the
Guidelines on Animal Experiments at Fujian Medical
University (Fuzhou, China). Sprague-Dawley male rats
(12–16week old) and ICR male mice (weight 18� 2 g)
were bought from Fujian Medical University Animal
Experiment Center (Fuzhou, China) (Certificate No: SCXK
(Min) 2016� 0002). Animals were bred in a temperature
(23� 3�C), humidity (50–70%), and photoperiod (12-h
light/dark cycle) controlled room and access to food and
water ad libitum.

Animal model and experimental protocols in rats

Rat fibrotic model was constructed according to the previ-
ous study.18 Rats were randomly divided into control group
(group N, n¼ 10), fibrosis model group (group M, n¼ 10),
pcDNA3.1 empty plasmid group (group P, n¼ 10), and
pcDNA3.1-rIL-10 plasmid intervention group (group I,
n¼ 10). Rats in group M, P, and I were treated with 40%
CCL4 (v/v in olive oil) twice a week for eight weeks, while
rats in group N were treated with olive oil only though
intraperitoneal injection. From the fourth week, rats in
groupN andMwere treatedweekly with Ringer’s solution,
while those in group P and I were treated weekly with
pcDNA3.1 and pcDNA3.1-rIL-10 plasmid through intrave-
nous injection, respectively. The preparation and injection
of plasmid DNA were as described previously.18 By the
end of the eighth week, all rats were sacrificed under anes-
thesia of 2% sodium pentobarbital at a dosage 45mg/kg.
A brief modeling process is described in Figure 1(a).
Serums were collected and some liver tissues were fixed
in 10% formalin and 4% paraformaldehyde solution for
subsequent histological analysis, immunohistochemistry,
and/or immunofluorescence double staining analysis.
Partly liver tissues were stored in �70�C for protein
analysis.

Animal model and experimental protocols in mice

Thirty ICR male mice were randomly divided into five
groups (n¼ 6), group control: no shRNA and CCL4

treatment, group CCL4þAd.Fc: fibrotic mice were
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transfected with shRNA control via tail vein, group
CCL4þAd.FcþIL-10: fibrotic mice were transfected with
shRNA control and IL-10 gene, group CCL4þAd.
shp53þIL-10: fibrotic mice were transfected with target
shp53 and IL-10 gene, group CCL4þAd.shp53: fibrotic
mice were transfected with target shp53 alone. CCL4 was
still used to induce the formation of liver fibrosis in mice.
Adenoviruses bearing shRNA (2.5� 107 pfu/g, once every
two weeks) were injected into mice by tail vein,22 and a
mixture of CCL4 (5mL/kg) and olive oil (v/v 1:9) was
intraperitoneally injected into mice. All mice were sacri-
ficed under anesthesia of 2% sodium pentobarbital at a
dosage 100mg/kg at the end of the eight-week

experiments. A brief modeling process is described in
Figure 4(a). In addition to collecting mouse liver tissue as
described above, serums from each group of mice were also
collected and stored at �70�C.

Liver histopathology assay

The left lobe liver tissues of each group were collected,
fixed in 10% formalin solution, embedded in paraffin,
and sectioned. Then sections were stained with hematoxy-
lin and eosin (H&E) and Masson’s trichrome stain follow-
ing deparaffinization with xylene and rehydration with
ethanol. The grading of inflammation and staging of

Figure 1. IL-10 gene intervention attenuated CCL4-induced hepatic fibrosis in rats. (a) Schematic diagram of drug intervention in the process of hepatic fibrosis

induced by CCL4 in rats. Liver fibrosis in SD male rats was induced by intraperitoneal injection of 40% (v/v) CCL4-olive oil mixed reagent, and pcDNA 3.1-rIL-10

recombinant plasmid and control reagent were injected through tail vein from the fourth week. (b) Content of IL-10 in rat plasma. After IL-10 gene intervention, the

expression of IL-10 in rat plasma was significantly increased. (c) H&E (200� magnification) and Masson stain (100� magnification) were used to estimate the degree

and grade of liver fibrosis; Sirius Red stain (100� magnification) was used to observe deposition of collagen I and III. (d) Semi-quantitative analysis of grading of

inflammatory and staging of fibrosis according to modified HAI score. (e) Expression of collagen I and III. (f) Serum level of HA. (g) Serum levels of ALT and AST. n¼ 10,

Data were displayed as average�SD. ***P< 0.001, compared with group control; ##P< 0.01, ###P< 0.001, compared with group model; $P<0.05, $$$P< 0.001,

compared with group pcDNA3.1. (A color version of this figure is available in the online journal.)
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fibrosis in the fibrotic liver tissue were evaluated by two
pathologists, according to modified HAI score.23

Accumulation of collagen I and III was detected by Sirius
Red stain and the area of collagen was quantified by using
Image-Pro Plus software (version 6.0; Media Cybernetics,
USA) as previously described.19

Liver function assays

The content of aspartate aminotransferase (AST) and ala-
nine aminotransferase (ALT) in serum of each group was
measured by automatic biochemical analyzer in our clinical
laboratory.

Detection of serum hyaluronic acid

The serum level of hyaluronic acid (HA) was detected by
following the instructions of HA test kit in the clinical lab-
oratory of our institution.

SA-b-Gal and immunohistochemistry double staining

SA-b-Gal and a-SMA were considered to be a specific
marker of cellular senescence24 and HSCs activation,
respectively. This experiment used single and double stain-
ing of SA-b-Gal staining or/and immunohistochemistry of
a-SMA to observe the aging of activated HSCs in liver
tissue. Briefly, the frozen sections of the liver tissue were
fixed with staining fixative at room temperature for 15min
and washed with PBS. The washed sections were then
stained overnight with staining solution (including X-Gal,
prepared according to the instructions) at 37˚C.
Endogenous peroxidase was removed with 30mL/L
H2O2. The tissue sections above were incubated with
a-SMA primary antibodies (1:200, Boster Biological
Technology) in a humidified chamber at 4˚C for overnight.
After incubation, the sections were stained with instant
Polink-2 plus Polymer HRP Detection System (cat. no.
PV-9001/PV-9002; ZSGB-BIO; OriGene Technologies) and
then incubated in a buffer solution containing 3,3’-diami-
nobenzidine tetrahydrochloride (DAB) to generate a brown
reaction product. The sections were also re-stained with
hematoxylin staining solution (Beyotime Institute of
Biotechnology) and followed by visualization under a
phase contrast microscopy (magnification, �100).

Immunofluorescence double staining

a-SMA was used as a marker for activation of HSCs. In
order to observe the expression of the target proteins P53
and HMGA1 in liver tissues, immunofluorescence double
staining technique was used. In short, paraffin slices were
baked, dewaxed with xylene, and dehydrated with gradi-
ent alcohol. Sections immersed in 0.01M citrate buffer (pH
6.0) were placed in a microwave oven for antigen retrieval
for 20min. Then 0.2% TritonX-100 was added for perme-
ation, 3% H2O2 deionized water to inactivate endogenous
peroxidase, and 10% goat/donkey serum (selected accord-
ing to secondary antibody) was incubated at 37�C for 2 h to
block non-specific antibodies, followed by incubation with
mixture of anti-p53 (1:100, Cell Signaling Technology,
United States)/HMGA1 (1:100, Abcam, United Kingdom)

and anti-a-SMA (1:300, Abcam, United Kingdom) primary
antibodies at 4�C for overnight. The slices were washed
with TBST for three times and then incubated with second-
ary antibody Alexa Fluor 488 (Abcam, United Kingdom)
and Alexa Fluor 594(Invitrogen, United States) at 37�C for
1 h followed by DAPI for another 15min. The slices were
observed using a TE-2000 Nikon Inverted fluorescence
microscope.

The preparation and storage of the recombinant
adenovirus particle

There were three different types of p53-interfering adeno-
virus, recombinant adenovirus particle AD-Trp53-RNAi
(68825–1, 68826–1, 68827–1), purchased from Shanghai
Genechem Co., Ltd (Shanghai, China). They used the
AdMax adenovirus packaging system established by
Professor Frank L. Graham for adenovirus packaging.
HEK293 cells were co-transfected with adenovirus shuttle
plasmids carrying exogenous genes and auxiliary
packaging plasmids carrying most of the adenovirus
genome (E1/E3 deletion), using Cre-loxP (or FLP/frt)
recombinase cleavage system. A non-replicating
recombinant adenovirus carrying an exogenous gene can
be produced. Finally, the adenovirus was amplified and
purified, then stored at �70�C.

Screening of p53 RNA-interfering adenovirus and cell
intervention

The detailed cloning information of the recombinant ade-
novirus is provided in Supplemental Information and
Figure 3(a). The immortality mouse hepatic stellate cell
line (HSC-T25) with good growth status was divided into
6-well culture plates one day before virus infection.
According to the MOI value of adenovirus in each group
(Table 1), appropriate amount of RNAi adenovirus particles
were added into groups designed for HSC-T25 infection
experiment on the day of infection. After three days of
infection, the expression of GFP was observed under fluo-
rescence microscopy. Those with infection efficiency great-
er than 50% continued to be cultured. Cells were collected
after five days of infection, and the expression of target
gene mRNA and protein was tested by RT-PCR and
Western blot to determine the interference effect of target
and expression of downstream senescence-related proteins
P21, P27, and HMGA1 after inhibition of p53 (see the oper-
ation process of RT-PCR and Western blot for details).

Real-time polymerase chain reaction

Real-time PCR was performed according to the methods
described in previous articles.20 Briefly, total RNA was
extracted from HSC-T25 cells by TRIzol reagent, reverse
transcribed to cDNA, and amplified using the SYBR
Green PCR Master Mix. The primer sequences were as fol-
lows: p53 forward, 50-TGG AAG GAA ATT TGTATC CCG
A-30 and reverse, 50- GTG GAT GGT GGT ATA CTC AGA
G-30; GAPDH forward, 50-GGT TGT CTC CTG CGA CTT
CA-30 and reverse, 50- TGG TCC AGG GTT TCT TAC TCC-
30. All experiments were repeated three times. Finally, using
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GAPDH as internal reference, the difference of mRNA
expression between groups was calculated by 22DDCT

method.

Western blot assay

Western bolt was exerted as described previously.20 Briefly,
proteins from liver tissue or HSC-T25 cells were extracted
using the lysis buffer (RIPA:phosstop:cocktail:
PMSF¼ 100:10:1:1, final concentration of PMSF was
1mmol/L). After boiling the samples at 95˚C for 5min,
the denatured protein samples were loaded with equal
amount (30–50 lg) and separated by SDS-PAGE. Next, the
protein was transferred to the polyvinylidene fluoride
membranes by electrophoresis. The membranes were first
blocked with 5% skimmed milk powder or BSA (diluted
with TBST) and then were incubated at 4˚C for overnight
with primary antibodies against a-SMA (1:400, Abcam,
United Kingdom), P53 (1: 500, Cell Signaling Technology,
United States), P21(1:500, Abcam, United Kingdom), P27
(1:500, Abcam, United Kingdom), HMGA-1(1:500, Abcam,
United Kingdom), P16 (1:500, OriGene, Canada), and
b-actin (1:10,000, Sigma, United States), respectively. After
incubation, themembranes werewashedwith TBST for five
times and then incubated for 1 h at RT with horseradish
peroxidase-conjugated secondary antibodies (1:10,000).
The membranes were washed with TBST for five times
again, and visualized using an ECL detection system
(Beyotime Biotechnology, China). The bands were quanti-
fied in grayscale using Image J software (NIH, United
States). Typical bands are derived from three independent
experiments.

Statistical analysis

The results were expressed as the means� SD of at least
three independent sets of experiments, and one-way
ANOVAwith the post hoc Dunnett’s test was used to deter-
mine significance of difference. Values of P< 0.05 or less
were considered to be statistically significant. Statistical
analyses were performed using SPSS 24.0 software.

Results

IL-10 gene intervention attenuated CCL4-induced
hepatic fibrosis in rats

It has been reported that IL-10 could alleviate liver fibro-
sis,25,26 but its molecular mechanism was poorly under-
stood. Previous studies in our laboratory have shown that
IL-10 gene intervention by hydrodynamic-based transfec-
tion (HBT) could alleviate hepatic fibrosis in rats induced
by porcine serum by inhibiting the activation of HSCs.19

To further uncover the protection effects of IL-10 on liver
injury and fibrogenesis and its possible mechanism, we
used ELISA to determine the concentration of IL-10 in rat
plasma first. We found that the concentration of IL-10
recombinant gene in plasma after tail vein injection was
significantly increased compared to normal group (Figure
1(b)), which is consistent with previous studies.19 Then we
detected the liver histologic changes in CCL4-induced
fibrotic liver after IL-10 gene treatment. H&E and Masson
stains showed that IL-10 gene intervention by HBT mark-
edly improved liver histology by ameliorating hepatocyte’s
steatosis and necrosis, inhibiting infiltration of inflammato-
ry cells around portal vein, and reducing deposition of col-
lagen fibers in the liver (Figure 1(c)). Compared to model
group, the semi-quantitative evaluation of liver biopsy
showed that both grading of inflammatory and staging of
fibrosis in IL-10 intervention group were significantly
declined (Figure 1(d)). To further assess the impact of IL-
10 on hepatic fibrogenesis caused by CCL4, liver sections
were stained with Sirius Red staining for collagen I and III,
which are the major components of ECM. The results dem-
onstrated that the accumulation of interstitial collagen I and
III was significantly reduced after IL-10 gene intervention
(Figure 1(c) and (e)). These data indicated that IL-10 gene
intervention could promote the degradation of collagen
and hamper the progression of fibrosis in rats with liver
fibrosis. Hyaluronic acid (HA) is mainly derived from
HSCs, and serum HA level is a quantitative index that
can sensitively reflect the severity of liver damage and
fibrosis. Measurement of serum HA further supported
that collagen production was reduced by IL-10 treatment
in rats with liver fibrosis (Figure 1(f)). Additional biochem-
ical analyses of serum enzymes were performed to verify
the hepatic protective effects of IL-10. Our data demonstrat-
ed that IL-10 gene intervention reduced levels of ALT and
AST in serum of CCL4-treated rats (Figure 1(g)). Together,
these results confirmed that IL-10 gene intervention was
able to alleviate CCL4-induced liver fibrosis in rats via
inhibiting hepatic inflammatory and promoting degrada-
tion of collagen.

IL-10-induced senescence of activated HSCs was
associated with elevated p53 expression in vivo

Activated HSCs are the chief cellular source of ECM, and
promoting the senescence of activated HSCs can reduce the
degree of liver fibrosis caused by chronic liver injury.27 Our
previous study has confirmed that IL-10 could promote
primary rat HSCs senescence by up-regulating senes-
cence-associated protein P53 and its downstream protein
P21 expression in vitro.20 In the present study, we sought
to further investigate whether the anti-fibrogenic effect of
IL-10 was associated with the senescence of activated HSCs
in vivo. Immunohistochemistry staining (IHC) and SA-b-gal
staining were used to detect the expression of a-SMA
(marker of activated HSCs) in situ and the senescence of
activated HSCs in liver tissues, respectively. Firstly, IHC
results indicated that numbers of a-SMA-positive cells in
group IL-10 treatment were significantly decreased com-
pared with the group model and empty plasmid control

Table 1. MOI of adenovirus infection in each group

Group Titer/concentration(FU/mL) MOI

AD-Trp53-RNAi(68825-1) 4Eþ10 20

AD-Trp53-RNAi(68826-1) 3Eþ10 10

AD-Trp53-RNAi(68827-1) 2Eþ10 30

Control virus CON098 2Eþ11 10
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(Figure 2(a) and (b)), which are similar to previous study.19

These results suggested that IL-10 gene treatment has abil-
ity to inhibit the activation of HSCs or promote the clear-
ance of activated HSCs. It is well known that senescent
HSCs could enhance immune surveillance and then pro-
mote the clearance of senescent cells.3 Next, we sought to
clarify the relationship between anti-fibrotic effect of IL-10

and senescence of activated HSCs. The activity of SA-b-gal,
a marker of cellular senescence, was detected in fibrotic
liver tissues after treatment with IL-10 gene. As illustrated
in Figure 2(a), positive stain of SA-b-gal activity was accu-
mulated in fibrotic liver and mainly located along fibrous
septa. Compared to other groups, the areas of SA-b-gal
positive stain in IL-10 treatment group were dramatically

Figure 2. IL-10-induced senescence of activated HSCs was associated with increased expression of p53 in vivo. (a) Immunohistochemistry staining of a-SMA and

SA-b-Gal staining was used to detect the numbers of activated HSCs and senescent HSCs in rats, respectively (100� magnification). (b) Relative area of positive

expression of a-SMA or SA-b-Gal (%) in liver tissue. (c) Immunofluorescence double staining to observe the expression of HMGA1 or p53 in fibrotic liver tissue. HSCs

were specifically stained with antibody against a-SMA, and nuclei were stained with DAPI (100�magnification). (d) Bar graphs showed the percentage quantitation of

fluorescent images of HMGA1 or P53 positive cells in all activated HSCs (a-SMA as marker). (e, f, g) Western blot analyzed the expression levels of a-SMA, P53, P21,

P27, HMGA1 in liver tissue. n¼10, Data were displayed as average�SD. *P< 0.05, **P< 0.01, ***P< 0.001, compared with group control; #P< 0.05, ##P< 0.01, ###P<

0.001, compared with group model; $P< 0.05, $P< 0.001, compared with group pcDNA3.1. (A color version of this figure is available in the online journal.)
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increased (Figure 2(b)), suggesting that IL-10 gene treat-
ment is able to increase SA-b-gal activity in fibrotic liver.
Thirdly, we sought to further investigate whether activated
HSCs were the main cells of SA-b-gal positive cells. The SA-
b-gal and a-SMA immunohistochemistry double staining
demonstrated that most areas of SA-b-gal positive were
also the a-SMA-positive cells (Figure 2(a)). HMGA1, anoth-
er senescence marker, was used to judge the cellular senes-
cence in the tissue. HMGA1 and a-SMA
immunofluorescence double staining showed that expres-
sion of HMGA1 positive stain was co-localized with a-SMA
(Figure 2(c)). In addition, the expression of HMGA1 was
increased in IL-10 gene treatment group compared with
those in group model and pcDNA3.1 (Figure 2(d)).
Together, these results indicated that IL-10 gene interven-
tion could increase the numbers of senescent cells in rat
fibrotic liver induced by CCL4 and most senescent cells
were activated HSCs.

As an important tumor suppressor gene, p53 plays a
crucial role in cellular senescence in response to a series
of cellular injury.22 Our previous in vitro study has
showed that IL-10 induced activated HSCs senescence via
STAT3-p53 signaling pathway. To confirm whether p53
plays a vital role in senescence of activated HSCs induced
by IL-10 in fibrotic liver, we examined the expression of p53
in rat fibrotic liver with different methods.
Immunofluorescence double staining showed that expres-
sion of p53 in fibrotic liver was mainly in activated HSCs
(Figure 2(c)). In addition, chronic CCl4 intoxication could
reduce the expression of p53 and IL-10 gene treatment has
the opposite effect on its expression (Figure 2(d)). Western
blot analysis further confirmed that senescence-associated
proteins P53 and HMGA1 and their downstream target
proteins P21 and P27 in liver tissue were markedly
increased in IL-10 gene treatment group compared to
group model and pcDNA3.1 (Figure 2(e) to (g)), suggesting
that IL-10 gene treatment can promote the expression of
senescence-related proteins and its downstream target pro-
teins. Taken together, these results displayed that IL-10
gene treatment induced the senescence of activated HSCs
in vivo accompanied with increased senescence-related pro-
tein P53 and its downstream target proteins.

Depletion of p53 abrogated the up-regulation effect of
IL-10 on senescence-related proteins in HSC-T25 cells
in vitro

To further investigate the role of p53 in senescence of acti-
vated HSCs induced by IL-10, short hairpin RNA (shRNA)
technology, which leads to the knockdown of messenger
RNA (mRNA) and protein, was used to deplete the p53
gene. Recombinant adenoviral particles encoding mouse
p53 shRNA (AD-Trp53-RNAi) were used to deplete the
expression of p53 mRNA and protein in cultured immor-
tality mouse HSC-T25 cells (Supplemental Information and
Figure 3(a)). The AD-Trp53-RNAi and negative control
virus CON098 (hU6-MCS-CMV-EGFP) were used to trans-
fect HSC-T25 cells treated with or without IL-10. When the
infection rate was observed to be over 80% under the fluo-
rescence microscope (Figure 3(b)), real-time PCR and

Western bolt were used to identify the efficiency of p53
knockdown. Our results showed that p53-targeting
shRNA induced not only significant and specific mRNA
knockdown (the knockdown efficiency at the RNA level
was greater than 70% in all three groups) but also protein
knockdown (Figure 3(c) and (d)). Among them, Trp53-
RNAi (68825–1) had the best inhibitory effect on p53 com-
pared with other adenovirus groups, which was used to
inhibit p53 expression in subsequent animal experiments.
We also detected the expression of senescence marker pro-
tein HMGA1 and p53 downstream target proteins P21 and
P27 in HSC-T25 cells after p53 knockdown. Our results
indicated that the expression of HMGA1, P21, and P27 in
HSC-T25 cells was significantly decreased in Ad.shp53 pre-
treatment compared to IL-10 treatment alone (Figure 3(d)
and (e)). These data demonstrated that p53 knockdown by
p53 shRNA alleviated the pro-senescence effects of IL-10 in
vitro. Moreover, these results could provide an experimen-
tal foundation for subsequent animal experiments.

Depletion of p53 abrogated the anti-fibrotic effect of IL-
10 on hepatic fibrosis in mice

To determine whether the anti-fibrogenic effect of IL-10 was
associated with p53-mediated senescence of activated
HSCs in vivo, recombinant adenoviral particles encoding
mouse p53 shRNA (AD-Trp53-RNAi) with or without IL-
10 gene were transferred into fibrotic liver by tail vein injec-
tion. Both histopathological and biochemical examinations
were performed to assess the degree of liver fibrosis. H&E,
Masson, and Sirius Red staining results stated that the liver
inflammatory and fibrogenesis were decreased by IL-10
gene treatment alone compared with CCL4 model group,
which is consistent with the above results (Figure 1(d)),
while depletion of p53 blocked the effect of IL-10 on liver
inflammatory and degradation of ECM (Figure 4(b) to (d)).
We next detected the levels of ALT and AST to assess the
protective effect of IL-10 gene treatment. Our results stated
that IL-10 gene intervention could reduce the levels of ALT
and AST in fibrotic mice. In addition, the levels of ALT and
AST were markedly increased in depletion of p53 group
compared with IL-10 gene treatment alone (Figure 4(e)).
These results indicated that p53 played a crucial role in
the protective effect of IL-10 on liver injury. Moreover, we
detected the levels of HA in serum to investigate the deg-
radation of fibrosis. As shown in Figure 4(f), IL-10 gene
treatment was able to reduce the levels of HA in fibrotic
mice, which is similar to results in rat fibrotic model, and
the levels of HA were markedly increased in depletion of
p53 group compared with IL-10 gene treatment alone.
Taken together, these findings demonstrated that depletion
of p53 by p53 shRNA weakened the anti-fibrosis effect of
IL-10 in vivo.

Depletion of p53 attenuated activated HSCs
senescence mediated by IL-10 in mice

We next explored whether p53 was directly involved in the
IL-10-induced HSCs senescence in vivo. The staining results
of IHC and SA-b-Gal in liver tissue of fibrotic mice were
similar to those of rats after IL-10 gene intervention.

Guo et al. The role of p53 in IL-10 anti-fibrosis 453
...............................................................................................................................................................



However, after the recombinant adenovirus granule AD-
Trp53-RNAi was transferred into fibrotic mice to block
the expression of p53, the numbers of SA-b-gal positive
cells, which located along fibrous septa, were decreased
and the numbers of a-SMA positive cells were markedly
increase compared to IL-10 gene treatment alone (Figure 5
(a) and (b)). These results indicated that depletion of p53
could inhibit the cellular senescence induced by IL-10 treat-
ment. The immunofluorescence double staining of p53 or
HMGA1 together with a-SMA showed that the induction of
IL-10 on activated HSCs senescence was weakened after
depletion of p53 in fibrotic liver (Figure 5(c) and (d)).
Moreover, Western blot were carried out to measure the
expressions of senescence-related proteins P53, P21, P16,
and P27, respectively. As expected, IL-10 gene treatment
promoted the expression of aging-related proteins in fibrot-
ic mice liver, and these effects were partially reversed by
depletion of p53 (Figure 5(e) and (f)). In summary, these

data demonstrated that IL-10 induced activated HSCs
senescence in a p53-dependent manner in vivo.

Discussion

Liver fibrosis is an inevitable stage for most chronic liver
diseases to progress to cirrhosis. Advanced cirrhosis can
lead to severe complications such as massive hemorrhage
of digestive tract, primary liver cancer, and liver failure,
with high mortality rate and serious threat to human
health.28 However, there is still a lack of safe and effective
drugs for the treatment of liver fibrosis. Therefore, it is of
great significance to study the pathogenesis of liver fibrosis
and find safe and effective drugs for the treatment of liver
fibrosis.

IL-10 is a pleiotropic cytokine and has anti-inflammatory
and anti-fibrotic activities.15–17 Our previous studies have
demonstrated that IL-10 gene intervention by HBT could

Figure 3. Inhibition of p53 antagonized IL-10-induced expression of senescence-related proteins in HSC-T25 cells in vitro. (a) Vector structure of recombinant

adenovirus. (b) Performance of GFP in HSC-T25 cells under fluorescence microscopy after adenovirus transfection for three days (200� magnification). The infection

rate in all groups was above 80%. (c) Real-time PCR analyzed the mRNA expression of p53 after silencing p53. The knockdown efficiency at the RNA level was greater

than 70% in all three groups. (d, e) Western blot analyzed the expression levels of p53 and its downstream target proteins P21, P27, and HMGA-1 after silencing p53.

Data were displayed as average�SD. *P< 0.05, ***P< 0.001, compared with group control; ###P< 0.001, compared with group IL-10 intervention. (A color version of

this figure is available in the online journal.)
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attenuate hepatic fibrosis induced by CCL4 and porcine
serum in rats.18,19 HBT, an efficient method for transfecting
plasmid DNA into hepatocytes in vivo, could achieve per-
sistent and high levels expression of IL-10 in the liver.
Therefore, HBT was applied to transfer IL-10 gene to liver
in present study. The histologic and liver function test
showed that IL-10 gene intervention promoted degradation
of ECM, alleviated the liver injuries, and reduced the
number of activated HSCs, which are similar to previous
study.18,19 Beside the phenotype reversion, both apoptosis
and senescence of activated HSCs could reduce the number
of activated HSCs.1–4 Moreover, previous study has
confirmed that IL-10 could promote HSCs senescence
in vitro.20 However, it is still unknown whether the anti-
fibrogenic effects of IL-10 were associated with activated
HSCs senescence in vivo. Immunofluorescence double
staining was applied to detect whether the main senescent
cells was the activated HSCs. HMGA1 (a marker of cellular
senescence) and a-SMA (a marker of activated HSCs)
double staining results showed that the area of HMGA1

positive cell was similar to the area of a-SMA. In addition,
the HMGA1 and a-SMA double positive cells were mark-
edly increased in IL-10 gene treatment rats, suggesting that
mostly senescent cells were the activated HSCs. These
results were consistent with those of Jin et al.29 Taken
together, these findings showed that the anti-fibrogenic
effect of IL-10 might be related to its induction of activated
HSCs senescence in vivo.

Increasing studies showed that p53 plays a critical role in
induction of activated HSCs senescence.20,29–31 For exam-
ple, curcumin could promote activated HSCs senescence
accompanied by increased expression of p53, which sug-
gested that p53 could be a therapeutic target for reducing
HSCs activation.28 In our study, p53 and a-SMA double
staining were used to judge whether IL-10-induced activat-
ed HSCs senescence was mediated by p53 in vivo.
Our results showed that positive area and expression
level of p53 were similar to HMGA1, suggesting that IL-
10 gene intervention could promote expression of p53 in the
senescent HSCs. Western blot analysis also confirmed that

Figure 4. Depletion of p53 abrogated the anti-fibrotic effect of IL-10 on hepatic fibrosis in mice. (a) Schematic diagram of drug intervention in the process of hepatic

fibrosis induced by CCL4 in mice. Liver fibrosis in ICR male mice was induced by 10% (v/v) CCL4-olive oil mixed reagent. From the third week, pcDNA3.1-mIL-10

recombinant plasmid and empty plasmid were injected into mice by tail vein, and adenovirus inhibiting p53 and control virus were injected through tail vein the next

day. (b) H&E and Masson stain were used to assess the degree and grade of liver fibrosis, Sirius Red stain was used to detect accumulation of collagen I and III (100�
magnification). (c) Semi-quantitative analysis of grading of inflammatory and staging of fibrosis according to modified HAI score. (d) Expression of collagen I and III.

(e) Serum levels of ALT and AST. (f) Serum levels of HA. n¼ 6, Data were displayed as average�SD. ***P< 0.001, compared with group control; #P< 0.05, ##P< 0.01,
###P< 0.001, compared with group CCL4þAd.Fc; $P< 0.05, $$$P< 0.001, compared with group CCL4þAd.FcþIL-10. (A color version of this figure is available in the

online journal.)
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expression levels of senescence-associated proteins
HMGA1, P53, and its downstream target protein P21, P27
were significantly increased in IL-10 gene treatment rats
compared with fibrotic model control rats. Thus, our data
suggested that IL-10-induced senescence of activated
HSCs was also associated with increased expression of
p53 in vivo.

RNA interference (RNAi) is a natural process in which
double-stranded RNA inhibits expression of a certain
target protein by stimulating the specific degradation of
the target gene mRNA. It is an useful method in vitro and
in vivo to disrupt excessive expression of gene and to
uncover the function of genes.32 To further confirm that
p53 played a key role in IL-10-induced activated HSCs

Figure 5. Depletion of p53 attenuated IL-10-induced activated HSCs senescence in vivo. (a) Immunohistochemistry staining of a-SMA and SA-b-Gal staining was

used to detect the numbers of activated HSCs and senescent HSCs in mice, respectively (100� magnification). (b) Relative expression of a-SMA or SA-b-Gal (%) in

mice liver tissue. (c) Immunofluorescence double staining to observe the expression of p53 (200� magnification) or HMGA1 (100� magnification) in mice liver tissue.

HSCs were specifically stained with antibody against a-SMA, and nuclei were stained with DAPI. (d) Bar graphs showed the percentage quantitation of fluorescent

images of P53 or HMGA1 positive cells in all activated HSCs (a-SMA as marker). (e, f) Western blot analyzed the expression levels of a-SMA, P21, P27, and P16 in

mice fibrotic liver. n¼ 6, Data were displayed as average�SD. ***P< 0.001, compared with group control; #P< 0.05, ###P< 0.001, compared with group CCL4þAd.Fc;
$$$P< 0.001, compared with group CCL4þAd.FcþIL-10. (A color version of this figure is available in the online journal.)
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senescence, RNAi technology was used to deplete the
expression of p53 in immortality mouse HSC-T25 cells
in vitro. Our results showed that p53 gene could be effec-
tively depleted and the expression of p53 and its down-
stream proteins was also significantly decreased. We next
investigated the influence of p53 depletion on degradation
of fibrosis and senescence of activated HSCs mediated by
IL-10 in mice. Liver biopsy results showed that collagen
deposition and inflammatory cells infiltration were mark-
edly improved in IL-10 gene treatment group compared
with those in shRNA control group. However, the anti-
fibrotic of IL-10 is abrogated in p53 depletion group. The
levels of AST, ALT, and HA in serum were decreased after
IL-10 treatment but the results were conversed after p53
depletion. These data indicated that p53 depletion could
block anti-fibrotic effect of IL-10 on degradation of fibrosis.
As our results suggested that p53 played a crucial role in
progression of liver fibrosis, we next evaluatedwhether p53
depletion affects the senescence of activated HSCs induced
by IL-10 in vivo. IHC results showed that p53 depletion
could reverse the effect of IL-10 on inhibition of a-SMA.
SA-b-Gal staining showed that the number of senescent
cells in p53 knockdownmice wasmarkedly decreased com-
pared to IL-10 treatment mice. These data indicated that
p53 depletion could reverse promotion effect of IL-10 on
cellular senescence. Immunofluorescence double stain
result is similar to IHC. Western Blot results further dem-
onstrated that the decreased expression of p53 and its
downstream aging-related proteins P21, P27, and P16 in
p53 depletion group compared with IL-10 gene treatment
group. Together, these results suggested that p53 played an
important role in senescence of activated HSCs mediated
by IL-10. Silencing the expression of p53 is able to antago-
nize the senescence of activated HSCs induced by IL-10.

In conclusion, IL-10 gene treatment could induce activat-
ed HSCs senescence in vivo by up-regulating the expression
of p53 and its downstream target proteins, thereby reduc-
ing the degree of CCL4-induced liver fibrosis. Depletion of
p53 could abrogate the effect of IL-10 through promoting
senescence of activated HSCs and degradation of fibrosis.
This study provided a new perspective and theoretical
basis for the clinical application of IL-10 in anti-fibrogenic
therapy.
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