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Abstract

Hepatic fibrosis is a disease of the wound-healing response following chronic liver injury, and activated hepatic stellate
cells (HSCs) play a crucial role in the progression of hepatic fibrosis. -arrestin2 functions as a multiprotein scaffold to
coordinate complex signal transduction networks. Although B-arrestin2 transduces diverse signals in cells, little is
known about its involvement in the regulation of liver fibrosis. Our current study utilized a porcine serum-induced liver
fibrosis model and found increased expression of 3-arrestin2 in hepatic tissues with the progression of hepatic fibrosis,
which was positively correlated with collagen levels. Furthermore, changes in human fibrotic samples were also
observed. We next used B-arrestin2 ™'~ mice to demonstrate that B-arrestin2 deficiency ameliorates CCl,-induced liver
fibrosis and decreases collagen deposition. The in vitro depletion and overexpression experiments showed that
decreased B-arrestin2 inhibited HSCs collagen production and elevated TRRIIl expression, thus downregulating the
TGF-31 pathway components Smad2, Smad3 and Akt. These findings suggest that B-arrestin2 deficiency ameliorates

liver fibrosis in mice, and B-arrestin2 may be a potential treatment target in hepatic fibrosis.

Introduction

Hepatic fibrosis is a common final pathway of a variety
of chronic liver diseases and is often associated with
severe morbidity and mortality. The pathogenesis of
hepatic fibrosis is characterized by the excessive accu-
mulation of extracellular matrix (ECM) and formation of
fibrous scars, which lead to destruction of the normal liver
parenchyma'. The activation of hepatic stellate cells
(HSCs) is reported to play a crucial role in the formation
of liver fibrosis and is a major cellular source of matrix
proteins®. At the cellular level, transforming growth fac-
tor-pl (TGEF-B1) is critical in the progression of liver
fibrosis due to its role in regulating ECM synthesis, HSC

Correspondence: Wei Wei (wwei@ahmu.edu.cn)

'Institute of Clinical Pharmacology of Anhui Medical University, Key Laboratory
of Anti-inflammatory and Immune Medicine, Ministry of Education, Anhui
Collaborative Innovation Center of Anti-Inflammatory and Immune Medicine,
230032 Hefei, Anhui Province, China

Edited by A. Stephanou

© The Author(s) 2020

proliferation, and apoptosis. Following liver injury, HSCs
are activated and secrete latent TGF-p, which forms an
autocrine positive feedback loop to induce fibrogenesis
through Smad2/3”. TGE-B1 functions by binding to three
receptors: type I (TPRI), type II (TPRII) and type III
(TBRII) TGE-P1 receptor. Both Smad-dependent path-
ways (such as Smad2 and Smad3) and several Smad-
independent pathways, such as mitogen-activated protein
kinases (MAPKs) and phosphatidylinositol 3-kinase
(PI3K)/Akt, are critical for TGE-B1-mediated signalling®.
Currently, clinical reports suggest that advanced liver
fibrosis is potentially reversible. Therefore, it is crucial to
develop effective antifibrotic strategies.

There are four members of the arrestin family:
B-arrestinl, P-arrestin2, x-arrestin, and s-arrestin.
B-arrestinl and [-arrestin2 are extensively expressed;
however, x-arrestin and s-arrestin are mainly expressed in
the visual system. [B-arrestin2 transduces G protein-
coupled receptor (GPCR) signals and mediates
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Fig. 1 B-arrestin2 expression is associated with collagen production in liver fibrosis development. a Representative photographs of HE
staining from control rats and 3, 6, 9, 12, 16 weeks after PS injection (n = 8 in each group, scale bar = 100 um). b Time course analysis of B-arrestin2
and collagen |, collagen Il expression by Western blot in PS-induced liver fibrosis rats. ¢ TGF-B1, TBRII, TBRIII protein expressions in liver tissues of
fibrotic rats at different time points, and the protein levels were normalized to -actin for the Western blots from the same lysate. Densitometry
values in the histograms were expressed as -fold change relative to the control, which was assigned a value of 1. The data from at least four
independent experiments are shown as mean + SD. *P < 0.05, **P < 0.01 vs. control group. d The correlation analysis of B-arrestin2 and collagen |,
collagen Ill, TRRIIl expression in liver fibrosis. @ Immunohistochemical analysis of B-arrestin2 and TRRIII expression in human samples from normal liver
and different histological grades of liver fibrosis (scale bar = 200 um for x100 and 50 um for x400). Top panel is HE staining for a serial section (scale
bar = 200 um). f Bar graph of the relative positive optical density values of 3-arrestin2 and TRRIII in the hepatic tissues (n = 8 in normal group, n =10
in mild group, and n =9 in moderate group, severe group). “P<0.01 vs. normal group.

desensitization, internalization, degradation and recycling
of GPCR®. Mounting evidence suggests that, in addition
to regulating GPCR signals, B-arrestin2 also regulates the
signalling and/or endocytosis of non-GPCR, including
extracellular regulated kinase (ERK), JNK, TPRIIL, and
interleukin-1  receptor®.  Aberrant expression of
B-arrestins has been reported in some fibrotic diseases,
including cardiac fibrosis’, pulmonary fibrosis® and renal
fibrosis’.

Although [-arrestin2 transduces multiple signals in
cells, its role in the modulation of liver fibrosis is unclear.
We previously reported that [-arrestin2 depletion
diminishes HSC mitogenic signalling and proliferation
in vitro'®, However, the potential of B-arrestin2 in the
development of liver fibrosis in vivo and ECM synthesis
has not been investigated. To that end, the present study
utilized a porcine serum (PS)-induced liver fibrosis model
and found increased expression of B-arrestin2 in hepatic
tissues with the progression of hepatic fibrosis, which was
positively correlated with collagen levels. Furthermore,
changes in human fibrotic samples were also observed.
We next used B-arrestin2 /~ mice to further demonstrate
that P-arrestin2 deficiency ameliorates carbon tetra-
chloride (CCl,)-induced liver fibrosis and decreases ECM
deposition. In vitro depletion and overexpression experi-
ments showed that decreased B-arrestin2 inhibited col-
lagen production by HSCs and elevated TPRIII
expression, thus downregulating the TGF-f1 pathway
components Smad2, Smad3 and Akt. Taken together,
these findings suggest that [B-arrestin2 is a potential
treatment target in hepatic fibrosis.

Results
B-arrestin2 expression correlated with collagen production
during fibrosis development

To study the dynamic expression of B-arrestin2 in vivo,
we established a PS-induced liver fibrosis model to
investigate the changes during fibrosis progression.
Hematoxylin-eosin (HE) staining showed that at 6 weeks
after PS injection, the liver displayed disordered hepatic
cords, massive infiltration of inflammatory cells and
considerable collagen deposition. Between 9 and
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16 weeks, the apparent fibrous septa showed radial
extension, resulting in the formation of pseudolobules
(Fig. 1a). Western blot analysis showed that B-arrestin2
protein levels in the liver tissues of fibrotic rats increased
with the progression of fibrosis. Furthermore, the
deposition of collagen I and collagen III in the rat liver
correspondingly increased (Fig. 1b).

Considering the close association of TGF-B1 with col-
lagen production and hepatic fibrosis, we investigated the
expression of TGF-B1 and its receptors TPRII and TRRIII
in liver tissues. Western blot analysis showed that TGF-$1
expression was upregulated compared with that in the
normal control group with increasing severity of hepatic
fibrosis. However, the expression of TPRIII in PS-injected
rats was significantly lower than that in the normal con-
trol group. We found that TPRII expression was not
significantly changed with the progression of fibrosis (Fig.
1c). Correlation analysis revealed that [-arrestin2
expression in fibrotic livers was positively associated with
collagen I and collagen III levels but negatively associated
with TBRIII expression (Fig. 1d). Collectively, these data
revealed the correlation between B-arrestin2 expression
and collagen production in fibrosis development.

B-arrestin2 was frequently upregulated in patients with
liver fibrotic diseases

To further verify the role of B-arrestin2 in liver fibrosis,
we examined the B-arrestin2 expression profiles in human
samples by immunohistochemistry. B-arrestin2 staining
intensity showed a clearly increasing trend in mild fibrosis
and showed significantly enhanced levels in severely
fibrotic patients compared with that of samples from
control livers. However, TPRIII was significantly down-
regulated in fibrotic livers (Fig. 1e, f).

B-arrestin2 deficiency ameliorated liver fibrosis in mice
To determine the contribution of B-arrestin2 to hepatic
fibrosis, we used B-arrestin2™’~ mice in the CCl, mouse
model of liver fibrosis. Injection of CCl, resulted in ser-
ious hepatic steatosis, necrosis, severe architectural
changes and excessive collagen accumulation in WT
mice. However, the livers of B-arrestin2~’~ mice showed



Sun et al. Cell Death and Disease (2020)11:389 Page 4 of 15

c ALT
a Normal Model *%
150
Hi aowr
= B pam2-~-
2 100
=
5
< 50
#
il |
Normal Model
AST
*x
100 H
80
g 60
E
b w0 #
<
aiul WA B

Normal Model

o

d Hyp = MDE 3% SOD GSH
2
* %
500 it owr —
400 M p-arr2-~ g g g
5 L i
E’ 300 #H g ¢ =y % * i
E 200 E § 5. 10
E £2 a %
g 8 8
s (2]

[] 0
Normal Model Normal Model

°

Normal Model Normal Model

Fig. 2 B-arrestin2 deficiency ameliorated CCl,-induced liver fibrosis in mice. Liver sections from the WT and R-arrestin2 ™/~ mice at 6 weeks post

CCly injection were stained with HE (a) or Masson’s trichrome (b). Scale bar = 200 um. ¢ Serum ALT and AST activities of B—arrestinz_/_ and WT mice
6 weeks after intraperitoneal injection of CCly 5 mL/kg (n =8 in each group). d Effect of 3-arrestin2 deficiency on the hydroxyproline content, lipid
peroxidation products MDA, and SOD, GSH levels of liver homogenates in CCl,-induced liver fibrotic mice (n = 8 in each group). *p < 0.05, *P <001

vs. normal group; **P < 0.01 vs. WT model group.

minimal collagen accumulation (Fig. 2a, b). Consistent
with the liver histology results, B-arrestin2™'~ mice
showed obviously reduced hydroxyproline in liver
homogenates compared with that of WT mice upon CCly
treatment (Fig. 2d).

Increased levels of alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) are conventional
indicators of liver injury. An obvious increase in the
activity of these two enzymes was detected in WT model
mice, while a significant reduction was observed in
B-arrestin2 '~ mice (Fig. 2c). Since lipid peroxidation is
considered an important factor in CCly-induced hepa-
totoxicity, we examined malondialdehyde (MDA),
superoxide dismutase (SOD) and glutathione (GSH)
levels in liver homogenates. WT mice had a significant
increase in MDA levels and a decrease in SOD and GSH
levels. MDA levels were significantly decreased and
SOD, GSH levels were increased in the livers of
B-arrestin2~/~ mice compared with those of WT mice
(Fig. 2d). These data indicate that p-arrestin2-deficient
mice are protected from redundant collagen deposition
and architectural changes in the liver that commonly
occur upon CCl, treatment.

B-arrestin2 deficiency inhibited the activation of T cells
Activated T cells also play a crucial role in the patho-

genesis of hepatic fibrosis''. To determine if the loss of

B-arrestin2 alters T cell subsets, the subsets of naive
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T cells (CD4"CD62L"), activated T cells (CD4"CD69™"),
Th17 cells (CD4"IL-17") and regulatory T (Treg) cells
(CD4"CD25"Foxp3™) were examined. The results
showed that in the spleens of WT model mice, activated
T cells and the Th17/Treg ratio significantly increased,
while naive T cells decreased. B-arrestin2 deficiency led a
decrease in activated T cell populations and Th17/Treg
ratio and increased naive T cells in the spleens of fibrotic
mice (Fig. 3a—d). These data suggest that the inflamma-
tory response after CCl, treatment is attenuated in
B-arrestin2~/~ mice.

B-arrestin2 deficiency reduced collagen production and
TGF-B1 signalling in fibrotic mice

To ascertain whether the alleviation of fibrosis in
B-arrestin2™/~ mice is due to the loss of TGF-p1
responsiveness, the expression of TGF-B1 downstream
signalling molecules was detected. Importantly, the
B-arrestin2 level was also elevated in the WT CCl,-
induced fibrosis model (Fig. 4a). These observations were
consistent with a model of PS-induced fibrosis as pre-
viously mentioned. As shown in Fig. 4a—e, the expression
of collagen I, TGF-B1, p-Smad2, p-Smad3, and p-Akt was
decreased, whereas TPRIII expression was increased in
B-arrestin2 '~ mice compared with those of WT mice.
These data suggest that the prevention of liver fibrosis in
the absence of B-arrestin2 may be due to downregulating
TGEF-B1 signalling.
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Fig. 3 B-arrestin2 deficiency inhibited activation of T cells. Molecule expressions on T cell surface were detected using a flow cytometer. The
representative flow cytometry dot plot and bar graph of CD4TCD62L™ naive T cells (a), CD4TCD69™ activated T cells (b), CD41IL-17F Th17 cells (c),
CD4TCD25 Foxp3™ Treg (d). “P < 0.05, #P < 0.01 vs. normal group; *P < 0.05, **£ < 0.01 vs. WT model group.
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collagen | (@), TGF-B1 and its co-receptor TRRIII (b), p-Smad2 (c), p-Smad3 (d), p-Akt (e) from liver tissue protein extracts of WT and B—arresﬁmZ/' mice
(nh =8 per group). Densitometry values in the histograms were expressed as -fold change relative to WT normal group, which was assigned a value of
1. %8P <001 vs. WT normal group; *P < 0.05, #P <001 vs. normal group; *P < 0.05, **P < 0.01 vs. WT model group.
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Gene silencing of TRRIII enhanced TGF-B1-induced
collagen production

Considering that TGF-B1 plays a pivotal role in hepatic
fibrosis®, TGEF-B1-stimulated HSCs were used in this
in vitro study. Time-course expression of B-arrestin2,
TPRIII and its downstream signalling components in
HSC-T6 cells that were stimulated with TGF-f1 was
detected. As shown in Fig. 5a, B-arrestin2 expression was
progressively increased in HSCs after stimulation with
TGEF-B1 for 0.5h and peaked 4h. However, TPRIII
expression was decreased under TGF-P1 stimulation. As
expected, TGF-PB1 treatment induced increases in col-
lagen I and collagen III levels (Fig. 5b), which was
accompanied by upregulation of p-Smad2, p-Smad3 and
p-Akt (Fig. 5¢c—e).

To further investigate a role of TPRIII in B-arrestin2
deficiency-mediated collagen suppression, we next used
siRNA targeting TPRIII to block the expression of TPRIII
in HSCs that were stimulated with TGF-B1. Western blot
results revealed that siRNA against TPRIII decreased
TPRIII protein expression in HSC-T6 cells (Fig. 6a).
Further experiments showed that when the expression of
TPRIII was reduced by TPRIII siRNA, the collagen I and
III levels in HSCs were increased compared with those in
TGF-B1-treated cells that were not transfected (Fig. 6b).
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We also examined TGF-f1 downstream signalling pro-
teins that participate in TPRIII-mediated HSC collagen
production. Forty-eight hours after transfection with
TPBRIII siRNA, HSCs were stimulated with TGF-B1 for
0.25 or 4 h, and the levels of p-Smad2, p-Smad3 and p-Akt
were increased in cells with low TPRIII expression com-
pared with those of cells that were transfected with the
scrambled siRNA (Fig. 6¢c—e). These results indicate that
downregulation of TPRIII expression affects collagen
production in HSCs through upregulation of TGEF-
B1 signalling.

The B-arrestin2/TBRIIl interaction regulates collagen
production in vitro

Since TGF-B1 signalling was decreased during ECM
production in B-arrestin2 '~ mice, the role of B-arrestin2
in this process remains poorly understood. Thus, we
focused our study on the possible role of B-arrestin2 in
HSC collagen production upon TGF-p1 stimulation
in vitro. For this purpose, we first transfected
B-arrestin2 siRNA into HSC-T6 cells to determine the
effect of endogenous B-arrestin2 on collagen production.
B-arrestin2 protein expression was significantly reduced,
as determined by western blotting. Further experiments
showed that when the expression of B-arrestin2 was
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reduced by B-arrestin2 siRNA, the collagen I and III levels
in HSC-T6 cells were significantly decreased, which cor-
related with a decrease in the phosphorylation of Smad?2,
Smad3 and Akt (Fig. 7a, b). These findings indicate that
the above changes in collagen production in TGF-f1-
stimulated HSCs were inhibited when [-arrestin2 was
knocked down. These in vitro data support the in vivo
studies in which deficiency of pB-arrestin2 correlated with
reduced collagen production.

Because we observed that the loss of p-arrestin2 was
closely associated with decreased collagen levels in HSCs,
we hypothesized that overexpression of B-arrestin2 in
HSCs promotes collagen production. Thus, we trans-
fected a plasmid encoding pEGFP-C2-p-arrestin2 in LX-2
cells, a human immortalized HSC line. Successful over-
expression of P-arrestin2 was confirmed by Western
blotting (Fig. 7c). P-arrestin2 overexpression increased
collagen I levels. Furthermore, the expression of phos-
phorylated Smad2, Smad3 and Akt was significantly
increased when B-arrestin2 was overexpressed (Fig. 7d).
Our results suggest that [-arrestin2 promotes HSC
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collagen production by positively regulating the TGF-p1
pathway.

Finally, we decided to study the putative role of the
B-arrestin2/TBRIII interaction in TGF-B1-induced HSCs.
The expression and subcellular localization of B-arrestin2
and TPRIII were confirmed by immunofluorescence
confocal microscopy (Fig. 8a). Immunofluorescent analy-
sis showed that pB-arrestin2 protein was diffusely expres-
sed predominantly in the cytoplasm of untreated HSCs
and co-expressed with TPRIII. However, expression of
B-arrestin2 was distributed in the cytoplasmic membrane
of HSCs after TGF-B1 stimulation for up to 4 h. Moreover,
the immunofluorescent staining intensity of f-arrestin2 was
increased upon TGF-P1 treatment, which was in consistent
with the Western blot analysis. These observations suggest
that co-expression of P-arrestin2 and TPRIII resulted in
their co-localization in the cytoplasm of HSCs. To inves-
tigate whether B-arrestin2 has a role in regulating TPRIII,
we again used siRNA targeting [-arrestin2 or expression
vectors carrying [-arrestin2 in HSCs. A decrease in
TPRIII was observed in P-arrestin2-overexpressing cells
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compared with cells that were transfected with the empty
vector. TPRIII expression was increased in cells that were
treated with B-arrestin2 siRNA and TGF-p1 (Fig. 8b, c).
We next examined whether [B-arrestin2 interacts with
TPRIII by co-immunoprecipitation. Initially, p-arrestin2
and TPRIII were co-expressed in HSCs, as determined
by co-immunoprecipitation. Immunoprecipitation with
TPRIII antibody resulted in the co-precipitation of
B-arrestin2.  Enhanced co-immunoprecipitation of
[B-arrestin2 and TPRIII was observed in HSCs upon TGEF-
B1 treatment (Fig. 8d), while the p-arrestin2/TBRIII
interaction did not significantly change after siRNA-
mediated silencing of B-arrestin2 in TGF-B1-stimulated
HSCs (Fig. 8e). These results suggest that decreased
[B-arrestin2 expression in HSCs may be through increas-
ing TPRIII expression and downregulating its interaction

Official journal of the Cell Death Differentiation Association

with TPRIIL thus inhibiting TGF-P1 signalling and col-
lagen production (Fig. 8f).

Discussion

Increasing evidence suggests that B-arrestins trigger sig-
nalling cascades independent of G-protein activation, and
mediate many intracellular signalling networks, such as
Notch, Wnt and TGF-p pathways, and downstream kinases
including MAPK and PI3K*'%. These signalling pathways
have been shown to be involved in the formation of fibrosis.
Our previous studies found that with the exacerbation of
liver fibrosis, expression of B-arrestin2 but not B-arrestinl in
liver tissues is increased'®. However, its clinical relevance in
regard to the progression of hepatic fibrosis and collagen
production has never been clarified. Therefore, our present
study was designed to investigate the role of B-arrestin2
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2 was overexpressed in LX-2 cells, a human immortalized HSC line, by

deficiency in hepatic fibrosis. The results further demonstrate
that P-arrestin2 plays a crucial role in collagen production
and that B-arrestin2 deficiency ameliorates liver fibrosis.
Different models of hepatic fibrosis have been used to
study the molecular pathogenesis of this disease. The PS-
induced liver fibrosis model in rats manifests changes that
are similar to those found in liver diseases in humans'?,
The current study demonstrated that both B-arrestin2,
TGF-f1 and collagen were increased during fibrosis
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development in this model. Furthermore, B-arrestin2
expression in the fibrotic liver was positively associated
with collagen I and collagen III levels. These results were
further validated in the CCly-induced chemical liver
fibrosis model. Importantly, -arrestin2 levels were also
elevated in human fibrosis samples. The results demon-
strate that induction of B-arrestin2 occurs in two different
animal models of hepatic fibrosis and in human fibrosis
samples and is associated with increased collagen levels.
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Some studies have shown aberrant protein expression of
B-arrestin2 associated with fibrosis-associated diseases'*.
For instance, Fan et al.'” demonstrated that in experi-
mental ulcerative colitis (intestinal fibrosis) rats, the
expression of B-arrestin2 was obviously decreased in the
colonic mucosa compared with those of the normal
control group. In contrast, an increasing number of stu-
dies have indicated that [-arrestin2 expression is
increased in some fibrotic diseases. p-arrestin2~/~ mice
are protected from excessive collagen deposition in a
bleomycin-induced lung fibrosis model®. Moreover,
increased expression of B-arrestin2 protein was observed
in cystic fibrosis cells'®. However, to date, the role of
B-arrestin2 deficiency in liver fibrosis has not been
investigated. Our current studies demonstrate that
B-arrestin2~/~ mice showed minimal collagen deposition
and less hydroxyproline in the liver than WT mice.
B-arrestin2 deficiency also reduced serum transaminase
activities, which indicates that B-arrestin2™/~ mice are
protected from CCl-induced liver injury. Since oxidative
stress and subsequent lipid peroxidation participate in
CCly-induced hepatic fibrosis'’, we examined oxidative
stress parameters. Increased liver MDA levels and
decreased SOD and GSH were detected in the WT model
mice. B-arrestin2 '~ mice had significantly elevated GSH
levels and decreased MDA levels, compared with those of
WT mice. These data demonstrate that [-arrestin2
depletion inhibits lipid peroxidation and restores the
antioxidative defence system in hepatic fibrosis.

Increasing evidence suggests that inappropriate
inflammation drives the progression of fibrosis, and some
studies have concentrated on the imbalance between Treg
cells and other effector T cells as a reason for this inap-
propriate inflammation'®?, It has been reported that the
Treg/Th17 balance might influence fibrosis progression in
hepatitis B virus-related liver fibrosis via an increase in
liver injury and promotion of HSC activation®’. Intrigu-
ingly, B-arrestin2 also plays a role in inflammation and the
immune response. B-arrestin2 induced the production of
IL-17 and CD4" T lymphocyte expression in a mouse
asthma model®'. In the OVA-induced murine model of
allergic asthma, pulmonary eosinophil and CD4 T cell
infiltration, as well as IL-4, IL-6, IL-13 and TNF-a levels,
were all enhanced in WT but not in B-arrestin2 ™/~ mice?”.
To gain in vivo evidence of the effect of B-arrestin2 on T
cell activation during liver fibrosis, we determined the fre-
quencies of T cell subsets in the splenic lymphocytes of
mice. The frequencies of activated T cells and the Th17/
Treg ratio were significantly increased in WT mice after
CCl, treatment, while naive T cells were decreased.
[B-arrestin2 deficiency contributed to the reduction in
activated T cells and the Thl7/Treg ratio, and the
enhancement of naive T cells in the spleens of fibrotic mice.
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These results indicate that the inflammatory response after
CCl, treatment in B-arrestin2”~ mice was attenuated.

Our data suggest a previously unrecognized important
role for B-arrestin2 deficiency in ameliorating liver fibrosis
and regulating collagen formation in vivo. However, we
cannot exclude other wunderlying mechanisms of
B-arrestin2-mediated signalling pathways in the progres-
sion of hepatic fibrosis because of the complexity of
[B-arrestin2 signalling cascades. TGF-f1 is the most potent
liver pro-fibrotic cytokine®. Although Smad-mediated
signalling is well described as a significant mechanism of
TGEF-P1 signalling, additionally, Smad-independent path-
ways, such as MAPK, Akt, NF-kB pathways also partici-
pate in TGF-P1 signalling®**. We examined whether
B-arrestin2-regulated collagen formation was associated
with TGF-B1 signalling. Our results indicate that both
TGF-B1 and its downstream signalling molecules p-
Smad2, p-Smad3, p-Akt were decreased in B-arrestin2 '~
mice compared with those of WT mice. In vitro, TGF-p1-
stimulated HSCs were used to further explore the role of
B-arrestin2 in collagen synthesis. As expected, the col-
lagen levels and activation of Smad2, Smad3, Akt were
increased upon TGF-p1  stimulation. Moreover,
B-arrestin2 expression gradually increased. To further
investigate a role of -arrestin2 in collagen production, we
utilized siRNA targeting [B-arrestin2 or transfected plas-
mids encoding B-arrestin2 in HSCs. Results showed that
the collagen level and p-Smad2, p-Smad3, p-Akt were
significantly increased when p-arrestin2 was over-
expressed, while collagen production and Smad2, Smad3,
Akt activation induced by TGF-B1 were inhibited when
B-arrestin2 was knocked down in HSCs. These data
together suggest that B-arrestin2 promotes HSCs collagen
production by positively regulating the TGF-p1 pathway
in HSCs.

TGE-B regulates diverse cellular processes through a
heteromeric complex of TPRI, TPRII and TPRIIL. TGE-B
ligands bind to constitutively active TPBRII on the cell
surface, activating TPRI and then forming heteromeric
complexes to induce downstream signal®. TBRIII, which
lacks intrinsic enzymatic activity, is the most abundantly
expressed TGF-B superfamily receptor. TPRIII has pri-
marily been considered to function as a coreceptor.
However, recent studies have identified that TPRIII has a
complex and context-dependent role in regulating TGF-
superfamily signalling and disease development. TRRIII
functions as a potent inhibitor of TGF-$ signalling by
preventing type I-type II receptor complex formation®. In
NIH/3T3 fibroblasts that stably expressed TBRIII, Smad2/
3, Akt, ERK phosphorylation and procollagen type I
expression were inhibited®. In several cancers, including
breast cancer, prostate cancer, and lung cancer, TBRIII
expression is reduced or even lost*. Our previous studies
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found that TPRIII expression was decreased in hepato-
cellular carcinoma (HCC) patient tissues, and knockdown
of TPRIII promoted the migration and invasion of HCC
cells*”. Our present results show that TBRIII expression in
PS-injected rats significantly decreased with the progres-
sion of fibrosis, which correlated with an increase in
[B-arrestin2 levels. In addition, TPRIII was downregulated
in human fibrotic samples. Corroborating the results of the
in vitro experiments, HSCs that were transfected with
TPRII siRNA showed high collagen I and collagen III
expression and an increase in Smad2, Smad3 and Akt
phosphorylation. These results indicate that down-
regulation of TBRIII expression affects collagen production
in HSCs through upregulation of TGF-p1 signalling.

B-arrestin2 functions as a multiprotein scaffold to coor-
dinate complex signal transduction networks. Recent stu-
dies have indicated that B-arrestin2 binds TPRIII and is
involved in its clathrin-independent/lipid raft pathway-
dependent internalization®®*°, T@RIII, through its inter-
action with B-arrestin2, activates Cdc42 and inhibits epi-
thelial and cancer cell migration®®. TBRIII expression
inhibits TGF-B-mediated Smad2/3 nuclear translocation
and transcriptional activation in MDA-MB-231 cell lines®".
How might B-arrestin2 deficiency negatively regulate TGEF-
B1 signalling through its interaction with TPRIII? Our
current results showed that TPRIII expression was
increased in B-arrestin2 '~ mice compared with that of
WT mice with CCl,-induced liver fibrosis. In addition, a
decrease of TPRIII in B-arrestin2-overexpressing HSCs was
observed. Conversely, TPRIII expression was increased in
HSCs that were treated with p-arrestin2 siRNA and TGEF-
B1. Both co-immunoprecipitation and fluorescence con-
focal studies demonstrated the interaction between
B-arrestin2 and TPRIII in HSCs. Previous studies have
proposed a model in which the binding of TPRII and TBRI
to TPRIII competes with the construction of the TPRII/
TPRI complex, thus suppressing signalling to the Smad
pathway®". The findings of our studies raised the possibility
that p-arrestin2 deficiency enhances TPRIII expression and
suppresses TGF-B1 signalling, thereby reducing collagen
production and ameliorating liver fibrosis.

In summary, we provide evidence that [-arrestin2
deficiency ameliorated liver fibrosis in mice. Interfering
with the expression of B-arrestin2 in HSCs inhibited
collagen deposition through negative regulation of the
TGF-B1 downstream pathway. Taken together, these
findings suggest that locally delivered B-arrestin2 inhibi-
tors may be a potential strategy for treating liver fibrosis.

Materials and methods
Animals

All animal experiments were conducted according to
the guidelines of the Animal Care and Use Committee of
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Anhui Medical University, and the experiments were
authorized by the Ethics Review Committee for Animal
Experimentation of the Institute of Clinical Pharmacol-
ogy, Anhui Medical University. Male Wistar rats weighing
120 £ 10 g were obtained from the Shanghai BK Experi-
mental Animal Centre (Grade II, Certificate No. D-65).
B-arrestin2 '~ mice (C57BL/6 background) were pur-
chased from Jackson Laboratory (Maine, USA). Male and
female mice were evaluated, and the control mice were
age- and sex-matched littermates. Each mouse was gen-
otyped at 21 days after birth as previously described®”.
The animals were housed in a pathogen-free room with a
constant temperature of 23 + 3 °C, humidity of 50 + 20%,
and a 12 h/12 h light/dark cycle. All animals were allowed
free access to standard chow and tap water ad libitum
throughout the experiment.

Animal models of liver fibrosis

Two animal experimental models of liver fibrosis were
used for this study: PS administration and CCl, adminis-
tration. The rats were randomly allocated into the normal
control group and PS model group. Rats in the PS model
group were intraperitoneally injected with PS at a dose of
0.5 mL/rat twice a week for a total of 16 weeks™, Rats in the
normal control group were injected with the same amount
of saline solution. After 3, 6, 9, 12 and 16 weeks of injec-
tions, eight rats in the PS group were sacrificed under
anaesthesia. The liver samples were collected for histo-
pathological staining and Western blot analysis.

For CCl, experiments, CCl, (Shanghai Lingfeng Che-
mical Factory, Shanghai, China) was diluted in olive oil
(Sigma, MO, USA) at a ratio of 1:9 and intraperitoneally
injected (5 mL/kg body weight) into 6- to 8-week-old
B-arrestin2 '~ and WT C57BL/6 mice (1 = 8 per group).
This administration was conducted twice a week for up to
6 weeks to establish liver fibrosis**. Age- and sex-matched
control mice were treated twice weekly with similar
volumes of olive oil injected i.p. The mice were sacrificed
6 weeks after initiation of the experiment.

Human samples

Specimens from 28 cirrhosis patients with different
degrees of fibrosis were extracted during surgeries and
collected at the Affiliated Hospital of Anhui Medical
University (Hefei, China). The control group comprised
eight patients with intrahepatic biliary lithiasis. Liver
histological examination revealed normal histology or
minimal changes. All experimental procedures were
approved by the research ethics committee of Anhui
Medical University (No. 20131323). All patients partici-
pated after providing written informed consent. This
study was conducted according to the guidelines for-
mulated by the Science Council of China.
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Cell culture conditions and cell models

A rat HSC cell line (HSC-T6) or human immortalized
HSC cell line (LX-2) was selected for in vitro studies, and
the cell lines were acquired from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). The cells
were cultured in DMEM (Life Technologies Inc., CA,
USA) containing 10% foetal calf serum (HyClone, UT,
USA) in a humidified atmosphere with 5% CO, at 37 °C.
The HSC cell lines possessed a fibroblast-like morphology
and specific expression of a-smooth muscle actin®.
Treatment of these HSCs with TGF-B1 triggered the
morphological transition, which was concomitant with
increased ECM synthesis>°.

Histology and immunohistochemical staining

HE staining of the liver tissues was conducted according
to standard protocols. Immunohistochemical staining was
performed as previously described'’. Liver sections were
dewaxed, rehydrated and subjected to antigen retrieval.
Then, the sections were placed in 3% H,O, in methanol
for 10 min. After blocking, the sections were incubated
with primary antibodies against P-arrestin2 and TPRIII
(Santa Cruz Biotechnology, CA, USA) at specific dilutions
for 1 h at 37 °C. Then, the immunoreactivity of the anti-
bodies was detected with the streptavidin/peroxidase (SP)
method (Zhongshan Goldenbridge Biotechnology Co.,
LTD, Beijing, China), and diaminobenzidine (DAB) was
used to visualize the reaction. After counterstaining with
haematoxylin solution, the sections were viewed under an
Olympus BX53 microscope (Olympus Optical Co., Ltd.,
Tokyo, Japan). A negative control was performed using
the same staining procedure but omitting the primary
antibodies. Semiquantitative analysis was performed using
Image-Pro Plus software (Media Cybernetics, USA). For
each slide, five random fields were analysed.

Analysis of serum transaminase activities

Serum samples were collected from all mice, and the
transaminase activities of ALT and AST were evaluated by
commercial kits (Jiancheng Biologic Co., Nanjing, China)
according to the instructions.

Determination of hydroxyproline levels in the liver
Approximately 100 mg of liver tissue was collected to
determine the hydroxyproline level as described®”. The level
of hepatic hydroxyproline is an indirect indicator of tissue
collagen levels and is presented as mg/g wet tissue.

Analysis of antioxidase and lipid peroxidation

Hepatic tissues were rinsed with cold saline solution
and subsequently homogenized on ice. After centrifuga-
tion at 4 °C and 1000xg for 15 min, the supernatants were
collected. The activities of SOD and GSH were measured
to evaluate the antioxidases, and the results are presented
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as the units of SOD per milligram of hepatic tissue or
GSH pmol/g protein. The lipid peroxidation state of the
liver was detected by determining the MDA level, which is
presented as nmol/mg protein. The procedures were
conducted according to the kit instructions (Jiancheng
Biologic Co., Nanjing, China).

Preparation of splenic lymphocytes and T cell subset
analysis

After the mice were anaesthetized and sacrificed, single-
cell spleen suspensions were harvested by mechanical
separation of spleen tissue through nylon mesh. Lympho-
cytes were obtained from the gradient interphase. Then,
the cells were rinsed with PBS three times and stained with
specific fluorescent antibodies, including anti-CD4-FITC,
anti-CD25-APC (eBioscience, CA, USA), anti-CD62L-PE,
and anti-CD69-PE (Miltenyi Biotec, Bergisch Gladbach,
Germany), in the dark at 4 °C for 20 min. For analysis of the
Treg and Th17 subsets, the cells were fixed and permea-
bilized, followed by incubation with anti-Foxp3-PE and
anti-IL-17-PE antibodies (eBioscience, CA, USA). After-
wards, the cells were washed and resuspended in PBS, and
the prepared samples were analysed on a BD FACSVerse
flow cytometer (BD Biosciences, NJ, USA).

siRNA transfection and DNA transfection

For B-arrestin2 or TPRIII knockdown, HSC-T6 cells
were seeded in 6-well plates and transfected with specific
siRNA duplexes purchased from GenePharma Company
(Shanghai, China) targeting p-arrestin2 and TBRIII RNA.
A scrambled RNA duplex served as a negative control.
The HSCs were incubated for 48 h after transfection and
then harvested for Western blot analysis.

For overexpression of p-arrestin2, a pcDNA3 expression
plasmid encoding pEGFP-C2-B-arrestin2 was used in this
study, which was kindly provided by Dr. Yang K. Xiang of
the University of California, Davis. LX-2 cells were grown in
6-well plates and transiently transfected with the p-arrestin2
overexpression vector using Lipofectamine 3000 (Invitrogen
Life Technologies, CA, USA) according to the manu-
facturer’s protocols. Each well contained 5 pug of DNA.

Western blotting analysis

Total protein was harvested from hepatic tissues or HSCs.
Western blotting was conducted as previously described™®.
The primary antibodies for B-arrestin2 (sc-13140), TPRII (sc-
17792), TBRIII (sc-28975), TGE-B1 (sc-52893), collagen III
(sc-514601), B-actin (sc-69879) were purchased from Santa
Cruz Biotechnology Inc (Santa Cruz, CA, USA), for collagen
I (RT1152) from HuaAn Biotechnology Co., Ltd., (Hangzhou,
China), for p-Smad2 (#3108), Smad2 (#5339), p-Smad3
(#9520), Smad3 (#9523), p-Akt (#4058), Akt (#4691) from
Cell Signaling Technology (Danvers, MA, USA). Specific
proteins were detected by chemiluminescence system.
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Immunofluorescence double-labelling assay

Cells were seeded in a six-well dish with poly-D-lysine-
coated coverslips. After incubation overnight, the cells
were starved and stimulated with TGF-p1 5ng/mL
(PeproTech, NJ, USA) for the indicated time. The cells
were then fixed with 4% paraformaldehyde for 20 min,
washed thrice with PBS and permeabilized with 0.1%
Triton X-100 for 5 min. After that, the cells were incu-
bated with 1% bovine serum albumin, followed by primary
antibodies against P-arrestin2 and TPRIII overnight at
4°C. The samples were subsequently incubated with a
mixture of Alexa Fluor 555-conjugated anti-rabbit and
Alexa Fluor 488-conjugated anti-mouse secondary anti-
bodies (Life Technologies Inc., CA, USA) for 2h in the
dark. The samples were then mounted with a sealer
containing DAPI, and the images were captured with a
Leica SP8 laser scanning confocal microscope (Leica
Biosystems, Wetzlar, Germany). [-arrestin2-positive
expression is presented as green fluorescent foci, TPRIII-
positive expression is presented as red fluorescent foci,
and colocalization of these two proteins is presented as
yellow fluorescent foci.

Co-immunoprecipitation assay

Cells were collected in RIPA lysis buffer (Beyotime
Biotechnology, Shanghai, China) supplemented with a
mammalian protease inhibitor mixture (Biocolors,
Shanghai, China). The cell lysate was immunoprecipitated
(IP) with anti-TBRIII antibody, subsequently separated by
SDS-PAGE and subjected to Western blotting analysis
with anti-B-arrestin2 antibody (Santa Cruz Biotechnology,
CA, USA). The assay was performed in accordance with
standard procedures.

Statistical analysis

Statistical analysis was carried out using SPSS software
version 15.0 (SPSS Inc., Chicago, IL, USA). The data are
collected from eight animals per group for in vivo studies
and at least four independent experiments for in vitro
studies, and are presented as the means and standard
deviation of the mean unless otherwise indicated. Analysis
of variance (ANOVA) and Student’s ¢-tests were used to
identify significant differences between groups. The cor-
relation between the expression of B-arrestin2 and col-
lagen expression in liver tissues was performed by
Pearson’s correlation analysis. Values of P<0.05 were
considered to be statistically significant.
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