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β-arrestin2 deficiency ameliorates S-100-induced autoimmune
hepatitis in mice by inhibiting infiltration of monocyte-derived
macrophage and attenuating hepatocyte apoptosis
Ting-ting Chen1, Xiu-qin Li1, Nan Li1, Ya-ping Xu1, Yu-han Wang1, Zi-ying Wang1, Sheng-nan Zhang1, Meng Qi1, Shi-hao Zhang1,
Wei Wei1✉, Hua Wang2✉ and Wu-yi Sun1✉

Autoimmune hepatitis (AIH) is a progressive hepatitis syndrome characterized by high transaminase levels, interface hepatitis,
hypergammaglobulinemia, and the presence of autoantibodies. Misdiagnosis or delayed treatment of AIH can lead to cirrhosis or
liver failure, which poses a major risk to human health. β-Arrestin2, a key scaffold protein for intracellular signaling pathways, has
been found to be involved in many autoimmune diseases such as Sjogren’s syndrome and rheumatoid arthritis. However, whether
β-arrestin2 plays a role in AIH remains unknown. In the present study, S-100-induced AIH was established in both wild-type mice
and β-arrestin2 knockout (Arrb2 KO) mice, and the experiments identified that liver β-arrestin2 expression was gradually increased,
and positively correlated to serum ANA, ALT and AST levels during AIH progression. Furthermore, β-arrestin2 deficiency ameliorated
hepatic pathological damage, decreased serum autoantibody and inflammatory cytokine levels. β-arrestin2 deficiency also
inhibited hepatocyte apoptosis and prevented the infiltration of monocyte-derived macrophages into the damaged liver. In vitro
experiments revealed that β-arrestin2 knockdown suppressed the migration and differentiation of THP-1 cells, whereas β-arrestin2
overexpression promoted the migration of THP-1 cells, which was regulated by the activation of the ERK and p38 MAPK pathways.
In addition, β-arrestin2 deficiency attenuated TNF-α-induced primary hepatocyte apoptosis by activating the Akt/GSK-3β pathway.
These results suggest that β-arrestin2 deficiency ameliorates AIH by inhibiting the migration and differentiation of monocytes,
decreasing the infiltration of monocyte-derived macrophages into the liver, thereby reducing inflammatory cytokines-induced
hepatocytes apoptosis. Therefore, β-arrestin2 may act as an effective therapeutic target for AIH.
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INTRODUCTION
Autoimmune hepatitis (AIH) is a parenchymal inflammation of the
liver characterized by the infiltration of inflammatory cells into the
portal area, hepatocyte damage, hypergammaglobulinemia, as
well as positive autoantibodies [1]. Globally, AIH occurs in all ages
and ethnicities, with a recent increase in incidence and prevalence
worldwide. Approximately 40% of patients with AIH can develop
fibrosis or cirrhosis, which are risk factors for the development of
hepatocellular carcinoma [2]. Since the etiology of AIH remains
unelucidated, it is crucial to study the pathogenesis of AIH and
explore its possible therapeutic targets.
At present, no effective cure for AIH is available, and treatment

goal is to prevent disease progression by ameliorating inflammatory
responses. Immune cell migration to the damaged liver appears to
be the initial key process in liver inflammation, mediating a series of
inflammatory responses that ultimately leads to continuous
immune cell recruitment, hepatocyte apoptosis, and tissue damage
[3]. Increasing evidence suggests the vital role of monocyte-derived

macrophages in liver inflammation and the abundance of activated
macrophages in the portal veins and interface hepatitis sites in
patients with AIH [4, 5]. When AIH occurs, liver-resident cells secrete
monocyte chemoattractant protein 1 (MCP-1), triggering the
infiltration of a large number of monocyte-derived macrophages
into the damaged liver. Accumulated and activated macrophages
can directly or indirectly aggravate the inflammatory responses of
the liver and result in hepatocyte necrosis and apoptosis, damaging
the tissue structure, which further induces liver dysfunction [6, 7].
Moreover, previous studies have reported that an imbalance in the
apoptotic pathways is a key element involved in the pathogenesis
and severity of AIH and that the abnormal signals in these pathways
may act as feasible therapeutic targets [8, 9]. These findings suggest
that the targeted regulation of monocyte-derived macrophage
infiltration and hepatocyte apoptosis contribute to AIH treatment.
β-arrestin2 was originally identified as a regulatory protein of

the G-protein-coupled receptor signaling pathway [10]. However,
recent studies have reported the role of β-arrestin2 as an
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important scaffold protein that can modulate several signaling
pathways, including the tyrosine kinase and mitogen-activated
protein kinase (MAPK) pathways, to mediate various cellular
biological responses, including cell migration, differentiation,
proliferation and apoptosis [11]. Moreover, previous studies
reported that β-arrestin2 expression was abnormally elevated in
mouse liver during liver fibrosis and acute liver injury (ALI) and
that β-arrestin2 deficiency can ameliorate liver fibrosis by
suppressing collagen deposition and reactive oxygen species
(ROS) production in hepatic stellate cells as well as improve ALI by
decreasing ROS production [12–14]. However, the role of β-
arrestin2 in AIH remains unelucidated.
As a result, the present study aimed to identify the involvement

of β-arrestin2 in AIH pathogenesis. We developed an S-100-
induced AIH mice model and found that liver β-arrestin2
expression was increased during AIH progression. Furthermore,
we found that β-arrestin2 deficiency alleviates inflammatory cell
infiltration and hepatocyte apoptosis in AIH. Moreover, in vitro
experiments indicated that β-arrestin2 deficiency exerts a
protective effect against S-100-induced AIH by inhibiting the
infiltration of monocyte-derived macrophages by inhibiting the
extracellular signal-regulated kinase (ERK) and p38 MAPK signaling
pathways and attenuating hepatocyte apoptosis by activating Akt/
glycogen synthase kinase 3 beta (GSK-3β) signaling pathway. The
results of our study suggest the role of β-arrestin2 as a therapeutic
target for AIH.

MATERIALS AND METHODS
Animals
Wild-type (WT) C57BL/6 J mice were purchased from the Animal
Center of Anhui Medical University. β-arrestin2 knockout (Arrb2
KO) C57BL/6 J mice were provided by Jackson Laboratory
(Maine, USA). Each mouse was genotyped and identified at
21 days after birth as previously described, and age- and sex-
matched littermates were selected for the experiments [15]. All
animals are housed in a specific-pathogen-free environment
with a temperature of 25 °C ± 2 °C and relative humidity of 55%
± 10%. The mice were provided ad libitum access to food and
water throughout the experiment. The Animal Experiment Ethics
Review Committee of the Institute of Clinical Pharmacology,
Anhui Medical University approved all animal experiments. The
experiments were performed strictly according to the guidelines
of the Animal Care and Use Committee of Anhui Medical
University.

Animal model of AIH
The liver was perfused with phosphate-buffered saline (PBS) to
obtain fresh hepatic antigen S-100 using a previously described
method [16]. The immune agent was prepared by emulsifying
S-100 with an equal volume of Freund’s complete adjuvant
(Sigma, MO, USA). The Arrb2 KO and WT mice were divided into
normal and model mice, respectively. The mice in the model
group were first immunized by intraperitoneally injecting 0.5 mL
of the immune agent. After 7 days, a second immunization was
performed using the same method to establish the AIH mice
model. The mice in the control group were intraperitoneally
injected with 0.9% saline solution. All experimental mice were
sacrificed 28 days after initiating modeling.

Histopathological analysis
Liver tissues were embedded in paraffin for preparing 5 µm-thick
sections. Then, to observe the pathological changes in the tissue,
hematoxylin and eosin (H&E) staining was performed. The liver
sections were first stained with hematoxylin and then with eosin.
Finally, the slides were routinely visualized for morphological
changes under the Olympus BX53 light microscope (Olympus
Corporation, Tokyo, Japan).

Measurement of serum aminotransferase activities and
autoantibody levels
Serum alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) activities were measured using the Hitachi 3100
Automatic Analyzer (Hitachi, Japan) according to the manufac-
turer’s instructions. Serum antinuclear antibody (ANA) levels were
measured using commercial mouse Enzyme-Linked Immunosor-
bent Assay (ELISA) kits (Enzyme-linked Biotechnology Co. Ltd.,
Shanghai, China) according to the manufacturer’s instructions.

Isolation of hepatocytes
A two-step collagenase digestion and gradient centrifugation
approach was used to isolate mouse primary hepatocytes and
hepatic nonparenchymal cells, as previously described [17]. Mice
were anesthetized and the peritoneal cavity was opened. First, the
inferior vena cava was intubated and cutted off. Next, the liver was
perfused with in D-Hank’s buffer containing 0.5 mmol/L ethylene-
diaminetetraacetic acid at 37 °C. The liver was subsequently
removed, placed in a sterile dish, and supplemented with 0.05%
collagen IV (Sigma) digestion buffer. Then, the liver was cut into
pieces and shaken at 200 r/min for 30 min in an incubator at 37 °C.
Finally, Dulbecco’s modified Eagle’s medium with 1%
penicillin–streptomycin solution (Beyotime Biotechnology, Shang-
hai, China) and 10% fetal bovine serum (FBS) (WISENT INC,
Canada) was added and primary hepatocytes were harvested by
centrifuging the samples at 400 r/min for 5 min.

Flow cytometric analysis
First, mice were anesthetized and sacrificed; then, the spleen
tissue was isolated, single-cell spleen suspension was harvested,
and splenic lymphocytes were isolated from the gradient inter-
face. The collected hepatic nonparenchymal cells and splenic
lymphocytes were incubated with fluorescently labeled anti-
mouse antibodies in PBS containing 2% FBS for 30 min in the dark.
The following antibodies were used for flow cytometry: anti-CD3-
PE, anti-CD4-FITC, anti-CD25-APC (BD Pharmingen, CA, USA),
anti-CD8-APC, anti-IFN-γ-APC, anti-IL-4-PE (BioLegend, CA,
USA), anti-IL-17-PE-cy7, and anti-Foxp3-PE (Invitrogen, CA, USA).
For detecting macrophage infiltration in AIH, we incubated the
isolated hepatic nonparenchymal cells with the following fluores-
cently labeled anti-mouse antibodies for 30 min in the dark: anti-
CD45-PE, anti-CD11b-BV421, anti-F4/80-APC (BioLegend), and
anti-Ly6C-FITC (Miltenyi Biotec, BG, Germany).
The differentiation of THP-1 cells, a human leukemia monocytic

cell line, was detected and characterized using flow cytometry.
The cells were treated with phorbol-12-myristate-13-acetate
(PMA), harvested, and incubated with anti-human CD68-BV421
and anti-human CD36-PE-cy5.5 antibodies (BioLegend) for 30 min.
All fluorescence-activated cell sorting data were collected and
analyzed using the CytoFLEX flow cytometer (Beckman Coulter,
Inc., CA, USA).

Immunofluorescence staining
Frozen liver sections were fixed and blocked. To study active
caspase-3 activity in the mouse liver, the sections were incubated
overnight with the anti-caspase-3 antibody (1:100) (Bioss, Beijing,
China). Thereafter, the sections were treated for 1 h in the dark
with anti-rabbit Alexa Fluor 555 conjugated antibodies (Thermo
Fisher, MA, USA). To detect tumor necrosis factor α (TNF-α)
secretion by macrophages in AIH, we performed the immuno-
fluorescence double-labeling assay to detect TNF-α and F4/80
expression in the liver tissues. The sections were incubated
overnight with anti-F4/80 antibody (1:100) (Abcam, MA, USA) and
anti-TNF-α antibody (1:100) (Cell Signaling, MA, USA) and then
treated with anti-rabbit Alexa Fluor 555 conjugated antibodies
and anti-mouse Alexa Fluor 488 conjugated antibodies for 1 h in
the dark. The cell nuclei were finally labeled with 4′,6-diamidino-2-
phenylindole (DAPI).
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THP-1 cells have been widely used to study the biology and
function of human monocytes and macrophages; PMA can induce
the differentiation of THP-1 cells into macrophages [18]. We used
PMA (Sigma) to induce THP-1 cell differentiation for 48 h. Cells
were incubated overnight with rabbit anti-CD68 antibody (diluted
1:100) (Affinity, USA) and then with anti-rabbit Alexa Fluor 555-
conjugated antibody for 1 h. DAPI was used to label the cell nuclei.
All fluorescence results were obtained using the Leica TCS SP8
confocal laser scanning microscope (Leica Biosystems, Wetzlar,
Germany).

Terminal deoxynucleotidyl transferase biotin-dUTP nick end
labeling (TUNEL) assay for apoptosis detection
To detect the apoptosis of hepatocytes in mice with AIH, frozen
liver sections were harvested for the TUNEL assay. DNA
fragmentation in the cell nucleosome was detected using the
TUNEL assay with the in situ apoptosis detection kit (Vazyme,
Nanjing, China) according to the manufacturer’s instructions.
TUNEL-positive cells (green) were observed under the Leica TCS
SP8 confocal laser scanning microscope (Leica Biosystems).

Cell culture and treatment
THP-1 cells (Procell Life Science &Technology Co, Ltd, Wuhan,
China) were cultured in RPMI-1640 medium (Gibco, Thermo Fisher,
CA, USA) supplemented with 1% penicillin–streptomycin solution
and 10% FBS. These cells were treated with 10 ng/mL MCP-1
(Peprotech, NJ, USA) or 100 ng/mL PMA (Sigma), followed by
subsequent experiments for evaluating monocyte migration and
differentiation, respectively.

siRNA and overexpression plasmid transfection
β-arrestin2 expression was knocked down via siRNA transfection.
THP-1 cells were transfected with a specific siRNA targeting β-
arrestin2 (GenePharma, Shanghai, China) for 6 h in 6-well plates
using Lipofectamine® RNAiMAX (Invitrogen); scrambled RNA was
used as a negative control. For the β-arrestin2 overexpression
experiment, the pcDNA/β-arrestin2 overexpression plasmid was
used. The β-arrestin2 overexpression plasmid was transfected into
THP-1 cells in 6-well plates using the jetOPTIMUS DNA Transfection
Reagent (Polyplus-transfection, Illkirch, France). The transfection
efficiency of the siRNA and overexpression plasmid was analyzed
using Western blotting. In addition, the β-arrestin2 overexpression
plasmid was transfected into THP-1 cells in the presence or absence
of 50 µmol/L SB203580 (a p38 MAPK inhibitor) or PD98059 (an
ERK1/2 inhibitor) (MedChemExpress, NJ, USA).

Transwell assay for cell migration
An 8-µm pore size Transwell insert plate (Corning, USA) was used
for the migration assay, which was performed in 24-well plates. In
the upper chamber, untreated THP-1 cells (1 × 105/mL) with
100 μL of serum-free medium were seeded. In the lower chamber,
600 μL of medium containing 10% FBS and 10 ng/mL MCP-1 was
added. The cells were cultured for 2 h, followed by the removal of
the chamber. Nonmigrated cells present above the filter were
removed using a cotton swab. After fixing the cells, the migrated
cells under the chamber were stained with 0.1% crystal violet
(Beyotime Biotechnology). The Olympus BX53 microscope (Olym-
pus Optical Co. Ltd.) was used for cell counting in five random
fields per well.

Filamentous actin (F-actin) staining
F-actin was stained with TRITC–phalloidin (Dalian Meilun Biotech-
nology Co., Ltd. Dalian, China). β-arrestin2-silenced or -over-
expressing THP-1 cells were treated with MCP-1 for 2 h. Then, the
cells were fixed with 4% paraformaldehyde, followed by
the addition of 0.1% Triton X-100 to permeate the cells. Finally,
the cells were stained with TRITC–phalloidin solution
(TRITC–phalloidin: PBS= 1:1000, containing 1% bovine serum

albumin) for 40 min in the dark. DAPI was used for cell nuclei
counterstaining. Images were visualized under a confocal laser
scanning microscope.

Preparation of the conditioned media (CM) for THP-1-derived
macrophages
PMA-induced THP-1 cells were differentiated into macrophages.
Then, the following CM of THP-1-derived macrophages were
collected for future use: THP-1-derived macrophages without any
treatment; THP-1-derived macrophages treated with 100 ng/mL
lipopolysaccharide (LPS) (Sigma) for 4 h; and THP-1-derived
macrophages transfected with β-arrestin2 siRNA or overexpression
plasmid, followed by LPS stimulation. After performing the
aforementioned treatments, the medium in each group was
replaced with serum-free fresh medium, followed by incubation
for 2 days before collecting the CM. Cell debris from the
supernatants was removed via centrifugation before using in
subsequent experiments.

Detection of inflammatory cytokine levels
TNF-α, IL-1β, and interleukin-6 (IL-6) levels were measured in the
serum and liver homogenates of AIH mice using mouse ELISA kits
according to standardized techniques. The levels of TNF-α in the
CM of THP-1-derived macrophages were also evaluated using
human ELISA kits (Enzyme-linked Biotechnology Co. Ltd.). The
absorbance was measured at a wavelength of 450 nm using the
BioTek Elx × 808 microplate reader (BioTek, Winooski, VT, USA).
Finally, the standard curve was prepared to calculate sample
concentrations.

Flow cytometric analysis for hepatocyte apoptosis
To elucidate the effect of TNF-α from macrophages on hepatocyte
apoptosis, the L02 human liver cell line (Cell Bank of Chinese
Academy of Sciences, Shanghai, China) was cultured with the CM
for 24 h to observe apoptosis. Additionally, isolated primary
hepatocytes were treated with TNF-α (Peprotech) for 24 h and
collected. The apoptosis of L02 cells and primary hepatocytes
were quantified using the FITC–Annexin V Apoptosis Detection Kit
(BestBio, Shanghai, China) according to the manufacturer’s
instructions. The cells were resuspended in annexin binding
buffer and treated with 5 µL of FITC–annexin V for 15 min and
then stained with 6 µL of propidium iodide solution for 5 min. The
cell apoptosis rates were recorded using the CytoFLEX flow
cytometer.

Western blot analysis
Total protein was extracted from liver tissues and THP-1 cells using
a previously described method [14]. Sodium dodecyl
sulfate–polyacrylamide gel electrophoresis was performed to
separate the target protein, followed by transferring the gel onto
a polyvinylidene fluoride membrane (Millipore, Bedford, MA). The
membranes were placed in 0.05% Tween 20–PBS containing 5%
skimmed milk for 2 h and then incubated overnight with the
primary antibody. The primary antibodies used were as follows:
anti-β-actin, anti-β-arrestin2, anti-MCP-1 (Affinity, USA), anti-ERK,
anti-p-ERK, anti-p38, anti-p-p38, anti-Akt, anti-p-Akt, anti-p-GSK-3β
(Cell Signaling), anti-GSK-3β, anti-B-cell lymphoma 2 (Bcl-2)
(HuaBio, Hangzhou, China), and anti-bcl-2-like protein 4 (Bax)
(Beyotime Biotechnology) antibodies. Subsequently, the mem-
branes were exposed to secondary antibodies for 2 h. The Image
Quant LAS 4000mini imaging system (GE Healthcare Bio-Sciences
AB, Uppsala, Sweden) was used to quantify the specific proteins.
ImageJ software (ImageJ, MD, USA) was used to quantify the
autoradiographs.

Statistical analysis
All the results are represented as means ± SD. One-way analysis of
variance was used to compare statistical differences among
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multiple groups. P < 0.05 was considered statistically significant.
SPSS 26.0 (SPSS Inc., Chicago, IL, USA) was used to analyze all
the data.

RESULTS
β-arrestin2 expression is increased in the liver during AIH
development
To elucidate the possible effects of β-arrestin2 in AIH, we
established an S-100-induced AIH model. H&E staining revealed
inflammatory cell infiltration near the central and portal veins
14 days after modeling. A higher degree of inflammatory cell
infiltration and hepatocyte destruction was observed between
days 21 and 28 (Fig. 1a). Autoantibodies are a hallmark of AIH, and
study has shown that elevated serum ANA levels can be used as
an indicator of AIH diagnosis [19]. ELISA revealed that serum ANA
levels were higher in the model group than in the control group
after 14 days of S-100 treatment; the elevated serum ANA level
further increased at 21–28 days (Fig. 1b). In general, liver injury is
manifested by elevated ALT and AST activities [20]. We observed
that the activities of both ALT and AST were increased in the
serum at 21–28 days after S-100 injection (Fig. 1c). To determine β-
arrestin2 expression in vivo, we performed Western blotting to
detect the time-course expression of β-arrestin2. The results
suggest that liver β-arrestin2 expression gradually increased
during AIH progression (14, 21, and 28 days) (Fig. 1d). Correlation
analysis revealed a positive relationship between liver β-arrestin2
expression in AIH mice and serum ANA levels and ALT and AST
activities (Fig. 1e). Taken together, these preliminary findings
suggest that β-arrestin2 plays a regulatory role during AIH
progression.

β-arrestin2 deficiency ameliorates AIH in mice
To further elucidate the possible effects of β-arrestin2 on AIH,
we used Arrb2 KO mice to establish an S-100-induced AIH model.
First, we examined the liver, spleen, and thymus indexes of mice;
the results revealed that these indexes were significantly
increased after S-100 administration. β-arrestin2 deficiency
could reduce these indexes in AIH mice (Fig. S1). H&E staining
revealed that the livers of normal mice had a normal lobular
structure and cellularity. However, after immunization with S-
100, hepatocytes swelled and ruptured, with inflammatory
infiltration in the portal area. Nevertheless, the liver of Arrb2
KO mice exhibited decreased inflammatory cell infiltration,
reduced hepatocellular enlargement, and no obvious nuclear
lysis after S-100 treatment (Fig. 2a). ELISA revealed that serum
ANA levels in AIH mice were significantly increased, whereas
those in Arrb2 KO mice were decreased (Fig. 2b). In addition, we
observed that serum AST and ALT activities were markedly
elevated in WT model mice but significantly decreased in Arrb2
KO mice (Fig. 2c).
Studies have reported that AIH pathogenesis is also accom-

panied by an increase in activated T cells [21, 22]. To elucidate
the effects of β-arrestin2 deficiency on activated T cells, we
examined the subsets CD3+CD4+ T cells, CD3+CD8+ T cells, T
helper (Th)17 cells (CD4+IL-17+), regulatory T (Treg) cells
(CD4+CD25+Foxp3+), Th1 cells (CD4+IFN-γ+), and Th2 cells
(CD4+IL-4+) in the spleen and liver. Flow cytometry revealed
that CD3+CD4+ T cells, CD3+CD8+ T cells, Th17 cells, Th1 cells,
and Th2 cells were significantly increased and that Treg cells
were decreased in the livers of AIH mice. β-arrestin2 deficiency
led to a decrease in CD3+CD4+ T cells, CD3+CD8+ T cells, Th17
cells, Th1 cells, and Th2 cells and an increase in Treg cells in the
livers of AIH mice (Fig. 2d-f). Similar results were obtained for
splenic lymphocytes (Fig. S2). Taken together, these findings
preliminarily suggest that β-arrestin2 deficiency improves AIH
in mice.

β-arrestin2 deficiency reduces hepatocyte apoptosis in AIH
Apoptosis is the predominant pathway for hepatocyte death in
the interface hepatitis area, and accelerated apoptosis may be
responsible for the severity of liver injury [9, 23]. To determine
whether β-arrestin2 affects hepatocyte apoptosis in AIH, we
performed the TUNEL assay to assess hepatocyte apoptosis (green
fluorescence). We observed that positive cells were increased in
AIH mice and that β-arrestin2 deficiency markedly reduced the
number of positive cells in AIH mice; this suggests that β-arrestin2
deficiency can significantly reduce hepatocyte apoptosis in the
liver tissues of AIH mice (Fig. 3a). In line with the TUNEL assay
results, immunofluorescence analysis revealed that the fluores-
cence intensity of active caspase-3 was enhanced in S-100-
induced mouse liver but was decreased in Arrb2 KO model mouse
liver (Fig. 3b). Owing to the high degree of correlation between
apoptosis and Bcl-2 and Bax levels [24], we detected their levels
using Western blotting and observed that Bax levels were
considerably lower but Bcl-2 levels were higher in Arrb2 KO
model mice than in WT model mice (Fig. 3c).
Studies have reported that the activated phosphatidylinositol

3-kinase (PI3K)/Akt signaling pathway can inhibit hepatocyte
apoptosis [25]. Recently, a study revealed that β-arrestin2 can
regulate Akt signaling [26]. However, it remains unclear whether
hepatocyte apoptosis in AIH is related to Akt signaling. Therefore,
we investigated the effect of β-arrestin2 deficiency on p-Akt levels
in the livers of AIH mice.The results showed that p-Akt levels were
higher in Arrb2 KO model mice than in WT model mice. GSK-3β is
an important downstream target of Akt, and Akt can inhibit cell
apoptosis by phosphorylating GSK-3β [27]. We also observed that
p-GSK-3β levels were significantly higher in the livers of Arrb2 KO
model mice than in those of WT model mice (Fig. 3d). Our results
suggest that β-arrestin2 deficiency prevents AIH by activating the
Akt/GSK-3β signaling pathway to inhibit hepatocyte apoptosis.

β-arrestin2 deficiency inhibits inflammation and monocyte-
derived macrophage infiltration in AIH
The continuous release of inflammatory cytokines can promote
hepatocyte apoptosis in AIH [28]. To elucidate the effect of β-
arrestin2 deficiency on inflammatory cytokine release, we
measured the levels of TNF-α, IL-1β, and IL-6 in the serum and
liver. Liver TNF-α, IL-1β, and IL-6 levels were significantly increased
in the model mice than in normal mice. However, β-arrestin2
deficiency decreased the levels of these inflammatory cytokines
(Fig. 4a). The results obtained for serum were consistent with
those obtained for liver tissues (Fig. S3). Taken together, these
results suggest that β-arrestin2 deficiency inhibits hepatocyte
apoptosis in AIH mice by possibly decreasing the levels of
inflammatory cytokines (TNF-α, IL-1β, and IL-6).
Studies have reported the importance of monocyte-derived

macrophage infiltration into the liver for AIH pathogenesis and
that liver macrophages can produce proapoptotic factors such as
TNF-α to induce liver injury [29]. Considering that monocytes and
macrophages are the major cells that secrete these factors, the
effects of β-arrestin2 deficiency on the infiltration of monocyte-
derived macrophages and secretion of TNF-α by macrophages in
the livers of AIH mice were examined. F4/80 is a widely used
marker for liver macrophages [30]. First, to determine the effect of
β-arrestin2 deficiency on the secretion of TNF-α by macrophages
in AIH, we used double immunofluorescence staining to detect
the expression of F4/80 and TNF-α in mice liver tissues. Single-
channel scanning displayed F4/80- and TNF-α-positive signals as
green and red fluorescence foci, respectively, with colocalization
of these two proteins presented as yellow fluorescence foci. After
immunization with S-100, the fluorescence intensities of both F4/
80 and TNF-α were decreased in Arrb2 KO mice than in WT mice.
The above result suggests that β-arrestin2 deficiency decreases
the coexpression of F4/80 and TNF-α and that β-arrestin2
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deficiency can decrease TNF-α secretion by macrophages in AIH
(Fig. 4b).
To further investigate whether β-arrestin2 deficiency can inhibit

the recruitment of proinflammatory monocyte-derived macro-
phages, we isolated primary nonparenchymal cells from mice
livers for flow cytometry. As described previously, by analyzing
CD11b, Ly6C, CD45, and F4/80, we defined four distinct cell
subsets [31, 32]. We found that infiltrating monocyte-derived
macrophages (CD45+F4/80+CD11b+) were significantly increased
in S-100-treated WT mice than in normal mice, whereas β-
arrestin2 deficiency attenuated this change. However, the number
of Kupffer cells (KCs) (CD45+F4/80+CD11b−) was not significantly
different in the livers of untreated, S-100-treated WT, and Arrb2 KO
mice. Next, we analyzed the phenotype of monocyte-derived

macrophages and observed that the ratio of proinflammatory
Ly6Chigh macrophages (CD45+F4/80+CD11b+Ly6Chigh) was
increased after S-100 treatment but significantly decreased after
β-arrestin2 deficiency. Furthermore, the ratio of restorative Ly6Clow

macrophages (CD45+F4/80+CD11b+Ly6Clow) was increased in S-
100-treated mice; β-arrestin2 deficiency further increased the ratio
of these cells (Fig. 4c). These results suggest that β-arrestin2
deficiency inhibits the recruitment of proinflammatory monocyte-
derived macrophages in AIH.

β-arrestin2 plays an important role in monocyte migration
Considering that MCP-1, a chemokine, plays an important role in
the recruitment and migration of monocytes [33], we determined
MCP-1 expression in liver tissues using Western blotting. We

Fig. 1 Expression of β-arrestin2 increased in liver during autoimmune hepatitis (AIH) development. a Representative hematoxylin-eosin
staining images of liver tissue in control mice and S-100-treated mice at 14, 21, and 28 days (×100 and ×400 magnifications). b Detection of
antinuclear antibody (ANA) levels in serum of mice treated with S-100 at different times. c Detection of serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) activities in S-100-treated mice at different times. d β-arrestin2 expression in liver tissue of S-100-
induced AIH mice at different times was detected using Western blotting. The value of the control group was 1. Representative pictures of the
bands are shown. e The correlation analyses of β-arrestin2 and serum ANA, ALT, and AST levels during AIH progression. n= 6 mice per group.
*P < 0.05, **P < 0.01 compared with the control group.
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Fig. 2 β-arrestin2 deficiency ameliorates AIH in mice. a Representative liver tissue hematoxylin-eosin staining images from wild-type (WT)
and Arrb2 KO mice treated with S-100 (×100 and ×400 magnifications). b Detection of serum levels of ANA in mice treated with S-100.
c Detection of serum alanine aminotransferase and aspartate aminotransferase activities in mice treated with S-100. d The percentages of
CD3+CD4+ T and CD3+CD8+ T cells in the liver were analyzed. e The percentages of Treg (CD4+CD25+Foxp3+) and Th17 (CD4+IL-17+) cells in
the liver were analyzed. f The percentages of Th1 (CD4+IFN-γ+) and Th2 (CD4+IL-4+) cells in the liver were analyzed. n= 6 mice per group.
*P < 0.05, **P < 0.01 compared with the normal mice; #P < 0.05, ##P < 0.01 compared with the WT model mice.

β-arrestin2 deficiency ameliorates S-100-induced autoimmune hepatitis
TT Chen et al.

2053

Acta Pharmacologica Sinica (2023) 44:2048 – 2064



observed that MCP-1 expression was increased in the liver of S-
100-treated WT mice and that β-arrestin2 level was also increased
(Fig. 5a). Thereby, MCP-1-stimulated THP-1 cells were used to
study cell migration in vitro.
After treating the cells with different concentrations of MCP-1,

we observed that the migration ability of THP-1 cells treated with
10–20 ng/mL MCP-1 was enhanced compared with the control
group. Therefore, we used 10 ng/mL MCP-1 to induce cell
migration in the subsequent experiments (Fig. S4). To further

investigate the effect of β-arrestin2 on monocyte migration, the
cells were transfected with the β-arrestin2 overexpression
plasmid, followed by Western blotting to confirm successful
overexpression (Fig. S5a). We observed that β-arrestin2 over-
expression increased the number of migrated MCP-1-stimulated
THP-1 cells (Fig. 5b). Next, we blocked β-arrestin2 expression in
THP-1 cells using the β-arrestin2 siRNA. Western blotting
confirmed that siRNA reduced β-arrestin2 expression in THP-1
cells (Fig. S5b). Additional experiments revealed that the number

Fig. 3 β-arrestin2 deficiency reduces hepatocyte apoptosis in AIH. a Livers were removed from mice. Apoptotic cells were determined using
the terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling staining assay. Representative images in different groups using a
fluorescence microscope. b The immunofluorescence staining of active caspase-3 in liver tissue was performed using a fluorescence
microscope. c Western blotting of Bax and Bcl-2 expression, apoptosis-related proteins, from the liver tissue of WT and Arrb2 KO mice treated
with S-100. d Liver tissue protein extracts were subjected to immunoblotting for Akt, p-Akt, GSK-3β, and p-GSK-3β. The value of the normal
group was visualized as 1. n= 6 mice per group. *P < 0.05, **P < 0.01 compared with the normal group; #P < 0.05, ##P < 0.01 compared with the
WT model group.
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Fig. 4 β-arrestin2 deficiency inhibits inflammation and infiltration of monocyte-derived macrophages in AIH. a Enzyme-linked
immunosorbent assay was used to detect the effect of β-arrestin2 deficiency on the production of TNF-α, IL-6, and IL-1β in the liver of AIH
mice. b Immunofluorescence staining of fixed liver tissue using the murine macrophage-specific monoclonal F4/80 antibodies (green) and
TNF-α (red). The nuclei were examined using 4′,6-diamidino-2-phenylindole (blue). c CD45, F4/80, CD11b, and Ly6C were used as markers to
analyze the changes in three different hepatic macrophage populations in AIH using flow cytometry. A representative staining image is
shown. n= 6 mice per group. *P < 0.05, **P < 0.01 compared with the normal mice; #P < 0.05, ##P < 0.01 compared with the WT model mice.
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of migrated THP-1 cells with β-arrestin2 siRNA was significantly
decreased compared with untransfected cells stimulated with
MCP-1 (Fig. 5c).
Remodeling of the actin cytoskeleton is warranted for mono-

cyte migration [34, 35]. To elucidate the effect of β-arrestin2 on
cell cytoskeleton remodeling, immunofluorescence analysis was

performed to determine the role of β-arrestin2 in the formation of
the F-actin cytoskeleton. F-actin cytoskeleton remodeling was
induced upon MCP-1 stimulation, as indicated by the formation of
lamellipodia and filopodia. Overexpression of β-arrestin2 is more
likely to exhibit F-actin remodeling. β-arrestin2 silencing signifi-
cantly inhibited the formation of the F-actin cytoskeleton in

Fig. 5 β-arrestin2 plays a crucial role in THP-1 monocyte migration. aWestern blotting of β-arrestin2 and monocyte chemoattractant protein
1 (MCP-1) from liver tissue in AIH. The value of the normal group was visualized as 1. Representative pictures of the bands are shown. **P < 0.01
compared with normal mice; ##P < 0.01 compared with WT model mice. &&P < 0.01 compared with WT normal mice. b Overexpression of β-
arrestin2 increased the numbers of migrated THP-1 cells induced by MCP-1. ##P < 0.01 compared with control group; **P < 0.01 compared with
empty vector group. c β-arrestin2 knockdown decreased the number of migrated THP-1 cells induced by MCP-1. ##P < 0.01 compared with
control group; **P < 0.01 compared with the scrambled group. d Immunocytochemical staining for F-actin remodeling using TRITC phalloidin
(red). The nuclei were examined by 4′,6-diamidino-2-phenylindole (blue). &&P < 0.01 compared with the control group; *P < 0.05 compared with
the empty vector group; ##P < 0.01 compared with the scrambled group.
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MCP-1-stimulated THP-1 cells (Fig. 5d). These findings suggest that
β-arrestin2 overexpression promotes monocyte migration and
that β-arrestin2 knockdown suppresses monocyte migration.

β-arrestin2 regulates the migration of monocytes via the ERK and
p38 MAPK signaling pathways
Studies have revealed that ERK and p38 MAPK pathways
participate in various cell migration courses [36, 37]. In this study,
we observed that after 2 h of MCP-1 stimulation, the levels of
p-ERK and p-38 in THP-1 cells progressively increased and peaked
at 30 min (Fig. S6). Further, we confirmed that the inhibition of the
activation of ERK and p38 pathways reduced monocyte migration
by testing the numbers of migrated THP-1 cells using PD98059
and SB203580 (Fig. 6a). However, it remains to be elucidated
whether β-arrestin2 mediates monocyte migration via the ERK or
p38 MAPK signaling pathways. We performed Western blotting to
observe ERK and p38 MAPK activation after β-arrestin2 over-
expression and found that the overexpression of β-arrestin2 could
promote ERK and p38 MAPK pathway activation (Fig. 6b). To
determine whether the modulation of monocyte migration by β-
arrestin2 is related to the abovementioned signaling pathways,
THP-1 cells were transfected with a β-arrestin2-overexpressing
plasmid in the presence or absence of PD98059 or SB203580.
Compared with THP-1 cells transfected only with the β-arrestin2-
overexpressing plasmid, the inhibition of the ERK or p38 MAPK
reduced the numbers of migrating THP-1 cells after β-arrestin2
overexpression. Therefore, β-arrestin2 overexpression may result
in the upregulation of the migration abilities of THP-1 cells by
promoting the activation of ERK and p38 MAPK (Fig. 6c). We also
evaluated the effects of β-arrestin2 siRNA on the activation of ERK
and p38 MAPK signaling in MCP-1-stimulated THP-1 cells. The
results revealed that compared with that in MCP-1-stimulated
cells, the activation of ERK and p38 MAPK significantly decreased
in cells treated with β-arrestin2 siRNA (Fig. 6d). Along with the
above findings, β-arrestin2 knockdown reduced THP-1 cell
migration; these effects may be achieved via the inhibition of
ERK and p38 MAPK activation. Therefore, β-arrestin2 promotes the
migration of monocytes via the ERK and p38 MAPK pathways.

β-arrestin2 silencing suppresses the differentiation of monocytes
to macrophages via the inhibition of ERK and p38 MAPK pathways
During inflammation or tissue damage, pro-inflammatory media-
tors attract monocytes migrating to the inflammation site and
they differentiate into macrophages for participating in the
inflammatory response [38]. PMA-stimulated THP-1 monocytes
have been widely used as cell models for the differentiation of
monocytes into macrophages [39]. Therefore, we subsequently
evaluated whether β-arrestin2 affects the differentiation of
monocytes.
We first detected β-arrestin2 expression during the PMA-

induced differentiation of THP-1 cells. Western blotting revealed
that β-arrestin2 expression gradually increased in a time-
dependent manner in PMA-treated THP-1 cells (Fig. 7a). To further
understand the effects of β-arrestin2 on PMA-induced monocyte
differentiation, we used β-arrestin2 siRNA-transfected THP-1 cells
and then treated them with PMA. Pseudopodia growth is a
macrophage characteristic for improved adhesion propensity. The
pseudopodia growth was found to be reduced in β-arrestin2-
silenced cells after PMA stimulation (Fig. S7a). Immunofluores-
cence staining revealed that the expression of CD68 was lower in
THP-1 cells silenced by β-arrestin2 than in the control group
(Fig. 7b). Furthermore, the expressions of two monocyte
differentiation markers CD68 and CD36 [40, 41] decreased as
observed via flow cytometry after β-arrestin2 silencing (Fig. 7c).
Altogether, these results indicate that β-arrestin2 knockdown
attenuates the differentiation of monocytes. Studies have
reported that during the differentiation of monocytes to macro-
phages, the ERK and p38 MAPK pathways are activated [42]. We

also found that ERK and p38 MAPK phosphorylation increased
during the process of THP-1 differentiation (Fig. S7b). To clarify
whether monocyte differentiation was also regulated by the ERK
and p38 MAPK pathways, we used specific inhibitors of ERK or p38
MAPK. These two inhibitors can reduce the expression of CD68
during THP-1 differentiation, similar to β-arrestin2 knockdown
(Fig. 7d). Subsequently, we investigated whether β-arrestin2 also
influences ERK and p38 MAPK signaling during the differentiation
of monocytes into macrophages. Western blotting revealed that β-
arrestin2 knockdown attenuated PMA-induced ERK and p38 MAPK
phosphorylation (Fig. 7e). Thus, β-arrestin2 plays a critical role in
monocyte differentiation by regulating ERK and p38 MAPK
signaling pathways.

TNF-α secreted from monocyte-derived macrophages increases
hepatocyte apoptosis and the effects of β-arrestin2 on this process
As mentioned, hepatocyte apoptosis in Arrb2 KO mice was
observed to be significantly lower than that in WT mice after
S-100 treatment. Furthermore, the levels of TNF-α, a pro-apoptotic
cytokine primarily secreted by macrophages, in the liver was sig-
nificantly reduced. Therefore, we hypothesized that reduced
hepatocyte apoptosis is associated with the decreased levels of
TNF-α secreted by macrophages, which may be regulated by β-
arrestin2. To evaluated the effects of β-arrestin2 on the secretion of
TNF-α by monocyte-derived macrophages, we detected the levels
of TNF-α in the CM with THP-1 derived macrophages under
conditions of β-arrestin2 overexpression or knockdown. ELISA
results revealed that β-arrestin2 overexpression could increase
TNF-α levels in CM, and β-arrestin2 knockdown reduced the levels
of TNF-α (Fig. 7f). To understand whether TNF-α secreted from
monocyte-derived macrophages affects hepatocyte apoptosis, we
added etanercept (neutralizing antibodies against TNF-α, 5 μg/mL).
The results revealed that the apoptosis of L02 cells cultured with
CM exhibiting β-arrestin2 overexpression significantly increased,
and this elevation was abrogated by etanercept. The apoptosis of
L02 cells contrastingly decreased after CM treatment with β-
arrestin2 knockdown (Fig. 7g). Therefore, β-arrestin2 was found to
increase TNF-α secretion from monocyte-derived macrophages,
further inducing hepatocyte apoptosis.

Deletion of β-arrestin2 reduces apoptosis of primary hepatocytes
by activating Akt/GSK-3β pathway
Based on the abovementioned findings, β-arrestin2 increased
hepatocyte apoptosis by increasing the secretion of TNF-α by
monocyte-derived macrophages. Furthermore, it has been
reported that β-arrestin2 exhibits a direct regulatory effect on
cell apoptosis, such as intestinal epithelial and submandibular
gland epithelial cells [43, 44]. However, it remains unclear whether
β-arrestin2 directly regulates hepatocyte apoptosis in AIH. To
confirm the direct effects of β-arrestin2 on hepatocyte apoptosis
in AIH and evaluate the underlying mechanisms, we used TNF-α to
stimulate hepatocytes isolated from Arrb2 KO and WT mice to
establish a hepatocyte apoptosis model in vitro. Flow cytometry
results revealed that the rate of hepatocyte apoptosis significantly
increased under the stimulation of TNF-α at 10 and 20 ng/mL
compared with unstimulated cells (Fig. S8a). Western blotting
further confirmed these results; treatment with TNF-α at 10 and
20 ng/mL induced an increase in the levels of Bax and β-arrestin2,
along with the downregulation of Bcl-2 (Fig. S8b). Therefore, we
selected TNF-α at 10 ng/mL as the stimulant for subsequent
experiments. To further observe hepatocyte apoptosis after β-
arrestin2 deficiency, we subsequently evaluated hepatocyte
apoptosis in TNF-α-stimulated Arrb2 KO mice. The apoptotic rate
of TNF-α-stimulated primary hepatocytes was higher than that of
untreated hepatocytes in WT mice. However, the apoptotic rate of
hepatocytes was significantly reduced in Arrb2 KO mice under
TNF-α stimulation (Fig. 8a). Further experiments revealed that Bax
expression increased, whereas the Bcl-2 expression decreased in
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Fig. 6 β-arrestin2 regulates the migration of THP-1 monocytes via ERK and p38 MAPK signaling pathways. a Effects of PD98059 and
SB203580 on the migration of THP-1 cells induced by MCP-1 detected using the Transwell assay. ##P < 0.01 compared with control group,
**P < 0.01 compared with the MCP-1 group. b β-arrestin2 overexpression promoted the activation of ERK and p38 MAPK pathways in THP-1
cells. ##P < 0.01 compared with control group. **P < 0.01 compared with empty vector group. c Effects of β-arrestin2 overexpressed plasmid on
the migration abilities of THP-1 cells treated with PD98059 or SB203580. ##P < 0.01 compared with control group; **P < 0.01 compared with
empty vector group; &&P < 0.01 compared with the β-arrestin2 overexpression group. d Effects of β-arrestin2 siRNA on the activation of ERK
and p38 MAPK pathways in MCP-1-stimulated THP-1 cells. ##P < 0.01 compared with control group; **P < 0.01 compared with the
scrambled group.
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hepatocytes from TNF-α-stimulated WT mice compared with the
control group. Deficiency of β-arrestin2 reduces Bax expression
and increases Bcl-2 expression under TNF-α stimulation (Fig. 8b).
Thus, β-arrestin2 deficiency attenuated TNF-α-mediated primary
hepatocyte apoptosis.

To better understand the mechanisms underlying β-arrestin2
involvement in hepatocyte apoptosis, we then detected the p-Akt
and p-GSK3β levels of primary hepatocytes. Western blotting
revealed that the p-Akt and p-GSK-3β levels in TNF-α-treated
hepatocytes were significantly reduced compared with the
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control group, whereas the levels of p-Akt and p-GSK-3β in TNF-α-
treated hepatocytes isolated from Arrb2 KO mice were increased
(Fig. 8c). To further explore whether β-arrestin2 deficiency
inhibited hepatocyte apoptosis via Akt signaling pathway activa-
tion, we selected LY294002 (Akt inhibitor) to impede this pathway.
The results revealed that compared with primary hepatocytes
lacking β-arrestin2 without LY294002, LY294002 increased the
primary hepatocyte apoptosis in Arrb2 KO mice (Fig. 8d). These
in vitro data are consistent with in vivo results, indicating that β-
arrestin2 deficiency may reduce hepatocyte apoptosis via the
activation of the Akt/GSK-3β pathway.

DISCUSSION
AIH is a chronic hepatitis and histological condition characterized
by the dense infiltration of inflammatory cells in the portal tract
[45]. These cells can secrete several pro-inflammatory cytokines,
invading the surrounding parenchyma and leading to persistent
hepatocyte apoptosis and damage [46]. There are no effective
treatments for AIH currently, which seriously threatens human
health. Therefore, it is necessary to explore potential therapeutic
targets and underlying mechanisms in AIH.
To explore AIH pathogenesis, different AIH models have been

developed, including S-100-induced animal models. The patho-
genesis of the S-100-induced AIH model is chronic, and the
histological changes in the liver are similar to those observed in
human AIH [47]. Our current research revealed that β-arrestin2
expression in mice liver significantly increased during S-100-
induced AIH development. Further studies revealed that β-
arrestin2 expression in the liver was positively correlated with
serum ANA, ALT, and AST levels, suggesting that β-arrestin2 is
involved in AIH progression.
Some studies have revealed that β-arrestin2 expression is

aberrant in several autoimmune diseases. It is highly expressed
in the labial gland tissue of patients with Sjogren’s syndrome
(SS), and β-arrestin2 deficiency reduces epithelial apoptosis and
improves the symptoms of the SS mice [44]. The expression of
β-arrestin2 in B lymphocytes was apparently increased in
collagen-induced arthritis [48]. Furthermore, elevated expres-
sion of β-arrestin2 was noted in CD4+ T lymphocytes in asthma
model mice [49]. However, the functions of β-arrestin2 in AIH
remain to be elucidated. To further investigate the role of β-
arrestin2 in AIH, we treated Arrb2 KO mice with S-100. Hepatic
histopathology, serum ANA levels, and liver function were
subsequently examined. Arrb2 KO mice were found to exhibit
less inflammatory cell infiltration in the liver and exhibited
lower serum ANA levels than WT model mice. Moreover, β-
arrestin2 deficiency also reduced the activities of serum ALT and
AST, which are indicators of liver function, to certain extent.
However, the activities of ALT and AST in Arrb2 KO model mice
did not recover to normal levels in time, which may be because
of the fact that S-100-induced AIH is a chronic type of hepatitis
and the transaminase activities slowly recovered to normal

levels. Thus, β-arrestin2 deficiency could ameliorate S-100-
induced AIH.
Increasing evidence suggests that autoreactive T cells are

involved in AIH development [50]. A study reported that
concanavalin A (Con A)-induced AIH in mice is related to immune
and cytokine-mediated autoreactive liver injury, accompanied
with the activation of CD4+ and CD8+T cells [51]. Recent studies
have also revealed that compared with healthy individuals, the
Th1/Th2 and Th17/Treg ratio in the peripheral blood of patients
with AIH are imbalanced and positively correlated with disease
severity [22]. Increasing evidence has revealed that macrophage
infiltration can be influenced by activated CD4+T cells in various
autoimmune diseases. For instance, during the development of
type 1 diabetes mellitus, several organs are infiltrated by immune
cells, and activated CD4+T cells promote the activation and
infiltration of macrophages to aggravate the inflammation [52].
CD4+T cells also provoke macrophage infiltration in the eye and
lacrimal glands, where they play a functional role in directing the
development of autoimmune dry eye in SS [53]. Furthermore, β-
arrestin2 participates in regulating the immune system via
different pathways. The expression of β-arrestin2 protein has
been reported to greatly increase in CD4+ T lymphocytes from a
murine asthma model compared with those from WT mice;
moreover, β-arrestin2 silencing reduces the accumulation of IL-17
[49]. Our previous study revealed that in mice with liver fibrosis, β-
arrestin2 deficiency results in reduced numbers of activated T cells
and Th17/Treg ratios [12]. In the current study, β-arrestin2
deficiency decreased activated T cells in the liver and spleen of
AIH mice. Thus, β-arrestin2 deficiency may attenuate the
inflammation mediated by activated T cells and alleviate S-100-
induced AIH.
Considering the crucial role of hepatocyte apoptosis in AIH, we

tested hepatocyte apoptosis after β-arrestin2 deficiency. In this model,
hepatocyte apoptosis in Arrb2 KO mice was observed to be
significantly lower than that in WT mice after S-100 treatment.
Studies have revealed that prolactin D1 inhibits hepatocyte apoptosis
in hepatic IRI by promoting PI3K/Akt pathway activation [54]. Other
studies have revealed that decreased levels of phosphorylated GSK3β
are correlated with reduced liver injury in BDL mice [55]. β-arrestin2
has been reported to promote hepatocyte apoptosis in mice models
of extrahepatic cholestasis by downregulating Akt/GSK3β signaling
[55]. However, it remains unclear whether β-arrestin2 deficiency
alleviates hepatocyte apoptosis in AIH by regulating the Akt/GSK3β
pathway. In this study, p-Akt and p-GSK3β levels were higher in the
liver of Arrb2 KO mice than those in WT mice after S-100 induction.
Therefore, β-arrestin2 deficiency inhibits hepatocyte apoptosis by
activating the Akt/GSK3β signaling pathway in AIH.
As a potent proapoptotic cytokine, TNF-α induces the

dysregulation of apoptosis, which is associated with various
autoimmune and liver diseases. Our data revealed that β-arrestin2
deficiency significantly attenuates the increase of TNF-α levels
induced by S-100 in the serum and liver. Consistent with the
in vivo data, we found that β-arrestin2 could increase the

Fig. 7 Silencing of β-arrestin2 inhibits differentiation of THP-1 cells to macrophages and reduces hepatocyte apoptosis induced by TNF-α
secreted from macrophages. a After treatment with phorbol-12-myristate-13-acetate (PMA) for 12–48 h, β-arrestin2 expression in THP-1 cells
was analyzed using Western blotting. **P < 0.01 compared with the control group. b After transfection with β-arrestin2 siRNA, macrophage
surface marker CD68 (red) expression was analyzed using immunofluorescence. The nuclei were examined by 4′,6-diamidino-2-phenylindole
(blue). c The expressions of CD68 and CD36 in THP-1 cells treated with PMA were detected using flow cytometry after interfering with β-
arrestin2 siRNA. ##P < 0.01 compared with control group; **P < 0.01 compared with scrambled group. d Immunofluorescence was used to
observe the effects of PD98059 or SB203580 on CD68 expression in THP-1 cells stimulated by PMA. ##P < 0.01 compared with control group;
**P < 0.01 compared with PMA group. eWestern blotting revealed the expression of p-ERK and p-p38 in THP-1 cells stimulated with PMA after
transfection with β-arrestin2 siRNA. ##P < 0.01 compared with the control group; **P < 0.01 compared with the scrambled group. f Effects of β-
arrestin2 on TNF-α secretion by monocyte-derived macrophages detected using enzyme-linked immunosorbent assay. &&P < 0.01 compared
with the control group; **P < 0.01compared with the empty vector group; ##P < 0.01 compared with the scrambled group. g The apoptosis
rates of L02 cells cultured with conditioned media (CM). &&P < 0.01 compared with the control-CM group; **P < 0.01 compared with the empty
vector-CM group; ##P < 0.01 compared with the scrambled-CM group. $$P < 0.01 compared with the pcDNA-β-arrestin2-CM group.
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Fig. 8 Deletion of β-arrestin2 reduces apoptosis of primary hepatocytes by activating the Akt/GSK-3β pathway. a Effects of β-arrestin2
deficiency on apoptosis of TNF-α-induced primary hepatocytes were detected using flow cytometry. b Western blotting revealed the
expression of Bax and Bcl-2 in TNF-α stimulated primary hepatocytes. c The protein levels of Akt, GSK-3β, p-Akt, and p-GSK-3β in hepatocytes
after TNF-α stimulation were assessed using Western blotting. *P < 0.05, **P < 0.01 compared with the control group, #P < 0.05, ##P < 0.01
compared with the TNF-α group. d Effect of LY294002 (Akt inhibitor) on apoptosis of hepatocytes from Arrb2 KO mice. **P < 0.01 compared
with the TNF-α group. e The schematic diagram of the mechanism underlying the regulation of monocyte migration and differentiation by β-
arrestin2, further mediating hepatocyte apoptosis in autoimmune hepatitis.
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secretion of TNF-α via monocyte-derived macrophages, and TNF-α
further induces hepatocyte apoptosis in vitro. Furthermore, β-
arrestin2 deficiency also inhibits primary hepatocyte apoptosis
induced by TNF-α by directly activating the Akt/GSK3β pathway.
Macrophages are known to be the primary cells that secrete

TNF-α. Intrahepatic macrophages consist KCs and monocyte-
derived macrophages from peripheral blood [56]. Monocyte-
derived macrophages are further divided into pro-inflammatory
Ly6Chigh and restorative Ly6Clow macrophages. Ly6Chigh macro-
phages aggravate hepatic inflammatory injury by secreting pro-
inflammatory cytokines. Ly6Clow macrophages exhibit anti-
inflammatory effects and promote the repair of tissue injury [6].
In the mouse models of Con A-induced hepatitis, studies have
revealed enhanced hepatic recruitment and activation of mono-
cytes/macrophages [57]. Furthermore, immunization against S-
100-induced AIH in mice was characterized by marked cellular
infiltration and two-thirds of these inflammatory infiltrates were
monocytes/macrophages [58]. These results indicate that it is of
great significance to study monocyte-derived macrophages in AIH.
Various investigations have revealed that β-arrestin2 is involved

in the cellular immune response. A study employing a myocardial
infarction mouse model revealed that β-arrestin2 was strongly
expressed in infiltrating macrophages, and β-arrestin2 deficiency
reduced macrophage infiltration in the infarcted area [59]. Another
study revealed that in mice models of allergic asthma, β-arrestin2
deficiency significantly inhibited the infiltration of eosinophils and T
lymphocytes into the lungs, reducing the production of inflamma-
tory factors [60]. Because there exists a correlation between the
infiltration of monocyte-derived macrophages and AIH, we
investigated whether β-arrestin2 deficiency alleviates liver damage
in AIH by inhibiting the infiltration of monocyte-derived macro-
phages. β-arrestin2 deficiency was found to reduce the percentage
of pro-inflammatory monocyte-derived macrophages in the liver of
AIH mice. Therefore, β-arrestin2 deficiency reduced excessive
monocyte recruitment and activation in liver of mice with AIH.
The migration of monocytes is a prerequisite for their recruitment

from the blood to the site of injury. Thus, it is necessary to
investigate the mechanism underlying monocyte migration. β-
arrestin2 serves as a signaling scaffold protein that influences
chemotaxis. The chemotaxis of T and B lymphocytes from β-
arrestin2-deficient animals were reported to be strikingly impaired
[61]. Furthermore, interfering with β-arrestin2 expression in human
peripheral blood monocyte-induced macrophages significantly
attenuates cellular chemotactic responses [62]. Thus, we explored
the effects of β-arrestin2 on monocyte migration. In vitro experi-
ments revealed that β-arrestin2 overexpression increases the
number of migrated THP-1 cells, whereas the downregulation of
β-arrestin2 decreases the number of migrated THP-1 cells, as
detected using Transwell assays. F-actin remodeling is a key element
of cell migration [63]. Give that cell migration is accompanied with
the dynamic reorganization of the actin cytoskeleton, we labeled
F-actin using fluorescent phalloidin staining. In this study, we found
that β-arrestin2 overexpression enhanced MCP-1-induced cytoske-
letal reorganization in THP-1 cells, as evidenced by the enhanced
F-actin stress fiber intensity. In contrast, the cytoskeleton reorganiza-
tion of THP-1 cells after β-arrestin2 knockdown was observed to be
inhibited. Therefore, β-arrestin2 may regulate the migration of
monocytes. After monocyte recruitment and their migration, the
differentiation of monocytes into macrophages occurs, allowing the
monocytes to acquire macrophage characteristics, which is a key
step for peripheral monocytes in participating in the inflammatory
response [64]. Our in vitro experiments revealed that silencing β-
arrestin2 leads to the inhibition of THP-1 cells differentiation into
macrophages. Therefore, β-arrestin2 may be an active participant in
the differentiation of monocytes to macrophages.
Studies have revealed that β-arrestin2, as a scaffold protein,

activates the ERK pathway, mediates the rearrangement of the
cellular actin skeleton, and participates in the migration of

fibroblasts and tumor cells [65]. Furthermore, β-arrestin2 knockdown
blocks chemokine-induced chemotaxis in Th2 cells via the inhibition
of the activation of the p38 MAPK pathway [66]. Considering that
the phosphorylation of ERK and p38 MAPK also increased during the
differentiation of monocytes to macrophages [67], we next
determined whether β-arrestin2 promotes the migration and
differentiation of monocytes via the ERK and p38 MAPK pathways.
Therefore, an overexpressed plasmid or siRNA was transfected into
THP-1 cells in vitro, and we observed that β-arrestin2 overexpression
promoted the activation of the ERK and p38 MAPK pathways.
However, β-arrestin2 knockdown decreased the expression of p-ERK
and p-p38 in THP-1 cells. Therefore, β-arrestin2 deficiency may
suppress the infiltration of monocyte-derived macrophages in the
liver by inhibiting the ERK and p38 MAPK pathways.
In conclusion, we have provided evidence that β-arrestin2

deficiency ameliorates AIH by inhibiting the infiltration of
monocyte-derived macrophages in the liver via the inhibition of
the migration and differentiation of monocytes. This, meanwhile,
reduces inflammatory cytokine-induced hepatocyte apoptosis
(Fig. 8e). Targeting β-arrestin2 may be a novel therapeutic
approach for preventing AIH and warrants further study.
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