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�-Arrestin 2 Promotes Hepatocyte Apoptosis by Inhibiting
Akt Protein*
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Recent studies reveal that multifunctional protein �-arrestin
2 (Arrb2) modulates cell apoptosis. Survival and various aspects
of liver injury were investigated in WT and Arrb2 KO mice after
bile duct ligation (BDL). We found that deficiency of Arrb2
enhances survival and attenuates hepatic injury and fibrosis.
Following BDL, Arrb2-deficient mice as compared with WT
controls displayed a significant reduction of hepatocyte apopto-
sis as demonstrated by the TUNEL assay. Following BDL, the
levels of phospho-Akt and phospho-glycogen synthase kinase
3� (GSK3�) in the livers were significantly increased in Arrb2
KO compared with WT mice, although p-p38 increased in WT
but not in Arrb2-deficient mice. Inhibition of GSK3� following
BDL decreases hepatic apoptosis and decreased p-p38 in WT
mice but not in Arrb2 KO mice. Activation of Fas receptor with
Jo2 reduces phospho-Akt and increases apoptosis in WT cells
and WT mice but not in Arrb2-deficient cells and Arrb2-defi-
cient mice. Consistent with direct interaction of Arrb2 with and
regulating Akt phosphorylation, the expression of a full-length
or N terminus but not the C terminus of Arrb2 reduces Akt
phosphorylation and coimmunoprecipates with Akt. These
results reveal that the protective effect of deficiency of Arrb2 is
due to loss of negative regulation of Akt due to BDL and
decreased downstream GSK3� and p38 MAPK signaling path-
ways.

Cholestasis is defined as an impairment of bile flow and is
usually seen in certain human liver diseases such as primary
biliary cirrhosis and primary sclerosing cholangitis (1, 2). With
liver injury, hepatocytes and cholangiocytes are damaged as a
consequence of the buildup of bile acids, toxic metabolites,
reactive oxygen species, and cytokines that cause cell death,
apoptosis, and fibrosis (1, 3). Some signaling pathways antago-
nize cell death following liver injury, thereby influencing the
balance between pro- and anti-apoptotic signals. These survival

pathways belong to the MAPK- and PI3K-signaling pathways.
The treatment of cholestatic liver injury is currently limited
(4), and the discovery of new mechanisms of cellular injury
may provide the opportunity to develop novel therapeutic
strategies.

Increasing evidence reveals that �-arrestin 2 (Arrb2),3 a mul-
tifunctional adaptor, may have either a pro- or anti-apoptotic
effect (5– 8). The most thoroughly studied Arrb-dependent sig-
naling system is ERK1/2 activation (8 –10). The importance of
Arrb2 in liver injury, where it is abundantly expressed, is not
known. It has been shown that Arrb2 modulates activation of
serine/threonine kinase Akt (11, 12). Akt modulates cell sur-
vival and apoptosis (13–16). Activated Akt in turn phosphory-
lates a variety of proteins involved in survival and apoptotic
pathways leading to diminished cell apoptosis (14, 17, 18). Akt
is activated following bile duct ligation (BDL), and inhibition of
the activation markedly increases liver injury indicating that
Akt activation is a survival factor after liver injury (19). Acti-
vated Akt phosphorylates several downstream targets of the
PI3K pathway, including glycogen synthase kinase 3� (GSK3�)
(20, 21). GSK3� is a constitutively active enzyme that is inacti-
vated by Akt through phosphorylation of serine 9 (20, 21).
GSK3� is a crucial regulator of cell survival and apoptosis and
has recently been shown to be involved in liver ischemia reper-
fusion injury (20, 22). Accumulating evidence indicates that
GSK3 modulates key steps in each of the two major apoptotic
signaling pathways (the mitochondrial intrinsic apoptotic and
the death receptor-mediated extrinsic apoptotic signaling
pathways).

The overall objective of this study was to investigate the role
of Arrb2 in cholestatic liver injury by using a loss of function in
vivo model. We defined whether a deficiency of Arrb2 affects
overall survival, liver injury, and Arrb2-mediated signaling
pathways using the BDL mouse as an established model of
extrahepatic cholestasis. We found that deficiency of Arrb2 sig-
nificantly enhances animal survival and reduced hepatic fibro-
sis and hepatocyte apoptosis. The protective effect of deficiency
of Arrb2 was associated with increased phospho-Akt and inac-
tivation of GSK3�, p38 MAPK, and Fas signaling pathways and
inhibition of Fas-induced apoptosis. Together, these data sug-
gest that Arrb2 plays a critical role in obstructive cholestasis
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and significantly contributes to cholestatic liver injury and
fibrosis.

Experimental Procedures

Animals and BDL Mice—Arrb2 knock-out mice (Arrb2 KO)
on a C57BL/6 background were kindly provided by Dr. Robert
Lefkowitz and were bred at East Tennessee State University (7,
8). Wild type (WT) C57BL/6 mice were purchased from The
Jackson Laboratory (Bar Harbor, ME) and maintained at the
Division of Laboratory Animal Resources at East Tennessee
State University, a facility accredited by the Association for
the Assessment and Accreditation of Laboratory Animal Care
International (AAALAC). All procedures were approved by the
East Tennessee State University Committee on Animal Care.
Male mice aged 6 – 8 weeks were used in all experiments. BDL
was performed as described in our previous study (1). Briefly,
mice were anesthetized by inhalation of 1–5% isoflurane driven
by 100% oxygen flow with the use of EZ-Anesthesia system.
Under deep anesthesia, the peritoneal cavity was opened and
the common bile duct was double-ligated and cut between the
ligatures (BDL mouse). Control animals underwent a sham
operation that consisted of exposure but not ligation of the
common bile duct. After the sham operation or BDL at differ-
ent times, mice were euthanized to obtain livers.

In Situ Apoptosis Assay—The frozen liver sections from
wild type and Arrb2 KO mice were harvested for terminal
deoxynucleotidyltransferase biotin-dUTP nick end labeling
(TUNEL) assay. Nucleosomal DNA fragmentation in cells was
determined by the TUNEL assay using an in situ apoptosis
detection kit according to the manufacturer’s instructions. The
number of apoptotic cells was counted in randomly selected
fields to calculate the ratio of apoptotic cells and total 500 cells.

Histological and Immunohistochemical Analysis—Hematox-
ylin and eosin (H&E) was performed to assess general histology.
Sirius red was used to evaluate liver fibrosis. Negative control
sections were incubated with non-immune immunoglobulin
under the same conditions. 3–3�-Diaminobenzidine chromo-
gen solution was used for visualization by light microscopy. The
tissue sections were then counterstained with hematoxylin for
3 min. Three slides from each block were evaluated with bright
field microscopy.

Transfections—Arrb2 full-length GFP vector and control
GFP vector were kindly provided by Dr. Gang Pei, Shanghai
Institutes for Biological Sciences, China. WT mouse embryonic
fibroblasts (MEFs) and Arrb2 KO MEFs were kindly provided
by Dr. Robert Lefkowitz (Duke University Medical Center,
Durham, NC). MEFs were seeded in culture plates 24 h before
transfection. All transfection was performed using Lipo-
fectamine 2000 reagent (Invitrogen) (7).

Generation of EGFP and Arrb2 Mutant Constructs—To gen-
erate Arrb2 with EGFP fusion expression constructs, the N ter-
minus of the EGFP(1–180) and the C terminus of the
Arrb2(188 – 418) DNA fragments were amplified by PCR using
pIRES2-EGFP vector and full-length Arrb2 cDNA construct as
template and then cloned into the pBluescript SK vector. After
sequence confirmation, the EGFP-Arrb2 fragment was first
subcloned into the pCDNA3 vector through HindIII and
BamHI restriction sites, and the N- and C-terminal fragments

of Arrb2 were subcloned into the EGFP fragment containing
pCDNA3 vector by BamHI and EcoRI sites. Expression con-
structs were confirmed by sequencing.

Western Blots—Briefly, protein concentration was measured
using the bicinchoninic acid kit (7). Equal amounts of protein
were separated by 12% SDS-PAGE then transferred to a nitro-
cellulose membrane (Bio-Rad). The membrane was then incu-
bated at room temperature in a blocking solution composed of
5% skim milk powder dissolved in 1�TBS for 1 h. The mem-
brane was then incubated overnight at 4 °C with the blocking
solution containing first antibody. The signals were detected
with the ECL system (Amersham Biosciences). The signals
were quantified by scanning densitometry and computer-as-
sisted image analysis. The primary antibodies used in this study
were Akt, GSK3�, p38, ERK1/2, phospho-Akt, phospho-
GSK3�, phospho-p38, phospho-ERK1/2, and Arrb2 (Cell Sig-
naling Technology, Beverly, MA). Antibody against GAPDH
was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).

Coimmunoprecipitation (Co-IP)—Arrb2 KO MEFs were
transfected with Arrb2 full-length GFP vector, C- or N-termi-
nal truncated Arrb2 GFP vectors, or FLAG-Akt vector for 16 h.
The cells were treated with serum deprivation (SD) for 6 h.
Co-IP was performed with Pierce� coimmunoprecipitation kit
(Pierce) as described by us (7). Briefly, cells were incubated with
IP Lysis/Wash Buffer on ice for 5 min to obtain cell lysates.
Anti-GFP antibody was immobilized using AminoLink Plus
coupling resin. The antibody-coupled resin was incubated with
cell lysates overnight at 4 °C. Protein complexes bound to the
antibody were then eluted with elution buffer and analyzed by
Western blot as described before.

Statistical Analysis—All data were represented as means �
S.E. The data were analyzed using one-way analysis of variance
followed by Bonferroni tests to determine where differences
existed among the groups. Differences were considered statis-
tically significant for values of p � 0.05.

Results

Deficiency of Arrb2 Enhances Animal Survival Following
BDL—We investigated the role of the multifunctional protein
Arrb2 (7, 23, 24) in BDL-induced liver damage. Arrb2 KO mice
and WT mice were subjected to BDL, and mortality was mon-
itored for 5–30 days. As shown in Fig. 1A, BDL-induced mor-
tality was significantly decreased in Arrb2 KO mice compared
with WT mice. There were no deaths in sham control mice.
BDL caused a significant reduction in the body weight of the
WT mice compared with the Arrb2 KO mice (data not shown).
The expression of Arrb2 in the liver was significantly enhanced
after BDL as detected by Western blot (Fig. 1B).

Arrb2 Deficiency Attenuates Hepatic Apoptosis and Hepatic
Fibrosis after BDL—To evaluate whether Arrb2 plays a role in
BDL-induced hepatic apoptosis, we subjected WT mice and
Arrb2 KO mice to BDL for different time periods. The percent-
age of liver area occupied with bile infarcts, which correlates
with the degree of liver apoptosis (25), was determined by H&E
staining. We observed that BDL-induced areas of bile infarcts
in WT mice appeared more prominent compared with Arrb2
KO mice, and the areas increased in size over time (Fig. 2A).
Furthermore, morphometric evaluation of the percentage of
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liver with bile infarcts showed that deficiency of Arrb2 signifi-
cantly reduces BDL-induced bile infarct area compared with
WT mice (Fig. 2B). The percentage of liver area occupied with
trichrome-stained areas was less in Arrb2 KO mice compared
with WT mice following BDL suggesting that the early fibrous-
ness in the BDL model is reduced by Arrb2 deficiency (Fig. 2, C
and D).

Arrb2 Loss of Function Reduces BDL-induced Apoptosis—
Growing evidence indicates that Arrb2 plays a critical role in
regulating apoptosis (6, 26), and liver cell apoptosis is an impor-
tant mechanism in the liver injury following BDL. We therefore
determined whether Arrb2 is involved in BDL-mediated apo-
ptosis. We examined hepatocyte apoptosis in WT and Arrb2
KO mice following BDL using the TUNEL assay. Fig. 2E shows
that a significant number of cells in the liver of WT mice were
undergoing apoptosis, whereas only a few apoptotic cells were
detected in the liver of Arrb2 KO mice following BDL.

Arrb2 Deficiency Increases the Levels of Phospho-Akt and
Phospho-GSK3� in the Liver Following BDL—Recent evidence
has shown that Arrbs modulate Akt signaling (11, 12), and Akt
reduction is associated with hepatocyte apoptosis in BDL (19).
To investigate whether Arrb2 regulates the activation of Akt
signaling in the liver following BDL, we determined the levels of
phospho-Akt. As shown in Fig. 3A, the following BDL levels of
phospho-Akt in the liver were significantly increased in Arrb2
KO compared WT mice. GSK3� is an important downstream
target from Akt (21). Phosphorylation of GSK3� on the inacti-
vating residue serine 9 by Akt results in GSK3� inactivation (21,
28). The levels of phospho-GSK3� (Ser-9) in the liver were sig-
nificantly higher in the Arrb2 KO than in the WT mice follow-
ing BDL (Fig. 3B). These data suggest that Arrb2 deficiency
enhances BDL activation of Akt and decreases (by increased
phosphorylation) GSK3� activity. Another survival pathway,
MAPK/ERK1/2 (29), was not altered by Arrb2 deficiency

because ERK1/2 MAPK phosphorylation in both WT mice and
Arrb2 KO mice was found to be similar (Fig. 3C).

GSK3� Inhibition Decreases BDL-induced Hepatic Apoptosis—
To determine whether the observed decreased GSK3� activity
due to Arrb2 deficiency is responsible for decreased liver injury
following BDL, we administered in vivo the pharmacological
GSK3� inhibitor SB216763 that has been widely used to study
the role of GSK3� both in vitro and in vivo (28, 30). We
observed that inhibition of GSK3� with SB216763 resulted in
significant decreases in hepatic apoptosis in WT mice in
response to BDL. However, inhibition of GSK3� did not alter
hepatic apoptosis in Arrb2 KO mice following BDL (Fig. 3D), a
finding consistent with GSK3� participating in series but not in
parallel to Arrb2 on the inhibition of hepatic apoptosis.

Effect of GSK3� Inhibition on the Levels of Phospho-p38
MAPK Following BDL—Recently, it has been reported that
GSK3� modulates p38 MAPK signaling (31). Activation of p38
induces hepatocyte apoptosis in models of cholestasis (33). We
evaluated whether GSK3� plays a role in BDL-mediated phos-
phorylation of p38 MAPK. Both BDL and sham-treated WT
mice and Arrb2 KO mice were administered GSK3� inhibitor
SB216763. BDL significantly increased the levels of phospho-
p38 MAPK in WT mice but did not alter the levels of phospho-
p38 MAPK in Arrb2 KO mice compared with the sham control
mice (Fig. 4). The ratio of phospho-p38 to total p38 was 3-fold
higher in sham Arrb2 KO mice compared with WT sham mice.
Interestingly, inhibition of GSK3� in WT mice decreased the
levels of phospho-p38 MAPK induced by BDL. However, inhi-
bition of GSK3� in Arrb2 KO mice did not change the levels of
phospho-p38 MAPK perhaps due to GSK3� already being
completely inactivated (phosphorylated) in Arrb2 KO mice
(Fig. 4). These data suggest that Arrb2 plays a role in GSK3�-
mediated activation of p38 MAPK following BDL.

FIGURE 1. Arrb2 deficiency enhances animal survival after BDL. A, survival of wild type (WT) and Arrb2 knock-out (KO) mice (n � 25–30 per group) was
observed from 5 to 30 days after BDL. *, p � 0.01, Arrb2 KO mice versus WT mice. B, livers were harvested from WT mice after 3 days of sham operation or BDL,
and Arrb2 expression was determined by Western blot. *, p � 0.01 compared with WT sham control group.
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Arrb2 N Terminus but Not the C Terminus Directly Inacti-
vates Akt—Previous studies have shown Arrb2 directly binds to
Akt and alters Akt function, either up-regulating or down-reg-
ulating, depending on the signaling source. Previous studies
have not disclosed the site where Arrb2 binds to Akt (33). We
created both full-length and N- or C-terminal Arrb2 expression
vectors, and we determined whether these will alter the activa-
tion of Akt. MEF cells lacking Arrb2 were serum-deprived (SD)
for 6 h to decrease Akt, and then Arrb2 expression was induced
by the above expression vectors (Fig. 5A). There was similar
transfection of Arrb2 in all transfection studies (data not
shown). SD deceased p-Akt but not total Akt in cells expressing
full-length and N-terminal Arrb2 expression vectors but did
not alter p-Akt in cells expressing empty or C-terminal Arrb2
expression vectors (Fig. 5A), suggesting that the N terminus but
not the C terminus of Arrb2 is responsible for dephosphoryla-

tion of Akt. The potential interaction between the full-length or
N or C terminus of Arrb2 and Akt was assessed by coimmuno-
precipitation. Arrb2 KO MEF cells were transfected with Arrb2
full-length GFP or FLAG-tagged Akt plasmids following SD for
6 h. As shown in Fig. 5B, full-length Arrb2 coimmunoprecipi-
tated with Akt. We then transfected Arrb2 KO MEF cells with
GFP-tagged C- or N-terminal Arrb2 and FLAG-tagged Akt
plasmids following SD for 6 h. Notably, the N-terminal Arrb2
but not the C-terminal Arrb2 coimmunoprecipitated with Akt
(Fig. 5C). Taken together, these results suggest that the inter-
action of the N-terminal Arrb2 with Akt promotes Akt
dephosphorylation.

Arrb2 Deficiency Inhibits Fas-induced Hepatocyte Apoptosis
and Fas-reduced Phospho-Akt—Previous studies have shown that
activation of Fas receptor is required for hepatocyte apoptosis fol-
lowing BDL (34). We determined whether Arrb2 deficiency pre-

FIGURE 2. Hepatocyte apoptosis is reduced in Arrb2 KO mice following BDL. Hepatic morphology was determined by H&E staining in WT mice and Arrb2
KO mice following sham operation or BDL at different times (A and B). A, areas of bile infarcts in WT mice are more prominent compared with Arrb2 KO mice
(�400). B, morphometric evaluation of the percentage of liver area with bile infarcts in WT mice and Arrb2 KO mice by Image Pro Plus Version 6.0. *, p � 0.05,
Arrb2 KO mice versus WT mice. Hepatic morphology was examined by sirius red staining in WT mice and Arrb2 KO mice at different time points after BDL for C
and D. C, sirius red staining showed significantly decreased hepatic fibrosis (red) in Arrb2 KO mice compared with WT mice (�400). D, morphometric evaluation
of percentage of liver with hepatic fibrosis using Image Pro Plus Version 6.0. *, p � 0.01, Arrb2 KO mice versus WT mice. E, 3 days after BDL in WT and Arrb2 KO
mice, the mice were sacrificed to obtain the livers. Apoptotic cells (dark cells) were determined by TUNEL assay. Magnification �40. The bar graph at right shows
the percentage of TUNEL-positive cells. *, p � 0.01.
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vents Fas-induced hepatocyte apoptosis by treating WT mice and
Arrb2 KO mice with anti-Fas antibody Jo2 that activates the Fas
receptor. We found that administration of Jo2 significantly
increased the percentage of apoptotic cells in the livers in WT mice
but not Arrb2 KO mice (Fig. 6A). Furthermore, we also found that
treatment with Jo2 dramatically attenuated the levels of phospho-
Akt in WT mice but not in Arrb2 KO mice (Fig. 6B). Therefore,
these data reveal that Arrb2 deficiency reduces Fas-dependent
increase in apoptosis and reduction of phospho-Akt.

Reduction of Phospho-Akt Due to Activation of Fas Receptor
Requires Arrb2—To determine whether Arrb2 is required for
inhibition of phospho-Akt following Fas activation, WT MEFs
and Arrb2-deficient MEFs were transfected with Arrb2 full-
length plasmid or control plasmid and then were incubated
with or without Jo2, which activates the Fas receptor. As shown
in Fig. 6C, Jo2 treatment decreases p-Akt but not total Akt in
WT cells. In contrast, in Arrb2-deficient cells, Jo2 did not
decrease p-Akt levels. Consistent with the effect of Arrb2 on
p-Akt, which is an anti-apoptotic protein, the Jo2-dependent
increase in TUNEL-positive MEF cells was markedly reduced
in Arrb1 or -2 and in Arrb1- and -2-deficient cells compared
with WT cells (Fig. 6D).

Discussion

Previous studies have shown that either Arrb1 or Arrb2 KO
mice appear healthy and function normally unless challenged
(24). This study specifically addressed the role of Arrb2 in the
liver injury due to BDL. Our results demonstrate that Arrb2
deficiency enhanced animal survival, decreased hepatocyte apo-
ptosis and liver fibrosis, increased Akt, inactivated GSK3�, and
reduced p38 MAPK signaling, the latter being previously dem-
onstrated to be required for cholestatic liver injury (32).
Administration of a GSK3� inhibitor to BDL mice reproduced
the effect of Arrb2 KO on liver cell apoptosis, Akt activation,
and p38 inactivation. In vitro, activation of the Fas receptor,
previously shown to be required for apoptosis in BDL (34) in the
presence but not absence of Arrb2, decreases Akt and increases
apoptosis. Finally, we demonstrate that the Arrb2-dependent
decrease in Akt phosphorylation requires the interaction of the

FIGURE 3. Inhibition of GSK3� reduces BDL-induced apoptosis. Three days after BDL, livers were harvested for A and B. A, levels of total and p-Akt were
determined by Western blot. B, levels of total and p-GSK3� were examined as in A. *, p � 0.01. GSK3� inhibitor SB216763 (0.6 mg/kg body weight, i.v.) or vehicle
(10% dimethyl sulfoxide) was administrated 30 min before BDL and then administrated every 24 h until mice were euthanized. On day 3, livers were harvested
for C and D. C, total and p-ERK1/2 levels were determined by Western blot. D, apoptotic cells (dark cells) were determined by TUNEL assay. Magnification �40.
The bar graph at right shows the percentage of apoptotic cells. *, p � 0.01.

FIGURE 4. Effects of GSK3� on levels of p38 MAPK following BDL. GSK3�
inhibitor SB216763 (0.6 mg/kg body weight, i.v.) or vehicle (10% dimethyl
sulfoxide) was administrated 30 min before sham operation or BDL and then
administered every 24 h until mice were euthanized. On day 3, mice were
euthanized to obtain the livers. The levels of total and p-p38 MAPK were
determined by Western blot. *, p � 0.01.
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N terminus but not the C terminus of Arrb2. The results raise
the likelihood of a novel role of Arrb2 in the modulation of liver
injury.

The scaffolding proteins Arrb1 and Arrb2 have been conven-
tionally associated with receptor internalization. However, new
roles of Arrbs in receptor trafficking and signal transduction
have been discovered in recent years. Arrbs can scaffold differ-
ent sets of molecules that determine different and even oppo-
site effects on the same signaling cascade dependent on the
receptor activated (24). In the case of Akt, which we focused on
in these studies, previous studies by Beaulieu et al. (12) have
shown Arrb2 can deactivate Akt by the formation of an Arrb-
Akt complex upon stimulation of the D2-class dopamine recep-
tors. Our studies show that in the liver injury model, the pres-
ence of Arrb2 similarly reduces p-Akt, which is associated with
increased liver injury. Both in vitro and in vivo studies where we
decreased phosphorylated Akt levels employing activation of
Fas receptor by Jo2 antibody showed that Arrb2 is required for
Fas receptor-dependent decreases in Akt phosphorylation and
apoptosis. Other studies by Povsic et al. (11) have also shown
that Arrbs have opposite effects, with insulin-like growth factor
1 activation of PI3K and Akt, which cause inhibition of apopto-
sis. Our studies did not determine the specific membrane
receptors that are involved in the modulation of Arrb2 inacti-
vation of Akt. This is a reasonable omission because previous

studies have shown a large number of G-protein-coupled
receptors to be involved in cholestatic liver injury (4); neverthe-
less, reductions of Akt due to Fas is one that we know is very
relevant to cholestatic liver injury (19). We reveal for the first
time that dephosphorylation of Akt by Arrb2 requires the N
terminus of Arrb2, and we demonstrated direct protein-protein
interactions between Akt and Arrb2 by co-immunoprecipita-
tion studies and that this interaction also depends on the N
terminus of Arrb2. Additional studies will be needed to dem-
onstrate the specific subdomains where Akt and Arrb2 interact,
because this additional information may allow the development
of more specific inhibitors. Although drugs that nonspecifically
disrupt Akt/Arrb2 scaffolding (e.g. lithium) may have therapeu-
tic effects in the brain, the potential for these classes of drugs to
modify liver injury has not been explored.

In our studies we found that the degree of Akt phosphoryla-
tion was inversely related to GSK3� activity. GSK3� is an
important downstream target from Akt (21). Phosphorylation
of GSK3� on the inactivating residue serine 9 by Akt results in
GSK3� inactivation (21, 28). Previous studies have shown a
reduction of GSK3� is associated with reduced liver injury in
BDL mice (27). We extended these previous observations by
demonstrating that GSK3� inhibition reduces liver injury due
to BDL. The GSK3� inhibitor SB216763 has been widely used
to study the role of GSK3� in vivo, and our studies showed it

FIGURE 5. Arrb2 C terminus but not N terminus directly inactivates Akt. A, Arrb2 KO MEFs were transfected with Arrb2 full-length (FL) GFP vector or N- or
C-terminal truncated Arrb2 GFP vectors or their GFP control vector. After 16 h of transfection, the cells were treated with SD for 6 h. The levels of total Akt, p-Akt,
and GFP were determined by immunoblot. *, p � 0.05; **, p � 0.01. B, we transfected Arrb2 KO MEFs with Arrb2 full-length GFP vector or FLAG-Akt vector for
16 h. The cells were treated with SD for 6 h. Cell extracts were immunoprecipitated (IP)with anti-FLAG antibody and then analyzed together with cell lysates by
immunoblotting (IB) with indicated primary antibodies. C, Arrb2 KO MEFs were transfected with C- or N-terminal truncated Arrb2 GFP vectors or FLAG-Akt
vector. After 16 h of transfection, the cells were treated with SD for 6 h. Immunoprecipitates for Arrb2 C or N terminus and Akt were determined as in B. All of
the results are representatives of three independent experiments.
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significantly reduced both liver cell apoptosis and phosphory-
lation of p38. In models of cholestatic liver cell injury, previous
studies showed that the only MAPK to increase liver cell apo-
ptosis was p38 (32). Although the GSK3� inhibitor did not
decrease p38 phosphorylation in Arrb2 KO mice with BDL, we
postulate that deficiency reduces p38 phosphorylation to a level
that cannot be further decreased. Baseline p-p38 was increased
in sham Arrb2 KO mice compared with WT mice, which is
likely a phenotype of the KO. Because the increased baseline
p-p38 was not associated with liver injury in Arrb2 KO mice,
it is likely other counterbalancing influences come into play
to prevent p38-dependent liver injury. Previous studies have
shown that GSK3� regulates the stability of Arrb2 complex
formations. GSK3 inhibitors or heterozygosity for GSK3�
expression reduces Arrb2-Akt complex formation and increases

Akt activity (35). Consistent with GSK3� regulating the
Arrb2-Akt complex in liver injury is our finding of the ability
of the GSK3� inhibitor to reproduce the effect of Arrb2 KO
on reduction of liver injury and decreased p38 phosphoryla-
tion. Further studies are needed to determine whether
GSK3� regulates Arrb2-Akt complexes, and their regulation
of cholestatic liver injury.

In summary, this study is the first to elucidate the molecular
mechanisms for Arrb2 regulation of hepatocyte apoptosis
induced by BDL. Activation of Akt and inhibition of GSK3�,
which are both negatively regulated by Arrb2, promote hepato-
cyte survival and inhibit hepatocyte apoptosis in Arrb2 KO
mice. These findings suggest that targeted inhibition of Arrb2
might provide a novel therapeutic approach to prevent liver
injury.

FIGURE 6. Deficiency of Arrb2 inhibits hepatocyte apoptosis through Fas. A, WT and Arrb2 KO mice were administered Jo2 at two different doses (0.15 and
0.3 �g/g body weight, i.p.). After 6 h of treatment, livers were harvested and fixed in 10% buffered formalin. Apoptotic cells (dark cells) were examined by TUNEL
assay. **, p � 0.01; ***, p � 0.001. B, mice were injected as in A. At 6 h of injection, the expression of total Akt and p-Akt in livers was examined by immunoblot.
C, WT and Arrb2 KO MEFs were transfected with Arrb2 full-length vector or control (Con) vector. After transfection for 24 h, the cells were treated with Jo2 (200
ng/ml), and the levels of total Akt and p-Akt were measured by Western blot. *, p � 0.01. D, WT, Arrb1 KO, Arrb2 KO, and Arrb1/2 double KO MEFs were treated
with Jo2 (200 ng/ml) for 24 h. Apoptosis was determined by TUNEL assay. *, p � 0.05; **, p � 0.01.
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