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Introduction

Accumulating evidence suggests that p-arrestins play key roles in
regulating many important metabolic functions including B cell
activity (1). The 2 B-arrestin isoforms (B-arrestin 1 and 2; referred
toas Barrl and Barr2 herein; also known as arrestin 2 and 3, respec-
tively) play key roles in the desensitization and internalization of
nearly all G protein-coupled receptors (GPCRs) (2). In addition,
many studies suggest that -arrestins can also act as signaling mol-
ecules in their own right (3, 4).

We recently demonstrated that 8 cell Barr2 is essential for the
proper function of pancreatic B cells (5). In contrast, the poten-
tial role of Barrl in regulating B cell activity and insulin secretion
remains largely unexplored. To address this issue, we selectively
deleted the Barrl gene in pancreatic B cells of adult mice and sub-
jected the resulting mutant animals to a series of metabolic tests.

Sulfonylurea drugs (SUs) have been a cornerstone for the
therapy of type 2 diabetes (T2D) for more than 50 years (6). We
demonstrated that B cell Barrl deficiency selectively impairs
SU-induced insulin release in vivo and in vitro. We also found that
f cell Barrl can exist in a complex with Epac2 and that this interac-
tion promotes Epac2 activity. Our data are consistent with the con-
cept that Barr1 plays an important role in regulating SU-dependent
Epac2/Rapl signaling in f cells, leading to enhanced SU-induced
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B-Arrestin 1and 2 (Barr1 and Barr2, respectively) are intracellular signaling molecules that regulate many important metabolic
functions. We previously demonstrated that mice lacking Barr2 selectively in pancreatic p cells showed pronounced metabolic
impairments. Here we investigated whether Barr1 plays a similar role in regulating f cell function and whole-body glucose
homeostasis. Initially, we inactivated the Barr1 gene in f cells of adult mice (B-barr1-KO mice). B-barr1-KO mice did not display
any obvious phenotypes in a series of in vivo and in vitro metabolic tests. However, glibenclamide and tolbutamide, 2 widely
used antidiabetic drugs of the sulfonylurea (SU) family, showed greatly reduced efficacy in stimulating insulin secretion in the
KO mice in vivo and in perifused KO islets in vitro. Additional in vivo and in vitro studies demonstrated that Barr1 enhanced
SU-stimulated insulin secretion by promoting SU-mediated activation of Epac2. Pull-down and coimmunoprecipitation
experiments showed that Barr1 can directly interact with Epac2 and that SUs such as glibenclamide promote Barr1/Epac2
complex formation, triggering enhanced Rap1 signaling and insulin secretion. These findings suggest that strategies aimed at
promoting Barr1 signaling in B cells may prove useful for the development of efficacious antidiabetic drugs.

insulin secretion. These findings suggest that agents that can
enhance Barrl signaling in B cells may prove useful as efficacious
antidiabetic drugs.

Results and Discussion

Selective deletion of the Barrl gene in f cells of adult mice. We
employed a conditional gene deletion strategy to selectively inac-
tivate the Barrl gene in B cells of adult mice. Several studies have
shown that tamoxifen (TMX) induces Cre activity in PdxI-Cre-
ER™ transgenic mice selectively in pancreatic B cells (7, 8). We
crossed PdxI-Cre-ER™ mice with homozygous floxed Barrl mice
in which exon 2 was flanked by loxP sites (fI/fl Barrl mice) (9). Sub-
sequent matings led to the generation of fl/fl Barrl-Pdx1-Cre-ER™
mice and fI/fl Barrl control littermates, which served as control
animals throughout this study. All mouse lines used were main-
tained on a C57BL/6 background.

We injected fl/fl Barrl-Pdx1-Cre-ER™ mice and their control
littermates (8-week-old males) for 6 consecutive days with TMX (2
mg 1.p. per mouse per day) to induce Cre activity and BarrI inacti-
vation selectively in pancreatic B cells (7, 8). Gene expression and
Western blotting studies confirmed the selective deletion of Barrl
in pancreatic islets of TMX-injected fl/fl Barrl-Pdx1-Cre-ER™ mice
(Supplemental Figure 1A, C). Herein, we refer to the TMX-treated
fI/fl Barrl-Pdx1-Cre-ER™ mice simply as p-barrl-KO mice. Barr2
expression levels remained unaffected by the BarrI deletion in islets
and other tissues from f-barrl-KO mice (Supplemental Figure 1B).

Untreated [-barrl1-KO mice do not show any obvious metabol-
ic deficits. B-barrl-KO mice and their control littermates did not
show any statistically significant differences in body weight or fed
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Figure 1. Glibenclamide- and tolbutamide-stimulated insulin secretion is greatly impaired in B-barr1-KO mice. (A-C) Freely fed mice were injected i.p.
with glibenclamide (5 mg/kg) (A), tolbutamide (25 mg/kg) (B), or gliclazide (10 mg/kg) (C). Plasma insulin levels were measured at the indicated time
points using blood collected from the tail vein. All experiments were carried out with male littermates that were 10 to 12 weeks old. Actual basal plasma
insulin levels were (in ng/mL): (A) Control: 1.33 + 0.29, KO: 1.58 + 0.25; (B) Control: 1.49 + 0.14, KO: 1.64 + 0.29; (C) Control: 1.38 + 0.13, KO: 1.25 + 0.15. Data
are presented as mean + SEM (n = 8 animals/group). *P < 0.05; **P < 0.01 (2-way ANOVA followed by Tukey's post hoc test).

and fasting blood glucose and plasma insulin levels (Supplemental
Figure 2). Likewise, both groups of mice displayed similar blood
glucose excursions in i.p. glucose and insulin tolerance tests, and
showed similar increases in plasma insulin levels following injec-
tion of a glucose bolus (2 g/kgi.p.) (Supplemental Figure 3). More-
over, perifusion of islets from both control and B-barrl-KO mice
with a high concentration of glucose (16 mM) triggered compara-
ble insulin responses (Supplemental Figure 4).

Islet morphometric studies showed that f cell mass and islet
size were unaltered by B cell Barrl deficiency (Supplemental
Figure 5). Additionally, we did not detect any significant chang-
es in the expression levels of key genes and proteins involved
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in B cell function and maintenance (Supplemental Figure 6 and
Supplemental Figure 7).

Enhanced insulin secretion caused by [ cell GPCR signaling
remains unaffected by f§ cell Barrl deficiency. Insulin secretion from
pancreatic p cells is stimulated by the activity of various GPCRs,
including B cell M, muscarinic (10, 11) and B cell GLP-1 recep-
tors (12, 13). To test whether B cell Barrl deficiency affected M,
and GLP-1 receptor-mediated insulin release in vivo, we inject-
ed control and B-barrl-KO mice with bethanechol (2 mg/kg i.p.),
a muscarinic receptor agonist, or exendin-4 (12 nmol/kg i.p.), a
GLP-1 receptor agonist. Previous studies have shown that treat-
ment of mice with these 2 agonists leads to marked increases in
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Figure 2. The absence of f cell Barr1 in isolated islets reduces insulin
secretion in response to glibenclamide and tolbutamide, but not
gliclazide. (A-C) Islets from control and B-barr1-KO mice were perifused
with 3 mM glucose, either in the presence or absence of glibenclamide
(10 nM) (A), tolbutamide (500 uM) (B), or gliclazide (10 uM) (C). The
amount of secreted insulin was normalized to DNA content. All islets
were prepared from male littermates that were 12 to 15 weeks old. Data
are mean = SEM (5 or 6 perifusions with 50 islets per perifusion cham-
ber; islets were isolated from 6 mice per genotype). *P < 0.05 (2-tailed
Student’s t test).
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plasma insulin levels that require the presence of p cell M, (14) or
GLP-1 receptors (15, 16), respectively. Both control and mutant
mice exhibited similar insulin responses when treated with either
bethanechol or exendin-4 alone or in combination with a glu-
cose bolus (2 g/kg i.p.) (Supplemental Figure 8). In agreement
with these in vivo data, islet perifusion studies carried out in the
presence of 16 mM glucose demonstrated that acetylcholine (0.5
uM), the endogenous B cell M, receptor agonist, and GLP-1 (0.1
uM) caused similar increases in GSIS in control and mutant islets
(Supplemental Figure 9). In addition, we showed that GLP-1-
stimulated insulin secretion is not impaired in islets derived from
whole-body Barr1l-KO mice (Supplemental Figure 10).

Taken together, these data strongly suggest that the ability of
M, and GLP-1receptors to promote insulin release does not require
the presence of Barrl in mouse islets, in contrast to a previous find-
ing that Barrl is essential for GLP-1 receptor-dependent enhance-
ment of insulin secretion in rat INS-1 insulinoma cells (17).

Deletion of Barrl in [ cells greatly reduces SU-induced insulin
secretion in vivo. SUs enhance insulin secretion by binding to the
SURI1 subunit of the K*,  channel expressed by pancreatic f cells,
leading to K*, , channel closure, membrane depolarization, and
subsequent insulin release (18). However, SUs can also promote
insulin secretion via binding to and activation of B cell Epac2
(19-22), a cAMP binding protein that possesses guanine nucleo-
tide exchange factor (GEF) activity toward Rap1 (23). Epac2/Rapl
signaling is known to play a key role in trafficking insulin granules
to the plasma membrane (23). In a previous study, Mangmool et
al. (24) demonstrated that Epacl, a close structural homolog of
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Epac2, can interact with B-arrestins in cardiac tissue and cultured
cells, thereby modulating cellular signaling. On the basis of these
findings, we explored the possibility that the lack of f cell Barrl
may affect SU-induced insulin section.

To test this hypothesis, we initially injected control and
B-barr1l-KO mice with glibenclamide (5 mg/kg i.p.) or tolbutamide
(25 mg/kgi.p.), 2 commonly used SU drugs. We found that gliben-
clamide- and tolbutamide-stimulated increases in plasma insulin
levels were significantly reduced in B-barrl-KO mice (Figure 1, A
and B). In contrast, this deficit was not observed after treatment of
control and mutant mice with gliclazide (10 mg/kg i.p.), another
SU drug (Figure 1C). Previous work has shown that glibenclamide
and tolbutamide, but not gliclazide, can activate f cell Epac2 (in
addition to inhibiting K*, , channels), thus contributing to SU-
induced insulin secretion (19-21). Islet Surl and Epac2 expression
remained unaffected by f cell Barr1 deficiency (Supplemental Fig-
ure 6 and Supplemental Figure 7). Thus, our observations strongly
suggest that Barrl plays an important role in regulating SU-depen-
dent Epac2/Rapl signaling in j cells.

Studies with perifused islets. To confirm that the reduced effica-
cy of glibenclamide and tolbutamide to stimulate insulin secretion
in B-barrl-KO mice in vivo was indeed caused by signaling defi-
cits in pancreatic B cells, we performed a series of islet perifusion
studies. In these experiments, glibenclamide (10 nM) and tolbut-
amide (500 uM) caused significantly smaller insulin responses in
B-barr1l-KO islets as compared with control islets (Figure 2, A and
B). In contrast, gliclazide (10 uM) was able to stimulate insulin
secretion to a similar extent in control and mutant islets (Figure
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Figure 4. Glibenclamide promotes the interaction of Barr1 with Epac2 and stimulates Rap1 activation in a Barr1-dependent fashion. (A) Coimmunopre-
cipitation was performed with MING-K8 cells infected with adenoviruses encoding Barr1 and Epac2-FLAG. Cells were stimulated with 1 uM glibenclamide
(GLB) for 30 or 60 minutes. Cell lysates were incubated with an anti-FLAG antibody or rabbit IgG (negative control), and immunoprecipitated proteins were
probed with an anti-Barr1 antibody by Western blotting. Data from a representative experiment are shown. (B) Quantification of the amount of Barr1 detect-
ed by Western blotting in the coimmunoprecipitation studies shown in A. Data are mean + SEM of 3 independent experiments. (C) Efficient knockdown of
Barr1 gene expression in MIN6-K8 cells by the use of Barr1 siRNA (n = 4). Con, scrambled control siRNA. (D) GLB treatment promotes the formation of Rap1-
GTP in a Barrl-dependent fashion in MIN6-K8 cells. MIN6-K8 cells treated with scrambled control or Barr1 siRNA were incubated with GLB (100 nM)

for 30 minutes and Rap1-GTP and total Rap1 levels were determined by Western blotting. Representative blots are shown. (E) Quantification of the
Western blotting data shown in D. Data are mean + SEM of 4 independent experiments. *P < 0.05; NS, no statistically significant difference (B, Kruskal-
Wallis test; C, 2-tailed Student’s t test; E, 2-way ANOVA followed by Tukey's post hoc test). See complete unedited blots in the supplemental material.

2C). The insulin content of control and KO islets did not differ
significantly from each other (control: 532 * 57 ng/mL; KO: 392 *
54 ng/mL; 5-6 batches of 10 islets each, prepared from 3 different
mice per genotype).

To further test the hypothesis that Barrl is required for SU-
mediated Epac2 activation, we performed additional islet perifu-
sion studies using a specific Epac2 inhibitor, ESI-05 (25). Gliben-
clamide-induced insulin secretion from control islets was greatly
decreased in the presence of ESI-05 (10 uM) (Figure 3A), consis-
tent with the predicted role of Epac2 in contributing to gliben-
clamide-stimulated insulin secretion (19-21). In contrast, ESI-05
treatment had no significant effect on glibenclamide-stimulated
insulin release from B-barrl-KO islets (Figure 3B). Likewise, ESI-
05 had no significant effect on gliclazide-induced secretion from
WT islets (Supplemental Figure 11). These data further support the
notion that Barrl plays a critical role in promoting the stimulation
of Epac2 by SUs in B cells.

To exclude the possibility that Epac2 function was generally
impaired in B-barrl-KO islets, we stimulated B-barrl-KO and con-
trol islets with 8-pCPT-2-O-Me-cAMP-AM (8-pCPT), an Epac-
specific agonist. 8-pCPT (5 uM) treatment resulted in comparable
increases in insulin secretion in mutant and control islets, suggest-
ing that cAMP-dependent Epac2 activation and the downstream

signaling pathway triggering insulin secretion remain intact in
cells lacking Barrl (Supplemental Figure 12).

To probe the potential role of Barr2 in SU-induced insulin
secretion, we studied perifused islets prepared from whole-body
Barr2-KO mice. We found that both glibenclamide- and gli-
clazide-induced stimulation of insulin secretion was significantly
impaired in the Barr2 mutant islets, as compared with WT control
islets (Supplemental Figure 13). Since gliclazide does not require
Epac2 for efficient insulin secretion and B cell Barr2 deficiency
causes greatly reduced glucose- and KCl-induced insulin secre-
tion (5), the decreased activity of SUs in Barr2-deficient islets is
most likely due to the generalized secretory deficit displayed by
the Barr2 mutant islets (5).

Barrl directly interacts with Epac2. We next examined whether
Barrl was able to directly interact with Epac2. We performed pull-
down assays using purified Barrl protein and a purified GST-Epac2
fusion protein. The GST-Epac2 fusion protein (5 pg) or GST alone
(negative control; 5 ug) were immobilized to a glutathione affinity
resin. The immobilized proteins were then incubated with purified
Barr1 (5 pg) for 1 hour at 4°C, followed by thorough washing. Bound
proteins were then eluted with glutathione-containing buffer. Elu-
ates were analyzed by SDS-PAGE/Western blotting using an anti-
Barrl antibody. This analysis showed that Barrl protein was able
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to interreact with Epac2 in a specific fashion (Supplemental Figure
14). The addition of glibenclamide (100 nM), 8-pCPT (1 uM), or a
mixture of glibenclamide (100 nM) and 8-pCPT (1 uM) had no sig-
nificant effect on the intensity of the Barrl immunoreactive bands.

Coimmunoprecipitation of a Barrl/Epac2 complex in a mouse
B cell line. We next performed coimmunoprecipitation assays using
MIN6-K8 mouse insulinoma cells (26) overexpressing Barrl and a
FLAG-tagged version of Epac2. Overexpression of the 2 proteins
was achieved by the use of recombinant adenoviruses. The engi-
neered MING6-K8 cells were then incubated with glibenclamide
(1 uM) for 30 or 60 minutes. Subsequently, cell lysates were sub-
jected to immunoprecipitation with either an anti-FLAG antibody
or rabbit IgG (negative control). Immunoprecipitated proteins
were probed with an anti-Barrl antibody by Western blotting.
Using this strategy, Barr1 protein (~50 kDa) could only be detected
in immunoprecipitates exposed to the anti-FLAG antibody (Fig-
ure 4A). Importantly, glibenclamide promoted the Barrl/Epac2
interaction in a time-dependent fashion (Figure 4, A and B). These
data support the idea that Barrl can exist in a complex with Epac2
and that SUs such as glibenclamide are able to further stabilize
this complex. Since glibenclamide did not promote Barrl/Epac2
binding in the pull-down assay (see previous paragraph), SU-
stimulated Barrl binding to Epac2 appears to require additional
proteins/factors that are only present in vivo.

Barrl is required for SU/Epac2-mediated activation of Rapl.
Since activated Epac2 functions as a Rapl GEF, we next examined
whether Barrl knockdown in MIN6-K8 cells affected the ability of
glibenclamide (0.1 uM) to activate endogenous Rapl. The efficient
knockdown of both Barrl mRNA and Barr1 protein was confirmed
by real-time reverse transcription PCR (qQRT-PCR) (Figure 4C)
and immunoblotting studies (Supplemental Figure 15), respective-
ly. To detect activated Rapl (Rapl-GTP), we used a GST-RalGDS-
RBD fusion protein that specifically binds Rap1-GTP, followed by
the detection of Rapl-GTP by Western blotting. We found that
glibenclamide-dependent Rapl activation was greatly reduced
after Barrl knockdown (Figure 4, D and E), supporting the concept
that efficient SU activation of Epac2/Rapl signaling requires the
presence of Barrl. Our data are consistent with a model in which
Barrl forms a complex with Epac2 that is stabilized by SUs such
as glibenclamide. The formation of this complex then promotes
enhanced Rapl activity and insulin secretion. Qur observation
that Barrl is required for SU/Epac2-mediated activation of Rapl
provides an explanation for the previous finding that SUs were
unable to activate purified Epac2 directly (27).

Conclusion. We demonstrated that Barrl is required for effi-
cient SU-stimulated insulin secretion from pancreatic f cells. Our
data indicate that Barrl promotes SU-induced insulin secretion by
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binding to Epac2, thus enhancing Epac2-induced Rap1 activation.
These results suggest that strategies aimed at promoting f3 cell
Barrl signaling may prove useful for the development of effica-
cious antidiabetic drugs.

Methods
Detailed methods are described in Supplemental Methods. See com-
plete unedited blots in the supplemental material.

Statistics. Data are mean + SEM. Statistical differences were
determined using either Student’s ¢ test (2-tailed) or 2-way ANOVA
followed by Tukey’s post hoc test, as appropriate. P values less than
0.05 were considered significant.

Study approval. All animal studies were approved by the National
Institute of Diabetes and Digestive and Kidney Diseases Institutional
Animal Care and Use Committee.
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