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Glucagon-like peptide-1 (GLP-1) is a polypeptide hormone secreted

from enteroendocrine L cells and potentiates glucose-dependent

insulin secretion in pancreatic cells. Recently the GLP-1 receptor

(GLP-1 R) has been a focus for new anti-diabetic therapy with the

introduction of GLP-1 analogues and DPP-IV inhibitors, and this has

stimulated additional interest in the mechanisms of GLP-1 signal-

ing. Here we identify a mechanism for GLP-1 action, showing that

the scaffold protein -arrestin-1 mediates the effects of GLP-1 to

stimulate cAMP production and insulin secretion in cells. Using a

coimmunoprecipitation technique, we also found a physical asso-

ciation between the GLP-1 R and -arrestin-1 in cultured INS-1

pancreatic cells. -Arrestin-1 knockdown broadly attenuated

GLP-1 signaling, causing decreased ERK and CREB activation and

IRS-2 expression as well as reduced cAMP levels and impaired

insulin secretion. However, -arrestin-1 knockdown did not affect

GLP-1 R surface expression and ligand-induced GLP-1 R internal-

ization/desensitization. Taken together, these studies indicate that

-arrestin-1 plays a role in GLP-1 signaling leading to insulin

secretion, de!ning a previously undescribed mechanism for GLP-1

action.

CREB ! IRS-2

G lucagon-like peptide-1 (GLP-1) is a polypeptide hormone
produced mainly in enteroendocrine L cells of the gut.

GLP-1 is secreted in a nutrient-dependent manner and poten-
tiates glucose-dependent insulin secretion in pancreatic cells
and inhibits glucagon secretion from cells. Chronic adminis-
tration of GLP-1 also promotes insulin synthesis, cell prolif-
eration, and neogenesis (1–3). Recent drug discovery has fo-
cused on GLP-1 action because of its therapeutic utility in the
treatment of type 2 diabetes. GLP-1 analogues and small mol-
ecule compounds that inhibit GLP-1 degrading enzyme DPP-IV
are all effective at improving glycemic profiles and cell
performance (4, 5). Thus, a thorough understanding of GLP-1’s
cellular actions assumes greater importance.

The GLP-1 receptor (GLP-1 R) is a member of the seven-
transmembrane family of G protein-coupled receptors (7TMRs)
(6). A large body of literature exists on many aspects of 7TMR
signaling and function, and it is now recognized that -arrestin-1
is an important adaptor protein for several 7TMRs and functions
in the process of transmitting receptor-mediated downstream
signals, receptor internalization, and receptor desensitization (7,
8). -Arrestin-1 can also function as an adaptor/signaling protein
in other receptor systems, including the IGF-1 receptor (9, 10),
the TNF- receptor (11), and others (7, 8, 12–16). Given the
widespread functions of -arrestin-1, particularly in relationship
to 7TMRs, we hypothesized that -arrestin-1 could play a role in
GLP-1 R action. In the current work, we tested this proposition
in a variety of ways and found that -arrestin-1 coassociates with
the GLP-1 R and plays a role in GLP-1 signaling events that
stimulate cAMP production, phosphoprotein generation, and
insulin secretion in the pancreatic cell line INS-1 cells. These
results establish a role for -arrestin-1 and provide further
insight into the cellular mechanisms of GLP-1 action.

Results

Arrestin-1 Associates with the GLP-1 Receptor. The GLP-1 recep-
tor (GLP-1 R) is a member of the 7TMR family (1, 2, 6), and

-arrestin-1 has diverse functions as an adaptor molecule for
several classes of receptor types (7, 8, 10). To determine whether
there is an association between -arrestin-1 and the GLP-1 R in
a cell model, we conducted coimmunoprecipitation experi-
ments in FLAG-tagged -arrestin-1-expressing INS-1 cells. As
shown in Fig. 1A, an interaction between the GLP-1 R and

-arrestin-1 was strongly enhanced in an agonist (GLP-1)-
dependent manner.

It is known that -arrestin-1 is degraded after ligand stimu-
lation in several receptor signaling systems (14, 17–19), and, to
determine whether this was the case in our model, we measured

-arrestin-1 protein content after treatment of INS-1 cells with
100 nM GLP-1. As shown in Fig. 1B, GLP-1 had a time-
dependent effect to decrease cellular -arrestin-1 levels, and

-arrestin-1 was decreased by !30% after 7 h of GLP-1
treatment.

Effect of -Arrestin-1 Knockdown on GLP-1 Signaling. The data in
Fig. 1 strongly suggest that the GLP-1 signaling system directly
couples into -arrestin-1. Therefore, we used INS-1 cells to focus
on the potential functional role of -arrestin-1 in GLP-1 action.
To end this, we induced -arrestin-1 knockdown in INS-1 cells
using RNAi. As shown in Fig. 2 A and B, 48 h after electropo-
ration of siRNA, we observed an !80% decrease in -arrestin-1
protein expression in -arrestin-1 knockdown cells, compared
with cells transduced with a control scrambled siRNA. GLP-1
stimulation activates numerous signaling cascades (1–3), and we
assessed the role of -arrestin-1 in GLP-1-induced CREB and
ERK1/2 activation using phosphospecific CREB and ERK1/2
antibodies. As seen in Fig. 2 C and D, GLP-1 stimulation led to
rapid phosphorylation of both of CREB and ERK1/2 in control
cells. In contrast, GLP-1-stimulated CREB and ERK1/2 phos-
phorylation was markedly attenuated in -arrestin-1 knockdown
cells.

Because CREB and ERK1/2 modulate transcription and
IRS-2 is a known CREB target gene (20), we assessed the effect
of GLP-1 on IRS-2 in INS-1 cells. GLP-1 stimulation led to a
time-dependent increase in IRS-2 protein level in INS-1 cells
(Fig. 3A), consistent with a previous report (21). We found that
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IRS-2 expression level was remarkably down-regulated in -
arrestin-1 knockdown cells at both 24 h and 48 h after trans-
duction of -arrestin-1 siRNA (Fig. 3B). IRS-2 is the major IRS
protein in pancreatic cells and serves as an important regulator
of cell growth and function (22–25), suggesting that -arres-
tin-1 plays a role in GLP-1 action, such as insulin secretion from

cells.

Knockdown of -Arrestin-1 Inhibits GLP-1-Stimulated Insulin Secre-

tion. To further assess the role of -arrestin-1 in GLP-1-induced
insulin secretion, we evaluated GLP-1-induced insulin secretion
in -arrestin-1 knockdown INS-1 cells. INS-1 cells were incu-
bated with GLP-1 (100 nM) in 2.5 mM glucose (low-glucose) or
25 mM glucose (high-glucose) conditions for 120 min. As shown
in Fig. 4A, no significant difference in insulin secretion between

control cells and -arrestin-1 knockdown cells was observed
without GLP-1 under the low-glucose condition. Addition of
GLP-1 led to an !3-fold increase in insulin secretion in control
INS-1 cells. This effect was inhibited !40% by -arrestin-1
knockdown. Because GLP-1 potentiates insulin secretion in a
glucose-dependent manner, we also evaluated the effect of
GLP-1 at 25 mM glucose. As shown in Fig. 4A, GLP-1-induced
insulin secretion at high glucose was strikingly increased in
control cells, and this effect was inhibited by !60% in -
arrestin-1 knockdown cells. Interestingly, basal insulin secretion
at 25 mM glucose was moderately inhibited !18% in -arrestin-1
knockdown cells compared with control cells. However, total
cellular insulin content was not affected by -arrestin-1 knock-
down (Fig. 4C), suggesting that the effects on insulin secretion
were not attributed to a decrease in insulin availability. We also
evaluated GLP-1-induced insulin secretion at several GLP-1
concentrations (1 nM, 10 nM, and 100 nM) for different
incubation times (30 min, 60 min, and 120 min) in control and

-arrestin-1 knockdown cells. As shown in supporting informa-
tion (SI) Fig. S1, GLP-1 led to an increase in insulin secretion in
a time- and dose-dependent manner, and these effects were
inhibited in -arrestin-1 knockdown cells compared with control
cells. Next we measured KCl (60 mM)-induced insulin secretion,
because high K"-induced depolarization evokes insulin release
by stimulating the distal steps of vesicule exocytosis from a
primed readily releasable pool of insulin granules (26). As shown
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Fig. 1. Interaction between GLP-1 receptor and -arrestin-1. (A) FLAG-

tagged -arrestin-1 (FLAG- arr-1)-expressing INS-1 cells were starved with

KRBH buffer containing 2.5 mM glucose for 120 min, then stimulated with

GLP-1 (100 nM) for 3 min or 10 min and incubated with DSP cross-linker for 1 h

on ice. The resulting cell lysates were immunoprecipitated (IP) with anti-FLAG

antibody, and IP samples were analyzed by Western blotting with GLP-1

receptor antibody (GLP-1 R) or FLAG antibody, as described in SI Materials and

Methods. A representative image from three independent experiments is

shown. The scanned bar graph is shown as percentage maximum of GLP-1 R

blots, normalized by FLAG- arr-1 blots. WCL, whole-cell lysates. *, P # 0.05 vs.

basal. (B) INS-1 cells cultured in RPMI medium 1640 were treated with 100 nM

GLP-1 for different times as indicated, and cell lysates were analyzed by

Western blotting with -arrestin-1 antibody or -tubulin antibody as an

internal control. A representative image from four independent experiments

is shown. The bar graph is shown as percentage of basal -arrestin-1 contents

normalized by -tubulin blots. *, P # 0.05 vs. basal.
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Fig. 2. Effect of -arrestin-1 knockdown on GLP-1 signaling. (A and B) INS-1

cells were electroporated with scrambled siRNA (Ctl) or -arrestin-1 siRNA

(Arr). Forty-eight hours after electroporation, immunoblotting was per-

formed with anti- -arrestin-1 antibody or -tubulin antibody as an internal

control (A). The scanned bar graph of -arrestin-1 blots is shown as percentage

of control, normalized by -tubulin blots from three independent experi-

ments (B). *, P # 0.05 vs. control. (C and D) Forty-eight hours after electropo-

ration with -arrestin-1 siRNA (Arr) or scrambled control siRNA (Ctl), INS-1 cells

were starved with KRBH buffer containing 2.5 mM glucose without serum for

120 min, then stimulated with GLP-1 (100 nM) for 5 min or 10 min, and cell

lysates were analyzed by Western blotting with anti-phospho CREB antibody

(pCREB), anti-CREB antibody (C), anti-phospho ERK1/2 antibody (pERK1/2), or

anti-ERK1/2 antibody (D). The bar graphs are shown as percentage maximum

of scrambled siRNA-transduced cells from three independent experiments. *,

P # 0.05 vs. control on each time point.
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in Fig. 4B, depletion of -arrestin-1 had no effect on KCl-
induced insulin secretion. Taken together, these results suggest
that -arrestin-1 depletion attenuates an early step of GLP-1-
mediated insulin secretion but does not affect distal events such
as the exocytotic machinery.

Reduction of GLP-1-Stimulated Insulin Secretion by -Arrestin-1

Knockdown Is Mediated Through a cAMP-Dependent Pathway. It has
been shown that GLP-1-stimulated insulin secretion is mediated
by PKA activation due to a GLP-1-induced increase in cAMP
levels (1–3). To assess the potential role of -arrestin-1 in this
pathway, we next examined cAMP production by GLP-1 and the
effect of the PKA inhibitor H89 in control and -arrestin-1
knockdown cells. As shown in Fig. 5A, GLP-1 (100 nM) induced
an !4-fold increase in cAMP production in control cells, and this
effect was inhibited by !35% in -arrestin-1 knockdown cells.
Next we evaluated the effect of the PKA inhibitor H89 on
GLP-1-stimulated insulin secretion. It has been reported that
this PKA inhibitor only partially blocks GLP-1-stimulated insulin
secretion, suggesting that Gs and cAMP can also signal to insulin
secretion through PKA-independent pathways (1, 27–31). Con-
sistent with these previous findings, we found that H89 inhibited
GLP-1-induced insulin secretion by !35% in control cells and
that -arrestin-1 knockdown led to a further decrease (Fig. 5B).
Furthermore, as shown in Fig. 5 C and D, forskolin-induced
cAMP elevation and insulin secretion were comparable in both
control and -arrestin-1 knockdown cells, suggesting that -
arrestin-1 depletion does not affect adenylate cyclase activity
itself. Interestingly, the majority of the reduction in GLP-1-
induced insulin secretion in -arrestin-1 knockdown cells was
restored by IBMX treatment (Fig. 5E).

-Arrestin-1 Knockdown Does Not Affect Surface GLP-1 Receptor

Number and GLP-1-Induced Receptor Internalization/Desensitization.

In many types of receptor systems, -arrestin-1 is involved in
ligand-induced receptor internalization and desensitization (7,
8). To assess this in our model, we measured cell-surface GLP-1
R expression levels by an 125I-GLP-1 binding assay with or
without GLP-1 pretreatment. As shown in Fig. S2A, basal

surface GLP-1 R expression levels were not changed by -
arrestin-1 knockdown, and total receptor expression was also the
same between control and -arrestin-1 knockdown cells as
assessed by immunoblotting. Furthermore, 100 nM GLP-1 treat-
ment for 60 min decreased surface receptor number by !50% in
both control and -arrestin-1 knockdown cells, suggesting that
functional ligand-induced receptor internalization was intact in

-arrestin-1 knockdown cells. To evaluate this further with
respect to functional aspects of desensitization, we treated INS-1
cells with 100 nM GLP-1 for 60 min. After a GLP-1-free 30-min
wash period, cells were rechallenged with 100 nM GLP-1 and
insulin secretion was measured over the next 120 min. As seen
in Fig. S2B, GLP-1-induced insulin secretion in control and

-arrestin-1 knockdown cells was less than in nonpretreated
cells, indicating that GLP-1 pretreatment led to desensitization
of GLP-1’s effects to enhance insulin secretion. However, the
magnitude of desensitization was comparable in the control
and -arrestin-1 knockdown cells. These findings suggest that
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Fig. 3. Induction of IRS-2 expression by GLP-1 treatment and the effect of

-arrestin-1 knockdown on IRS-2 expression. (A) INS-1 cells cultured in RPMI

medium 1640 were treated with 100 nM GLP-1 for different times as indicated,

and cell lysates were analyzed by immunoblotting with IRS-2 antibody or

-tubulin antibody as an internal control. The scanned bar graph is shown as

fold over basal of IRS-2 contents normalized by -tubulin blots from three

independent experiments. *, P # 0.05; **, P # 0.01 vs. basal. (B) Twenty-four

and 48 h after electroporation with -arrestin-1 siRNA (Arr) or scrambled

control siRNA (Ctl), cell lysates were analyzed by immunoblotting with IRS-2

antibody, -arrestin-1 antibody (Arr-1), or -tubulin antibody. A representa-

tive image is displayed from three independent experiments.
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Fig. 4. Effects of -arrestin-1 knockdown on insulin secretion. (A) INS-1 cells

were electroporated with control siRNA (open bars, si Ctl) or -arrestin-1

siRNA (!lled bars, si Arr). Forty-eight hours after electroporation, INS-1 cells

were incubated for 2 h with or without 100 nM GLP-1 in KRBH buffer

containing 2.5 mM glucose or 25 mM glucose. Insulin content in the super-

natants was measured by ELISA as described in Materials and Methods. Data

represent fold over control under 2.5 mM glucose conditions without GLP-1.

The mean $ SEM of !ve independent experiments is displayed. (B) INS-1 cells

were electroporated with control siRNA (Ctl) or -arrestin-1 siRNA (Arr).

Forty-eight hours after electroporation, INS-1 cells were incubated for 2 h with

60 mM KCl in KRBH buffer containing 2.5 mM glucose. Data represent per-

centage of control. The mean $ SEM of three independent experiments is

displayed. (C) INS-1 cells were electroporated with control siRNA (Ctl) or

-arrestin-1 siRNA (Arr). Forty-eight hours after electroporation, cells were

lysed and intracellular insulin content was measured by ELISA. Data were

normalized to total protein content and represent percentage of control. The

mean $ SEM of !ve independent experiments is displayed. *, P # 0.05; **, P #

0.01 vs. control.
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-arrestin-1 depletion did not affect cell-surface GLP-1 R
number or the overall process of desensitization.

Discussion

The GLP-1 receptor (GLP-1 R) is a seven-transmembrane
receptor (7TMR) that is highly expressed in pancreatic cells (1,
2, 6). After GLP-1 stimulation, the GLP-1 R can couple with the
trimeric G protein G s, which results in activation of adenylate
cyclase (AC), followed by elevation of cAMP levels (1–3, 32).
This leads to cAMP-dependent activation of protein kinase A
(PKA) and Epac 2, the two major regulators of insulin secretion
in both pancreatic and cultured cells (29–31). GLP-1 R
activation also induces IRS-2 (21) and early gene expression
through the activation of ERK1/2, protein kinase C, and phos-
phatidylinositol 3-kinase (PI3K), and these effects may promote

cell growth, differentiation, and maintenance (1, 2). Thus, the
GLP-1 R stimulates many cell signaling pathways, and, given
the clinical importance of the GLP-1 R as a target for new
anti-diabetes drugs such as GLP-1, its analogues, and DPP-IV
inhibitors, a thorough understanding of the mechanism of GLP-1
action is of heightened importance.

-Arrestin-1 is an adaptor protein for 7TMRs, as well as other
receptor types, and it can mediate receptor desensitization and
signaling to the mitogen-activated protein kinases ERK, JNK,
and p38 as well as Akt, PI3K, and RhoA (7, 8). Therefore, in this

study, we sought to determine whether -arrestin-1 can interact
with the GLP-1 R and whether it plays a functional role in GLP-1
signaling. We evaluated the role of -arrestin-1 using INS-1 cells,
a rat pancreatic cell-derived line. Using a coimmunoprecipi-
tation approach, we detected a direct physical association be-
tween the GLP-1 R and -arrestin-1 in a GLP-1- and time-
dependent manner (Fig. 1A). Furthermore, chronic GLP-1
treatment led to a decrease in -arrestin-1 protein level (Fig. 1B),
indicating that -arrestin-1 is involved in GLP-1 signaling. These
results are consistent with a recent report by Jorgensen et al. (33),
which showed a positive BRET (bioluminescence resonance
energy transfer)-mediated interaction between -arrestin-1 and
GLP-1 R in HEK293 cells, although these studies did not present
any functional data regarding -arrestin-1.

Depletion of -arrestin-1 caused a decrease in GLP-1-induced
phosphorylation of CREB and ERK1/2 (Fig. 2 C and D), with
a decrease in IRS-2 protein expression (Fig. 3B). We also
confirmed these effects using different siRNA (Fig. S3 A and B).
These molecules also serve as important factors for cell
proliferation, differentiation, and functional maintenance.
These results raise the possibility that -arrestin-1 signaling may
play a role in cell performance. To confirm and extend this
idea, we used RNAi to show that -arrestin-1 knockdown caused
a marked decrease in GLP-1-stimulated insulin secretion in
INS-1 cells at both low- and high-glucose concentrations (Fig. 4A

and Figs. S1 and S3C). This indicates that -arrestin-1 function-
ally participates in GLP-1 signaling to the insulin secretion
system. Upon agonist binding, the GLP-1 receptor is coupled to
the G s subunit with subsequent activation of adenylate cyclase,
followed by elevation of cytosolic cAMP levels and stimulation
of insulin secretion (1–3, 32). -Arrestin-1 knockdown led to a
marked decrease in cAMP elevation stimulated with GLP-1 (Fig.
5A) with a subsequent decrease in CREB phosphorylation (Fig.
2C). Moreover, the reduction of GLP-1-induced insulin secre-
tion by -arrestin-1 knockdown was restored by a 2-h treatment
with IBMX, which causes a robust accumulation of cAMP by
inhibiting phosphodiesterase (Fig. 5E). In addition, the effect of
the adenylate cyclase stimulator forskolin to induce cAMP
elevation was not affected by -arrestin-1 knockdown (Fig. 5C).
These results suggest that the dominant cause of the reduction
in GLP-1-stimulated insulin secretion in -arrestin-1 knockdown
cells is mediated by down-regulating the Gs-cAMP pathway
before adenylate cyclase itself.

Recent findings have indicated that, relevant to insulin secre-
tion, there are at least two pathways induced by cAMP, a
PKA-dependent pathway and a PKA-independent pathway in-
cluding Epac, a cAMP-regulated guanine nucleotide exchange
factor (1, 2, 31). Our data showed that the decrease in GLP-1-
stimulated insulin secretion caused by the PKA inhibitor H89
was further reduced (!30%) by -arrestin-1 knockdown (Fig.
5B). This result suggests that -arrestin-1 participates in both
PKA-dependent and PKA-independent pathways. Based on
these findings, we conclude that -arrestin-1 plays an important
role in GLP-1 signaling by regulating the Gs-cAMP pathway,
which activates PKA and other target molecules to mediate
insulin secretion.

Another possible mechanism for the reduction of GLP-1-
induced insulin secretion by -arrestin-1 knockdown may be
mediated by the regulation of IRS-2. IRS-2 is the major IRS
molecule in cells and regulates the maintenance of cell
differentiation and performance (22–25). It has also been shown
that IRS-2 can mediate GLP-1 R signaling (21). Previously, we
reported that -arrestin-1 can control IRS-1 degradation by
competitive binding to the E3 ubiquitin ligase Mdm2 (34). It is
also known that -arrestin-1 can modulate gene expression
through CREB and p300 (35) and that IRS-2 is a CREB target
gene (20). Therefore, it is possible that -arrestin-1 positively
regulates IRS-2 expression by modulating IRS-2 degradation
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Fig. 5. Reduction of GLP-1-stimulated insulin secretion by -arrestin-1

knockdown is mediated through a cAMP-dependent pathway. (A and C)

Forty-eight hours after electroporation of control siRNA (Ctl) or -arrestin-1

siRNA (Arr), cells were incubated with or without 100 nM GLP-1 (A) or 10 M

forskolin (C) for 15 min in KRBH buffer containing 2.5 mM glucose and 500 M

IBMX. GLP-1-simulated cAMP production in -arrestin-1 knockdown or con-

trol INS-1 cells was measured by enzyme immunoassay as described in Mate-

rials and Methods. Data were normalized to total protein content and rep-

resent fold over basal value without stimulation. The mean $ SEM of three

independent experiments is displayed. (B) Forty-eight hours after electropo-

ration of control siRNA (Ctl) or -arrestin-1 siRNA (Arr), cells were incubated

for 2 h with or without 100 nM GLP-1 and with or without 10 M H89 as

indicated in KRBH buffer containing 2.5 mM glucose. Insulin content in the

supernatants was measured, and data represent fold over control at 2.5 mM

glucose condition without GLP-1 and H89. The mean $ SEM of three inde-

pendent experiments is displayed. (D and E) Forty-eight hours after electro-

poration of control siRNA (Ctl) or -arrestin-1 siRNA (Arr), cells were incubated

for 2 h with 10 M forskolin (D) or 100 nM GLP-1 together with 500 M IBMX

(E) in KRBH buffer containing 2.5 mM glucose. Data represent percentage of

control. The mean $ SEM of three independent experiments is displayed.

*, P # 0.05.
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and/or gene expression. Although the precise mechanism of how
-arrestin-1 controls IRS-2 function remains to be fully defined,

down-regulation of IRS-2 might affect cell performance in our
-arrestin-1 knockdown model (Fig. 3B). Along these lines,

high-glucose-induced insulin secretion was also moderately in-
hibited by -arrestin-1 knockdown (Fig. 4A), and it is possible
that the IRS-2 down-regulation may play a role in this process.
Interestingly, it has been reported that GPCR 119, another
Gs-coupled GPCR expressed in cells, participates in glucose-
induced insulin secretion (36), and it is possible that -arrestin-1
may participate in glucose signaling to insulin secretion by other
GPCRs in addition to GLP-1.

Although there are numerous reports showing a variety of
actions of -arrestins as signaling scaffolds, the traditional role
of -arrestins is as a mediator of receptor internalization and
desensitization (7, 8). However, in our studies we did not observe
any role for -arrestin-1 in GLP-1 receptor trafficking (Fig. S2).
Interestingly, it has been reported that GLP-1 receptor traffick-
ing can be mediated through caveolin-1 (37). It is possible that

-arrestin-2, another ubiquitously expressed -arrestin family
member, has some role in this process. We found that -
arrestin-2 was expressed in INS-1 cells, but -arrestin-2 expres-
sion levels were not changed in -arrestin-1 knockdown cells, as
assessed by quantitative PCR (Fig. S4). In addition, it has been
shown that the GLP-2 receptor C terminus, which is necessary
for interacting with -arrestin-2, is dispensable for receptor
endocytosis and ligand-induced desensitization (38). Thus,
GLP-1 R endocytosis/trafficking appears to be independent of

-arrestins.
Taken together, our results illustrate a mechanism for GLP-1

action, showing that -arrestin-1 couples to the GLP-1 R,
mediating GLP-1 signaling to cAMP, CREB, ERK, and IRS-2.
These effects place -arrestin-1 as an important control point in
the GLP-1 signaling pathway, which leads to enhanced glucose-
stimulated insulin secretion and perhaps even cell prolifera-
tion/differentiation. These studies may open up new therapeutic
approaches to augmenting GLP-1-mediated insulin secretion.

Materials and Methods

Cell Culture. Insulin-producing INS-1 cells were kind gift from Steven Chessler

(University of California at San Diego). The cells were grown at 37°C and 5%

CO2 in a humidi!ed atmosphere. The culture medium was RPMI medium 1640

with 11.1 mM glucose supplemented with 10% FBS, 1 mM sodium pyruvate,

1 mM L-glutamine, and 50 M mercaptoethanol.

siRNA Transduction. For siRNA-mediated knockdown of -arrestin-1 expres-

sion, nucleotides 449–467 (GenBank accession no. NM012910) of rat -

arrestin-1 cDNA (5%-GGCCTGCGGTGTGGATTAT-3%) was used as the target

sequence, which was con!rmed as having no homology to any other genes by

BLAST search (National Center for Biotechnology Information, National Insti-

tutes of Health). The duplexes of siRNA of -arrestin-1 and a negative control

(scrambled sequence) were purchased from Dharmacon Research. Cells were

transiently transfected with 2 nmol siRNA duplex by electroporation (GENE

PULSER; Bio-Rad) as we previously described (11).

Insulin Secretion Assays. INS-1 cells were grown in 24-well plates coated with

polylysine (Sigma). Cells were washed with KRBH buffer (KRBH; 140 mM NaCl/3.6

mM KCl/0.5 mM NaH2PO4/0.5 mM MgSO4/1.5 mM CaCl2/2 mM NaHCO3/10 mM

Hepes), then incubated with KRBH buffer containing 2.5 mM glucose for 30 min

before the assay. Insulin secretion from INS-1 cells was measured in KRBH buffer

containing 2.5 mM or 25 mM glucose with or without indicated stimulators

and/or inhibitors at 37°C in a humidi!ed incubator. The supernatants were

collected, and intracellular insulin was extracted by acid ethanol method (15 mM

HCl/75% ethanol). Insulin was detected by using the insulin enzyme immunoas-

say kit (Linco Research) according to the manufacturer’s instructions. Final insulin

concentrations per well were normalized by intracellular insulin content.

cAMP Measurement Assays. INS-1 cells were grown in 24-well plates coated

with polylysine (Sigma). Cells were washed with KRBH buffer, then incubated

with KRBH buffer containing 2.5 mM glucose for 30 min before the assay.

cAMP accumulation was measured over a period of 15 min in KRBH buffer

containing 2.5 mM glucose, 500 M IBMX, and indicated stimulators. Cells

were lysed, and intracellular cAMP content was measured by using the cAMP

enzyme immunoassay kit (Assay Designs) according to the manufacturer’s

instructions. Final cAMP concentrations per well were normalized by total

protein as described previously (11, 12).

Statistical Analysis. Densitometric quanti!cation and normalization were

performed by using NIH Image 1.63 software. The values are expressed as

mean $ SE. Statistical signi!cance was determined by using the two-tailed

Student t test. A P value of #0.05 was considered signi!cant.

Details. Please see SI Materials and Methods for further details of other

procedures used in this study.
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