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Insulin Contributes to Fine-Tuning of the Pancreatic
Beta-Cell Response to Glucagon-Like Peptide-1

Mi Jin Moon, Hee Young Kim1, Sumi Park, Dong-Kyu Kim, Eun Bee Cho, Jong-lk Hwang,

and Jae Young Seong*

Glucagon-like peptide-1 (GLP-1) stimulates insulin secre-
tion from pancreatic f-cells in a glucose-dependent man-
ner. However, factors other than glucose that regulate the
B-cell response to GLP-1 remain poorly understood. In this
study, we examined the possible involvement of insulin
and receptor tyrosine kinase signaling in regulation of the
GLP-1 responsiveness of p-cells. Pretreatment of p-cells
with HNMPA, an insulin receptor inhibitor, and AG1478, an
epidermal growth factor receptor inhibitor, further in-
creased the cAMP level and Erk phosphorylation in the
presence of exendin-4 (exe-4), a GLP-1 agonist. When (-
cells were exposed to a high concentration of glucose (25
mM), which stimulates insulin secretion, exe-4-induced
cAMP formation declined gradually as exposure time was
increased. This decreased cAMP formation was not ob-
served in the presence of HNMPA. HNMPA was able to
further increase the exe-4-induced insulin secretion when
B-cells were exposed to high glucose for 18 h. Treatment
of p-cells with insulin significantly decreased exe-4-
induced cAMP formation in a dose-dependent manner.
Lowering the phospho-Akt level by HNMPA or LY294002, a
PI3K inhibitor, further augmented exe-4-induced cAMP
formation and Erk phosphorylation. These results suggest
that insulin contributes to fine-tuning of the p-cell re-
sponse to GLP-1.

INTRODUCTION

Glucagon-like peptide-1 (GLP-1) is an important incretin hor-
mone released from intestinal L-cells. GLP-1 regulates glucose
homeostasis at multiple levels, including stimulation of glucose-
dependent insulin secretion and inhibition of glucagon secretion,
appetite, and gastric emptying. GLP-1 also enhances B-cell
mass through regulation of B-cell proliferation and inhibition of
B-cell apoptosis (Bregenholt et al., 2005; Hansotia and Drucker,
2005; Nauck et al., 1993). GLP-1 exerts its multiple biological
effects through binding of its specific G-protein-coupled recep-
tor, GLP1R. GLP1R is mainly expressed by pancreatic p-cells,
and activation of this receptor in response to ligand stimulation

increases the intracellular cAMP level, leading to stimulation of
insulin secretion by two different pathways, PKA-dependent
and PKA-independent exchange protein directly activated by
cAMP (EPAC) pathways (Drucker et al., 1987; Fehmann et al.,
1995). Subsequently, PKA and EPAC increase protein phos-
phorylation and intracellular Ca®* concentration (Kieffer et al.,
1999), causing increased synthesis and secretion of insulin by
B-cells. Activated GLP1R is phosphorylated by GPCR kinase
(GRK) and is internalized to the cytosol by binding to p-arrestin
(Jorgensen et al., 2007). Receptor-bound B-arrestin induces
Erk phosphorylation. Activation of Erk also affects insulin secre-
tion and proliferation of B-cells (Sonoda et al., 2008). Activation
of the phosphatidylinositol 3 kinase (PI3K) pathway by GLP-1
has also been reported either through direct activation by the
Bly-subunits of Gs (Kerchner et al., 2004) or through an indirect
pathway involving c-src-mediated transactivation of the epider-
mal growth factor receptor (EGFR) (Buteau et al., 2003).
Molecular crosstalk between GLP1R and other signaling
molecules is a matter of concern regarding the fine-tuning of
insulin secretion and GLP-1 responsiveness of pB-cells. GPCRs
and receptor tyrosine kinases (RTKs) are transmembrane re-
ceptors that initiate intracellular signaling cascades in response
to their ligands. Recent studies have shown that signal trans-
duction initiated by GPCRs and RTKs is organized in mutually
related signaling cassettes, leading to crosstalk between the
RTK and GPCR signaling pathways (Natarajan et al., 2006). In
pancreatic B-cells, in addition to GLP-1 and glucose-dependent
insulinotropic polypeptide, insulin, insulin-like growth factor (IGF),
and other growth factors are known to regulate insulin secretion
as well as proliferation and apoptosis of B-cells (Creutzfeldt and
Ebert, 1985; Loreti et al., 1974; Shepherd, 2004). Insulin secre-
tion and proliferation by p-cells are inhibited in model systems
in which the insulin receptor (IR), IGF receptor (IGFR), or IRS
(IR substrate, an IR and IGFR downstream molecule) are
knocked out/down (Da Silva Xavier et al., 2004). However, in -
cells exposed to insulin for an extended period, insulin secre-
tion was inhibited, suggesting a possible autoregulation mecha-
nism underlying insulin secretion by insulin signaling pathways
(Loreti et al., 1974), although this possibility is still under debate
(Kulkarni et al., 1999; Withers et al., 1998). Additionally,
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GLP-1-regulated insulin secretion with regard to the insulin
autoregulatory process is of interest in exploring the fine-tuning
of glucose homeostasis. However, the regulatory signaling
process, including crosstalk between RTKs and GPCRs con-
trolling the GLP-1 responsiveness of B-cells, is poorly under-
stood. This information may provide critical clues for under-
standing signaling mechanisms for GLP-1-regulated glucose
homeostasis. This study examined the possible involvement of
RTKs, particularly insulin signaling, in regulation of the GLP-1
responsiveness of p-cells.

MATERIALS AND METHODS

Cell transfection and luciferase assays

INS-1 cells, rat pancreatic p-cells, were grown in RPMI 1640
medium containing 10% fetal bovine serum (FBS) at 37°C.
MING cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) in the presence of 15% FBS. HEK293T cells
were cultured in DMEM in the presence of 10% FBS. For
luciferase assays, 1 day before transfection, cells were plated
in 48-well plates and transfected with Effectene reagent
(Qiagen, USA) according to the manufacturer’s instructions.
Approximately 48 h after transfection, cells were treated with
exendin-4 (exe-4), a GLP-1 agonist, for 6 h. Cells were then
harvested, and luciferase activity in cell extracts was deter-
mined using a luciferase assay system according to the stan-
dard methods for a Wallac 1420 VICTORS3 multilabel counter
(Perkin-Elmer, USA).

cAMP accumulation assay

Twenty-four hours before transfection, INS-1 cells were seeded
into 12-well plates. Forty-eight hours later, cells were labeled
with 2 pCi/ml [*H]adenine (NEN Life Science Products, USA)
for 24 h. Cells were washed twice with phosphate-buffered
saline (PBS) and then incubated at 37°C for 20 min in serum-
free RPMI containing 1 mM 1-methyl-3-isobutylxanthine and
stimulated by exe-4 with or without signaling inhibitors for 15
min. The reactions were terminated by replacing medium with
ice-cold 5% trichloroacetic acid containing 1 mM ATP and 1
mM cAMP. [PH]JcAMP and [PHJATP were separated on an
AG50W-X4 resin (Bio-Rad, USA) and alumina columns as pre-
viously described (Oh et al., 2005). The cAMP accumulation
was expressed as [°H]cAMP/([PH]ATP + [*H]cAMP) x 1000.

Western blotting

INS-1 cells were maintained in 6-well plates to reach 90% con-
fluency. Before protein preparation for western blotting, cells
were incubated for at least 16 h in serum-free medium. Prior to
agonist stimulation, cells were washed and incubated with KRB
buffer [118.5 mM NaCl, 4.8 mM KCI, 2.7 mM CaCl,, 1.2 mM
KH,POj4, 1.1 mM MgSQO47H.0, 25 mM NaHCOQOj3, and 4% bo-
vine serum albumin (BSA; pH 7.4)] and pretreated with various
signaling inhibitors for 2 h. After agonist stimulation, cells were
lysed with RIPA buffer [50 mM Tris-HCI (pH 7.5), 150 mM NaCl,
5 mM EDTA (pH 8.0), 0.1% sodium dodecy! sulfate, and 0.5%
sodium deoxycholate] containing a protease inhibitor cocktail
(Roche, Germany). Protein concentrations were measured
using the Bradford dye (Bio-Rad). Equal amounts of cellular
extract were separated on 10% polyacrylamide gels and then
transferred to nitrocellulose membranes for immunoblotting.
EGFR and IR were detected by immunoblotting using mouse
monoclonal antibodies (Santa Cruz Biotechnology, USA).
Phosphorylated Erk1/2 and total Erk1/2 were detected by im-
munoblotting using mouse monoclonal anti-phospho-p44/42
MAPK (Santa Cruz Biotechnology) and anti-p44/42 MAPK (Cell

Signaling Technology, USA), respectively. Phosphorylated Akt
(Ser-473) and total Akt were detected by immunoblotting using
rabbit polyclonal anti-phospho-Akt (Cell Signaling Technology)
and anti-Akt (Cell Signaling Technology), respectively. Chemi-
luminescence detection was performed using the ECL reagent.

Insulin secretion

INS-1 cells were cultured in 24-well plates to reach 90% con-
fluency. Cells were stimulated with a high concentration of glu-
cose (25 mM). Prior to the assay, cells were washed and incu-
bated with KRB buffer and treated with 25 mM glucose for 2 h
at 37°C. Insulin secretion in KRB buffer was then determined
using an enzyme-linked immunosorbent assay (ELISA) kit ac-
cording to the manufacturer’s instructions (Millipore, USA).

Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA from INS-1 cells was extracted using TRI Reagent
(Sigma-Aldrich, USA) according to the manufacturer’s instruc-
tions. Total RNA was then reverse transcribed using random
hexamers and MMLYV reverse transcriptase (Promega, USA).
The cDNAs served as templates for subsequent PCR amplifi-
cation of partial clones of EGFR and IR. PCR conditions were
as follows: denaturation at 95°C for 5 min, followed by different
cycles at 95°C for 30 s, 57°C for 30 s, and 72°C for 30 s.

Data analysis

All data are presented as means + standard error of the mean
(SEM) of at least three independent experiments. Group means
were compared using Student’s ttest or one-way analysis of
variance (ANOVA) followed by Bonferroni’'s multiple compari-
son test. P < 0.05 was accepted to indicate statistical signifi-
cance.

RESULTS

Inhibition of IR and EGFR signaling up-regulates
GLP1R-mediated signaling in pancreatic p-cells

Pancreatic p-cells are known to express many types of RTKs
such as IR, IGF1R, and EGFR (Harbeck et al., 1996; Huotari et
al., 1998; Van Schravendijk et al., 1987). To investigate involve-
ment of RTK signaling in the control of the GLP1R-mediated
signaling cascade, INS-1 cells, rat pancreatic B-cells, were
pretreated with the IGFR inhibitor JBI, the EGFR inhibitor
AG1478, and the IR inhibitor HNMPA for 2 h prior to treatment
with exe-4, a GLP-1 agonist. GLP1R activity was determined
using the CRE-luc assay system. Exe-4 significantly increased
CRE-luc activity by ~10-fold. Pretreatment of the cells with
AG1478 and HNMPA, but not JB1, further increased the exe-4-
induced CRE-luc activity (Fig. 1A). Similar results were ob-
tained using MING cells (Fig. 1B). The presence of EGFR and
IR transcripts and proteins in INS-1 cells were examined using
RT-PCR and Western blotting, respectively (Fig. 1C). Thus,
there is a possibility that the IR and EGFR in B-cells under cul-
tured condition can be continuously activated by insulin se-
creted from B-cells and serum components of the media. Al-
though B-cells are known to express IGFR (Van Schravendijk
et al., 1987), the contribution of IGFR-mediated signaling to
GLP-1 response is likely marginal under cultured condition.

To further verify the effect of AG1478 and HNMPA on GLP1R-
mediated signaling, CAMP accumulation and Erk phosphoryla-
tion in response to exe-4 in the presence or absence of
AG1478 and HNMPA were determined in INS-1 cells. Exe-4
stimulated cAMP formation, which was significantly increased
in AG1478- and HNMPA-pretreated INS-1 cells (Fig. 2A). This
result agrees well with the finding obtained using the CRE-luc
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Fig. 1. Effect of RTK inhibitors on exe-4-induced CRE-luc activity in
pancreatic p-cells. (A, B) AG1478 and HNMPA increase exe-4-
induced CRE-luc activity. INS-1 cells (A) and MING cells (B) harbor-
ing the CRE-luc reporter gene were pretreated with RTK inhibitors
(JB1, a IGF1R inhibitor; 10 uM; AG1478, a EGFR inhibitor; 10 pM;
HNMPA, an IR inhibitor; 2.5 mM) for 2 h before treatment with exe-
4 (0.1 uM). GLP1R activity by exe-4 was measured using the lucife-
rase assay system. (C) EGFR and IR expression in INS-1 cells.
Expression levels of EGFR and IR were determined by RT-PCR
and western blotting in INS-1 cells. Arrows in western blot indicate
EGFR and IR. Arrowhead shows IR precursor (* P < 0.05).

assay system (Fig. 1). We then examined the effect of AG1478
and HNMPA on exe-4-induced Erk phosphorylation. Exe-4
increased Erk phosphorylation in a time-dependent manner
with a peak at ~2 to 5 min after exe-4 treatment and a return to
basal levels 20 min after treatment (Fig. 2B). AG1478 and
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Fig. 2. AG1478 and HNMPA increase exe-4-induced cAMP forma-
tion and Erk phosphorylation. (A) AG1478 and HNMPA increase
exe-4-induced cAMP accumulation. INS-1 cells were pretreated
with AG1478 and HNMPA for 2 h before treatment with exe-4.
cAMP accumulation was then measured. (B) Exe-4 induces Erk1/2
phosphorylation. INS-1 cells were exposed to exe-4 for indicated
times. Exe-4-induced phosphorylation of Erk1/2 was determined
using a specific phospho-Erk1/2 antibody. (C) AG1478 and HNMPA
increase exe-4-induced Erk1/2 phosphorylation. INS-1 cells were
pretreated with AG1478 and HNMPA for 2 h following treatment of
exe-4 for 2 min. Immunoblotting for phosphorylated Erk1/2 was
determined (* P < 0.05).

HNMPA significantly increased exe-4-induced Erk phosphoryla-
tion compared with control groups (Fig. 2C). These results sug-
gest that EGFR and IR are likely involved in control of the B-cell
response to GLP-1.
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Fig. 3. Time-dependent effect of high concentration of glucose on exe-4-induced cAMP formation in INS-1 cells. (A) Effect of glucose concen-
tration on exe-4-mediated CRE-luc activity. INS-1 cells expressing the CRE-luc reporter gene were pretreated with 25 mM glucose for indi-
cated times and then exposed with exe-4 for 6 h. HNMPA was pretreated for 2 h before exe-4 treatment. Luciferase activity by exe-4 was
measured. (B) Effect of glucose concentration on exe-4-mediated CRE-luc activity in HEK293T cells. HEK293T cells harboring the CRE-luc
reporter gene were pretreated with 25 mM glucose for 2, 8 or 20 h before exe-4-induced CRE-luc activity was measured. (C) Effect of glucose
concentration on exe-4-mediated cAMP accumulation. INS-1 cells were pretreated with 25 mM glucose at different times with or without
HNMPA. Exe-4-induced cAMP formation was measured. (D) Temporal changes in insulin secretion in a high glucose condition. INS-1 cells
were stimulated with a high concentration of glucose (25 mM) for 2, 8, or 20 h. Secreted insulin in the medium was detected by ELISA (* P <

0.05).

Effect of insulin on exe-4-induced cAMP formation and
insulin release

GLP-1 controls glucose homeostasis through stimulation of
insulin secretion from pancreatic B-cells. However, the effect of
insulin signaling on the B-cell response to GLP-1 has been
poorly understood. Thus, we focused more on the effect of
insulin signaling on GLP1R-mediated cellular responses. We
examined GLP1R-mediated signaling under a high glucose
condition (25 mM), which led to increased insulin secretion from
B-cells. In INS-1 cells exposed to a high glucose, exe-4-induced
CRE-luc activity was lowered continuously as the exposure
time was extended (Fig. 3A). This decreased CRE-luc activity
was rescued by pretreatment with HNMPA. Exe-4-induced
CRE-luc activity in HEK293T cells was not affected by the high
glucose concentration, indicating that this glucose effect is spe-
cific for INS-1 cells (Fig. 3B). We further confirmed the high
glucose effect on GLP1R-mediated signaling by mea-suring
cAMP accumulation by exe-4. Exe-4-induced cAMP formation
was significantly decreased when INS-1 cells are exposed to a
high glucose condition in a time-dependent manner. This de-
creased cAMP formation was significantly restored by pre-

treatment with HNMPA (Fig. 3C). The high glucose condition
indeed led to increased insulin secretion from INS-1 cells (Fig.
3D).

We further determined insulin release in response to exe-4 in
this high glucose condition. Exe-4 significantly increased insulin
release from INS-1 cells in the presence of glucose in both high
glucose-pretreated and non-pretreated group but HNMPA
alone failed to do so. It is of interest to note that the exe-4-
induced insulin secretion in the high glucose-pretreated group
was just 1.3-fold higher than the control (glucose only), while
that in the non-pretreated group was 2.1-fold higher than the
control (Fig. 4). HNMPA significantly increased exe-4-induced
insulin secretion in the high glucose-pretreated group, while this
HNMPA effect was not observed in the non-pretreated group
(Fig. 4).

To confirm whether this inhibitory effect of high glucose con-
centration is due to secreted insulin, we directly treated INS-1
cells with increasing concentrations of insulin for 2 h prior to
exe-4 treatment. Insulin pretreatment decreased exe-4-induced
CRE-luc activity (Fig. 5A) and cAMP formation (Fig. 5B). These
insulin-induced decreases in CRE-luc activity and cAMP forma-
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tion were rescued by pretreatment with HNMPA (Figs. 5A and
5B). In B-cells, the PI3K/Akt pathway is a well-known insulin
downstream signaling pathway (Leibiger et al., 1998; 2010). To
further confirm whether this signaling cascade functions in INS-
1 cells, phospho-Akt levels were determined after treatment
with increasing concentrations of insulin in the absence or
presence of HNMPA. Insulin increased phospho-Akt levels in a
dose-dependent manner, whereas pretreatment with HNMPA
decreased phospho-Akt levels (Fig. 5C).

PI3K/Akt signaling is involved in the insulin-induced
decrease in the p-cell response to GLP-1

To determine whether the PI3K/Akt signaling cascade is in-
volved in the insulin-induced decrease in the B-cell response to
GLP-1, we treated INS-1 cells with LY294002, a PI3K inhibitor.
LY294002 decreased phospho-Akt induced by insulin in INS-1
cells (Fig. 6A). This decreased phospho-Akt level was accom-
panied by an increased response of B-cells to GLP-1. LY294002
treatment significantly increased exe-4-induced cAMP forma-
tion (Fig. 6B) and Erk phosphorylation (Fig. 6C), indicating that
insulin-mediated PI3K and Akt signaling are involved in the -
cell response to GLP-1.

DISCUSSION

GLP-1 has attracted much attention for treatment of diabetes
because of its multimodal actions to control glucose homeosta-
sis. In pancreatic B-cells, GLP-1 stimulates insulin secretion by
increasing cAMP levels. However, this insulin secretory action
of GLP-1 is highly dependent on the glucose level. GLP-1 and
forskolin, an activator of adenylyl cyclase, fail to enhance insulin
secretion in the absence of glucose (Yajima et al., 1999). This
glucose dependency is rather beneficial because it avoids hy-
poglycemia caused by inappropriate insulin secretion. This
incretin effect of GLP-1 is greatly reduced in patients with type 2
diabetes mellitus, although similar GLP-1 secretion levels in
response to oral glucose in both patients with type 2 diabetes
and normal subjects have been observed (Kjems et al., 2003;
Nauck et al., 1986). Thus, GLP-1 must be infused or adminis-
tered at supraphysiologic levels in patients with type 2 diabetes;
physiologic levels of GLP-1 generated by intravenous infusions
have demonstrated little antiglycemic effect in these patients

(Nauck, 2011). However, regulatory mechanisms to control the
responsiveness of B-cells to GLP-1 have been poorly under-
stood.

In this study, we demonstrated that insulin signaling lowers

the B-cell response to GLP-1. HNMPA further augmented exe-
4-induced cAMP levels and Erk phosphorylation in INS-1 cells.
INS-1 cells express a substantial amount of IR as demon-
strated by others (Harbeck et al., 1996; Huotari et al., 1998;
Kulkarin et al., 1999) and in our present study. Insulin secreted
from INS-1 cells likely contributes to this lowered response to
GLP-1 through IR. Exposure of INS-1 cells to a high glucose
condition increases insulin secretion in INS-1 cells. Under this
condition, exe-4-induced cAMP levels were decreased as the
exposure time was extended. HNMPA again attenuated the
decrease in exe-4-induced cAMP levels caused by prolonged
exposure to a high glucose condition. Direct treatment of INS-1
cells with increasing concentrations of insulin also caused a
reduced GLP-1 response of the cells. As B-cells under a high
glucose condition are exposed to insulin concentrations that are
higher than those in the periphery (Zawalich et al., 1975), it is
likely that glucose exerts a stimulatory effect on the B-cell re-
sponse to GLP-1 in the initial phase but high concentrations of
secreted insulin from B-cells decrease the B-cell response to
GLP-1 in the late phase.
The concept that insulin inhibits its own secretion has been
suggested for a long time (Best and Haist, 1941; Loreti et al.,
1974). However, this autocrine effect of secreted insulin on B-
cell function has been a matter of debate (Leibiger, 2002).
Chronic administration of insulin or transplantation of insulino-
mas reduced pancreatic insulin content (Best and Haist, 1941;
Koranyi et al., 1992). In contrast to these results, disruption of
insulin signaling in the IRS-2 knockout mouse or in the p-cell-
restricted IR knockout mouse led to reduction in the pancreatic
insulin content in the adult state (Kulkami et al., 1999; Withers
et al., 1998) and selective loss of glucose-stimulated acute
insulin secretion (Kulkarni et al., 1999). These debates, how-
ever, largely focused on the insulin effects on insulin secretion,
biosynthesis, insulin content, and p-cell mass. No experiment
regarding the insulin effect on the B-cell response to GLP-1 has
been yet reported.

This inhibitory effect of insulin on the GLP-1 response of -
cells is likely mediated by the PI3K/Akt signaling pathway be-
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Fig. 5. Insulin inhibits exe-4-induced cAMP formation. (A) Effect of
insulin on CRE-luc activity. INS-1 cells expressing the CRE-luc
reporter gene were pretreated with 0.2, 2, or 20 ng/ml insulin in the
absence or presence of HNMPA. CRE-luc activity by exe-4 was
measured using the luciferase assay system. (B) Effect of insulin on
CcAMP accumulation. INS-1 cells were pretreated with an increasing
concentration of insulin with or without HNMPA. Exe-4-mediated
cAMP accumulation was measured. (C) Dose-dependent activity of
insulin on Akt phosphorylation. INS-1 cells were pretreated with
HNMPA for 2 h before treatment with insulin. Phosphorylation of Akt
by different concentrations of insulin was determined by western
blotting (* P < 0.05).

cause lowering the phospho-Akt level by HNMPA and the PI3K
inhibitor increased exe-4-induced cAMP levels and Erk phos-
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Fig. 6. LY294002 augments exe-4-induced cAMP formation and
Erk phosphorylation. (A) LY294002 inhibits insulin-mediated Akt
phosphorylation. INS-1 cells were pretreated with LY294002 (10
uM) for 2 h. Phosphorylation of Akt by insulin (20 ng/ml) was deter-
mined by western blotting. (B) LY294002 increases exe-4-induced
CRE-luc activity. INS-1 cells expressing the CRE-luc reporter gene
were pretreated with LY294002 for 2 h before exe-4 treatment fol-
lowed by detection of luciferase activity. (C) LY294002 increases
exe-4-mediated Erk1/2 phosphorylation. INS-1 cells were pretrea-
ted with LY294002 for 2 h following treatment of exe-4 for 2 min.
Immunoblotting for phosphorylated Erk1/2 was determined (* P <
0.05).

phorylation. A major component of the IR-mediated signaling
pathway in B-cells is activation of PI3K followed by Akt phos-
phorylation. Indeed, this signaling pathway is known to be in-
volved in glucosefinsulin-dependent up-regulation of insulin
gene transcription in B-cells (Leibiger et al., 1998; 2010). Thus,
the PI3K/Akt pathway likely plays a dual role in insulin-mediated
B-cell control, stimulation of insulin gene expression and at-
tenuation of the fB-cell response to GLP-1. Regarding how Akt
modulates the GLP-1 response, Akt may activate phosphodi-
esterase 3B (PDES3B), which then hydrolyzes cAMP to AMP.
Increased activity of PDE3B may cause rapid breakdown of
cAMPs that are produced by GLP-1 activation (Harndahl et al.,
2002). PDES3B is highly expressed in B-cells and can be acti-
vated by interaction with Akt (Ahmad et al., 2007; Kitamura et
al., 1999). Indeed, our preliminary experiment showed that
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pretreatment of INS-1 cells with cilostamide, a specific inhibitor
of PDES3B, significantly increased exe-4-induced cAMP accu-
mulation and Erk phosphorylation (data not shown). However,
the detailed mechanism underlying the insulin-regulated p-cell
response to GLP-1 needs to be further investigated.

In conclusion, understanding the regulatory mechanism to
control the GLP-1 responsiveness of B-cells is important both
physiologically and clinically. Our study suggests that insulin
signaling through the PI3K/Akt pathway participates in regula-
tion of the GLP-1 responsiveness of B-cells, which may contrib-
ute to the fine-tuning of insulin secretion in B-cells under physio-
logical conditions.
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