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ABSTRACT Both insulin and insulin-like growth factor 1
(IGF-1) are known to reduce glucose-dependent insulin se-
cretion from the b cells of pancreatic islets. In this paper we
show that the mechanism by which IGF-1 mediates this effect
is in large part through activation of a specific cyclic nucle-
otide phosphodiesterase, phosphodiesterase 3B (PDE3B).
More specifically, in both isolated pancreatic islets and insu-
lin-secreting HIT-T15 cells, IGF-1 inhibits insulin secretion
that has been increased by glucose and glucagonlike peptide
1 (GLP-1). Moreover, IGF-1 decreases cAMP levels in parallel
to the reduction of insulin secretion. Insulin secretion stim-
ulated by cAMP analogs that activate protein kinase A and
also are substrates for PDE3B is also inhibited by IGF-1.
However, IGF-1 does not inhibit insulin secretion stimulated
by nonhydrolyzable cAMP analogs. In addition, selective
inhibitors of PDE3B completely block the ability of IGF-1 to
inhibit insulin secretion. Finally, PDE3B activity measured in
vitro after immunoprecipitation from cells treated with IGF-1
is higher than the activity from control cells. Taken together
with the fact that pancreatic b cells express little or no insulin
receptor but large amounts of IGF-1 receptor, these data
strongly suggest a new regulatory feedback loop model for the
control of insulin secretion. In this model, increased insulin
secretion in vivo will stimulate IGF-1 synthesis by the liver,
and the secreted IGF-1 in turn feedback inhibits insulin
secretion from the b cells through an IGF-1 receptor-
mediated pathway. This pathway is likely to be particularly
important when levels of both glucose and secretagogues such
as GLP-1 are elevated.

Insulin secretion from pancreatic islets is modulated by various
nutrient levels and also is under tight control of a variety of
circulating hormones. For example, glucagonlike peptide 1
(GLP-1), released in response to food passage through the
internal lining of the gut, stimulates insulin secretion by
elevating 39,59-cyclic adenosine monophosphate (cAMP)
within pancreatic b cells (1). On the other hand, other
hormones can attenuate insulin secretion and therefore help to
bring insulin release under control. Insulin-like growth factor
1 (IGF-1) is one such example. When infused into normal
healthy human subjects at a dose not causing hypoglycemia,
IGF-1 can decrease the circulating insulin level (2) and IGF-1
can directly attenuate insulin secretion from isolated primary
rat pancreatic b cells (3). Insulin itself has been postulated to
exert a negative-feedback control of its own secretion (4, 5).
However, as this effect of insulin requires high concentrations
[ranging from 200 to 1,000 microunits (mU)yml] it is also
possible that this effect of insulin may be mediated through b
cell IGF-1 receptors that have low affinity for insulin (4–7).

Many insulin secretagogues that utilize cAMP as a second
messenger will potentiate glucose-stimulated insulin secretion
(1, 8, 9), and agents that elevate cAMP, such as nonspecific
phosphodiesterase (PDE) inhibitors (e.g., isobutylmethylxan-
thine and theophylline), are potent insulin secretagogues
(10–12). Several recent studies have suggested the presence of
both PDE3 and PDE4 activities within pancreatic islets (for a
review about various types of PDEs, see ref. 13). Interestingly
though, only the specific pharmacological inhibitors for PDE3
will actually potentiate insulin secretion (12, 14). These data
suggest a possible functional importance for a PDE3 isozyme
in the regulation of insulin secretion from pancreatic islets.
The mammalian PDE3 family consists of two members,
PDE3A and PDE3B, that have very similar pharmacological
and kinetic properties but distinct expression profiles (13, 15).
PDE3A is mainly expressed in the cardiovascular system and
platelets (16). PDE3B has been recognized for its importance
in mediating the antilipolytic and antiglycogenolytic action of
insulin in adipose and liver tissues (16–18). Upon insulin
binding to its receptor in adipose tissue, a SeryThr kinase is
activated through a wortmannin-sensitive phosphorylation
cascade (18). This insulin-sensitive kinase in turn activates
PDE3B (16, 18). The activated PDE3B decreases cAMP and
protein kinase A activity, thereby inactivating a hormone-
sensitive lipase and thus inhibiting lipolysis.
As insulin and IGF-1 share a similar signal transduction

pathway in other systems (19), we wondered if there might be a
similar mechanism for activation of a PDE3B enzyme in the
pancreatic b cells. We were also interested in determining if such
an IGF-1-dependentmechanism could be an important regulator
of insulin secretion. That is, could IGF-1 activate ab cell PDEand
decrease cAMP, and if so, which specific PDE is activated? Some
of these results have been presented in abstract form (20).

MATERIALS AND METHODS
Isolation of Mouse PDE3B cDNA. A DNA fragment encod-

ing a portion of the mouse PDE3B catalytic domain§ (amino
acids 802–944) was used to screen a mouse brain cDNA library
(59-stretch lgt10; CLONTECH). This screening yielded four
independent positive clones, among which the one containing
the longest cDNA insert, namedAD2–3, encoded a C-terminal
portion of mouse PDE3B (amino acids 887-1108).
Generation of Anti-PDE3B Polyclonal Antibody. The entire

coding sequence of AD2–3 was fused in-frame (at the EcoRI
site) with a glutathione S-transferase (GST) bacterial expres-
sion vector, pGEX-4T-1 (Pharmacia). The expression and
purification of the GST-PDE3B protein were carried out
according to a protocol from Pharmacia. We immunized two
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rabbits with this pure GST-PDE3B antigen. The antisera from
the third bleed and afterwards were used for the Western blot
and immunocytochemistry assays.
Antibodies and Chemical Reagents. The anti-insulin monoclo-

nal antibody was from Sigma. The anti-IGF-1 receptor and
anti-insulin receptor antibodies were from Santa Cruz Biotech-
nology; both antibodies were raised against the N-terminal
unique sequences (amino acids 1–20) of the corresponding re-
ceptor. IGF-1 was from Becton Dickinson or GIBCOyBRL.
8-Br-cAMP and N6-benzoyl-cAMP were from BioLog Chemical
(San Diego).
Western Blotting. The proteins of tissue or cell extracts were

separated on SDSy8% polyacrylamide gels and the resolved
protein bands were electrotransferred to nitrocellulose mem-
branes. The membranes were preblocked with 20 mM Tris-
buffered saline (pH 5 7.2) containing 5% nonfat dry milk
before incubation with diluted antiserum. Detection was car-
ried out with appropriate peroxidase-conjugated secondary
antibody (Bio-Rad) and chemiluminescent reagents (Pierce).
The blots were exposed to X-Omat film (Kodak) for visual-
ization.
Cultures of Neonatal Rat Pancreatic Monolayer Cells and

HIT-T15 Cells. The preparation and culture of neonatal rat
pancreatic monolayer cells have been described (21). Briefly,
pancreata dissected from neonatal rats at 3–5 days of age were
digested with trypsinycollagenase and plated to allow attachment
of fibroblasts. The cells in suspension were enriched in endocrine
cells and transferred into a new set of 35-mm dishes for further
growth of up to 4 days. Culturemedium consisted of the following
(volyvol): 45% NCTC135, 45% medium 199, and 10% heat-
inactivated fetal bovine serum. This medium is supplemented
with glucose (16.5 mM) and gentamicin (50 mgyml). The exper-
iments normally were carried out on day 4 of culturing. For
studies of insulin release, cultures were preincubated for 2 hr in
Krebs–Ringer bicarbonate buffer supplemented with 0.1% bo-
vine serum albumin and 1.6 mM glucose. This was followed by
incubation for 1 hr in the same buffer under various conditions.
Each condition was done in triplicate or quadruplicate and at
least three independent experiments were carried out. HIT-T15
cells were cultured in Ham’s F-12 medium supplemented with
15%(volyvol) heat-inactivated fetal bovine serum.HIT cells were
perifused on columns of preswollen Bio-Gel P-2 as described
previously (22, 23). After trypsin treatment to release the cells
they were added to each syringe column at a density of 500,000
cells per column. Perifusion proceeded at 1 mlymin. Each con-
dition was done in duplicate and at least three independent
experiments were carried out. Static incubation of HIT cells was
performed in a manner similar to that used for the neonatal rat
pancreatic monolayer cells. Preincubation glucose was 0 mM,
however, for HIT cells.
Insulin and cAMP Radioimmunoassays. The insulin radio-

immunoassay was carried out according to a previously de-
scribed standard protocol (22). For measurement of cAMP,
immediately after the culture medium was removed for insulin
assay, the attached HIT-T15 cells were dissolved in ice-cold
acidic ethanol (ethanolyconcentrated HCl, 4:1, volyvol). An
aliquot (20 ml) of this extract was diluted into 80 ml of 1M basic
Tris buffer (pH 5 11) so that the final pH was '7.0, and this
mixture was analyzed for cAMP content by using a kit and
protocol fromDuPontyNEN. Insulin and cAMP are expressed
as mean 6 SEM.
Immunocytochemistry and Confocal Fluorescent Microscopy.

Rat pancreas was frozen in an OCT block on dry ice and 15-mm
serial sections were prepared. The sections were immediately
fixed in 4% paraformaldehyde in PBS for 20 min at room
temperature, and subsequently washed once with 33 PBS and
three times in 13 PBS. After being air-dried, the sections were
preincubated in 5% normal goat serum and 5% normal donkey
serum buffered by TPBS (PBSy0.1% Tween 20, pH 7.2) for 1 hr
before being incubated with diluted antibody. The dilution of

primary antibodies is as follows: anti-PDE3B, 1:1,000; anti-
insulin, 1:300; anti-IGF-1 receptor, 1:100; and anti-insulin recep-
tor, 1:100. We used either fluorescein-labeled goat anti-rabbit or
rhodamine-labeled monkey anti-mouse secondary antibody to
detect the specific binding. The stained sections were analyzed on
a confocal fluorescent microscope (Bio-Rad MRC600) and the
resultant digital imageswere recorded and analyzed in Photoshop
3.0.
Immunoprecipitations. The HIT-T15 cells were extracted in

an immunoprecipitation assay (IPA) buffer (50 mM NaFy150
mM NaCly10 mM sodium phosphate, pH 7.2y2 mM EDTAy
0.1% Triton X-100y0.5% Lubroly3 mM benzamidine contain-
ing 5 mgyml leupeptin and 20 mgyml pepstatin A). One
milliliter of IPA buffer was used to extract 1 3 106 cells. This
extract was spun at 5,000 3 g for 10 min at 48C. A mixture of
protein A-conjugated and protein G-conjugated agarose beads
(GIBCOyBRL, 20 ml of a 5% suspension for each ml of
extract) was added for preclearing. This preclearing did not
significantly reduce the total PDE activity. After 20 min of
incubation with rocking at 48C, the beads were briefly spun
down in a microcentrifuge. The supernatant (1 ml) was trans-
ferred to another tube and incubated with 2 ml of undiluted
PDE3B antibody for 2 hr at 48C. An additional aliquot of
protein A- and protein G-conjugated agarose beads was added
to the immunoprecipitation solution (40 ml of the 5% suspen-
sion for each ml of extract), and incubation was continued for
another 3 hr. The beads were spun for 10 min at 48C, and
briefly washed twice in IPA buffer (1 ml per wash). Finally, the
beads were resuspended in IPA buffer and analyzed for
PDE3B activity. As a control, the PDE activity in the super-
natant was also analyzed.
Measurement of PDE Activity. The PDE assay was performed

as described previously (24) with 1mMcAMPas substrate. PDE3
activity is defined as the amount of PDE activity suppressed by 10
mM milrinone, whereas PDE4 activity is defined as the amount
of PDE activity suppressed by 10 mM rolipram. The PDE activity
is expressed as mean 6 SEM.

RESULTS
PDE3B Is Expressed in the b Cells of Islets of Langerhans.

The mammalian PDE3 family consists of two gene members,
PDE3A and PDE3B. To identify which specific PDE3 enzyme
was expressed in pancreatic b cells, we raised a specific
polyclonal antibody against a GST-PDE3B fusion protein (see
Fig. 1A). This antibody recognizes a single protein band from
mouse epididymal fat-pad tissue homogenates (Fig. 1A) that
can be competed away by preincubation with the GST-PDE3B
antigen, but not with a nonrelated GST-PDE1C fusion protein
(Fig. 1A). In addition, the corresponding preimmune serum
does not recognize this protein band (data not shown).We also
tested this antiserum against a rat pancreatic islet extract and
HIT-T15 cell extract by Western blot analysis. In both cases, it
specifically detected a single band that corresponds in size to
the PDE3B protein in the rat epididymal fat tissue (Fig. 1A).
As shown in Fig. 1B, PDE3B protein is expressed in the b

cells of islets of Langerhans, as evident by its costaining of
insulin-containing cells (Fig. 1B). We have examined about 50
pancreatic serial sections, and 200 islets of various sizes. In all
the islets examined, we consistently found that PDE3B is
localized in the b cell. This localization pattern suggested that
PDE3B might have a functional role to regulate the cAMP
level in, and insulin secretion from, pancreatic b cells.
Expression of IGF-1 Receptors on the b Cell Surface of

Islets of Langerhans. Both insulin and IGF-1 have been
proposed as inhibitors of insulin secretion, and insulin has been
shown to activate PDE3 in adipose and liver tissues (17, 25).
As one step toward determining if either of these hormones
regulates PDE3B in b cells, we performed Western blot
analysis of the expression of IGF-1 receptor and insulin
receptor in pancreatic islets (Fig. 2). Consistent with previous

3224 Medical Sciences: Zhao et al. Proc. Natl. Acad. Sci. USA 94 (1997)



reports (26), our results confirm that IGF-1 receptor, but not
insulin receptor, is expressed in the rat islets (Fig. 2A). In
control experiments, insulin receptor was highly expressed in
the rat liver tissue (Fig. 2A).We also immunostained for IGF-1
receptor (Fig. 2B). As expected, IGF-1 receptors were found
on the b cells (Fig. 2B). These results, taken together with the
data on PDE3B expression (Fig. 1), suggested that IGF-1
binding to its receptors on b cells might stimulate PDE3B and
thereby attenuate insulin secretion.
Attenuation of Insulin Secretion by IGF-1 Is Mediated by a

PDE, Specifically PDE3B. As a functional test for the impor-
tance of PDE3B in mediating the effect of IGF-1, we used a
neonatal rat pancreatic monolayer cell culture that is substan-
tially enriched in islet cells (27). This system shows phasic
insulin secretion in response to glucose and also allows easy

access of secretagogues and hormones to monolayers of islet
cell clusters (27). As one test for whether or not the IGF-1
inhibition of insulin secretion is mediated through stimulation
of PDE3B, we used two different cAMP analogs, 8-Br-cAMP
and N6-benzoyl-cAMP, to examine the effect of IGF-1 on
cAMP-potentiated secretion. It is known from previous stud-
ies that both of these analogs are capable of activating protein
kinase A, but that only 8-Br-cAMP can be readily hydrolyzed
by PDE3B (17, 25). Therefore, if IGF-1 did function mainly
through activating PDE3B and decreasing intracellular cAMP,
it should be able to suppress the 8-Br-cAMP-potentiated
insulin secretion but have little or no effect on the N6-benzoyl-
cAMP-potentiated insulin secretion.
As expected, both 8-Br-cAMP and N6-benzoyl-cAMP stim-

ulated insulin secretion from the b cells of the islets (Fig. 3 A

FIG. 1. PDE3B expression in the b cells of rat pancreatic islets. (A) The antibody against the C-terminal portion of a GST-PDE3B fusion protein
recognizes a single band from a mouse epididymal fat pad extract. This band was competed away by preincubation with 200 ng of GST-PDE3B
antigen but not with 200 ng of a GST-PDE1C2 polypeptide of similar length. This serum also specifically detects the PDE3B protein in the extracts
of rat epididymal fat pad, rat pancreatic islets, and a hamster pancreatic b cell line, HIT-T15. (B) Confocal images of a rat pancreatic islet
double-stained by anti-PDE3B and anti-insulin antibodies. The PDE3B signal was visualized by a fluorescein-conjugated goat anti-rabbit secondary
antibody, and the insulin signal by a rhodamine-conjugated donkey anti-mouse secondary antibody. The side-by-side comparison of the two images
clearly indicates that PDE3B is expressed in insulin-containing b cells, which is confirmed by the prevailing orange color in the merged image. (340.)
Note: the punctuate staining of insulin reflects insulin-containing secretory vesicles.
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and B) in a concentration-dependent manner. Moreover,
IGF-1 inhibited 8-Br-cAMP-potentiated insulin secretion
(Fig. 3A), and especially at the low concentration of 8-Br-
cAMP (0.1 mM), IGF-1 completely suppressed insulin secre-
tion to the level induced by glucose alone (Fig. 3A). However,
IGF-1 had little or no effect on N6-benzoyl-cAMP-potentiated
insulin release (Fig. 3B). These data clearly support the model
that the molecular signaling mechanism for IGF-1 attenuation
of insulin secretion is through activation of a PDE. Moreover,
these results make it unlikely that the IGF-1 effect on cAMP-
potentiated insulin secretion is achieved through decreasing an
adenylyl cyclase activity (see Discussion).
PDE Selective Inhibitors Block the IGF-1 Effect. To further

confirm that this IGF-1 function in b cells is mediated through
PDE3, we also used a selective pharmacological antagonist.
Milrinone, which has an IC50 value of '0.3 mM against PDE3
enzymes, shows at least 50-fold selectivity for PDE3 compared
with all other known PDE enzymes (28). As expected for a
PDE inhibitor, milrinone further potentiated the glucose- and
cAMP-stimulated insulin secretion. More importantly, milri-
none completely reversed the ability of IGF-1 to inhibit insulin
secretion (Fig. 4). Since the major form of PDE expressed in
b cells is PDE3B, these data strongly suggest that the molec-
ular signaling mechanism for IGF-1 attenuation of insulin
secretion is to activate specifically PDE3B in these cells.
IGF-1 Activates PDE3B and Reduces cAMP Levels. The

model predicts that the binding of IGF-1 to its own receptors
on the b cells should cause an increase in PDE3B activity and
a concomitant reduction of cAMP. To directly measure effects
of IGF-1 on cAMP and to rule out any indirect influence from
non-b cells in the pancreatic cell mixtures, we needed to use a
preparation that did not contain other cell types. We selected
the b cell-derived HIT-T15 cell line to test this hypotheses
because, as shown below, insulin secretion from these cells is
regulated by IGF-1 (Fig. 5). Either with or without potentia-
tion by 8-Br-cAMP, insulin secretion from the HIT-T15 cells
was substantially inhibited by IGF-1 (Fig. 5). This result makes

it unlikely that the IGF-1 effect on insulin secretion is indi-
rectly modulated by non-b cells in the neonatal rat pancreatic
monolayer culture. Similar results were found with a rat
insulinoma cell line, RIN-5AH (data not shown).

FIG. 3. Effect of IGF-1 on insulin secretion is potentiated by 8-Br-
cAMP but not N6-benzoyl-cAMP (6-Bnz-cAMP). Newborn rat pancre-
atic islets in monolayer cell culture were preincubated in low-glucose
medium (1.6 mM) for 2 hr before being switched to high glucose (11.1
mM). The cAMP analogs andyor 10 nM IGF-1 were added together with
the high-glucose medium. After incubation for 30 min the medium was
analyzed for immunoreactive insulin (IRI). Experiments under each set
of conditions were carried out in triplicate. IGF-1 suppressed insulin
secretion potentiated by 8-Br-cAMP (a relatively good PDE3B substrate)
but had little or no effect on the insulin secretion potentiated by
N6-benzoyl-cAMP, an analog highly resistant to hydrolysis by PDE3B.
Twenty-five units of IRI 5 1 mg of insulin.

FIG. 4. Milrinone prevents the inhibitory effect of IGF-1 on insulin
secretion. The newborn rat pancreatic monolayer cells were cultured in
low-glucose medium before transfer to high-glucose medium (see the
legend of Fig. 2.). Different pharmacological conditions are represented
by patterns or stippling. Milrinone, a highly selective inhibitor of PDE3B
(IC50 5 0.3 mM), potentiates insulin secretion at low concentration (1
mM), suggesting the presence of PDE3 activity. Although IGF-1 signif-
icantly suppressed insulin secretion in the absence of milrinone, it could
not inhibit insulin secretion in its presence.

FIG. 2. IGF-1 receptor, but not insulin receptor, is expressed in rat
pancreatic islets. (A) Western blot detection of IGF-1 receptor a-subunit
expression in rat pancreatic islets (lane I). Although insulin receptor is
strongly expressed in rat liver (lane L), no detectable level of expression
was seen in pancreatic islets. The solid arrows indicate either the IGF-1
or insulin receptor a subunits. Both antibodies are directed against the
N-terminal 20 amino acids of the corresponding receptor a subunits. (B)
Confocal image of a rat pancreatic islet. (320.) The primary antibody is
anti-IGF-1 receptor a subunit. The staining indicates that IGF-1 receptor
is expressed in the pancreatic b cells.
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As expected, GLP-1 stimulated insulin secretion from the
HIT-T15 cells (by'90%; see Fig. 6), and IGF-1 counteracted this
effect in a dosage-dependent manner (Fig. 6). The cAMP content
in these HIT-T15 cells also declined in parallel to the reduction of
insulin release (Fig. 6), further supporting the idea that IGF-1
inhibits insulin secretion through reduction of intracellular cAMP.
If the IGF-1 inhibitory effects on insulin secretion as well as

intracellular cAMP level are both mediated by activation of
PDE3B, then one would expect an increase of PDE3B activity
upon IGF-1 binding to the pancreatic b cells. To test this idea, we
immunoprecipitated PDE3B from the HIT-T15 cell extract.
Under the low-glucose condition, the PDE3B activity did not
change significantly (data not shown). A high concentration of
glucose (200 mgydl) by itself stimulated the PDE3B activity by
about 50–55% relative to the low-glucose condition (30 mgydl).
The mechanism for this effect is not known. IGF-1 (10 nM)
further stimulated the PDE3B activity about 90–95% (Fig. 7A).
Since the amount of PDE3B enzyme used in these assays
remained relatively constant (Fig. 7B), the activity changes of the
PDE3B could not be attributed to changes in the total amount of
the PDE3B enzyme. As a control, we also monitored PDE4
activity in the supernatant after the immunoprecipitation (Fig.
7A). Under all the conditions tested, there was very little change
in PDE4 activity, suggesting that the PDE enzyme mediating
IGF-1 action in pancreatic b cells is primarily PDE3B.

DISCUSSION
An inhibitory effect of IGF-1 on insulin secretion has been well
demonstrated in previous studies (2, 3) aswell as in this paper.We

have further shown here that the molecular mechanism by which
this effect occurs is through activation of a PDE, specifically
PDE3B, which causes a reduction of cAMP concentration. IGF-1
attenuates GLP-1-stimulated insulin secretion by suppressing the
GLP-1 elevated cAMP level in pancreatic b cells (Fig. 6).
Similarly, IGF-1 inhibited insulin secretion potentiated by a
cAMP analog that is a substrate of PDE3B but not by one that
is not a good substrate (Fig. 3). This result essentially rules out the
possibility that IGF-1 inhibits insulin secretion by directly influ-
encing the signaling components downstream of cAMP. It also
indicates that the reduction of intracellular cAMP level is most
likely not due to an inhibition of an adenylyl cyclase in the b cells,
as the stimulus for secretion is the continuous influx of the cAMP
analog. Our data, when combined with several previous studies
on the cross-regulation between insulin and IGF-1 (1, 2, 3, 27, 28),
points to a regulatory feedback loop involving both endocrine
insulin and endocrine IGF-1. In this scenario (Fig. 8), an in-
creased circulating insulin level (in response to an elevated
nutrient level and hormonal action) will act on the liver and
perhaps other tissues to stimulate the synthesis of IGF-1 (29, 30).
IGF-1 then will in turn bind to its own receptors on the b cell
surface, thereby activating PDE3B and decreasing cAMP. In
completion of this loop, insulin secretion from pancreatic islets
will be reduced. The data further suggest that the inhibitory effect
of IGF-1 and the stimulatory effect of GLP-1 share a common
molecular switch—i.e., modulation of intracellular cAMP levels
through balanced activation of adenylyl cyclase and PDE3B.
Several studies have suggested that one major hormonal

activator of PDE3B is insulin, which stimulates this enzyme in
fat and liver tissues and thereby decreases the intracellular
cAMP levels (16, 17). Although there have been published
reports about the role of insulin as a direct feedback inhibitor
of its own secretion from pancreatic b cells, this idea is
controversial, with conflicting results from different groups
(4–7). Even in those cases where the inhibitory effect of insulin
was observed, a very high level of insulin was required (4, 5,

FIG. 5. IGF-1 suppresses insulin secretion from HIT-T15 cells. HIT-
T15 cells were perifused by Krebs–Ringer buffer containing 0.1% BSA
and no glucose until the basal insulin level became stable. The perifused
cells were then switched to the same buffer containing high glucose with
orwithout the other agents. The starting point of exposure to high-glucose
medium is indicated by the arrow. The results shown here are the average
of fractions from duplicate columns. IGF-1 consistently suppressed
insulin secretion both with and without 8-Br-cAMP potentiation.

FIG. 6. Inhibition of insulin secretion by IGF-1 is accompanied by
a decrease in cAMP. HIT-T15 cells were preincubated with Krebs–
Ringer buffer containing no glucose for 1 hr before treatment with
GLP-1 andyor IGF-1 in the presence of glucose at a high concentra-
tion. Different conditions are represented by different stippling pat-
terns. GLP-1, as expected, increased cAMP and potentiated insulin
secretion from the HIT-T15. IGF-1 counteracted the GLP-1 effect on
insulin secretion and caused a drop in cAMP.

FIG. 7. Activation of PDE3B by IGF-1 in HIT-T15 cells. (A) When
PDE3B activity was immunoprecipitated from the HIT-T15 extract, the
pellet contained only PDE3B, as all of the PDE activity was completely
suppressed by milrinone. A significant increase of PDE3B activity was
observed when the HIT-T15 cells were treated with IGF-1. As a control,
the PDE4 activity remaining in the supernatant did not change under any
of the conditions tested. (B) Western blot assay indicating the integrity
and relative amount of PDE3B protein present in each assay.
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31). On the other hand, IGF-1 can attenuate insulin secretion
at a physiological concentration range both in vivo and in vitro
(1–3). For example, in an isolated primary b cell system, van
Schravendijk et al. (3) showed that while 5 nM IGF-1 could
inhibit insulin secretion by 30%, it would take 1 mM insulin to
achieve the same effect. Since IGF-1 receptors, but not insulin
receptors, are highly expressed on the b cells (Fig. 2), it seems
most likely that the IGF-1 acts through its own receptors on the
b cell surface to attenuate insulin secretion. If there is a direct
inhibitory effect of insulin on its own secretion, it could easily
be due to the low-affinity binding of insulin to the IGF-1
receptors. This may be functionally very important, however,
if conditions exist whereby high local concentrations of insulin
surrounding the b cells develop in vivo. Such a mechanism
could help to prevent oversecretion of insulin acutely.
The regulation of insulin secretion is complex. Although

metabolic fuels (e.g., glucose and amino acids) are the primary
secretagogues, a number of other factors are known to mod-
ulate insulin secretion. Thus, GLP-1, an ‘‘incretin,’’ is stimu-
lated by nutrient ingestion and is a positive modulator of
insulin secretion (1). Somatostatin-28, a ‘‘decretin,’’ is also
stimulated by nutrient ingestion but is a negative modulator of
insulin secretion (32, 33). The data presented here suggest
another longer-term modulation of islet b cell function by the
liver. While GLP-1 and somatostatin-28 are produced rapidly
by the intestine, where the nutrient insulin secretagogues are
absorbed, IGF-1 is produced mainly by the liver, an organ that
is a target for insulin action. Thus, it seems likely that IGF-1
inhibition of insulin secretion through activation of PDE3B
may constitute part of a major homeostatic control mechanism
for regulation of insulin secretion.
Finally, the data suggest that two of the important aspects

of insulin physiology that are often impaired in diabetes, the
regulation of insulin secretion and insulin sensitivity of pe-
ripheral tissues to insulin, are controlled at least in part by a
common underlying molecular theme (i.e., regulation of
cAMP by PDE3B). Activation of PDE3B in adipose and liver
tissues is anabolic in nature in that it promotes lipogenic and
glycogenic actions of insulin by reducing intracellular cAMP
levels (16, 17). In pancreatic islets, however, the activation of
PDE3B attenuates insulin secretion. Therefore, one could
envision that any genetic mutation leading to partial or
complete loss of PDE3B function would cause dyslipidemia

and hyperglycemia due to effects on fat and liver tissues, but
that such mutations should be compensated for by an abnor-
mal accumulation of cAMP in and an increased insulin secre-
tion from the pancreatic b cells. Similarly, the high expression
of PDE3B in pancreatic b cells also may have pharmacological
implications for the therapeutic safety of current PDE3-
specific inhibitors. Several such agents, including milrinone,
enoximone, and cilostazol, are currently being explored as
therapeutic drugs for treatment of certain cardiovascular
diseases (28). The fact that these agents would be expected not
only to inhibit insulin function but also to stimulate insulin
secretion may explain why they have not been found to cause
diabeteslike symptoms during their clinical trials (28).
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FIG. 8. Model for the role of PDE3B in IGF-1 regulation of insulin
secretion from pancreatic b cells. In this model increased circulating
insulin stimulates the synthesis and release of IGF-1 (thick arrows)
from the liver (27, 28). The elevated IGF-1 in the circulation then binds
to IGF-1 receptors (IGF-1R) on the pancreatic b cell surface, acti-
vating a series of still unidentified kinases that eventually cause
activation of PDE3B. As a result, the cAMP levels within the b cells
declines, leading to attenuation of insulin release. If the local insulin
concentration is too high near the b cells, this regulatory feedback loop
may also allow insulin to exert an immediate inhibitory effect on its
own secretion through the IGF-1 receptors (as indicated by the thin
open arrows). This model does not exclude participation of potential
paracrine IGF-1 synthesized locally within the pancreatic islets.
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