
Disruption of G Protein-Coupled Receptor 39 Impairs
Insulin Secretion in Vivo

Frédéric Tremblay, Ann-Marie T. Richard, Sarah Will, Jameel Syed, Nancy Stedman,
Mylène Perreault, and Ruth E. Gimeno

Department of Metabolic Diseases (F.T., A.-M.T.R., S.W., M.P., R.E.G.), Wyeth Research, Cambridge, Massachusetts
02140; and Department of Exploratory Drug Safety (J.S., N.S.), Wyeth Research, Andover, Massachusetts 01810

GPR39 is a G protein-coupled receptor expressed in liver, gastrointestinal tract, adipose tissue, and
pancreas. We have recently shown that young GPR39�/� mice have normal body weight, food
intake, and fasting glucose and insulin levels. In this study, we examined the role of GPR39 in aging
and diet-induced obese mice. Body weight and food intake were similar in wild-type and GPR39�/�

mice as they aged from 12 to 52 wk or when fed a low-fat/high-sucrose or high-fat/high-sucrose
diet. Fifty-two-week-old GPR39�/� mice showed a trend toward decreased insulin levels after oral
glucose challenge. When fed either a low-fat/high-sucrose or high-fat/high-sucrose diet, GPR39�/�

mice had increased fed glucose levels and showed decreased serum insulin levels during an oral
glucose tolerance test in the face of unchanged insulin tolerance. Pancreas morphology and glu-
cose-stimulated insulin secretion in isolated islets from wild-type and GPR39�/� mice were com-
parable, suggesting that GPR39 is not required for pancreas development or ex vivo insulin se-
cretion. Small interfering RNA-mediated knockdown of GPR39 in clonal NIT-1 �-cells revealed that
GPR39 regulates the expression of insulin receptor substrate-2 and pancreatic and duodenal ho-
meobox-1 in a cell-autonomous manner; insulin receptor substrate-2 mRNA was also significantly
decreased in the pancreas of GPR39�/� mice. Taken together, our data indicate that GPR39 is
required for the increased insulin secretion in vivo under conditions of increased demand, i.e. on
development of age-dependent and diet-induced insulin resistance. Thus, GPR39 agonists may
have potential for the treatment of type 2 diabetes. (Endocrinology 150: 2586–2595, 2009)

GPR39 was first identified as a G protein-coupled receptor
(GPCR) related to GH secretagogue receptor (also known

as ghrelin receptor) and neurotensin receptor (1). Similar to other
receptors in this family, GPR39 shows significant constitutive
activity; functional studies in vitro have shown that overexpres-
sion of GPR39 increases inositol phosphate turnover as well as
cAMP response element- and serum response element-driven
transcription in a ligand-independent manner (2). Considerable
interest in GPR39 was generated by the observation that obesta-
tin, a putative satiety peptide encoded by the ghrelin gene, is able
to activate GPR39 (3). Although some level of controversy still
exists (3–6), the majority of studies to date indicate that obesta-
tin is not a major modulator of food intake and does not bind to
or activate GPR39 (7–14).

A candidate agonist ligand of GPR39 is Zn2�. Multiple stud-
ies have shown that micromolar concentrations of Zn2� stimu-

late mouse, rat and human GPR39 signaling in vitro (10, 15, 16).
Recently the Zn2�-binding site of GPR39 has been mapped using
mutagenesis, and two histidines in the N-terminal, cytoplasmic
domain of GPR39 were identified as critical for the agonist ac-
tivity of Zn2� (15). It is currently unclear whether Zn2� is a
physiological agonist ligand of GPR39 or whether it acts as an
agoallosteric modulator to enhance the function of a yet-to-be-
identified GPR39 ligand. Interestingly, Zn2� has been reported
to be an allosteric agonist for the melanocortin-1 and melano-
cortin-4 receptors (17), indicating that activation by Zn2� is not
unique toGPR39andcanoccur even in thepresenceof anagonist
ligand.

The physiological role of GPR39 is still unclear. GPR39
mRNA is highly expressed in the gastrointestinal tract, kidney,
liver, adipose tissue, and pancreas and to a lower extent in spleen,
thyroid, lung, and heart (1, 18, 19). Expression of a splice variant
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encoding a truncated but not full-length form of GPR39 has also
been detected in various regions of the brain (18). Analyses of
GPR39 knockout mice under normal conditions have shown
relatively minor phenotypes: Moechars et al. (19) found that
mice in which GPR39 has been disrupted by the insertion of the
�-galactosidase (LacZ) gene (GPR39LacZ/LacZ) had enhanced
gastric fluid secretion, enhanced gastric emptying, and increased
gastrointestinal transit time. However, body weight and food
intake as well as glucose and insulin levels were comparable
between wild-type (WT) and GPR39LacZ/LacZ mice up to 20 wk
of age (19). Upon aging, GPR39LacZ/LacZ mice gained more
weight than their WT counterparts, despite reduced fasting-in-
duced hyperphagia (19). Using an independently generated line
of GPR39 knockout mice, we also did not observe any differ-
ences in body weight, food intake, insulin, or glucose levels in
young (�24 wk old) GPR39�/� mice when fed a standard chow
diet (13). No studies to date have addressed the possible role of
GPR39 in the pancreas. Because modulation of GPCR signaling
in �-cells, in particular alterations in Ca2� signaling and cAMP
levels, can have profound effects on insulin secretion and �-cell
survival (20), it might be expected that �-cell function is altered
in GPR39�/� mice.

In this study, we explored the possibility that GPR39 mod-
ulates glucose metabolism under conditions of increased demand
for insulin secretion, i.e. on aging and during diet-induced obe-
sity. We also examined islet morphology and insulin secretion
from animals exposed to different diets.

Materials and Methods

Animals
GPR39�/� mice were generated by homologous recombination at

Deltagen (San Mateo, CA). The GPR39 targeted allele was generated by
replacing nucleotides 278–647 of the open reading frame with a cassette
encoding the neomycin resistance marker using homologous recombi-
nation in a 129/OlaHsd ES cell line (schematically illustrated in supple-
mental Fig. 1A, published as supplemental data on The Endocrine So-
ciety’s Journals Online web site at http://endo.endojournals.org). The
targeting event was confirmed by Southern blotting using probes directed
against chromosomal DNA flanking the targeting vector at both the 5�
and the 3� end. Mice carrying the mutated allele were backcrossed into
the C57BL/6 background for six generations and maintained as het-
erozygous. WT littermates from heterozygous mating pairs were used as
controls. All mice were singly housed in a temperature-controlled facility
with a 12-h light, 12-h dark cycle and had free access to water and a
normal chow diet (PharmServ, Framingham, MA). All studies were per-
formed in male mice. For diet-induced obesity studies, 16-wk-old mice
were fed either a low-fat/high-sucrose (LFHS; 11% kilocalories derived
from fat; 4.07 kcal/g; catalog no. D12329) or high-fat/high-sucrose
(HFHS) diet (58% kilocalories derived from fat; 5.56 kcal/g; catalog no.
D12331; Research Diets, New Brunswick, NJ) for 22 wk. All experi-
mental work was conducted in accordance with the humane guidelines
for ethical and sensitive care of the Institutional Animal Care and Use
Committee of the National Institutes of Health.

Glucose and insulin tolerance tests
Glucose tolerance was measured in fasted (16 h) mice after oral ga-

vage or ip injection of 2 g glucose/kg body weight. Insulin tolerance was
measured in fasted (6 h) animals after ip injection of 1.5 U insulin per
kilogram body weight. Blood was taken from the tail vein before and 15,

30, 60, and 120 min after glucose or insulin administration. Blood glu-
cose was monitored with a glucometer (Ascencia Elite; Bayer, Misha-
waka, IN), and serum insulin was measured using an ultrasensitive rat
ELISA kit with 100% cross-reactivity with mouse insulin (Crystal Chem,
Downers, IL).

Serum chemistry
Serum glucose, triglyceride, and free fatty acid levels in random-fed

mice were measured using a 912 automatic analyzer (Roche, Indianap-
olis, IN). Serum insulin levels were determined as described above.

Immunohistochemistry
Formalin-fixed, paraffin-embedded sections were deparaffinized and

rehydrated (for glucagon, insulin, Ki67, and cleaved caspase-3 staining).
Sections used for Ki67 and cleaved caspase-3 detection were retrieved
using antigen Decloaker solution and Decloaker chamber (Biocare Med-
ical, Concord, CA). All immunohistochemistry labeling was performed
on Nemesis 7200 autostainer (Biocare Medical). Tris-buffered saline
containing Tween 20 was used for washes between each step (except after
the protein block). Endogenous peroxidase was quenched with 3% hy-
drogen peroxide followed by protein block with 2.5% normal horse
serum. Each section was incubated with primary antibody or IgG control
sera as follow: guinea pig antiinsulin (1:150, catalog no. 0564; Dako,
Carpinteria, CA); rabbit antiglucagon (1:75, Dako catalog no. A0565);
rabbit monoclonal anti-Ki67 (1:200, catalog no. 9106; Lab Vision, Fre-
mont, CA); rabbit monoclonal anticleaved caspase-3 (1:200, catalog no.
9664; Cell Signaling Technology, Danvers, MA); or rabbit IgG negative
control (Dako catalog no. X0903). Rabbit IgG-horseradish peroxidase
polymer (Rabbit ImmPRESS, catalog no. MP-7401; Vector Laborato-
ries, Burlingame, CA) was used to detect the primary antibodies. Liquid
diaminobenzidine (Dako catalog no. K3468) substrate chromogen was
used followed by hematoxylin counterstaining. For rat antimouse CD31/
platelet endothelial cell adhesion molecule-1 immunohistochemistry,
snap-frozen tissue crysosections were fixed in zinc fixative (BD Bio-
sciences, San Jose, CA) and then incubated with rat antimouse CD31,
MEC13.3 (1:50), or isotype control (rat IgG2a�). For detection of the
primary antibody, antirat Ig-horseradish peroxidase detection kit (BD
Biosciences catalog no. 551013) was used according to the manufactur-
er’s recommendation. Sections were dehydrated, cleared, and cover-
slipped using mounting medium.

Histomorphometrical analysis
All histomorphometrical analysis were conducted using 8-bit RGB

color photomicrographs at 1388 � 1040 resolution taken using a Axio
Imager A1 microscope (Carl Zeiss Microimaging Inc., Thornwood, NY)
and a Zeiss AxioCam HRc digital microscope camera or with 1 GB color
digital images of scanned slides obtained from a MedMicro digital slide
module slide scanning system (Carl Zeiss MicroImaging Inc., Thorn-
wood, NY). Total area of the pancreas, islet and �-cell (i.e. insulin-
positive cells) was determined morphometrically in pancreas sections
stained for insulin. The number of cell nuclei in insulin-stained areas of
each islet, interpreted as the number of �-cells, was manually counted.
Total number of nuclei exhibiting positive staining for Ki67 in islets was
counted manually from pancreas sections. Total area of positive staining
for CD31, interpreted as the total area of the vasculature within the islet,
was determined morphometrically in pancreas sections.

Islet isolation and culture
Islets were isolated by a modified version of the collagenase digestion

technique (21). Briefly, 3 ml of cold Hanks’ balanced salt solution
(HBSS), supplemented with 1.35 U/ml collagenase (collagenase P, spe-
cific activity 1.52 U/mg; Roche), glucose, BSA, and sodium bicarbonate
(pH 7.4) (22), was injected into the common bile duct to fill the pancreas.
The pancreas was subsequently removed and incubated for 20 min at 37
C before addition of ice-cold HBSS to stop the digestion. After washing
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three times with HBSS, islets were isolated from the exocrine tissue by
centrifugation in Histopaque 1077 (Ficoll gradient; Sigma, St. Louis,
MO) at 3000 � g for 20 min. Islets were removed from the interface;
washed twice with HBSS; transferred into RPMI 1640 supplemented
with 11 mM glucose, 10% heat-inactivated fetal bovine serum, 100 IU/ml
penicillin, and 100 �g/ml streptomycin; and cultured overnight in a hu-
midified atmosphere of 5% CO2 at 37 C.

Insulin secretion in isolated islets
Batches of five to 10 islets per tube were washed twice and preincu-

bated in Krebs-Ringer buffer [119 mM NaCl, 4.6 mM KCl, 1 mM MgSO4,

0.15 mM Na2HPO4, 0.4 mM KH2PO4, 25 mM NaHCO3, 2 mM CaCl2,
20 mM HEPES (pH 7.4), 0.05% (wt/vol) BSA (fraction V; Sigma) and 2.8
mM glucose] for 30 min at 37 C. Islets (in quadruplicate for each con-
dition) were then incubated in 200 �l of Krebs-Ringer buffer containing
either 2.8 or 11 mM glucose for 30 min at 37 C and then placed on ice to
stop secretion. In some cases, islets were also treated with 50 or 250 �M

zinc chloride, 0.4 mM palmitate complexed with 0.67% BSA, 20 nM

glucagon-like peptide-1 (GLP)-1, or 10 mM arginine during the 30 min
incubation. One hundred fifty microliters of each sample were trans-
ferred to a new tube for insulin measurement by homogeneous time-
resolved fluorescence (CIS Bio, St. Louis, MO). Islets were solubilized in
Krebs-Ringer buffer containing 25 mM NaOH and 0.1% Triton X-100
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FIG. 1. Characterization of GPR39�/� mice during aging. Body weight (A) and food intake (B) were measured in WT and GPR39�/� male mice as they aged from 12
to 52 wk old. Glucose (2 g/kg) was administered orally to 12- (C and E) or 52-wk-old (D and F) fasted (16 h) mice. Blood glucose (C and D) and serum insulin (E and F)
were monitored for 120 and 60 min, respectively. The AUC for glucose (G) and insulin (H) after glucose administration was calculated from glucose (C and D) and
insulin (E and F) excursion curves. The means � SEM of eight (WT) and nine (GPR39�/�) animals are shown. †, P � 0.07.
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for measurement of total insulin by homogeneous time-resolved fluo-
rescence or protein content using the bicinchoninic acid method (Pierce,
Rockford, IL).

RNA interference (RNAi)
The clonal NIT-1 �-cells were seeded at a density of 3 � 105 cells/well

in a 6-well plate and grown for 18–24 h in antibiotic-free DMEM con-
taining 10% fetal bovine serum. Cells were transfected with a control
small interfering RNA (siRNA) or siRNAs against mouse GPR39 (final
concentration 50 nM) using Lipofectamine RNAiMAX according to
the manufacturer’s instruction (Invitrogen, Carlsbad, CA). Negative
control and predesigned GPR39 siRNAs [catalog no. S89441 (no. 1) and
s89442 (no. 2)] were obtained from Ambion (Austin, TX). Six hours after

transfection, cells were placed in Ham’s F12 medium containing 10%
dialyzed fetal bovine serum and incubated for 72 h. Cells were rinsed
once with PBS, snap frozen with liquid nitrogen, and stored at �80 C
until processed for RNA extraction as described below.

RNA extraction and Taqman real-time PCR
Freshly isolated pancreas from mice fed a HFHS diet were homog-

enized in Trizol (Invitrogen). Total RNA from pancreas and NIT-1
�-cells was isolated and purified using the RNeasy Plus kit (QIAGEN,
Valencia, CA). Taqman quantitative PCR was performed on a 7900HT
fast real-time PCR system (Applied Biosystems, Foster City, CA) using
18S as an endogenous control. Predesigned mouse primers and probe
were obtained from Applied Biosystems.
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FIG. 2. Characterization of GPR39�/� mice fed a LFHS or HFHS diet. Body weight (A) and food intake (B) were measured in WT and GPR39�/� male mice that were
fed either a LFHS or HFHS. Glucose (2 g/kg) was administered orally to fasted (16 h) mice fed a LFHS (C and E) or HFHS (D and F) diet. Blood glucose (C and D) and
serum insulin (E and F) were monitored for 120 and 60 min, respectively. The AUC for glucose (G) and insulin (H) after glucose administration was calculated from
glucose (C and D) and insulin (E and F) excursion curves. The means � SEM of 10 animals/group are shown. *, P � 0.05 vs. corresponding WT.
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Statistical analysis
Results are expressed as mean � SEM. Differences between groups

were determined by using unpaired two-tailed student’s t test and con-
sidered to be statistically significant at P � 0.05.

Results

Characterization of GPR39�/� mice during aging
We and others have previously reported that young (�24 wk

old) GPR39�/� mice are metabolically indistinguishable from
WT littermates (13, 19). To determine whether GPR39 plays a
role in energy and/or glucose metabolism upon aging, we fol-
lowed a cohort of WT and GPR39�/� male mice for a period of
up to 1 yr of age. Mice with a targeted deletion of the GPR39 gene
were used (see Materials and Methods and supplemental Fig.
1A). We confirmed the absence of GPR39 transcripts in tissues
isolated from knockout animals (supplemental Fig. 1B). Body
weight (Fig. 1A) and food intake (Fig. 1B) were virtually identical
between WT and GPR39�/� mice as they aged from 12 to 52 wk.
Prandial serum glucose, insulin, and triglyceride levels were not
significantly different between WT and GPR39�/� mice at 52 wk
of age (data not shown). To further examine the role of GPR39
in glucose metabolism, an oral glucose tolerance test (OGTT)
was performed in 12- and 52-wk-old WT and GPR39�/� mice.
Glucose levels during OGTT were similar between WT and
GPR39�/� mice at both 12 (Fig. 1C) and 52 (Fig. 1D) wk of age.
Measurement of the area under the curve (AUC) revealed that
glucose excursion during OGTT was affected by neither geno-
type nor age, at least until 1 yr of age (Fig. 1G). In younger
animals, serum insulin levels were modestly elevated after glu-
cose administration and were not significantly different between
WT and GPR39�/� mice (Fig. 1E). Serum insulin levels after
glucose challenge were significantly higher in 52-wk-old com-
pared with younger mice (compare Fig. 1, F and E), indicating the
development of insulin resistance during aging. Aged GPR39�/�

mice showed a trend toward lower serum insulin levels in re-
sponse to glucose compared with WT littermates (Fig. 1, F and
H); however, this trend did not reach statistical significance (P �

0.07 when comparing AUC values). Together, our data suggest
no gross abnormality in body weight or glucose metabolism in
GPR39�/� mice upon aging. The observed trend toward a de-
creased insulin excursion on glucose challenge prompted us to
examine glucose metabolism in GPR39�/� mice during diet-in-
duced insulin resistance and obesity.

Characterization of GPR39�/� mice fed a HFHS diet
Diet-induced obesity in mice is known to cause metabolic

abnormalities that encompass common features of abdominal
obesity in humans (23). At 16 wk of age, WT and GPR39�/�

mice were randomly assigned to a LFHS or HFHS diet for 22 wk.
As expected, animals fed a HFHS diet gained twice as much
weight as those fed the LFHS diet, but no genotype-dependent
differences were noted on either diet (Fig. 2A). Energy intake was
higher in animals fed a HFHS diet but was not different between
WT and GPR39�/� mice (Fig. 2B). To further delineate the role
of GPR39 in diet-induced obese mice, an OGTT was performed

where both glucose and insulin levels were monitored. The gly-
cemic response observed after an oral glucose challenge was sim-
ilar between WT and GPR39�/� mice fed a LFHS diet (Fig. 2C)
and was slightly but not significantly higher in the knockout mice
fed a HFHS diet (Fig. 2D). Despite no significant changes in
glucose tolerance per se, circulating insulin levels were decreased
by about 30–40% (P � 0.05 vs. WT) 15 min after glucose ad-
ministration in GPR39�/� mice fed either a LFHS (Fig. 2E) or
HFHS diet (Fig. 2F). AUC measurements confirmed a statisti-
cally significant decrease in insulin excursion in GPR39�/� mice
fed either diet (Fig. 2H). In contrast, no significant genotype-
dependent changes in the AUC for glucose were found (Fig. 2G).
Although fasting glucose and insulin levels were unchanged in
GPR39�/� mice (see time 0 min in Fig. 2, C–F), disruption of
GPR39 resulted in elevated glucose levels in the fed state (Fig.
3A), irrespective of the diet, and there was a trend (P � 0.07) for
lower circulating insulin levels in obese GPR39�/� mice when
compared with their WT counterparts fed a HFHS diet (Fig. 3B).
These data suggest that GPR39�/� mice have reduced insulin
secretion rates under condition of increased demand and that
this reduction can lead to prandial hyperglycemia.

Insulin tolerance in GPR39�/� mice fed a HFHS diet
To confirm that the changes observed after glucose challenge rep-

resent indeed changes in insulin secretion, rather than altered insulin
sensitivity,weperformed insulin tolerance tests inWTandGPR39�/�

mice fed either a LFHS or a HFHS diet. Injection of insulin resulted in
a marked reduction in blood glucose levels in WT mice fed a LFHS or
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FIG. 3. Serum glucose and insulin levels in GPR39�/� mice fed a LFHS or HFHS
diet. Serum glucose (A) and insulin (B) levels in the fed state were measured in
WT and GPR39�/� male mice that were fed either a LFHS or HFHS. The means �
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HFHS diet (supplemental Fig. 2, A and B). The hypoglycemic effect of
acuteinsulinadministrationwasmorepronouncedinLFHScompared
withHFHSmice,butnodifferencebetweenWTandGPR39�/� mice
was observed on either diet (supplemental Fig. 2, A and B). These data
suggest that deletion of GPR39 does not affect peripheral insulin sen-
sitivity, at least under the conditions used in this study.

Decreased insulin secretion in vivo after ip injection of
glucose in GPR39�/� mice fed a HFHS diet

Insulin secretion in response to oral administration of glucose is
partly mediated by the release of gut hormones that act as insulin
secretagogues known as the incretin effect (24). Because GPR39 is
highly expressed in the gastrointestinal tract, it is possible that
GPR39 modulates insulin secretion by affecting the release of in-
cretins. To evaluate insulin secretion in the absence of an incretin
effect, we measured insulin levels after administering glucose ip.
After the injection of glucose in the ip cavity, insulin levels increased

significantly in WT mice fed a HFHS diet (peak insulin level 3.3
ng/ml; see Fig. 3C), although the increase was less pronounced than
thatobservedafteroraladministrationofglucose (peak insulin level
6.0 ng/ml; see Fig. 2F). Similar to what was observed after oral
glucose challenge, the increase in insulin after ip injection of glucose
was significantly blunted in GPR39�/� mice fed a HFHS diet (Fig.
3C). Changes in AUC levels for insulin after oral [WT: 224 � 27;
GPR39�/�: 154 � 17 (differential of 70 AUC units)] vs. ip injection
[WT:150�16;GPR39�/�: 81�10(differentialof69AUCunits)]
of glucose (2 g/kg body weight) were similar, indicating that the
decrease in insulin secretion in GPR39�/� mice fed a HFHS diet
does not involve major alterations in the incretin effect.

Normal glucose responsiveness in islets isolated from
GPR39�/� mice

Because GPR39 is expressed in the pancreas, it is possible that
this GPCR directly modulates islet and/or �-cell functions. In
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FIG. 4. Glucose-stimulated insulin secretion in islets isolated from GPR39�/� mice. A, Expression of insulin and glucagon was determined by immunohistochemistry in
pancreatic sections obtained from WT and GPR39�/� male mice that were fed either a LFHS or HFHS diet. Insulin secretion in response to low (2.8 mM) or high (11 mM)
glucose concentrations was measured in isolated islets from WT and GPR39�/� mice fed a standard chow diet (B) or a LFHS or HFHS diet (C). Insulin secretion in islets
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agreement with previous reports (18, 19), we found that GPR39
is found not only in pancreas but also pancreatic islets isolated
from WT but not GPR39�/� mice (supplemental Fig. 1B). Fur-
thermore, high levels of GPR39 mRNA were detectable in mouse
NIT-1 and rat INS-1 cells, two immortalized clonal �-cell lines
(data not shown). Immunohistochemistry of pancreatic sections
from WT and GPR39�/� mice showed normal islet morphology
and staining patterns for insulin and glucagon in mice fed either
a LFHS or HFHS diet (Fig. 4A). Thus, deletion of GPR39 does
not result in gross abnormalities in islet architecture. A detailed
histomorphometrical analysis showed no significant differences
(two-way ANOVA) in �-cell size, �-cell density, islet size, and

islet density between WT and GPR39�/� mice fed
either a LFHS or HFHS diet (Table 1). We noted,
however, that islet size and islet density were in-
creased by about 2- to 2.5-fold in WT mice fed a
HFHS diet compared with their LFHS-fed counter-
parts (Table 1). In contrast, pancreas sections from
GPR39�/� mice showed no increase in islet size or
islet density in response to a HFHS diet (Table 1),
suggesting a possible impairment in islet hyperplasia
in diet-induced obese GPR39�/�mice. No obvious
differences in �-cell proliferation, as shown by anti-
Ki67 staining, was observed (Table 1). We also tried
to measure �-cell apoptosis by staining sections with
an antibody that recognizes the cleaved form of
caspase-3 but were unable to detect any specific sig-
nals within islets despite evidence of staining of nu-
clei in lymph nodes included in some pancreas sec-
tions and lymphoid aggregates within the pancreatic
tissues (data not shown).

To directly evaluate the role of GPR39 in insulin
secretion, we measured glucose-stimulated insulin
secretion (GSIS) in islets from WT and GPR39�/�

mice. Islets isolated from GPR39�/� mice main-
tained on a standard chow diet for 12–16 wk showed
no significant differences in their ability to secrete
insulin under both low and high glucose conditions
(Fig. 4B). Insulin secretion was similarly unaffected
by GPR39 gene deletion in islets from mice fed either
a LFHS or HFHS diet (Fig. 4C). We also tested the
ability of WT and GPR39�/� islets to respond to
known insulin secretagogues. GSIS was markedly
potentiated by GLP-1, arginine, or palmitate when
measured in isolated islets from WT mice (Fig. 4D).

The effect of these three agents was preserved in GPR39�/� islets
ex vivo, indicating that the secretory response to glucose and
other insulin secretagogues is normal in islets isolated from the
knockout animals (Fig. 4D).

Because changes in insulin secretion ex vivo might be difficult
to observe in the absence of exogenous GPR39 activation, we
also analyzed GSIS in the presence of Zn2�, a known GPR39
agonist (10, 15, 16). However, consistent with previous reports
(25–27), we found that Zn2� strongly decreased GSIS in isolated
islets (Fig. 4E). The Zn2�-induced decrease in insulin secretion
was independent of the presence of GPR39 and occurred at con-
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TABLE 1. Histomorphometrical analysis of pancreas sections

LFHS diet HFHS diet

WT GPR39�/� WT GPR39�/�

�-Cell size (�m2) 250 � 10 264 � 23 307 � 23 264 � 16
�-Cell density (percent of islet area) 82.7 � 1.4 80.5 � 2.6 84.9 � 1.5 83.9 � 1.5
Islet size (�m2) 11198 � 2251 18832 � 4969 22171 � 5989 15722 � 4696
Islet density (percent of pancreas area) 0.9 � 0.2 1.7 � 0.6 2.6 � 0.9 1.5 � 0.5
Ki67-positive nuclei (percent of islet area) 0.027 � 0.004 0.016 � 0.002 0.022 � 0.004 0.023 � 0.006
CD31-positive cells (percent of islet area) 9.7 � 0.5 6.6 � 0.4 7.4 � 0.9 5.4 � 0.2

Each value represents the means � SEM of six to seven mice (two to five mice for CD31 positive cells).
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centrations of Zn2� that have been shown to activate GPR39 in
transiently transfected cells (50 �M; Fig. 4E). Thus, although
Zn2� acts as a GPR39 agonist in recombinant overexpression
systems, its GPR39-independent effects on islets prevented us
from using this agonist to evaluate GPR39 function in isolated
islets. More specific GPR39 agonists will be needed to examine
the function of GPR39 in isolated islets.

Silencing of GPR39 by RNAi in NIT-1 �-cells
To determine whether GPR39 can regulate �-cell function in

a cell-autonomous fashion, we used the clonal �-cell line NIT-1,
which express endogenous levels of GPR39 (Fig. 5A). Silencing
of GPR39 in NIT-1 cells using two separate siRNA resulted in
knockdown efficiency of 50% (GPR39 siRNA no. 1) and 90%
(GPR39 siRNA no. 2) when compared with cells transfected
with a control siRNA (Fig. 5A). Importantly, the expression of
insulin receptor substrate (IRS)-2 and pancreatic and duodenal
homeobox-1 (PDX-1), two important regulators of �-cell func-
tion (28–31), was significantly decreased in GPR39 knockdown
cells (Fig. 5A). Moreover, the expression of IRS-2, but not that
of PDX-1, was reduced in pancreas from GPR39�/� mice fed a
HFHS diet (Fig. 5B). Cellular ATP levels, a measure of cell
viability, were similar between control and GPR39 knock-
down cells (relative ATP levels: control siRNA, 1.00 � 0.11;
GPR39 siRNA no. 1, 0.99 � 0.10; GPR39 siRNA no. 2,
1.14 � 0.07; P � NS).

Discussion

GPCRs expressed in pancreatic islets play key roles in insulin
secretion by integrating nutritional cues from the diet and hor-
monal signals from peripheral organs (20). Here we show that
under conditions of increased insulin resistance, GPR39 is re-
quired for optimal glucose homeostasis and that the primary
defect in GPR39�/� mice appears to be an impaired insulin se-
cretion in response to glucose. We examined the effect of GPR39
deletion in three models of insulin resistance: aging and exposure
to a LFHS diet for 22 wk induced moderate insulin resistance,
whereas a HFHS diet induced more severe insulin resistance ac-
companied by obesity and dyslipidemia. No significant differ-
ences were observed for aged GPR39�/� mice, although a trend
toward decreased prandial and glucose-induced insulin levels
was noted. Furthermore, GPR39�/� mice fed either a LFHS or
HFHS diet develop prandial hyperglycemia and show signifi-
cantly decreased insulin levels after a glucose challenge. It is
noteworthy that we examined only male mice. Interestingly, in
an accompanying paper, Holst and colleagues (39) showed that
female GPR39�/� mice are more sensitive than their male coun-
terparts in developing glucose intolerance, indicating potential
gender-specific differences in glucose homeostasis in mice lack-
ing GPR39. Our data and those of Holst et al. (39) are reminis-
cent of the phenotype described for GLP-1 receptor knockout
mice in which both female and male knockout mice showed a
significantly blunted insulin response during a glucose tolerance
test, butonlyfemalemicedisplayedrobustglucose intolerance(32).
Defects in insulin secretion were observed only after challenge with

glucose, and fastingglucoseand insulin levelswere similar inGLP-1
receptor knockout mice (32), similar to what was observed for
GPR39�/� mice in this study. Taken together, our data are consis-
tent with an insulin secretion defect in GPR39�/� mice that is un-
covered during conditions of increased demand, i.e. during insulin
resistance.

Our conclusion is further supported by the absence of an
effect of GPR39 deletion on peripheral insulin sensitivity, as
measured by insulin tolerance tests. It should be noted, however,
that subtle changes in insulin sensitivity between WT and
GPR39�/� mice might be uncovered by performing euglycemic-
hyperinsulinemic clamps. Because the decrease in the insulin re-
sponse in GPR39�/� mice was similar, whether glucose was in-
jected ip or administered orally, it is unlikely that the impaired
rise in insulin in GPR39�/� mice reflects an impaired incretin
response or is a consequence of altered gastrointestinal motility
in these mice.

An important question is how GPR39 modulates insulin se-
cretion in vivo. Because GPR39 is highly expressed in pancreatic
�-cells, we hypothesized that GPR39 may modulate insulin se-
cretion directly. However, we found that glucose-stimulated in-
sulin secretion was comparable in islets from young and old as
well as diet-induced obese GPR39�/� mice. One possible expla-
nation is that addition of GPR39 ligands is required to unmask
a defect in insulin secretion ex vivo. This phenomenon has been
observed for multiple GPCRs that are known to modulate insulin
secretion. For example, islets isolated from GLP-1 receptor (33),
GPR40 (34, 35) and GPR119 (36) knockout mice all show com-
pletely normal insulin secretion in the absence of stimulation
with their respective ligands; indeed, the importance of these
receptors in insulin secretion is only uncovered after addition of
their respective ligands ex vivo or when glucose homeostasis is
assessed in vivo. Interestingly, several of these knockout mice
also show a significantly more pronounced insulin secretion phe-
notype upon ligand administration in vivo (32, 36, 37). It is likely
that a specific natural or pharmacological ligand for GPR39
would provide an important tool to further understand the role
of this GPCR in islet biology; unfortunately, no such ligand is
currently available. It is possible that GPR39, owing to its high
constitutive activity, can modulate insulin secretion to some ex-
tent even in the absence of a ligand. Using different methodol-
ogies, Holst and coworkers (39) showed that glucose-stimulated
insulin secretion, especially the first phase, is impaired in isolated
islets from GPR39�/� mice. Some of the differences between our
study and the one by Holst et al. (39) are their use of longer
incubation periods, perifusion, and islets from female as well as
male mice. It is worth noting that although the knockout mice
used in both studies were obtained from the same source, our
mice were rederived before use, resulting in one additional cross
with C57BL/6J females.

An alternative explanation is that GPR39 affects �-cell func-
tion independent of a direct role in insulin secretion. Our histo-
morphometrical analysis of islet and �-cell size and density sug-
gests that disruption of GPR39 in mice may prevent islet
hyperplasia associated with the development of diet-induced in-
sulin resistance. Whereas the precise mechanism is still un-
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known, we provide evidence that GPR39 regulates IRS-2 and
PDX-1 expression in a cell-autonomous manner in �-cells. In
addition, the expression of IRS-2 was also reduced in pancreas
from obese GPR39�/� mice. Interestingly, disruption of IRS-2 in
mice causes type 2 diabetes by preventing �-cell compensation
during the development of insulin resistance as the animals aged
(30). Thus, it is possible that GPR39 signaling is required for the
full expression of IRS-2 and the subsequent increase in �-cell
mass needed to counteract the development of age-dependent
and diet-induced insulin resistance. It is also interesting to note
that decreased levels of the transcription factor PDX1, which is
important for �-cell differentiation and function (29), results in
an in vivo phenotype similar to that of GPR39�/� mice in which
insulin secretion is defective in vivo but not when measured in
isolated islets ex vivo (28). Indeed, islets isolated from PDX1�/�

mice show enhanced rather than decreased insulin secretion (28)
but were more susceptible to apoptosis, resulting in reduced
�-cell mass and islet number in older PDX1�/� mice (28). Al-
though PDX-1 was not reduced in pancreas from GPR39�/�

mice, RNAi experiments in NIT-1 �-cells indicate that GPR39
regulates, either directly or indirectly, PDX-1 expression. It is
thus possible that GPR39 regulates PDX-1 expression in vivo in
earlier phases of pancreas development and growth. Alterna-
tively, GPR39 may regulate PDX-1 expression and/or function
via posttranscriptional mechanism(s).

We also considered other possible explanations for the in vivo
insulin secretion defect, such as a change in islet vascularization.
For example, mice with islet-specific deletion of vascular endo-
thelial growth factor-A show impaired insulin secretion in vivo
but enhanced insulin secretion from isolated islets (38). Whereas
we found no significant difference in CD31 staining between
knockout and WT mice, it is possible that we may have missed
a significant difference due to limited sample numbers. Impor-
tantly, however, CD31 mRNA levels were not significantly dif-
ferent between WT and GPR39�/� mice (data not shown).
Clearly, further investigations will be required to determine
whether GPR39 plays a role in islet vascularization.

In summary, we have shown that disruption of GPR39 im-
pairs insulin secretion in vivo. Whereas the exact mechanism by
which GPR39 exerts its action remains to be determined, our
findings add GPR39 to the growing list of islet GPCRs that affect
metabolic function and raise the possibility that GPR39 activa-
tors may be beneficial for the treatment of type 2 diabetes. It will
be interesting to determine the effects of GPR39 deficiency and
overactivation in models of �-cell failure and/or islet deficiency
such as db/db mice and streptozotocin-treated animals. It will
also be important to determine whether GPR39 modulates in-
sulin secretion in humans. The isolation of endogenous or phar-
macological agonists of GPR39 will be required to further ex-
amine its physiological role.
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