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Prostaglandin E2 Receptor, EP3, Is Induced in Diabetic
Islets and Negatively Regulates Glucose- and HormoneStimulated Insulin Secretion
Michelle E. Kimple,1 Mark P. Keller,2 Mary R. Rabaglia,2 Renee L. Pasker,1 Joshua C. Neuman,3
Nathan A. Truchan,1 Harpreet K. Brar,1 and Alan D. Attie2

BTBR mice develop severe diabetes in response to genetically
induced obesity due to a failure of the b-cells to compensate for
peripheral insulin resistance. In analyzing BTBR islet gene expression patterns, we observed that Pgter3, the gene for the prostaglandin E receptor 3 (EP3), was upregulated with diabetes. The
EP3 receptor is stimulated by prostaglandin E2 (PGE2) and couples to G-proteins of the Gi subfamily to decrease intracellular
cAMP, blunting glucose-stimulated insulin secretion (GSIS). Also
upregulated were several genes involved in the synthesis of
PGE2. We hypothesized that increased signaling through EP3
might be coincident with the development of diabetes and contribute to b-cell dysfunction. We conﬁrmed that the PGE2-to-EP3
signaling pathway was active in islets from conﬁrmed diabetic
BTBR mice and human cadaveric donors, with increased EP3
expression, PGE2 production, and function of EP3 agonists and
antagonists to modulate cAMP production and GSIS. We also
analyzed the impact of EP3 receptor activation on signaling
through the glucagon-like peptide (GLP)-1 receptor. We demonstrated that EP3 agonists antagonize GLP-1 signaling, decreasing
the maximal effect that GLP-1 can elicit on cAMP production and
GSIS. Taken together, our results identify EP3 as a new therapeutic target for b-cell dysfunction in T2D. Diabetes 62:1904–
1912, 2013
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ignaling through G-protein–coupled receptors
(GPCRs) on b-cells modulates the effects of glucose and other nutrients on b-cell function. The
most studied GPCR of relevance to type 2 diabetes (T2D) is the glucagon-like peptide 1 (GLP-1) receptor. It is coupled to a stimulatory G-protein, Gs, which
activates adenylate cyclase, increasing cAMP production
and potentiating glucose-stimulated insulin secretion
(GSIS) (1). Agents that stabilize or mimic GLP-1 are now
widely used in the treatment of T2D (2). Not all patients
respond to these treatments (3–5), raising the possibility
that endogenous negative regulatory pathways suppress
full GLP-1 action.
The BTBR mouse strain, when made obese with the
leptinob/ob mutation, is highly susceptible to diabetes (6).
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We previously proﬁled gene expression in multiple tissues,
including pancreatic islets, of lean and obese BTBR mice
before and after the onset of diabetes (7). Ptger3 expression was markedly elevated in islets from BTBR mice after
the onset of diabetes. Ptger3 encodes a GPCR for prostaglandin (PG)E2, termed prostaglandin E receptor 3 (EP3),
the only one of four PGE2 receptors that couples to
G-proteins of the Gi subfamily, all of which negatively
regulate cAMP production (8). We conﬁrmed increased
Ptger3 expression by quantitative real-time (qRT) PCR,
and further, we explored the expression patterns of genes
in the synthetic pathway of PGE2, the endogenous ligand
for EP3. Interestingly, several PGE2 synthetic genes, including prostaglandin-endoperoxidase synthase 2 (Ptgs2,
i.e., cyclooxygenase-2 or COX-2) and prostaglandin E
synthase (Ptges) were also upregulated, correlating with
increased PGE2 production in pancreatic islets from both
diabetic mice and humans. We hypothesized that increased
PGE2 production, coupled with increased EP3 receptor
expression, mediates a negative autocrine/paracrine signaling pathway in diabetic islets. Our results identify
a mechanism by which this pathway antagonizes therapeutic agents that act through GLP-1 and suggest that this
pathway contributes to the b-cell dysfunction of T2D
patients.
RESEARCH DESIGN AND METHODS
Lean and BTBR mice with genetically imposed obesity (leptinob/ob mutation)
were derived from in-house breeding colonies in the University of Wisconsin
Biochemistry Department (7). All animals were treated in accordance with the
standards set forth by the National Institutes of Health Ofﬁce of Animal Care
and Use.
Mouse islet isolation and culture. Intact pancreatic islets were isolated from
10-week-old mice using a collagenase digestion protocol (9). Islets were cultured overnight in RPMI 1640 containing 11.1 mmol/L glucose and 10% heatinactivated FBS and penicillin/streptomycin (9).
Human islet culture. Human islets were obtained through the Integrated Islet
Distribution Program. Islets were cultured overnight in RPMI containing 8
mmol/L glucose, 10% heat-inactivated FBS, and penicillin/streptomycin to
conﬁrm viability and sterility. Islets were then handpicked and cultured for an
additional day before assay. For some experiments, 0.5 mmol/L xylitol in PBS or
an equivalent amount of PBS was added to the culture medium (10).
Islet and Ins-1 (832/3) insulin secretion assays. Islet insulin secretion
assays were performed in mesh-bottomed glass tubes essentially as previously
described (9). Four islets were used per replicate. Ins-1 (832/3) insulin secretion assays were performed in 96-well plates essentially as outlined in the
study by Bhatnagar et al. (11), as described for Ins-1 (832/13) cells. In some
experiments, various concentrations of L-798106, PGE1, sulprostone, GLP-1,
exendin 9-39, or an equivalent volume of DMSO was added to the assay buffer.
Insulin secretion as a percentage of total insulin content was determined by
ELISA (9).
Islet PGE2 production assays. Islet culture medium was subjected to PGE2
analysis as recommended by the manufacturer (PGE2 monoclonal EIA kit;
Cayman Chemical, Ann Arbor, MI). PGE2 concentration was normalized to the
total number of cultured islets to obtain PGE2 production/islet/24 h.
diabetes.diabetesjournals.org
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Islet and Ins-1 (832/3) cellular cAMP production assays. cAMP production assays were performed essentially as described previously using the
cAMP Direct BioTrak EIA with novel lysis reagents (GE Healthcare Life Sciences) (12). Brieﬂy, cAMP production assays were conducted on 13–15 islets
per replicate in the presence of 200 mmol/L isobutylmethylxanthine to block
cAMP degradation. In some instances, 10 mmol/L forskolin was added to
stimulate cAMP production. Ins-1 (832/3) cAMP production assays were
performed essentially as described above for insulin secretion assays, except
that the stimulation medium was discarded and the cells frozen at 280°C
until the day of the cAMP EIA. In some experiments, various concentrations
of L-798106, sulprostone, or GLP-1 or an equivalent volume of DMSO were
added to the assay. The cAMP production for each sample was normalized to
its protein content using bicinchoninic acid assay (Thermo Scientiﬁc,
Rockford, IL).
qRT PCR. Mouse islet copy DNA (cDNA) was generated as previously described (7). Human islet cDNA was generated in the same manner from
samples of cultured human islets received from the Integrated Islet Distribution Program (BMI panel) or from Beta-Pro (Charlottesville, VA) (nondiabetic
vs. T2D panel). mRNA-speciﬁc primers were designed to span exon-exon
junctions (primer sequences available upon request). Quantitative RT-PCR
was performed as previously described (13). cDNA dilution series were performed with each primer set in order to determine the primer efﬁciency,
allowing calculation of relative cDNA concentrations. Melting curves and
agarose gel electrophoresis of PCR products were performed to ensure primer
speciﬁcity (data not shown).
Statistical analysis. Data are expressed as means 6 SEM unless otherwise
noted. Statistical signiﬁcance was determined by paired or unpaired t test as
appropriate (GraphPad Prism version 5; GraphPad Software, San Diego, CA).
Statistical signiﬁcance was determined as P , 0.05.

RESULTS

Mouse islet EP3 expression is elevated with the
development of diabetes. We previously published the
results of a microarray analysis of six different insulinsensitive tissues from diabetes-resistant C57Bl/6 (B6) and
diabetes-susceptible BTBR mice, both lean and harboring
the leptinob/ob mutation (Ob), at 4 and 10 weeks of age (7).
In analyzing the islet expression of Ptger3, we found that
Ptger3 expression appeared to be speciﬁcally upregulated
in islets from diabetic, 10-week-old BTBR-Ob islets only
(Fig. 1A). This is in comparison with islets isolated from
10-week-old B6-Ob mice, which are still morbidly obese,
yet are normoglycemic (7). The weights of the mice used
in isolating islets for this study are shown in Fig. 1B. Although on average, BTBR-Ob mice are heavier than B6-Ob
mice, the BTBR mouse is a larger strain in general. The
percent change in body weight between the 10-week-old
B6-Ob and BTBR-Ob mice compared with their 4-week-old
lean controls was not signiﬁcantly different between the
two groups (mean 6 SD 276.6 6 64.1%, B6-Ob, vs. 258.8 6
45.6%, BTBR-Ob). The same was true for the percent
weight increase in 10-week-old B6-Ob and BTBR-Ob mice
compared with their 4-week-old Ob controls (193.9 6
16.5%, B6-Ob, vs. 201.8 6 28.49%, BTBR-Ob).
To conﬁrm the change in Ptger3 (EP3) expression and
to explore the expression of other components of the
PGE2 synthesis and signaling pathways, we prepared islet
cDNA samples from 10-week-old nondiabetic and diabetic
BTBR mice suitable for qRT PCR analysis. The primers
used were speciﬁc for the PGE2 receptor family (EP1, EP2,
EP3, and EP4, including speciﬁc primers for the a-, b-, and
g-EP3 splice variants), the prostaglandin-endoperoxidase
synthase family (Ptgs1, Ptgs2, and Ptgs3), and the prostaglandin E synthase family (Ptges, Ptges2, and Ptges3).
The expression of total EP3 mRNA, as well that of all three
splice variants, was elevated 40- to 200-fold (P , 1024) in
diabetic islets compared with nondiabetic islets (Fig. 2A).
The a-, b-, and g-splice variants are 90% identical (8,14),
and all couple to inhibitory G-proteins of the Gi subfamily
diabetes.diabetesjournals.org

FIG. 1. Ptger3 expression and PGE2 production are increased in
a mouse model of T2D but not a mouse model of obesity. A: Islet RNA
samples from 4- or 10-week-old BTBR-lean (lean) or diabetic BTBR-Ob
(obese) (5 mice per group) were subjected to microarray analysis using
Agilent custom ink-jet microarrays as previously described (7). Ptger3
intensity was signiﬁcantly increased in islets from diabetic BTBR-Ob
mice compared with all other groups. B: Body weights of the mice used
to generate the islet gene expression data in A at the time of islet
isolation showing equivalent percent increases in body mass between
the B6 and BTBR groups. wks, week.

(8,15). There was little difference in the expression of any
of the other PGE2 receptors, except for an approximate
twofold increase in EP4 expression with diabetes (Fig.
2A). Among the genes involved in PGE2 synthesis, Ptgs2
and Ptges were signiﬁcantly upregulated (Fig. 2A). Accordingly, the production of PGE2 was increased in islets
from the diabetic BTBR mice (Fig. 2B).
PGE2/EP3 pathway causes dysfunction in diabetic
mouse and human b-cells. The elevated expression of
EP3, coupled with the increased production of PGE2,
raised the possibility of an autocrine or paracrine EP3mediated signaling pathway present in islets from diabetic
DIABETES, VOL. 62, JUNE 2013
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FIG. 2. Both EP3 expression and PGE2 production are upregulated in a mouse model of T2D. A: qRT PCR was performed on cDNA samples generated from nondiabetic and diabetic BTBR mouse islets. EP3 total, a primer set to a region common in all three splice variants (a, b, and g). The
gene expression of the other EP receptors (EP1, EP2, and EP4), prostaglandin-endoperoxidase synthases (Ptgs1, Ptgs2, and Ptgs3, i.e., COX-1, -2
and -3), and the prostaglandin E synthases (Ptges, Ptges2, and Ptges3) was also determined. Data were normalized within each sample to the Ct
of a mouse b-actin primer set. DCt values for nondiabetic and diabetic islets were compared by unpaired t test (n = 5; *P < 0.05; **P < 1 3 1024).
NE, not expressed. B: PGE2 production was measured from islets from nondiabetic or diabetic BTBR mice. Islets were cultured for 24 h (hr),
and the PGE2 that was secreted into the medium was normalized to the total number of islets. Data were compared by unpaired t test (n = 3. *P <
0.05).

mice. We hypothesized that suppression of EP3 signaling
would speciﬁcally enhance b-cell function in diabetic
islets. We measured GSIS in islets isolated from nondiabetic and diabetic BTBR mice in the presence or absence of the speciﬁc EP3 antagonist L-798106 (16,17).
L-798106 augmented GSIS only in diabetic BTBR islets,
suggesting a competition for endogenous PGE2 at EP3
(Fig. 3A). The dose of L-798106 chosen for these studies (10 mmol/L) was determined by performing doseresponse experiments in islets from BTBR-Ob mice,
indicating a dose-dependent potentiation of GSIS when
the L-798106 concentration was raised from 100 nmol/L
to 10 mmol/L (Supplementary Fig. 1). Adding a partially
selective agonist of EP3, PGE1, further reduced GSIS
only in diabetic BTBR islets, suggesting that the concentration of endogenous PGE2, while high enough to

elicit a biological response, was not sufﬁcient to saturate the receptor (Fig. 3A).
Each of the mouse EP3 splice variants has a homolog in
the human genome; thus, we aimed to determine whether
the EP3 signaling pathway modulates insulin secretion in
islets obtained from T2D humans. Cultured islets were
obtained from organ donors who were either nondiabetic
or conﬁrmed T2D patients. Donor demographic information can be found in Supplementary Table 1. All islets
were cultured overnight in 8 mmol/L glucose growth medium prior to assessment of their function. A subset of
nondiabetic human islets was also incubated with 0.5
mmol/L xylitol, which has the same impact as 20 mmol/L
glucose on carbohydrate response element–binding
protein–responsive genes without inducing any detectable
carbohydrate metabolism, as measured by accumulation

FIG. 3. An endogenous EP3 signaling cascade mediates b-cell dysfunction in diabetic mouse and human islets. A: Insulin secretion from islets
isolated from 10-week-old BTBR mice that were either lean and nondiabetic or obese and diabetic. Glucose (11.1 mmol/L) was used to stimulate
insulin secretion in the absence (2) or presence (+) of a semi–EP3-selective agonist, PGE1 (10 mmol/L), or an EP3-speciﬁc antagonist, L-798106
(20 mmol/L). Insulin secretion in 11.1 mmol/L glucose was signiﬁcantly different than nonstimulatory glucose (1.7 mmol/L) for all conditions. Data
were compared by paired t test (n = 5) *P < 0.05. B: Insulin secretion was measured from islets obtained from human donors that were either
nondiabetic or conﬁrmed T2D patients. Patient demographics can be found in Supplementary Table 1. Glucose (16.7 mmol/L) was used to stimulate
insulin secretion in the absence or presence of L-798106 (20 mmol/L) in a 45-min static incubation. Data are represented as the fold change in
insulin secretion relative to 16.7 mmol/L glucose alone. Islets obtained from nondiabetic donors 5–7 were incubated overnight in medium containing 0.5 mmol/L xylitol in addition to basal glucose. Data were compared by unpaired t test (n = 3–7. *P < 0.05; **P < 1 3 1024).
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of glucose-6-phosphate (10). This allows the separation of
glucose-responsive effects from the compounding impact
of insulin secretion, which itself can impact on cellular
signaling. After overnight culture, GSIS was measured in
the presence and absence of L-798106. For correction for
the variable glucose responsiveness of cultured human
islets, the data from each human islet sample were normalized to the insulin secretion elicited by glucose alone,
in effect isolating the inﬂuence of L-798106 on GSIS. In
human islets, as with mouse islets, L-798106 only potentiated GSIS in islets from T2D donors (Fig. 3B). Adding
xylitol to the overnight culture medium to nondiabetic
islets partially restored L-798106 responsiveness observed
for T2D islets maintained in standard medium, suggesting
that elevated glycemia may be at least in part responsible
for increased EP3 signaling (Fig. 3B).
To determine the mechanisms underlying the increased
L-798106 responsiveness of T2D human islets, we performed qRT PCR analyses on a series of cultured human
islets that were classiﬁed based on a BMI ,30 kg/m2
(nonobese) or $30 kg/m2 (obese). PTGER3, PTGES, and
PTGES2 were signiﬁcantly upregulated by obesity (Fig.
4A), while PTGS2 was unchanged. Next, we surveyed gene
expression in human islets from nondiabetic and conﬁrmed T2D cadaveric donors matched as closely as possible in donor demographics (Fig. 4A). PGTER3 mRNA
expression was approximately sevenfold higher in islets
from T2D donors (P , 0.05 [Fig. 4A]). There was also
a trend toward increased PTGS2 mRNA expression in
islets from T2D donors (approximately ﬁvefold; P = 0.11).
The expression of PTGES and PTGES2 was not signiﬁcantly

FIG. 4. Human islet PTGER3 and PGE2 synthetic enzyme expression is
positively associated with donor obesity and T2D status, correlating
with increased PGE2 production from conﬁrmed T2D human islets.
A: Cultured islets from human cadaveric donors were grouped as nonobese (BMI <30 kg/m2, n = 13) or obese (BMI ‡30 kg/m2, n = 12) (left
panel) or conﬁrmed T2D (n = 3) vs. nondiabetic (ND) (n = 3) (right
panel). Conﬁrmed T2D donors were matched as closely as possible with
nondiabetic donors for sex, race, age, and BMI (all female; both groups
with Caucasian and African American donors; mean 6 SD age 46.3 6 2.1
years (nondiabetic) vs. 54.3 6 5.7 years (T2D; P = 0.32) and BMI 28.1 6
7.3 kg/m2 (nondiabetic) vs. 25.4 6 2.1 kg/m2 (T2D; P = 0.57). Islet cDNA
was subjected to qRT PCR analysis for PTGER3, PTGS2, PTGES, and
PTGES2 expression. Expression data were compared by unpaired t test
(#P = 0.11; *P < 0.05). B: PGE2 production was measured from islets
obtained from nondiabetic or conﬁrmed T2D human donors. Islets were
cultured for 24 h (hr), and the PGE2 secreted into the medium was
normalized to the total number of islets. Data were compared by unpaired t test (n = 3). *P < 0.05.
diabetes.diabetesjournals.org

upregulated in diabetic human islets, although the low
difference in cycles to threshhold between PTGES2 and
b-actin (DCt) of PTGES2 is consistent with a high constitutive expression (24.7 6 0.3 and 24.0 6 0.6 vs. b-actin
for nondiabetic and T2D, respectively). Similar to islets
from diabetic mice, islets isolated from T2D humans
exhibited signiﬁcantly increased PGE2 production in vitro
(Fig. 4B).
Given that the EP3- and GLP-1–mediated pathways have
opposing effects on cellular cAMP production, we asked
whether the modulation of EP3 signaling affects GLP-1
function in islets from diabetic BTBR mice. First, we determined whether the increased EP3 activity with diabetes
suppresses the stimulatory effect of GLP-1 on GSIS by
examining GLP-1 potentiation of GSIS in the presence or
absence of L-798106. Interestingly, L-798106 signiﬁcantly
augmented the GLP-1 effect (Fig. 5A). Next, we performed
a GLP-1 dose response experiment in the presence or absence of sulprostone, a speciﬁc EP3 agonist. Sulprostone
blunted the maximal effect of GLP-1, while having little
effect on the half-maximal effective concentration (EC50),
indicating a noncompetitive antagonism of the GLP-1–
dependent pathway (Fig. 5B). To conﬁrm that the impact
of EP3 receptor activation on GLP-1 receptor signaling
occurs through modulation of cAMP levels, we determined
the effect of GLP-1, sulprostone, or combinations thereof
on intracellular cAMP levels in islets from 10-week-old
lean or obese BTBR mice. Lean islets were used to conﬁrm
expected impact of various GLP-1 agonists on cAMP production; 50 nmol/L native GLP-1 increased cAMP production by 160% (Fig. 5C) and was therefore chosen for the
rest of the study for physiological relevance and to maintain consistency between our GSIS studies. In comparison
with BTBR lean islets, GLP-1 had a weaker, but still
stimulatory, effect on cAMP production in diabetic BTBROb islets (17%; P = 0.07). L-798106 also had a stimulatory
effect on BTBR-Ob islet cAMP production (25%; P = 0.05).
Combining L-798106 and GLP-1, though, signiﬁcantly increased BTBR-Ob islet cAMP production (118% increase).
Furthermore, sulprostone elicited a 30% decrease in cAMP
production in BTBR-Ob islets, and combining GLP-1 and
sulprostone completely blocked the stimulatory effect of
GLP-1 (24.1% decrease; P = 0.24). To conﬁrm the existence
of a constitutive block on cAMP production in islets from
diabetic BTBR mice, we performed cAMP production
assays by incubating islets with 10 mmol/L forskolin, which
strongly activates cAMP production, and recorded the
change in cAMP levels from baseline. Islets from diabetic
BTBR mice exhibited a 37% decrease in the ability of
forskolin to promote cAMP production, suggestive of
a blockade in the cAMP production pathway that is consistent with the proposed effects of increased EP3 signaling (Fig. 5D).
To further characterize the pharmacology of the EP3
and GLP-1 receptors on cAMP production and downstream GSIS, we used the Ins-1 (832/3) cell model, a highly
glucose-responsive insulinoma cell line that is also quite
responsive to cAMP modulation (18,19). Furthermore, EP3
is highly expressed in the Ins-1 (832/3) cell line, as determined by qRT PCR (Supplementary Fig. 2A and B). EP3
receptor expression was conﬁrmed by functional assays
with sulprostone and PGE2, the endogenous, nonselective
agonist of the E prostanoid receptor family (20). Both
sulprostone and PGE2 elicited a dose-dependent decrease
in Ins-1 (832/3) cell GSIS, and these curves nearly overlaid
one another, indicating a primacy of the EP3 receptor in
DIABETES, VOL. 62, JUNE 2013
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FIG. 5. An EP3 antagonist augments GLP-1–potentiated GSIS and cAMP production from diabetic mouse islets, while an EP3 agonist acts
as a noncompetitive inhibitor of GLP-1 signaling. A: Insulin secretion assays were performed with islets isolated from diabetic BTBR mice
in the presence or absence of GLP-1 (50 nmol/L) with or without L-798106 (20 mmol/L). Data were compared by paired t test (n = 6; *P < 0.05;
**P < 1024). B: Insulin secretion assays were performed with 11.1 mmol/L glucose and various doses of GLP-1 in the presence or absence of 1 nmol/L
sulprostone, an EP3-speciﬁc agonist. Each experimental dataset was normalized to the effect of glucose alone with or without sulprostone as 0%
and the top plateau for the GLP-1 dose response as 100%. The combined experimental datasets were ﬁt to a sigmoid dose response equation. The
EC50s of the two curves are similar (15 nmol/L for glucose vs. 10 nmol/L for glucose plus sulprostone) (n = 3; **P < 1024). C: cAMP production was
measured in the presence of 11.1 mmol/L glucose with and without sulprostone (10 nmol/L), GLP-1 (50 nmol/L), L-798106 (10 mmol/L), or
a combination of GLP-1 and sulprostone or L-798106. Only the combination of GLP-1 and L-798106 signiﬁcantly increased cAMP levels in diabetic
BTBR islets. Data were compared by paired t test (n = 3; *P < 0.05). D: Forskolin (Fsk)-stimulated cAMP production assays were performed in
islets isolated from lean or diabetic BTBR mice, indicating a reduced intrinsic ability of BTBR-Ob islets to stimulate cAMP production. Data were
compared by paired t test (n = 3; *P < 0.05).

the Ins-1 (832/3) line (Fig. 6A). Furthermore, the impact of
a subsaturating dose of PGE2 (50 nmol/L) or sulprostone
(10 nmol/L), chosen to be close to the EC50 for these
agonists, could be completely competed away by increasing concentrations of L-798106 (Fig. 6A), consistent
with the effect of these agonists being mediated speciﬁcally by the EP3 receptor.
Next, we explored the impact of EP3 signaling on the
GLP-1 receptor in the Ins-1 (832/3) cell line. Regardless
of the presence of sulprostone, GLP-1 elicited a dosedependent increase in GSIS, but its maximal effect was
1908
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signiﬁcantly blunted in the presence of 10 nmol/L sulprostone, while the EC50 was essentially unchanged, indicating a noncompetitive antagonism (Fig. 6B). In
comparison, the effect of exendin 9-39, an inverse agonist
of the GLP-1 receptor (21), on GLP-1 potentiation of GSIS
followed a traditional competitive inhibition, where the
EC50 was right shifted and the maximal effect plateaued at
nearly the same value (Supplementary Fig. 2D). cAMP
production assays were performed to conﬁrm the mechanism of EP3 and GLP-1 receptor signaling in the Ins-1 (832/3)
cell line. GLP-1 elicited a dose-dependent increase in
diabetes.diabetesjournals.org
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cAMP production, while combining GLP-1 with a subsaturating dose of sulprostone blunted the ability of GLP-1
to elicit increases in cAMP production at every dose tested
(19, 15, and 20% decrement at 10 pmol/L, 1 nmol/L, and 10
nmol/L GLP-1, respectively [Fig. 6C]).
DISCUSSION

FIG. 6. EP3 signaling in Ins-1 (832/3) cells noncompetitively inhibits
GLP-1 receptor signaling. A: Insulin secretion assays were performed in
Ins-1 (832/3) cells in the presence or absence of various concentrations
of the nonselective EP receptor agonist, PGE2, or the speciﬁc EP3 agonist, sulprostone. Concentrations near the EC50 for both agonists
(PGE2 = 50 nmol/L and sulprostone = 10 nmol/L) were chosen to test
the ability of L-798106 (L-798) to compete their effects. Data were
compared by unpaired t test (N = 4–7; *P < 0.05). B: Increasing doses
of GLP-1 were incubated with Ins-1 (832/3) cells with and without
the addition of 10 nmol/L sulprostone, reducing the maximal effect of
GLP-1 (N = 4; *P < 0.05). C: cAMP production was measured in the
presence of 11.1 mmol/L glucose with and without the addition of
diabetes.diabetesjournals.org

Endogenous prostanoids such as PGE1 and PGE2 have
long been known as inhibitors of insulin secretion (22).
The prostaglandin-endoperoxidase synthase enzymes
(PTGS1 and PTGS2, i.e., COX-1 and COX-2) catalyze the
committed step in the PGE2 synthetic pathway, generating
PGH2 from arachidonic acid. PTGS1 is constitutively
expressed, whereas the expression of PTGS2 in many
cells, including pancreatic islets, is induced by numerous
stimuli (23,24). It may be the relatively high level of
unstimulated PTGS2 expression that distinguishes pancreatic islet cells from most other cell types (25). PTGS2
has previously been suggested as a potential therapeutic
target for T2D (24,26,27).
Human islets treated with high glucose or ligands of the
advanced glycation end product–speciﬁc receptor show
a 2.5-fold or 6.0-fold increase in PTGS2 expression, respectively (28). The inﬂammatory cytokine interleukin
(IL)-1b also stimulates PTGS2 expression (29). Interestingly,
Tran, Gleason, and Robertson demonstrated that IL-1b
simultaneously increased Ptgs2 and EP3 mRNA expression in rat islets by an NF-kB–dependent mechanism—
an effect that was blocked by sodium salicylate (29). Recently, Parazzoli and colleagues conﬁrmed that PTGES2,
and not PTGES, mediated the effects of IL-1b on promoting
PGE2 synthesis in rat, mouse, and human islets, even though
PTGES expression was induced by IL-1b (30). This ﬁts well
with our qRT PCR data from mouse and human islets (Figs.
2 and 3), in which we saw signiﬁcant increases in PTGS2
mRNA with diabetes without a corresponding change in
PTGES2 expression. Thus, even though PTGES expression
is upregulated in our diabetic islets, it may not be playing
a role in their increased PGE2 production.
While the mechanisms that regulate cellular PGE2 production are becoming understood, it is unclear whether
PGE2 release from cells occurs simply as a result of increased PGE2 production or whether it is a regulated secretion. In human umbilical vein endothelial cells, PGE2
synthesis and PGE2 release were separated by disruption
of the actin cytoskeleton; PTGS2 was required for increased PGE2 synthesis, but PGE2 release was signiﬁcantly augmented by treatment with a microﬁlament
disruptor (31). In the kidney tubule, ﬂow shear stress
can induce an MAPK-dependent signaling cascade that
induces expression of cytosolic phospholipase A2
(cPLA2), which cleaves arachidonic acid from membrane
phospholipids. Arachidonic acid is the substrate for
PTGS2. Interestingly, ﬂow shear stress itself appears to
promote PGE2 release, independent of MAPK-signaling,
where it acts in an autocrine/paracrine manner to regulate
cation transport (32).
We propose that the elevated production and secretion
of PGE2, coupled with increased islet EP3 expression,
isobutylmethylxanthine (IBMX) (200 mmol/L), sulprostone (100 pmol/L
to 10 nmol/L), GLP-1 (100 pmol/L to 10 nmol/L), or a combination of
GLP-1 and 1 nmol/L sulprostone. The addition of sulprostone blunted
the effect of GLP-1 at every concentration tested, consistent with its
impact on GSIS in B. Data were compared by paired t test (N = 4; *P <
0.05).
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raises the possibility of an autocrine or a paracrine EP3mediated signaling pathway in diabetic islets that negatively regulates insulin secretion. Indeed, EP3 appears to
be the primary E prostanoid receptor isoform expressed in
a b-cell–derived line (Supplementary Fig. 2) and mediates
the effects of PGE2 on insulin secretion (Fig. 6). Even so,
we cannot exclude the possibility that either PGE2 is secreted from non-b-cells or EP3 is expressed in other cell
types of the islet. We proﬁled the expression of the four E
prostanoid receptor genes and the synthetic enzymes,
Ptgs2, Ptges, and Ptges2, in a mouse b-cell–derived line,
Min6, and a-cell–derived line, aTC1, and compared gene
expression with that observed in primary mouse islets. The
pattern of EP receptor and PGE2 synthetic enzyme expression is similar in all three cell types (Supplementary
Fig. 3). These results suggest that our phenotype may not
necessarily be a b-cell–speciﬁc phenomenon and that it is
possible that PGE2 generated from or acting on the a-cell
indirectly regulates b-cell function. Glucagon can stimulate insulin secretion through a Gs-coupled receptor (33),
and it is possible that if EP3 negatively regulates glucagon
secretion from the a-cell, this could at least partially explain the decrement in cAMP production and insulin secretion in diabetic b-cells.
PGE2-mediated receptor internalization and desensitization have long been known as an important mode of
regulation of PGE2 signaling (34–37). We believe that receptor desensitization is likely not playing a major role in
the phenotype of L-798106 responsiveness of the BTBR-Ob
islet. First, of EP3-a and EP3-b, only EP3-a is susceptible
to receptor desensitization (38). Both EP3-a and EP3-b
mRNA expression are increased .100-fold in BTBR-Ob
islets; thus, even if the increased PGE2 production from
diabetic islets is enough to desensitize EP3-a, EP3-b will
still be available at the plasma membrane to signal to
downstream effectors. EP3-g appears to be almost completely agonist independent in inhibiting cAMP accumulation (39) and is also the least highly upregulated in the
diabetic BTBR-Ob islets. Therefore, we propose that the
effects of L-798106 in the diabetic mouse islet are mediated
primarily through the desensitization-insensitive EP3-b.
The human EP3 receptor subfamily is more diverse, and at
least three of the human EP3 receptor isoforms have been
shown to be capable of being desensitized, albeit two only
transiently (37). As L-798106 still promotes insulin secretion in diabetic human islets, we anticipate that the receptor isoforms responsible for mediating PGE2 effects in
diabetic human islets are not sensitive to desensitization
either. Direct conﬁrmation of these hypotheses awaits the
development of splice-variant speciﬁc reagents.
Our studies suggest that EP3 receptor activation antagonizes GLP-1 receptor signaling via a negative effect on
cellular cAMP production. In diabetic BTBR-Ob mouse
islets as well as Ins-1 cells, we see a good correlation between the impact of sulprostone on GLP-1–mediated cAMP
accumulation and its effect on the ability of GLP-1 to potentiate GSIS (Figs. 5 and 6). EP3 regulation of Gs-coupled
receptor-mediated cAMP accumulation has previously
been shown to impact glucagon-stimulated cAMP production in rat outer medullary collecting duct cells (40)
and hepatocytes (41). This does not exclude other signaling pathways from being involved in an interaction between EP3 and GLP-1 signaling. In rat vascular smooth
muscle cells, PGE 2 signals through EP3 to induce a
calcium-independent contractile pathway including
novel protein kinase C isozymes and Rho kinase (ROCK),
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leading to increased vascular contraction (42). In addition,
mouse EP3-a, -b, and -g can all act through a RhoAdependent mechanism to block metastatic potential in
colon cancer cells by increasing cell-cell contact and reducing proliferation (43). These cAMP-independent functions of EP3 are mediated by coupling to G12 and not Gi
(43). In addition to Rho signaling, EP3 has also been linked
with increases in intracellular Ca2+ and generation of
inositol triphosphate (37,44). An and coworkers (37)
demonstrated that EP3-dependent elevation in Ca2+ and
inositol triphosphate was pertussis-toxin independent,
consistent with signaling through Gq. However, others
have raised questions about the G-protein involved in this
pathway (44). Members of the Gq and G12 families have
both been implicated in mediating signaling pathways important in regulating insulin secretion (45).
Interestingly, loss of the EP3 receptor itself results in
a phenotype of obesity, insulin resistance, and glucose
intolerance (46), appearing in direct contradiction to our
ascertainment of EP3 as a potential therapeutic target for
T2D. In the case of EP3-null mice, the glucose intolerance
appears secondarily to a signiﬁcantly increased food intake and the development of obesity and insulin resistance, whereas Gaz-null mice (the speciﬁc Gi-protein
that EP3 couples to in the islet) display no changes in food
intake, adiposity, or insulin sensitivity compared with wildtype controls (12,47). Thus, the EP3-null mouse phenotype
could be completely explained by EP3 signaling in the
hypothalamus regulating feeding behavior, the targeting of
which could be avoided by a drug that did not pass the
blood-brain barrier.
GPCRs are the largest protein family in the human genome and are the target of 30–40% of current pharmaceutical molecules. Six different T2D drugs target the
Gs-coupled GLP-1 receptor (2). Here, we show that an
agonist of the EP3 receptor could be considered a noncompetitive antagonist of the GLP-1 receptor. These
results offer a potential explanation for why GLP-1–based
treatments are not effective in all T2D patients. Taken together, our results demonstrate that EP3 may be a useful
target for T2D therapeutics that would avoid altering systemic PGE2 synthesis and promote better GLP-1 function.
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