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Insulinotropic and Antidiabetic Effects of

17�-Estradiol and the GPR30 Agonist G-1

on Human Pancreatic Islets

Rajesh Kumar, Alexander Balhuizen, Stefan Amisten, Ingmar Lundquist,

and Albert Salehi

Department of Clinical Science, Division of Islet Cell Physiology (R.K., A.B., S.A., I.L., A.S.) and

Department of Experimental Medical Science (I.L.), University of Lund, S-205 02 Malmö, Sweden

We have recently shown that 17�-estradiol (E2) and the synthetic G protein-coupled receptor 30

(GPR30) ligand G-1 have antiapoptotic actions in mouse pancreatic islets, raising the prospect that

they might exert beneficial effects also in human islets. The objective of the present study was to

identify the expression of GPR30 in human islets and clarify the role of GPR30 in islet hormone

secretion and �-cell survival. GPR30 expression was analyzed by confocal microscopy, Western blot,

and quantitative PCR in islets from female and male donors. Hormone secretion, phosphatidyl-

inositol hydrolysis, cAMP content, and caspase-3 activity in female islets were determined with

conventional methods and apoptosis with the annexin-V method. Confocal microscopy revealed

GPR30 expression in islet insulin, glucagon, and somatostatin cells. GPR30 mRNA and protein

expression was markedly higher in female vs. male islets. An amplifying effect of G-1 or E2 on cAMP

content and insulin secretion from isolated female islets was not influenced by the E2 genomic

receptor (ER� and ER�) antagonists ICI 182,780 and EM-652. Cytokine-induced (IL-1� plus TNF� plus

interferon-�) apoptosis in islets cultured for 24 h at 5 mmol/liter glucose was almost abolished by

G-1 or E2 treatment and was not affected by the nuclear estrogen receptor antagonists. Concen-

tration-response studies on female islets from healthy controls and type 2 diabetic subjects showed

that both E2 and G-1 displayed important antidiabetic actions by improving glucose-stimulated

insulin release while suppressing glucagon and somatostatin secretion. In view of these findings,

we propose that small molecules activating GPR30 could be promising in the therapy of diabetes

mellitus. (Endocrinology 152: 0000–0000, 2011)

An important pathogenic factor in diabetes is hy-

perglycemia, which often arises from the loss of

insulin production/secretion from pancreatic islet

�-cells. In type 1 and the late stages of type 2 diabetes,

proinflammatory cytokines and/or chronic elevation of

blood glucose might generate oxidative stress in pan-

creatic islets, which ultimately provokes �-cell death by

apoptosis (1, 2).

Estrogen is a steroid hormone in females being se-

creted mainly from the ovaries and exerting important

functions on the regulation of female secondary sexual

characteristics. In males, relatively small amounts of

estrogen is produced by Leydig and germ cells of the

testis, as well as from liver, adrenal glands, and adi-

pocytes (3). A well-described site of action for estrogen

is the binding to and activation of nuclear estrogen re-

ceptors (ER)-� and -� in turn resulting in the stimula-

tion of transcriptional events in various tissues. Previ-

ous data from human and animal studies suggest that

17�-estradiol (E2) might promote insulin production in

diabetic individuals and prolong �-cell survival (4, 5).

Importantly, in addition to ER� and ER�, estrogen has

recently been shown to be a natural ligand for the newly

discovered orphan G protein-coupled receptor 30
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(GPR30) (6, 7). We have shown that GPR30-deficient

mice display a reduced estrogen-stimulated insulin re-

lease in vitro as well as a decreased response to a glucose

challenge performed in vivo (8), suggesting the involve-

ment of GPR30 in islet biology. Moreover, we recently

found in female mouse islets that activation of GPR30

is associated with potentiation of glucose-stimulated

insulin release in parallel with an inhibition of glucagon

and somatostatin secretion. In addition, activation of

GPR30 also counteracted cytokine-induced apoptosis

in islets from female mice (9).

However, the expression pattern and involvement of

GPR30 in mediating modulatory actions of estrogen and

G-1 (a synthetic GPR30 agonist, a tetrahydroquinoline)

(10) on human pancreatic islet cell function and hormone

secretion has not been documented. Because GPR30 ex-

pression was found to be higher in female mouse islets (9),

we decided to perform our study mainly in female islets.

The objective of this study was thus to explore with dif-

ferent approaches the influence, if any, of GPR30 on islet

hormone release and whether GPR30 activation by G-1

and E2 plays a protective role in female human islets.

Moreover, hormone secretion studies were performed in

islets isolated from both diabetic and nondiabetic female

donors. To exclude the effect of estrogen on its main nu-

clear receptors (ER� and ER�), we used two different nu-

clear receptor antagonists, i.e. ICI 182,780 (fulvestrant)

and/or EM-652 (acolbifene), which have been docu-

mented to selectively inhibit these receptors (11, 12).

Moreover, the effects of E2 on pancreatic islet cell func-

tion were compared with GPR30 agonist, i.e. G-1 (10).

With our experimental design and findings, we now

demonstrate the importance of E2 and G-1 in human

pancreatic islet cell function and survival.

Materials and Methods

Drugs and chemicals

Fatty acid-free BSA and fatty acid-free fetal BSA were from

Roche Molecular Biochemicals, Mannheim, Germany. G-1 {1-[4–

6-benzo (1,3) dioxol-5-yl)-3a,4,5,9b-tetrahydro-34-cyclopenta[c-

]quinoline-8-yl]-ethanone} and ICI 182,780 (fulvestrant) were

purchased from Cayman Chemical, Ann Arbor, MI. EM-652 (12),

acolbifene {2(S)-3-(4-hydroxyphenyl)-4-methyl-2-[4-(2-piperidin-

1-ylethoxy)phenyl]-2H-chromen-7-ol} was kindly provided by

Professor F. Labrie, University of Quebec, Quebec, Canada. Glib-

enclamide, clonidine, the protein kinase A (PKA) inhibitor H-89

dihydrochloride hydrate, the phospholipase C (PLC) inhibitor

RHC80267, dibutyryl cAMP (N6,2�-O-dibutyryladenosine3�,5�-

cyclic monophosphate) were from Sigma-Aldrich (St. Louis, MO).

All other chemicals were from Merck AG (Darmstadt, Germany)

or Sigma-Aldrich.

Isolation of pancreatic islets and measurement of

islet hormone secretion
Isolated human pancreatic islets from nondiabetic males and

females [glycosylated hemoglobin, 4.3–6.2; body mass index
(BMI), 20.1–30.2 kg/m2; age, 26–71 yr; n � 19] and diabetic
females (glycosylated hemoglobin, 6.8–7.0; BMI, 29.4–33.1 kg/
m2; age, 43–55 yr; n � 7) were provided by the Nordic network
for clinical islet transplantation (O. Korsgren, Uppsala Univer-
sity, Uppsala, Sweden). The human islets had been cultured at 37
C (5% CO2) for 1–5 d before the experiments in CMRL 1066
(ICN Biomedicals, Costa Mesa, CA) supplemented with 10
mmol/liter HEPES, 2 mmol/liter L-glutamine, 50 �g/ml genta-
micin, 0.25 �g/ml Fungizone (Life Technologies, Inc., BRL,
Gaithersburg, MD), 20 �g/ml ciprofloxacin (Bayer Healthcare,
Leverkusen, Germany), and 10 mmol/liter nicotinamide. The
islets had 70–90% purity when they arrived; the islets were then
handpicked under stereomicroscope before use. All procedures
were approved by the ethical committees at Uppsala and Lund
Universities.

On the experiment day, the islets were incubated as previ-
ously described (9). The secreted hormones were measured by
using RIA kits following the manufacturer’s recommendations
for insulin (Millipore), glucagon and somatostatin (Millipore,
Malmö, Sweden) (13–15). The inter- and intraassay coefficients
of variation were for insulin 3.0 and 2.7%, for glucagon 6.3 and
3.6%, and for somatostatin 8.1 and 3.2%. We investigated the
concentration-dependent (0–5000 nmol/liter) effects of G-1 and
E2 on insulin secretion from diabetic and nondiabetic subjects.
In addition, we also tested the effect of the ATP-sensitive potas-
sium channel inhibitor glibenclamide (3 �mol/liter) and the �2-
adrenergic agonist clonidine (1 �mol/liter) with and without G-1
(100 nmol/liter) and E2 (100 nmol/liter). For the GPR30 insulin
secretion pathway analysis, we used the PKA inhibitor H-89 (10
�mol/liter) and the PLC inhibitor RHC80267 (10 �mol/liter) as
well G-1 (100 nmol/liter) and E2 (100 nmol/liter).

Detection of mRNA for GPR30 by quantitative real-

time PCR
RNA from islets was isolated using TRIzol (Invitrogen,

Carlsbad, CA) according to a modified RNA extraction pro-
tocol and transcribed into cDNA as described elsewhere (16).
To confirm the results obtained by agarose gel electrophore-
sis, additional experiments were performed on the original
samples containing the total RNA of the isolated islets. Con-
centration and purity of total RNA was measured with a Nano-
Drop ND-1000 spectrophotometer (A260/A280 � 1.9 and A260/
A230 � 1.4) (NanoDrop Technologies, Wilmington, DE) and
RNA Quality Indicator (RQI) higher than 8.0 (Experion Auto-
mated Electrophoresis, Bio-Rad, Hercules, CA), which could be
considered as a high-quality total RNA preparation and thus
giving a consistent extraction procedure.

Quantitative PCR (qPCR) was performed on a HT7900 system
(AppliedBiosystems,FosterCity,CA)usingQuantiTectprimerassays
(ESR1/ER�, QT00044492; ESR2/ER�, QT00060641; GPR30,
QT00201040;GAPDH,QT01192646)andQuantiFastSYBRGreen
PCR (all from QIAGEN, Venlo, The Netherlands) according to the
manufacturer’s instructions. The specificity of all primer assays was
validated by melting curve analysis and gel electrophoresis. Gene ex-
pression relative to GAPDH was calculated using the ��Ct method
(17). Primer efficiency (E) (expressed as percent) was calculated from
theslopeofthestandardcurveusingtheformulaE�(10�1/slope

�1)�
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100 (18), which resulted in the following primer efficiencies: ER�,
97.5 � 2.5%; ER�, 95.7 � 2.1%; and GPR30, 95.3 � 2.2%.

Expression of GPR30 mRNA in female pancreatic

islets analyzed by microarray technique
Total RNA was isolated with the AllPrep DNA/RNA Mini

Kit (QIAGEN, Hilden, Germany), and RNA quality and con-
centration were measured as described elsewhere (19). The mi-
croarrays were performed following the Affymetrix standard
protocol and as described elsewhere (19). The array data were
summarized and normalized with the robust multiarray (RMA)
analysis method using the software Expression Console (Af-
fymetrix, Santa Clara, CA).

Western blot
Approximately 400 islets per vial from male or female donors

(n � 5 in each group) were suspended in 100 �l PBS containing
a cocktail of protease and phosphate inhibitors, frozen, and son-
icated on ice on the day of analysis. In a parallel experiment,
additional vials with the same amount of islets were incubated
for 1 h at 37 C, 5% CO2 with 5 mmol/liter glucose in Krebs-
Ringer bicarbonate buffer containing a cocktail of cytokines
IL-1� (100 ng/ml), TNF� (125 ng/ml), and interferon-� (IFN�)
(125 ng/ml) in the absence or presence of E2 (100 nmol/liter) or
G-1(100 nmol/liter) alone or in combination with ICI 182,780
(100 nmol/liter) or EM-652 (100 nmol/liter). The protein con-
tent of the homogenates was determined according to the bicin-
choninic acid method (BCA) (Pierce, Rockford, IL). Homoge-
nate samples representing 15 �g total protein were run on 10%
SDS-polyacrylamide gel (Bio-Rad, Hercules, CA). After electro-
phoresis, proteins were transferred to Immobilion-FL polyvi-
nylidene difluoride (PVDF) membranes (Millipore, Billerica,
MA). The membranes were blocked in blocking buffer (LI-COR,
Lincoln, NE). Subsequently, the membranes were incubated
overnight at 4 C with one or two of the following primary an-
tibodies: goat-raised polyclonal anti-hGPR30 (1:150) (R&D
Systems, Minneapolis, MN), rabbit-raised polyclonal ER� (1:
200), rabbit-raised polyclonal ER� (1:200) (Santa Cruz Biotech-
nology, Santa Cruz, CA), mouse-raised monoclonal phosphor-
ylated (p)-ERK1/2 (1:2000), rabbit-raised monoclonal
phosphorylated serine/threonine protein kinase (pAKT) (1:
1000), mouse-raised monoclonal p38 (1:2000), rabbit-raised
monoclonal phosphorylated cAMP response element-binding
(pCREB) (1:1000), and mouse-raised monoclonal phosphory-
lated cAMP response element-binding (pCREB) (1:2000) (Cell
Signaling, Boston, MA). Loading control antibodies against
�-tubulin (1:500) (Invitrogen, Carlsbad, CA) and �-actin (1:
5000) (Sigma-Aldrich, St. Louis, MO) were also used. After the
incubation, the membranes were washed three times with Tris-
buffered saline with Tween 20, and the following secondary an-
tibodies were added: polyclonal antirabbit conjugated with
IRDye 800CW (1:4000), donkey antigoat conjugated with
IRDye 680 (1:4000), and donkey antimouse conjugated with
IRDye 680 (1:4000) (LI-COR). For stripping of the PVDF mem-
brane, Newblot PVDF stripping buffer was used (LI-COR) ac-
cording to the manufacturer’s instruction with a subsequent
blocking of the membrane in blocking buffer during 1 h. Quan-
titative analysis of bands was performed by Odyssey version 2.1
software (LI-COR) with automatic background correction, and
the band’s density was correlated with a loading control, either
�-tubulin or �-actin. The specificity of the anti-hGPR30 anti-

body was verified using transfected HeLa cells with the
hGPR30�

vs. control nontransfected HeLa cells (data not
shown).

Confocal microscopy
Isolated islets from female donors were washed with PBS,

fixed with 4% formaldehyde, and permeabilized with 5% Triton
X-100, and unspecific sites were blocked with 5% normal don-
key serum (Jackson Immunoresearch Laboratories Inc., West
Grove, PA). GPR30 was detected with the same antibody as used
for Western blot (1:50). For staining of insulin, glucagon, and
somatostatin, we used the following antibodies: guinea pig an-
tiinsulin (Eurodiagnostica, Malmö, Sweden) (1:500), guinea pig
antiglucagon (1:500) and rat anti-somatostatin (1:250) (both
from Jackson Immunoresearch Laboratories), followed by treat-
ment with fluorescent-conjugated secondary antibodies (1:150)
from Jackson Immunoresearch. The fluorescence was visualized
with a Zeiss LSM510 confocal microscope by sequentially scan-
ning at (excitation/emission) 488/505–530 nm (Cy2), 543/
570(Cy3), and 633/�650 nm (Cy5). The colocalization of the
different hormones and GPR30 was quantified pixel by pixel
with Manders’ overlap coefficient; noise and cross talk were
corrected, using Zen 2008 (Carl Zeiss, Oberkochen, Germany)
software.

cAMP measurement
For the measurement of cAMP, human islets from female

donors were incubated as previously described (9) with 12 mmol/
liter glucose in the absence or presence of the following test
agents, E2 (100 nmol/liter), G-1 (100 nmol/liter), ICI 182,780
(100 nmol/liter), and EM-652 (100 nmol/liter). On the day of
analysis, samples were sonicated on ice and cAMP was measured
using a cAMP enzyme immunoassay kit (Cayman Chemical, Ann
Arbor, MI) according to the manufacturer’s instructions. The
protein level was analyzed by the Bradford method (20).

Phosphatidylinositol (PI) hydrolysis
Receptor activation by G-1 and E2 on PLC signaling was

assayed in islets from female donors by measuring hydrolysis of
PI (21). Briefly, islets were dispersed into single cells in Ca2�-free
medium (approximately 100,000 cells per well) and were then
preloaded with myo-[3H]inositol (Perkin-Elmer, Boston, MA)
for 16–20 h and then thoroughly washed and incubated in KRB
buffer at 5.0 mmol/liter glucose in the presence of E2 (100 nmol/
liter), G-1(100 nmol/liter), ICI 182,780 (100 nmol/liter), or EM-
652 (100 nmol/liter). After incubation, the cells were lysed with
formic acid on ice and the inositol phosphates were isolated using
anion exchange chromatography. The PI hydrolysis was ex-
pressed as PI hydrolysis per well. The coefficient of variation
(interassay differences) was 7%.

Measurement of apoptosis and caspase-3 activity
Isolated islets from female donors were dispersed into single

cells using Ca2�-free medium. The cells were incubated with and
without a cocktail of cytokines: IL-1� (100 ng/ml), TNF� (125
ng/ml), and IFN� (125 ng/ml). The effects of E2 (100 nmol/liter)
or G-1(100 nmol/liter) on cytokine-induced apoptosis were stud-
ied in the absence or presence of ICI 182,780 (100 nmol/liter) or
EM-652 (100 nmol/liter) after 24 h culture of the cells in RPMI
1640 medium with 5 mmol/liter glucose supplemented with 10%
fetal bovine serum. Apoptotic cells were detected by using a
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fluorescence-activated cell sorting system with annexin V stain-
ing (BD Pharmingen, San Diego, CA) according to the manu-
facturer’s instructions, and the flow cytometry data were ana-
lyzed using the FlowJo and CellQuest software packages.

The activity of caspase-3 was determined by monitoring the
cleavage of a specific fluorogenic caspase-3 substrate, Ac- N-
Acetyl-ASP-Glu-Val-Asp Asp-Glu-Val-Asp-7-Amino-4-Meth-
ylcoumarin (Ac-DEVD-AMC) (Upstate Cell Signaling Solutions,
Lake Placid, NY). Dispersed islet cells were cultured for 24 h in
a medium containing 5 mmol/liter glucose with a combination of
cytokines as described above. For comparison, the effect of H-89
(10 �mol/liter) and dibutyryl-cAMP (db-cAMP), a cAMP analog
(10 �mol/liter), on caspase-3 activity was also studied. After
culture, the cells were washed with PBS and then lysed with lysis
buffer. Thereafter, the homogenates were allowed to react with
the fluorogenic caspase-3 substrate in a 96-well plate (3 �l to

FIG. 1. A, Relative mRNA expression of ER� (n � 6 in each group),

ER� (n � 6 in each group), and GPR30 (n � 10 in each group)

analyzed by qPCR in islets from female and male donors. The

expression levels of ER� and GPR30 are higher in the isolated islets

from female donors. B, A representative Western blot of the ER�, ER�,

and GPR30 protein expression in pancreatic islets from female and

male donors. C, The mean intensity (means � SEM) of the Western

blots (n � 5 in each group) is presented as relative value of the band

intensity toward the endogenous control �-tubulin. *, P 	 0.05; **,

P 	 0.01.

A

B

C

FIG. 2. A, Microarray data showing expression level of GPR30 mRNA

in relation to BMI from female pancreatic islets (n � 26); B, expression

level of GPR30 mRNA in relation to age from female pancreatic islets

(n � 26); C, quantitative microarray data (means � SEM) showing

relative expression levels of GPR30 in nondiabetic (n � 19) and

diabetic (n � 7) female pancreatic islets.
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each well) in a reaction buffer containing 20 mmol/liter HEPES,
10% glycerol, and 2 mmol/liter dithiothreitol. The mixtures
were maintained at 37 C for 60 min (in the dark) and subse-
quently analyzed on a Fluostar system at the wavelength of 390/
460 nm. The results were correlated to the protein concentration
of each well measured according to the Bradford method (20).

Statistics
All results are expressed as means � SEM for the indicated

number of observations or illustrated by a representative ob-
servation for a number of different experiments (Western
blots and confocal microscopy). Statistical significance was
assessed by using ANOVA with Tukey-Kramer’s multiple-
comparison posttest or Student’s t test where appropriate. The
EC50 values were calculated from a nonlinear sigmoid curve
fit using GraphPad Prism version 4. A P value 	 0.05 was
considered significant.

Results

mRNA and protein expression of GPR30 in female

and male human islets

Control experiments showed no differences between

female and male human islets with regard to mRNA ex-

pression for ER�, whereas ER� was lower in males (Fig.

1A). Notably, ER� expression was

much higher than ER� in islets from

both sexes (Fig. 1A). The expression of

GPR30 mRNA relative to the reference

gene GAPDH was found to be higher in

islets from females [(5.67 � 0.6) �

10�5] compared with males [(2.95 �

0.6) � 10�5] (P 	 0.01; n � 10 in each

group) (Fig. 1A).

Densitometric analysis of Western

blots revealed that also on the protein

level, GPR30 displayed a strong expres-

sion in islet homogenates from females

(2.7�0.16 relative intensity of GPR30/

�-tubulin) compared with males (1.7 �

0.20 relative intensity GPR30/�-tubu-

lin), (P 	 0.05) (n � 4 in each group)

(Fig. 1, B and C). Protein expression of

ER� was also stronger in females vs.

males (3.45 � 0.30 relative intensity of

ER�/�-tubulin in femalesvs.2.1�0.18

in males), whereas ER� expression was

not different although six to eight times

lower than ER� expression.

Expression of GPR30 in pancreatic

islets analyzed by microarray

technique

To study the relationship between

the expression of GPR30 and BMI, we

used a microarray data analysis. As shown in Fig. 2A, the

expression of GPR30 was positively correlated to the BMI

in female subjects (r � 0.42, with a slope of 2.246 � 0.98;

P 	 0.05; n � 26). Notably, there was no correlation

between age and the expression of GPR30 (Fig. 2B), which

was also confirmed by qPCR showing no differences con-

cerning GPR30 expression in the islet from premeno-

pausal (20–50 yr) and postmenopausal (55–75 yr) female

subjects. Thus, the expression of GPR30 mRNA relative

to the GAPDH was [(5.35 � 0.388) � 10�5] (n � 10) and

[(4.90 � 0.321 � 10�5] (n � 15), respectively. There was

also not any significant difference in GPR30 expression in

nondiabetic compared with diabetic females (Fig. 2C),

which was also confirmed by qPCR analysis of the ex-

pression of GPR30 mRNA relative to the GAPDH mRNA

from nondiabetic [(5.58 � 0.319) � 10�5] (n � 12) and

diabetic [(4.83 � 0.679) � 10�5] (n � 6) islets from female

subjects.

GPR30 protein expression in different islet cell

types

To investigate the cell-specific expression of GPR30

protein in human pancreatic islet cells, islets isolated from

FIG. 3. Confocal microscopy of whole mounted islets from female donors and double

immunolabeled for insulin, glucagon, and somatostatin (green fluorescence) (A, D, and G)

and for GPR30 (red fluorescence) (B, E, and H). Colocalization of GPR30 and the different

hormones is seen as orange-yellowish fluorescence (C, F, and I). Bar, 20 �m.
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females were simultaneously immunolabeled for insulin,

glucagon, or somatostatin together with GPR30 and an-

alyzed by confocal microscopy. As seen in Fig. 3, GPR30

could be visualized in the different islet cell types and

showed a strong colocalization with insulin (Fig. 3, A–C)

(85 � 2.2% of the insulin positive cells, n � 8), glucagon

(Fig. 3, D–F) (75 � 1.5% of the glucagon-positive cells,

n � 8), and somatostatin (Fig. 3, G–I) (86 � 1.2% of the

somatostatin-positive cells, n � 8).

Influence of GPR30 activation on �-cell second

messengers and insulin release

E2 and G-1 were then tested for their effects on the

second messenger systems producing cAMP and PLC-

stimulated PI hydrolysis, respectively, in female islets. Fig-

ure 4 shows that E2 as well as G-1 concentration-depend-

ently stimulated both the formationof cAMP(Fig. 4A)and

the PI hydrolysis (Fig. 4B) in the presence of 12 mmol/liter

glucose. Interestingly,G-1 was found to be lesspotent than

E2 with regard to cAMP formation, whereas it was more

potent with regard to PI hydrolysis.

Because we suspected that the cAMP system rather than

the PLC pathway was linked to the rapid potentiating

effects of GPR30 activation on glucose-stimulated insulin

release (9), we performed an experi-

ment at 12 mmol/liter glucose with par-

allel measurements of the islets cAMP

content and insulin release in the pres-

ence and absence of E2, G-1, and the

nuclear receptor antagonist EM-652 or

ICI 182,780. Figure 4C shows that E2

and G-1 stimulated cAMP generation

in parallel with insulin release both in

the absence and presence of EM-652

and/or ICI 182,780. EM-652 or ICI

182,780 did not amplify cAMP or in-

sulin release (Fig. 4C).

We have previously observed in

mice islets (9) and now in human islets

(Fig. 4A) that an important signal

from GPR30 activation by E2 and

G-1 is transduced through the cAMP

system. We now tested the influence

of the PKA inhibitor H-89 and, with

regard to our present results on PI hy-

drolysis, also the influence of the PLC

inhibitor RHC80267 on insulin re-

lease at 12 mmol/liter glucose in the

presence and absence of E2 and G-1

(Fig. 5A). As expected, both H-89 and

RHC80267 markedly reduced glucose-

stimulated insulin release (Fig. 5A). Fig-

ure 5A also shows that the potentiating

effects of E2 and G-1 on glucose-stimulated insulin release

were greatly impaired by the PKA inhibitor. Moreover,

GPR30 activation by E2 and G-1 surprisingly reversed the

suppressive effect exerted by the PLC inhibitor on insulin

release (Fig. 5A). The nuclear ER antagonist EM-652 did

not influence the effects of E2 or G-1 (Fig. 5A).

To further study the influence of E2 and G-1 on insulin

secretory pathways induced by glucose, we tested whether

they would modulate the potentiating effect of glibencl-

amide and the inhibitory effect of clonidine. Figure 5B

shows that E2 and G-1 significantly amplified glibencl-

amide-stimulated insulin release at 12 mmol/liter glucose.

Interestingly, the potent inhibitory effect of clonidine on

glucose-stimulated insulin release was almost abolished

by both E2 and G-1 (Fig. 5B). The presence of EM-652 did

not influence these effects (Fig. 5B).

Influence of GPR30 activation on islet cell survival

We studied the downstream activation of MAPK by

GPR30 (Fig. 6). Islets from female donors were incu-

bated in a cocktail of cytokines at 5 mmol/liter glucose

with E2 or G-1 in the absence or presence of EM-652 or

ICI 182,780. Compared with control samples, E2 or

A

B

C

FIG. 4. Concentration-dependent induction of secondary messengers via GPR30 by E2 and

G-1 in human islet cells and E2 and G-1 effects on cAMP content in isolated female

pancreatic islets at 12 mmol/liter glucose. A, Stimulation of cAMP production by E2 and G-1;

B, induction of PI hydrolysis by E2 and G-1; C, effects of G-1 and E2 on cAMP content in

isolated islets and insulin secretion at 12 mmol/liter glucose. Islets were incubated with G-1

(100 nmol/liter) or E2 (100 nmol/liter) in the absence or presence of ER� and ER� inhibitors ICI

182,780 or EM-652 (100 nmol/liter). Results are shown as means � SEM; n � 4. *, P 	 0.05;

**, P 	 0.01; ***, P 	 0.001.
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G-1 suppressed the cytokine-induced phosphorylation of

pSAPK/JNK and p38 also in the presence of the nuclear ER

blockers (Fig. 6, A and B), whereas both E2 and G-1 in-

duced an increased phosphorylation of pCREB, pAKT,

and pERK1/2 (Fig. 6, C–E). Figure 6F shows an example

of the quantified blots.

Effects of E2 or G-1 on cytokine-induced apoptosis

in islet cells in the absence or presence of ICI

182,780 or EM-652

Dispersed female islet cells were cultured for 24 h in 5

mmol/liter glucose with or without a mixture of cytokines

(IL-1�, TNF�, and IFN�). As illustrated in Fig. 7A, addi-

tion of E2 or G-1 to the culture medium markedly pre-

vented the apoptotic effects of cytokines (P 	 0.001) (Fig.

7A). The antiapoptotic effect of E2 or G-1 was also clearly

evident in the presence of either ICI 182,780 or EM-652

(Fig. 7A). In this context, it is important to point out that

the high basal values of apoptosis in human islet cells

shown in Fig. 7A as compared with rodent islet cells (9) are

most likely the result of the more complex and protracted

isolation procedures for human islets. The cytokine-in-

duced increase in apoptosis is thus approximately the

same for human and rodent islet cells.

To study the effect of GPR30 on apoptosis via the caspase

cascade, we measured the activity of caspase-3 in pancreatic

islets from female donors (Fig. 7B). Islets incubated with E2

(100 nmol/liter), G-1 (100 nmol/liter), or db-cAMP (10

�mol/liter) in the presence of cytokines showed a highly sig-

nificant decrease in caspase-3 activity compared with islets

incubated with cytokines alone (P 	 0.001). Islets incu-

bated with the PKA inhibitor H-89 plus cytokines showed

no significant decrease in caspase-3 activity in the presence

of E2 (100 nmol/liter) or G-1 (100 nmol/liter) (Fig. 7B).

Addition of H-89 alone did not significantly change the

basal caspase-3 activity (Fig. 7B).

Effect of GPR30 activation on islet hormone

release in islets from type 2 diabetic female

subjects

Finally, a series of concentration-response experiments

was designed to compare the hormone secretory response

of nondiabetic and diabetic female islets to E2 and G-1 at

12 mmol/liter glucose concentration (Fig. 8, A–C). Both

agents concentration-dependently potentiated insulin se-

cretion in the presence of 12 mmol/liter glucose regardless

of whether islets were from nondiabetic or diabetic sub-

jects. The potentiating effect of E2 on insulin secretion was

markedly higher compared with the effects of G-1, and the

EC50 values were 3.78 � 10�9 (E2) and 1.03 � 10�8

(G-1). Neither E2 nor G-1 had any significant effect on

insulin release at low glucose (1 mmol/liter) (data not

shown). As seen in Fig. 8D, both E2 and G-1 suppressed

glucagon release at 1 mmol/liter glucose in both nondia-

betic and diabetic islets. The IC50 values for the inhibitory

action of E2 (9.78 � 10�11) and G-1 (4.6 � 10�10) on

glucagon release in diabetic islets were almost of the same

magnitude. Importantly, the glucagon release from dia-

betic islets was markedly higher compared with nondia-

betic islets (Fig. 8D). The suppressive effect of high glucose

(12 mmol/liter) on glucagon release from nondiabetic is-

lets was only slightly modulated by E2 or G-1 (Fig. 8B),

whereas the exaggerated glucagon release seen in the di-

abetic islets was efficiently suppressed by both agents. A

concentration-dependent suppressive effect of E2 and G-1

on somatostatin secretion at 12 mmol/liter glucose was

also observed (Fig. 8C). The IC50 values for the suppres-

sive effects on somatostatin secretion were for E2 (4.45 �

A

B

FIG. 5. A, Insulin release from female islets at 12 mmol/liter glucose

showing effects of H-89 (a PKA inhibitor) and RHC80267 (a PLC

inhibitor) after GPR30 stimulation with G-1 (100 nmol/liter) or E2 (100

nmol/liter) in the absence and presence of EM-652 (100 nmol/liter). For

comparison, insulin release at 1 mmol/liter glucose is also included. B,

Insulin secretion from islets incubated at 12 mmol/liter glucose with

either glibenclamide (Glib.) (3 �mol/liter) or clonidine (1 �mol/liter)

together with E2 (100 nmol/liter) or G-1 (100 nmol/liter) in the

presence or absence of EM-652 (100 nmol/liter). The basal insulin

release at 1 mmol/liter glucose is also included. The values are

displayed as means � SEM; n � 4. #, P 	 0.05; ##, P 	 0.01,

comparing effects of H-89 or RHC80267 with the 12 mmol/liter

glucose in control group (white bar); *, P 	 0.05; **, P 	 0.01; ***,

P 	 0.001.
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10�8) and for G-1 (1.3 � 10�7). Somatostatin release at

low glucose (1 mmol/liter) was not affected by E2 or G-1

(data not shown).

Discussion

The G protein-coupled ER1 (GPER1), also known as

GPR30, has recently been recognized as a membrane re-

ceptor for estrogens that mediate nongenomic signals

(6–9, 22). The present study clearly shows that GPR30 is

expressed in human pancreatic islets isolated from both

female and male subjects. Interestingly, the expression of

GPR30 was higher in islets from females compared with

males. Moreover, the potent antiapoptotic effect of estro-

gen in female islets was found to be mediated, at least in

part, through the activation of GPR30. Finally, we found

that E2 and G-1 displayed a marked antidiabetic action on

the secretion of insulin, glucagon, and somatostatin from

female diabetic islets by improving glucose-stimulated in-

sulin release while suppressing glucagon and somatostatin

secretion. Hence, our present findings on human pancreatic

islets are in good agreement with our recent reports indicat-

ing that both pharmacological manipulations and geneti-

cally deletion of GPR30 (GPR30�/�) in mice are associated

with an altered estrogen-stimulated insulin release (8, 9).

The mechanisms by which E2 alters cellular function

have been the subject of intense investigation. The data

presented here on human islets show that E2 and G-1

influence the generation of both PLC/inositol triphos-

phate (IP3) and the cAMP/PKA signaling pathways. Al-

though E2 acts more efficiently via the cAMP/PKA path-

way, the G-1 response seems to favor the PLC/IP3

pathway, which could be due to interaction of different

conformational changes of GPR30. These results indi-

cate that GPR30 activation is important for the ob-

served signaling events in the islet cells, as has also been

shown previously in other tissues (23). In the �-cells,

cAMP seems to be the predominant GPR30 messenger

for potentiation of glucose-stimulated insulin release.

This, however, does not exclude the possibility that

GPR30 signaling pathways might differ in different

pancreatic islet cell types.

We have recently reported in mouse islets that G-1

enhances insulin secretion while inhibiting glucagon

FIG. 6. Effects of E2 (100 nmol/liter) or G-1 (100 nmol/liter) on the MAPK signaling pathways induced by the cytokine cocktail [IL-1� (100 ng/ml)

plus TNF� (125 ng/ml) plus IFN� (125 ng/ml)] in the presence or absence of nuclear ER antagonists EM-652 (100 nmol/liter) or ICI 182,780 (ICI)

(100 nmol/liter). A–E, Displays the mean intensity of the Western blots (n � 5 in each group) presented as the relative values of the band intensity

toward the endogenous control (Ctrl) �-actin from the following proteins: A, pSAPK/JNK; B, pP38; C, pCREB; D, pAKT; E, pERK1/2. F, Example of

the quantified blots. The values are displayed as means � SEM; n � 4.*, P 	 0.05.
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and somatostatin secretion (9). As we have shown in the

current study in isolated islets from female humans, E2

and G-1 stimulate cAMP in parallel with increased in-

sulin release even in the presence of the nuclear receptor

ER� and ER� antagonists ICI 182,780 or EM-652. Both

E2 and G-1 potentiate insulin secretion and inhibit glu-

cagon and somatostatin release in a concentration-depen-

dent manner from both diabetic and normal female human

islets. These findings clearly indicate that GPR30 plays a

functional role in insulin secretion via a cAMP-dependent

pathway, suggesting that pharmacotherapy with small G-1-

likemolecules that induceGPR30-mediatedcAMP-PKAsig-

naling might constitute novel potential remedies against di-

abetes. There are some reports challenging the role of

GPR30 as an extranuclear ER that mediates the rapid ac-

tion of estrogen, because in a recent study, it has been

shown that G-1 also binds to a new membrane receptor for

estrogen, i.e. ER-�36 in cancer cells (24). In accordance

with our recently published data (8, 9), our current find-

ings suggest that GPR30 is the main player at least in

human islets, but it does not exclude the notion that G-1

might bind to ER-�36 and thus that ER-�36, if present in

normal islet tissue, might somehow be implicated in the

insulinotropic effects of G-1 in certain situations (25).

To further illustrate the importance of the PLC- and

cAMP-dependent pathways in mediating the GPR30-in-

duced insulin secretion, we used a specific PLC inhibitor to

block the formation of IP3 and diacylglycerol and the PKA

inhibitor H-89 to block the PKA effects. The inhibition of

the PLC pathway suppressed glucose-stimulated insulin

secretion but did not influence the beneficial effect of E2

on insulin release; in contrast, H-89 suppressed the stim-

ulatory action of E2 on insulin secretion. These data

showed that the cAMP pathways play a major role in

estrogen potentiation of glucose-stimulated insulin secre-

tion and even may compensate for inhibitory effects on the

PLC pathways. Moreover, we also noticed that insulin

secretion amplified by the KATP channel inhibitor gliben-

clamide at 12 mmol/liter glucose was further potentiated

by both E2 and G-1 and that the inhibitory effect of the

�2-adrenergic agonist clonidine on glucose-stimulated in-

B

A

FIG. 7. A, Cytokine-induced apoptosis in islet cells from female

donors performed on five different occasions (n � 8).The levels of

apoptotic cells induced by cytokines [IL-1� (100 ng/ml) plus TNF�

(125 ng/ml) plus IFN� (125 ng/ml)] are strongly reduced when E2

(100 nmol/liter) or G-1 (100 nmol/liter) is added in the presence or

absence of either ICI 182,780 (ICI) (100 nmol/liter) or EM-652 (100

nmol/liter). ***, P 	 0.001. B, Effects of E2 (100 nmol/liter), G-1

(100 nmol/liter), or db-cAMP (10 �mol/liter) on cytokine-induced

activation of caspase-3 in female islets in the absence or presence

of H-89. Means � SEM are shown for n � 8 in each group. ***, P 	

0.001. AU, Arbitrary units.

A B

DC

FIG. 8. Concentration-response effects of E2 (F/f) and G-1 (E/�)

on insulin (A), glucagon (B), and somatostatin (C) secretion from

isolated pancreatic islets of nondiabetic (solid line) and diabetic

(dotted line) female donors at 12 mmol/liter glucose. Identical

concentration ranges for both compounds were used (see x-axis).

G-1 mimics the effects of E2. Both compounds amplified glucose-

stimulated insulin release, whereas glucagon and somatostatin

secretions were suppressed. D, Glucagon secretion at 1 mmol/liter

glucose. Values are presented as means � SEM for eight

observations in each group from three different donors performed

at three separate occasions.
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sulin release was markedly reversed even in the presence of

the estrogen nuclear receptor blockers. These observa-

tions suggest that the GPR30-mediated effects on the

cAMP pathways are most likely exerted at more distal

events in the secretory process. The fact that E2 and G-1

abolished the inhibitory effects of clonidine on insulin

secretion is in the good accordance with previous re-

ports showing that clonidine exerts its inhibitory effects

on glucose-stimulated insulin release through inhibition

of adenylate cyclase (26, 27). Notably, in this situation,

E2 and G-1 might also increase the activation of the PLC

pathways.

Several mechanisms may contribute to �-cell apoptosis

and the development of type 2 diabetes. It is generally

accepted that �-cell dysfunction, at least in part, is a con-

sequence of an increased production of proinflammatory

cytokines such as IL-1�, TNF�, and IFN�. These cyto-

kines in synergy then lead to induction of apoptotic sig-

naling cascades in the pancreatic �-cells (28).

Under normal physiological conditions, different MAPK

signaling cascades are thought to be balanced through path-

ways in which ERK signaling mediates growth and survival

and p38 and JNK kinases that are associated with apoptosis

(29). Previous studies have suggested that p38 and ERK1/2

phosphorylation are involved in either islet cell damage or

islet cell survival, highlighting the intricate balance between

p38vs.ERK1/2activity (30,31).Ourpresent result indicates

thatE2andG-1bydown-regulationof JNKandp38activity

could be an efficient novel approach to increase �-cell

survival.

Our present results also show that activation of GPR30

mediates, at least in part, antiapoptotic effects of estrogen

via phosphorylation and activation of CREB, which ap-

pears to be crucial for pancreatic �-cell survival (32). This

is in good agreement with a number of recent studies in-

dicating that CREB activation precedes the up-regulation

of Bcl2, which is known to be mediating the antiapoptotic

action of various agents (33). In addition, we have ob-

served that estrogen markedly up-regulates the antiapop-

totic signaling properties of AKT, which suppress B-cell

lymphoma related protein, a proapoptotic member of the

Bcl family (29). Our present findings also provide evidence

for a beneficial effect of estrogen on female human islets

being mediated via activation of ERK1/2 and AKT, in

parallel with the inhibition of the p38 MAPK pathway. To

further clarify the mechanisms mediating the antiapop-

totic action of estrogen, we measured caspase-3 activity in

the presence of the PKA inhibitor H-89. The lack of sup-

pressive effect of E2 and G-1 on caspase-3 activity in the

presence of H-89 clearly indicates that the cAMP/PKA-

dependent mechanism is an important pathway through

which activation of GPR30 signaling provides protection

against proapoptotic effects of cytokines on female human

islets.

Ovarian endocrine insufficiency after menopause has

been reported as a diabetogenic factor (34), and in animal

studies, it has been shown that estrogen provides a pro-

tection against streptozotocin-induced diabetes (35). Fur-

thermore, GPR30 deletion abolished the estrogen-stim-

ulated insulin release both in vivo in ovariectomized

female adult mice and in vitro in isolated islets (8). These

findings suggest that GPR30 is necessary for normal

insulin production and glucose homeostasis (8, 9). No-

tably, our results suggested that GPR30 expression was

not different in pre- and postmenopausal pancreatic is-

lets of female donors.

Finally, it should be emphasized that although our pres-

ent data speak much in favor of GPR30 being involved in

estrogenic signaling and regulation of islet function in fe-

male human subjects, there are still many controversies to

be resolved. Notably, the importance of GPR30 as a true

functional receptor in different tissueshasbeenquestioned

(36, 37), and although the expression level of ER� is very

low both in human and rodent islets (9), it does not nec-

essarily exclude ER� having an essential role in islet biol-

ogy. Hence, ER� has been suggested to be implicated in the

rapid nongenomic regulation of �-cell KATP channel ac-

tivity and atrial natriuretic peptide receptor activation

(38), and estrogen-�-cell interactions have been discussed

in a recent review by Nadal et al. (39) who point out that

the influence of cytosolic parts of the classical ER� and

ER� receptors should not be overlooked. Hence, we can-

not exclude that certain interaction between GPR30, ER�,

and ER� receptors are still to be elucidated with regard to

mechanisms of action and effects in short-term vs. long-

term aspects.

In conclusion, the present study identifies GPR30 as a

new target to prevent pancreatic islet dysfunction. The

feminizing effects of estrogens limit their clinical applica-

tion to promote islet survival in male subjects. However,

GPR30 agonistic compounds such as G-1 which use ex-

tranuclear and membrane pathways that are sex nonspe-

cific may help to identify and develop new ligands that

stimulate and protect �-cells while lacking the mitogenic

actions predisposing to hormone-dependent cancers. The

present study adds a novel dimension to estrogen biology

in �-cells and identifies GPR30 as a new target to increase

�-cell function and survival.
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