
Abstract. G-protein coupled estrogen receptor 1, GPER,
formerly known as GPR30, is a seven transmembrane domain
receptor that mediates rapid estrogen responses in a wide
variety of cell types. To date, little is known about the role of
GPER during ischaemia/reperfusion injury. In this study, we
report both mRNA and protein expression of GPER in the rat
and human heart. The role of GPER in estrogen protection
against ischaemic stress in the rat heart was also assessed
using the isolated Langendorff system. Pre-treatment with
17ß-estradiol (E2) significantly decreased infarct size,
(61.48±2.2% to 27.92±2.9% (P<0.001). Similarly, treatment
with the GPER agonist G1 prior to 30-min global ischaemia
followed by 120-min reperfusion significantly reduced infarct
size from 61.48±2.2% to 23.85±3.2% (P<0.001), whilst
addition of GPR30 antibody, abolished the protective effect
of G1 (infarct size: 55.42±1.3%). The results suggest that
GPER under cardiac stress exerts direct protection in the
heart and may serve as a potential therapeutic target for cardiac
drug therapy.

Introduction

Estrogens play critical regulatory roles in the physiology and
development of numerous organs through binding to specific
receptors (1). The female reproductive system, including the
uterus and the breast, are major targets of estrogen actions. In
addition, estrogens act on non-reproductive organs such as
the brain, liver, and heart. Epidemiological studies have
documented a lower incidence of coronary heart disease in
premenopausal women compared with age-matched post-
menopausal women and compared with men, suggesting a

protective role of estrogens at the cardiac level (2,3). This
cardioprotective effect has been further corroborated in rodent
models (4-8). Two isoforms of nuclear estrogen receptors
termed ER· and ERß mediate genomic responses to estrogens,
and have distinct, non-overlapping physiological functions.
Upon activation, the ligand-activated nuclear estrogen
receptor dimerises and can directly interact with estrogen
response elements in the promoter region of target genes,
leading to activation/repression of gene transcription (9-12).

Over the past 20 years many research groups have shown
that steroids also act at the cell surface of many target tissues
and cell types to initiate rapid responses, via binding to
membrane receptors, that frequently do not involve changes
in gene transcription (13). GPER represents a third ER in
addition to the classical nuclear ER isoforms ER· and ERß.
GPER, previously known as GPR30, has been cloned by
several research groups initially as an orphan G-protein
coupled receptor (GPCR) with a wide distribution in both
reproductive and nonreproductive tissues (14-17). Filardo and
co-workers suggested that GPER may be associated with
estrogen signalling based on their finding that estrogens caused
rapid activation of signalling pathways in a breast cancer cell
line (SKBR3 cells) that do not express ERs but express
GPER (18). Subsequently it was demonstrated independently
by two research groups that recombinant GPER has the
binding characteristics of a membrane estrogen receptor
(19,21), and activates multiple signalling pathways upon
estrogen stimulation (20).

The GPER protein is present both on the plasma membrane
and intracellularly in target cells. GPER is localised on the cell
surface and binds E2-BSA-FITC and activates a stimulatory
G-protein (Gs) leading to activation of adenylyl cyclase and
increase in intracellular levels of cAMP (18-20). GPR30 also
appears to be expressed intracellularly where it can induce
calcium mobilization and synthesis of phosphatidylinositol
3,4,5-trisphosphate (21,22). In 2006, Prossnitz and co-workers
identified the first GPER-specific ligand, G1, which has a
high affinity for GPER (Ki: 11 nM) but does not exhibit any
binding affinity for ER· or ERß (23). This specific agonist
provides new opportunities to characterize and determine
the functional significance of GPER using in vitro and in vivo
models.
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Recently, it has been shown that G1 plays a cardioprotective
role in rats during myocardial ischemia-reperfusion (24). In
this study, a reduction of post-ischaemic contractile dysfunction
was noted in rats treated with G1, when compared with
untreated controls. Moreover, G1-treated animals exhibited
reduced infarct size compared with untreated controls. These
effects did not show any sexual dimorphism and involved a
PI3 Kinase (PI3K)-dependent pathway; since addition of
wortmannin (a PI3K inhibitor) blocked G1 effects in this
experimental model (24). In another study that corroborated
the cardioprotective effects of G1, Bopassa et al, demonstrated
that G1 inhibited the mitochondria permeability transition pore
(mPTP) opening, involving an ERK1/2-specific pathway (25).

To date, very little is known abut the role of GPER in the
human heart. Interestingly, activation of GPER led to a
lowering of blood pressure in human arterial blood vessels
(26). We hypothesised that GPER can mediate estrogen
responses at the cardiac level, acting as a regulator of cardio-
vascular pathophysiology. Therefore, in this study we
investigated the expression of GPER in the various com-
partments of the human and rat heart and assessed the effects
of G1 and E2 in the rat heart during ischaemia.

Materials and methods

Animals and materials. All experiments were carried out in
accordance with the United Kingdom Home Office Guide
on the Operation of Animal (Scientific Procedures) Act of 1986,
UK. All reagents used were of the highest purity commercially
available. The G1 ligand was obtained from Calbiochem
(Germany), heart sections from AMS Biotechnology (Europe),
GPER (GPR30) antibody from Santa Cruz Biotechnology
Inc. (CA, USA), and 17-ß estradiol and triphenyltetrazolium
chloride (TTC) from Sigma-Aldrich (UK).

Human cardiovascular multiple tissue cDNA (MTC) panel. A
commercially available human cardiovascular multiple tissue
cDNA (MTC) panel was obtained from Clontech (Oxford,
UK). All tissues were normal (i.e. non-diseased) from
individuals ranging from 11 up to 32 years of age. Primer
sequences for RT-PCR amplification of human GPER gene
were: sense 5'-CTGCACGAGCGGTACTACGA-3' and
antisense 5'-CAGATGAGGCCACAGCTCAG-3'. Quantitative
expression of GPER in human heart was assessed by
quantitative PCR (Q-PCR) on an ABI7400 instrument (Applied
Biosystems) using SYBR® Green-PCR reaction mixture
(Sigma-Aldrich). ß-actin primers sense 5'-AAGAGAGGC
ATCCTCACCCT-'3 and antisense 5'-ACATGGCTGGG
GTGTTGAA-'3 were used as controls. As a negative control
for all the reactions, distilled water was used in place of the
cDNA. The RNA levels were expressed as a ‘relative quanti-
fication’ (RQ) value, using ‘Delta Ct method’ for comparing
relative expression results between treatments in Q-PCR.

Immunofluorescent analysis. Tissue sections were left to
warm at room temperature for 5 min, and then fixed with
pre-cooled fixative (acetone) at -20˚C for 5 min, at room
temperature. Sections were rinsed 3 times in PBS, followed
by incubation with 10% bovine serum albumin (BSA) for 1 h.
Tissue cells were incubated for 1 h with antibodies against

GPR30 (Santa Cruz Biotechnology) at a 1:200 dilution in 1%
BSA/PBS. Tissues were then washed with PBS prior to
incubation with anti-rabbit TRITC-conjugated antibody (Santa
Cruz Biotechnology) for 1 h. Slides were washed with PBS
and mounted in Vectashield® mounting medium (Vector Labs)
containing the dye 4,6-diamido-2-phenylindole (DAPI) to
counterstain the nuclei. Images were captured using a Plan
Apo Neofluor 63X NA 1.25 oil objective (Zeiss) on a Zeiss
Axiovert 200 M microscope and viewed using AxioVision
software. Images were taken at a set exposure time.

Rat heart cDNA extraction and amplification of GPER gene
Normal rat heart. Adult male Wistar rats weighing 250-300 g
were sacrificed using cervical dislocation. Total RNA from
different rat heart chambers was extracted and cDNA synthesis
was performed as previously described (27).

Hypoxic rat heart. Adult male Wistar rats weighing 250-
300 g were sacrificed using cervical dislocation. Hearts
were rapidly excised, immersed in ice-cold oxygenated
Tyrode's solution. The hearts were perfused via the aortic
cannula in the modified Langendorff mode with Tyrode's
solution (Na 138 mM, K 4.0 mM, Ca 1.8 mM, Mg 1.0 mM,
HCO3 24.0 mM, H2PO4 0.4 mM, Cl 121 mM, glucose 11 mM).
The pH of the solution was maintained at 7.4 by continuously
bubbling with 95% O2, 5% CO2 and temperature was main-
tained at 37˚C. A constant perfusion rate of 10 ml/min was
maintained using a Gilson Minipuls 2 peristaltic pump (Gilson
Inc., OH, USA). Contractile parameters were measured by
inserting a fluid-filled latex balloon through the left atrium
into the left ventricular chamber, the balloon was connected
to a pressure transducer (MTL0380, ADInstruments Ltd., UK)
and the balloon volume was adjusted to give end-diastolic
pressure of <10 mmHg. Aortic perfusion pressure was
monitored with a second pressure transducer in series with
the aortic cannula. Data were continuously recorded using a
Power Lab 8 preamplifier/digitiser (ADInstruments Ltd.). All
hypoxic heart experiments lasted a total of 75 min (n=3).
Hearts were allowed to stabilize for 30 min with the standard
oxygenated Tyrode's perfusion followed by 30-min hypoxia.
Hypoxic conditions were obtained by reducing the oxygen
partial pressure in the Tyrode's solution, nitrogen being
substituted for oxygen in the gas mixture 95% N2 5% CO2.
The hearts were maintained in a closed thermo-controlled
chamber (37˚C) throughout the hypoxia treatment. The hypoxic
period was followed by perfusion with oxygenated Tyrode
(re-oxygenation). Left ventricular samples were collected at
stabilisation, 30-min hypoxia and 30-min re-oxygenation. All
samples were snap-frozen in liquid nitrogen and stored at
-80˚C until further analysis.

Polymerase chain reaction (PCR). The sets of primers used
for RT-PCR amplification of rat GPER gene were sense
5'-CCTCATCTTGGTGGTGAACA-3' and antisense 5'-TAC
TGCCGTCCAGGTTGAA-3', ß-actin sense 5'-AAGAGAG
GCATCCTCACCCT-3' and antisense 5'-TACATGGCT
GGGGTCTTGAA-3'. Quantitative PCR was performed on a
Roche Light Cycler™ system (Roche Molecular Biochemicals,
Manheim, Germany). PCR reactions were carried out in a
reaction mixture consisting of 5 μl Master mix containing
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2 mM MgCl2 (Biogene, μl of cDNA, Kimbolton, UK), 1 μl of
sense and antisense primers (50 ng/μl), 2.5 liters of Light Cycler
and 0.5 μl DNA Master SYBR® Green I (Roche, Mannheim,
Germany), using a protocol as previously described (25). The
PCR products from all samples were purified from the 1%
agarose gel using the QIAquick gel extraction kit (Qiagen).
PCR products were then sequenced in an automated DNA
sequencer, and the sequence data were analyzed using Blast
Nucleic Acid Database Searches from the National Centre for
Biotechnology Information, confirming the identity of the
products.

Western blotting. Protein lysates were prepared by homo-
genizing rat heart tissue in RIPA lysis buffer (Santa Cruz
Biotechnology Inc.). Protein concentrations in the lysates were
measured using the Bradford method for sample preparation,
equal amounts of Laemmli buffer (5 M urea, 0.17 M SDS,
0.4 M dithiothreitol, and 50 mM Tris-HCl, pH 8.0) were added,
and samples denatured by sonication and boiling. Samples
were separated by SDS-PAGE (10% resolving gel) and
transferred to polyvinylidene difluoride (PVDF) membranes
at 100 V for 1 h in a transfer buffer containing 20 mM Tris,
150 mM glycine, and 20% methanol. The PVDF membranes
were incubated with primary antibody for GPER (Santa Cruz
Biotechnology Inc.) at a 1:1000 dilution in Tris buffered
saline (TBS)-0.1% Tween (TBST), and 5% BSA overnight
at 4˚C. The membranes were washed, incubated with a
secondary anti-goat horseradish peroxidase-conjugated
antibody (1:2000, Santa Cruz Biotechnology Inc.) for 1 h at
room temperature, and washed for 60 min with TBST.
Antibody complexes were visualized using chemiluminescence.
The densities were measured using a scanning densitometer
coupled to Scion Image scanning software (Scion Corp.,
Frederick, MD, USA). In addition to quantitative loading of
gels, membranes were also re-probed with the ß-actin antibody
(Cell Signalling Technology Inc., Beverly, MA, USA; 1 in
10,000 dilutions) to determine protein loading.

Determination of infarct size. As described above, rat hearts
were isolated and perfused on the Langendorff system. A
schematic representation of the experimental protocol is shown
in Fig. 1, lasting a total of 190 min. Hearts were allowed to
stabilize for 30 min with the standard Tyrode's perfusion.
Contractile parameters (left ventricular systolic pressure,
LVSP mm Hg and left ventricular end diastolic pressure,
LVEDP mm Hg) were measured at t0, t30, t40 t75, t85, t100,
t130, t160, t190 min and the difference between these two
pressure values represented the left ventricular developed
pressure (LVDP, mm Hg). The heart rate (HR, beats/min)
was determined at the same time and rate pressure product
(RPP, mm Hg) was calculated by multiplying the LVDP by

the HR. RPP is an accurate measure of mechanical function
of the heart and total myocardial energy turnover. All measure-
ments recorded after a 30-min stabilisation period was
considered as the baseline values (t0). Global ischaemia was
produced for 30 min by closing the inflow of physiological
solution. The hearts were maintained in a thermo-controlled
chamber (37˚C) throughout the protocol. The ischaemic period
was followed by reperfusion lasting 120 min. At the conclusion
of the experiment hearts were frozen at -20˚C and sliced into
2-mm transverse sections and incubated in 1% triphenyl-
tetrazolium chloride in phosphate buffer (pH 7.4, 37˚C) for
15 min. Viable tissue stained red and infarcted tissue remained
pale. The sections were fixed in 4% formalin for 24 h before
infarct size was determined (28). The size of infarcted area
was determined by the volume and weight method (29).

Experimental study groups. Hearts from male Wistar rats were
divided among the following experimental groups: a) control
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Figure 1. A schematic representation of the experimental protocol using the
Langendorff system to determine infarct size.

Figure 2. Expression of cardiac GPER mRNA. (A) RT PCR analysis of
human heart cDNA panel. MW, molecular weight ladder; lane 1,
atrioventricular node; 2, right ventricle; 3, left ventricle; 4, AV sinus; 5,
avriet dextra; 6, right atrium; 7, left atrium; 8, apex; 9, aorta; 10, whole
heart; 11, water (negative control). (B) Immunofluorescent analysis of human
cardiac sections, revealed strong expression of GPER at protein level in left
atrium (LA), and right ventricle (RV) with right atrium (RA). Negative control
(cardiac section incubated without GPER primary antibody) demonstrates
specificity of GPER staining. (C) Quantitative RT-PCR analysis revealed no
apparent differences in GPER expression in RA, LA and LV cDNAs from
human heart.
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(n=10); b) GPR30 ligand, G1 (100 nM, n=10); c) GPR30
ligand G1 plus GPR30 antibody, G1Ab (1 nM, n=5); d) 17-ß
estradiol (100 nM, n=5). All hearts were subjected to 30-min
global ischemia and 120-min reperfusion. 

Statistical analysis. All results are expressed as mean ± SEM.
Statistical analyses between groups were performed using

one-way ANOVA followed by Bonferroni's post hoc test for
significance. P<0.05 was considered significant.

Results

Expression of GPER in human heart. GPER mRNA and protein
was detected in various compartments of the adult human
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Figure 3. (A) RT-PCR analysis of GPER mRNA. MW, molecular weight ladder; lane 1, rat whole heart; 2, rat hypothalamus (positive control); 3, water
(negative control). (B) Quantitative mRNA expression of GPER in rat heart chambers. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right
ventricle. (C) Western blot analysis of GPER protein expression in rat heart chambers. (D) Changes in GPER mRNA expression during cardiac stress.

Figure 4. Post-ischaemic recovery following a period of 30-min global
ischaemia followed by 120-min reperfusion, on cardiac work, rate pressure
product (RPP). **p<0.01 for groups treated with G1 ligand, 17-ß estradiol vs.
control, G1 ligand+G1Ab.

Figure 5. Post-ischaemic recovery following a period of 30-min global
ischaemia and 120-min reperfusion, on functional recovery of LVEDP
(mmHg). **p<0.01, represents G1 ligand, 17-ß estradiol vs. control and G1
ligand+G1Ab. 
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heart by RT-PCR and Western blot analyses, respectively
(Fig. 2). Analysis of a human cardiovascular multiple tissue
cDNA panel showed GPER is expressed in the following
compartments: right and left ventricle and atrium, AV sinus,
avriet dextra, and aorta, but is not detected in the atrioven-
tricular node and apex (Fig. 2A). Immunofluorescent analysis
using a GPER specific antibody revealed strong cytoplasmic
and membrane staining of GPER in the left atrium (LA), left
ventricle (LV) and right atrium (RA; Fig. 2B). Quantitative
RT-PCR analysis revealed that there are no apparent
differences in the expression of GPER when cDNA from LA
was compared to LV and RA (Fig. 2C).

GPER is differentially expressed in the rat heart. RT-PCR
analysis using hypothalamic cDNA as positive control, showed
that GPER is expressed in the rat heart (Fig. 3A). Quanti-
tative RT-PCR analysis showed differential GPER mRNA
expression levels in the rat heart with significantly higher
amounts in the left ventricle (LV) compared to the left atrium
(LA), and in the right ventricle (RV) compared to the right
atrium (RA) (Fig. 3B). Western blot analysis further confirmed
the presence of the GPER protein in the rat heart. Moreover
using semi-quantitative Western blotting and correcting over
ß-actin, we demonstrate that the differential expression of the
GPER protein in LA, LV, RA and RV mirrors that of the
GPER gene (Fig. 3C).

In addition, we evaluated the expression of GPER mRNA
during hypoxic stress using the isolated Langendorff perfused
rat heart model. LV tissue samples were collected during
stabilisation, 30-min hypoxia and 30-min reoxygenation. Using
quantitative RT-PCR analysis changes in the expression of
GPER mRNA were observed. Hypoxia resulted in a 2.4-fold
increase in GPER mRNA compared to basal conditions.
Furthermore, within the first 30 min of reoxygenation there
was a substantial further significant increase of GPER mRNA
expression, reaching 10.3 fold that under basal conditions
(Fig. 3D).

Left ventricular function in the rat heart. The left ventricular
developed pressure (LVEDP) is a sensitive and reliable
measure of ischemic damage and a key determinant of
myocardial recovery during reperfusion (30). Groups treated
with G1 ligand and 17-ß estradiol demonstrated a significant
reduction in ischemic injury and an improved recovery on
reperfusion compared to the control and G1 ligand+G1Ab
treated groups (Fig. 4, P<0.01).

Poor recovery of the mechanical function of the heart
(RPP) following 30-min global ischemia was observed during
reperfusion in the control group, whereas pre-treatment with
G1 ligand significantly improved the recovery of cardiac
function during reperfusion (Fig. 5). Furthermore, myocardial
preservation seen with G1 ligand pre-treatment on functional
recovery was lost when hearts were pre-treated with G1
ligand+G1Ab (Fig. 5). G1Ab on its own showed no change
on functional recovery of the hearts compared to the control
group (data not shown).

Effect of G1 on infarct size. Infarct size was determined using
triphenyltetrazolium chloride (TTC) staining. Infarcted tissue
appears pale, whilst viable tissue stains red. Images from
transverse sections of rat hearts, revealed a viable pattern
(red colour) in those treated with G1 when compared with
the control group (white colour, Fig. 6A). The total area of
infarction was determined by the volume and weight method
(29). The total area at risk (R) of myocardial infarction was
comparable between all the treatment groups (data not
shown).

Pre-treatment with G1 ligand 10 min prior to global
ischemia and reperfusion, significantly reduced infarct size
(23.85±3.2%) compared to the untreated controls (61.48±2.2%)
(Fig. 6B, P<0.001). However, pre-treatment with G1
ligand+G1Ab, showed no significant reduction in infarct size
(Fig. 5B, 55.42±1.3%, P=NS). In addition, pre-treatment with
17-ß estradiol alone exerted significant myocardial protection
(Fig. 6B, 27.92±2.9%, P<0.001). Furthermore, pre-treatment
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Figure 6. (A) Images of transverse sections of rat hearts. Infarct size was determined using triphenyltetrazolium chloride (TTC). Infarcted tissue appears pale,
whilst viable tissue stains red. Only control group and pre-treatment with G1 ligand are represented in this example. (B) Graph representing in vitro
myocardial infarct size expressed as a percentage of the risk zone. Results are presented as mean ± SEM, ***P<0.001, G1 ligand, 17-ß estradiol treated groups
vs. control, G1 ligand+G1Ab.
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with G1Ab alone showed no change in infarction compared
to control (results not shown).

Discussion

In this study, we demonstrate for the first time that GPER is
expressed in numerous cardiac compartments of the human
heart at the gene level. GPER mRNA is expressed in all the
chambers of the human heart and also in the AV sinus, avriet
dextra, and aorta, but is not present in the atrioventricular node
and apex. The abundance of the GPER transcript was similar
in the right atrium, left atrium and left ventricle in the single
human heart sample analyzed. In contrast, quantitative RT-PCR
analysis revealed that in the rodent model GPER is up-
regulated at both the gene and protein level in the LV com-
pared to the LA, and in the RV compared to RA. In addition,
GPER is differentially expressed during cardiac stress, when
the hypoxic Langengorff perfused rat heart model is used.
Hypoxia results in an increase in GPER expression and upon
reoxygenation the expression in even greater. These data
clearly demonstrate the functional importance of GPER during
the early phase of reperfusion. Our findings are consistent
with those of previous studies demonstrating that mediators
of myocardial protection target the start of reperfusion in
order to limit cell death via reducing necrosis and apoptosis
(31,32).

In order to dissect further the cardioprotective role of
GPER, perfused hearts were treated with the GPER-specific
ligand G1 in the presence or absence of GPER antibody. Given
that experimental procedures were carried out in intact hearts,
we could not use the siRNA approach to demonstrate receptor
specificity. However, in vitro incubations with a receptor-
specific antibody has been used extensively to study the
involvement of receptors in mediating the effects of specific
ligands in pharmacological studies.

Administration of G1 prior to global ischemia reperfusion
dramatically reduced myocardial infarct size in the isolated
rat infarction model. In line with this observation, the cardio-
protective effect induced by the G1 ligand resulted in an
increase in functional recovery of contractility following
myocardial ischaemia/reperfusion. The exact mechanism of
this protective effect on diastolic function is not fully
elucidated. However, it is attractive to speculate that such an
effect could be due to improved metabolic function of the
myocardium. Furthermore, the G1 ligand-treated group
demonstrated an improved recovery of RPP. These data
suggest that both the impulse-generating system and con-
tractile cells are better preserved following G1 ligand treatment.
These responses are mediated via activation of GPER, since
incubation of hearts with a GPER antibody abolished the G1
response.

Collectively, our data suggest that GPER exerts cardio-
protective properties. While this manuscript was under
preparation, another study was published which supports our
findings (24). In this study, it was shown that G1 activation
of GPER improves functional recovery and reduces infarct
size in isolated rat hearts following ischemia and reperfusion
through a PI3K-dependent mechanism. However, no previous
studies have reported on the distribution of GPER in the
human heart. The present results show that GPER is also

strongly expressed in the major components of the human
heart, suggesting that GPER-mediated estrogen pathways
may have a similar protective role in humans.

Our findings point towards another potential estrogen-
mediated cardioprotective mechanism involving a distinct
pathway from that of ERs. Moreover, these observations
provide a basis for the generation of novel therapeutic
approaches at the cardiac level. This is of increasing
importance since the results of recent epidemiological studies
have challenged the prevailing view that hormone replacement
therapy has a protective effect. For example, numerous clinical
trials have linked estrogen therapy with increased venous
complications (33-37). These complications could be due to
activation of multiple pathways that act at at the genomic and
non-genomic levels. For example, it has been reported that
17-ß estradiol, 4-hydroxytamoxifen, and IC1182,780 also
bind to GPER and can act as estrogen agonists by activating
GPER-mediated signaling pathways (19).

In conclusion, these findings provide better insight into
the possible therapeutic potential for GPER and its ligand
G1. Further research is needed into the divergent actions of
estrogen-based therapeutic compounds acting in a genomic
and non-genomic manner at the cardiac level. This will not
only lead to the generation of novel hypotheses regarding
cardioprotective roles of steroids, but also to the generation
of novel therapeutic agents of higher efficacy and selectivity.
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