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that the vascular actions of
estrogens were solely mediated via activation of the classical
nuclear receptors, estrogen receptor (ER) ␣ and ER␤. Following activation, these receptors translocate to the nucleus to
produce both genomic and rapid signaling events (14). However, neither inhibition nor removal of ER␣ and ER␤ abolishes
estrogen-dependent responses in the cardiovascular system
(30, 36). Thus it was speculated that estrogen may elicit its
cardiovascular actions via a different, nonconventional receptor. Indeed, over the last few years, emerging evidence has
revealed the existence of a novel G protein-coupled receptor 30
(GPR30), also known as G protein estrogen receptor, which
mediates some of the actions of estrogen, including rapid
signaling events and rapid transcriptional activation (26).

GPR30 was first discovered in the vasculature in 2007 by
Haas and colleagues (9), who demonstrated GPR30 expression
in the smooth muscle cells of human arteries and veins and
confirmed that this novel receptor is regulated by estrogen.
GPR30 expression has since been found in the mesenteric
arteries of female mice (17) and aortas of mRen2. Lewis rats
(13). Potential role(s) of GPR30 remained largely unknown
until very recent studies demonstrated that stimulation of
GPR30 with the selective agonist, G-1, acutely lowers blood
pressure in normotensive and ovariectomized female mRen2.
Lewis rats and also dilates rodent and human arteries (8, 13).
Isoflavones are a class of natural estrogenic compounds
(phytoestrogens) found in soy products (27) and which appear
to have cardiovascular protective actions (12). For example,
isoflavones can lower blood pressure in spontaneously hypertensive (18, 19, 23, 25) and normotensive rats (16) as well as
potently dilate systemic and cerebral arteries (4, 11, 31, 37).
We have demonstrated that equol, the main active intestinal
metabolite of the isoflavone daidzein, displays antioxidant
activity in the basilar artery and has preserved vasorelaxant
activity in carotid arteries of hypertensive rats (11). Although
isoflavones are reported to have a similar affinity for the
vascular ER␤ to estrogen and less for ER␣, it is not known
whether isoflavones mediate their vascular effects via GPR30.
We hypothesized that GPR30 has both vasorelaxant and
antioxidant properties that are similar to isoflavones. This
hypothesis was tested by assessing the vasorelaxant properties
of GPR30 agonists in carotid arteries from male and female
rats using wire myography and their antioxidant properties
using lucigenin-enhanced chemiluminescence. We also identified which vascular cell types expressed GPR30.
MATERIALS AND METHODS

UNTIL RECENTLY, IT WAS THOUGHT
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All procedures were approved by the institutional animal ethics
committee. In total, 31 male and 26 female Sprague-Dawley rats were
studied. Rats were aged matched (8 –12 wk; males 290 ⫾ 6 g and
females 274 ⫾ 6 g) and killed by inhalation of an 80:20 mix of
CO2-O2.
Localization of GPR30. Thoracic aortas and carotid and middle
cerebral arteries were embedded in an optimum-cutting temperature
Tissue-Tek (Bayer Diagnostics) mould and snap-frozen in liquid
nitrogen. Arteries were sectioned (10 m) on a cryostat (Leica) and
thaw-mounted on 0.1% gelatinized slides. Sections were fixed in
acetone for 15 min and washed in 0.01 M PBS (3 ⫻ 10 min). Arterial
sections were then incubated with a GPR30 rabbit polyclonal antibody
(1:200; AbCAM) overnight in a humid box. The following day,
tissues were washed in 0.01 M PBS (3 ⫻ 10 min) to remove any
excess antibody and incubated in a Texas Red-conjugated goat antirabbit IgG (1:200; Zymed Laboratories) for 3– 4 h in a humid box.
Sections were then washed in 0.01 M PBS (3 ⫻ 10 min) and mounted
in buffered glycerol (0.5 M Na2CO3 added dropwise to 0.5 M
NaHCO3 to pH 8.6, combined 1:1 with glycerol). Tissue-mounted
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Recent studies have identified that the novel membrane estrogen
receptor, G protein-coupled receptor 30 (GPR30), is present in blood
vessels. However, the signaling mechanisms associated with GPR30
in the vasculature remain unclear. We examined whether putative
agonists of GPR30 exert vasorelaxant and/or antioxidant effects
similar to those reported for estrogen. Using wire myography, we
assessed the role of the endothelium in relaxation responses to the
GPR30 agonists, G-1 and 5408-0877 (1 nM-10 M), in U-46619precontracted common carotid arteries from Sprague-Dawley rats.
Furthermore, using lucigenin (5 M)-enhanced chemiluminescence,
we tested the effect of G-1 (10 M) on superoxide levels. Specific
immunofluorescence was also used to confirm GPR30 expression in
the arterial wall. We found that G-1 and 5408-0877 induced a
concentration-dependent relaxation in carotid arteries from both male
and female rats. Interestingly, G-1- and 5408-0877-induced relaxation
was abolished by endothelium removal and abrogated in the presence
of the nitric oxide synthase inhibitor NG-nitro-L-arginine methyl ester
(100 M). In addition, G-1 significantly decreased NADPH (100
M)-stimulated superoxide production by carotid and intracranial
(pooled basilar and middle cerebral) arteries but also attenuated the
superoxide signal detected in a cell-free xanthine/xanthine oxidase
assay. Furthermore, GPR30 immunoreactivity was observed in endothelial and vascular smooth muscle cells of carotid arteries from both
genders. These findings indicate that GPR30 is expressed throughout
the arterial wall and that GPR30 agonists elicit endothelial-derived
nitric oxide-dependent relaxation of the carotid artery in male and
female rats. Additionally, G-1 appears to directly scavenge superoxide
anion.
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luminescence (24) in the presence of either G-1 (10 M) or vehicle
(0.1% DMSO). Background counts were subtracted and superoxide
production normalized to dry tissue weight.
To assess whether G-1 might directly scavenge superoxide, we
used a cell-free enzyme assay as previously described (3). In brief,
superoxide was generated via the reaction of xanthine (100 M) and
xanthine oxidase (0.05 U/ml) and levels measured in the presence of
either G-1 (10 M), vehicle (0.1% DMSO), or superoxide dismutase
(SOD; 250 U/ml) by 5 M lucigenin-enhanced chemiluminescence.
Calculations and statistics. Relaxation responses (to ACh, G-1, and
5408-0877) were expressed as a percent of the relaxation to SNP.
U-46619-mediated contractions were expressed as a percent of the
U-46619-induced contraction performed before arteries being pretreated with G-1 or vehicle. All data are expressed as means ⫾ SE,
and n values refer to the number of animals in each group. A t-test or
two-way ANOVA was used for comparisons, as appropriate. If
differences were detected by ANOVA, individual groups were compared with the Student-Newman-Keuls test using SigmaStat 3.0. A
probability of P ⱕ 0.05 was accepted as significant for all comparisons.
RESULTS

Localization of GPR30. A specific anti-GPR30 antibody was
used to identify the cell types in the artery wall that express
GPR30. GPR30 immunoreactivity was observed in both the
endothelium and vascular smooth muscle of the carotid (n ⫽ 4;
Fig. 2, A and B) and middle cerebral (n ⫽ 4; Fig. 2, C and D)
arteries and the thoracic aorta (data not shown) of both male and
female rats. The intensity of GPR30 immunofluorescence appeared
to be increased in the endothelium compared with the vascular
smooth muscle of all arteries examined. Furthermore, there
was no apparent difference between genders in the intensity of
staining. Immunoreactivity was absent in arterial sections that
lacked the primary antibody.
GPR30 agonists induce relaxation of carotid arteries. The
GPR30 agonist G-1 induced relaxation of carotid arteries from
both males (e.g., 42 ⫾ 8% at 10 M; n ⫽ 6) and females (32 ⫾ 7%
at 10 M; n ⫽ 6). Similarly, 5408-0877 induced a concentration-dependent relaxation in arteries from males (e.g., 35 ⫾
10% at 10 M; n ⫽ 6) and females (34 ⫾ 11% at 10 M; n ⫽
6). On some occasions, up to 100 M agonist was applied, and
this concentration caused no further relaxation than 10 M
(data not shown). The vasorelaxant effect of both agonists was
concentration-dependent and significantly greater than the effect of vehicle (Fig. 3, A and B).
GPR30-mediated vasorelaxation is dependent on endotheliumderived nitric oxide. To test if the endothelium is required
for GPR30-mediated relaxation, additional functional studies
were performed in endothelium-intact vs. -denuded carotid

Fig. 1. Chemical structures of G protein-coupled
receptor 30 (GPR30) agonists, G-1 and 54080877.

AJP-Heart Circ Physiol • VOL

298 • MARCH 2010 •

www.ajpheart.org

Downloaded from http://ajpheart.physiology.org/ by 10.220.33.6 on October 1, 2017

slides were viewed and photographed on a Leica confocal scanning
laser system.
Preparation of small vessel myograph. Carotid arteries were excised and placed in ice-cold Krebs-bicarbonate solution (composition
in mmol/l: 118 NaCl, 4.5 KCl, 0.45 MgSO4, 1.03 KH2PO4, 25
NaHCO3, 11.1 glucose, and 2.5 CaCl2). Connective tissue was removed, and individual rings (3– 4 mm in length; internal diameter
⬃400 m) were mounted in a Mulvany-Halpern myograph (Danish
Myo Technology) for measurement of isometric force. Rings were
bathed in 5 ml of Krebs-bicarbonate solution, which was maintained
at 37°C and bubbled with carbogen (95% O2 and 5% CO2). A tension
of 15 mN was applied to the blood vessels, and rings were allowed to
equilibrate for 45 min.
Verification of endothelial integrity/disruption. For experiments in
endothelium-intact vessels, endothelial integrity was assessed before
experimentation by precontracting arteries with U-46619 (10 nM) and
measuring the subsequent relaxation response to ACh (1 M). In some
rings, the endothelium was removed by gently abrading the luminal surface
of the vessel with a stainless steel pin to determine the contribution of
the endothelium to GPR30-mediated relaxation. The effectiveness of
endothelial removal was verified by the lack of a relaxation response
to ACh. Following application of ACh, vessels were rinsed in Krebs
bicarbonate and allowed to equilibrate for 30 min.
Effect of GPR30 agonists on carotid arteries. To test whether
GPR30 can regulate tone in carotid arteries, concentration-response curves to
the selective and structurally similar GPR30 agonists (see Fig. 1), G-1
(Cayman) and 5408-0877 (ChemDiv) (1 nM-10 M), or vehicle
(DMSO), were constructed in U-46619-contracted arteries from both
male and female rats. The response to each concentration was allowed
to stabilize (⬃10 –15 min) before the next concentration was applied.
To verify that a stable contractile effect of U-46619 was maintained
throughout each experiment, time control experiments were performed in contracted vessels. At the end of each experiment, sodium
nitroprusside (SNP; 10 M) was applied to the carotid arteries to
establish maximum relaxation.
Effect of endothelial disruption and nitric oxide synthase inhibition
on GPR30-mediated relaxation. To assess the contribution of the
endothelium to GPR30-mediated relaxation, concentration-response
curves to G-1, 5408-0877 (1 nM-10 M), or vehicle [dimethyl
sulfoxide (DMSO)] were performed in endothelium-denuded rings.
Furthermore, indirect effects of G-1 (10 M) on contractions to
U-46619 (10 nM) were investigated in endothelium-intact and endothelium-denuded arteries after preincubation for 1 h with G-1 or
vehicle (DMSO). Because studies have shown that estrogen mediates
vasodilation via nitric oxide, similar protocols were performed in
endothelium-intact arteries treated with the broad spectrum nitric
oxide synthase (NOS) inhibitor NG-nitro-L-arginine methyl ester (L-NAME,
100 M; Sigma) or vehicle (Krebs bicarbonate). To verify the efficacy
of L-NAME, we examined the subsequent effect of ACh (30 M).
Effect of G-1 on superoxide production by vascular NADPH
oxidase. NADPH (100 M)-stimulated superoxide production by
carotid (5 mm rings) and intracranial (pooled basilar and middle
cerebral) arteries was measured by 5 M lucigenin-enhanced chemi-
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artery rings. Relaxant responses to G-1 or 5408-0877 were
abolished by removal of the endothelium in rings from both
genders (Fig. 4, A and B), suggesting that activation of GPR30
elicits vasorelaxation via the release of an endothelium-derived
relaxing factor. To further strengthen these observations, we
assessed whether activation of GPR30 indirectly acts as a
vasorelaxant by blocking the activity of U-46619-mediated
contraction in arteries with and without the endothelium. Preincubation of G-1 significantly reduced U-46619-induced contraction in endothelium-intact carotid arteries but not in endothelium-denuded vessels (Fig. 5). These findings are consistent
with the direct vasorelaxant actions mediated by GPR30 ago-

nists. We thus examined the contribution of nitric oxide to
GPR30-mediated vasorelaxation by performing further experiments in the absence or presence of the NOS inhibitor LNAME (100 M). Vascular relaxation by both G-1 and 54080877 was virtually abolished by L-NAME in male and female
carotid arteries (Fig. 6, A and B). L-NAME also inhibited
responses to ACh but not SNP, as expected (data not shown).
G-1 directly scavenges superoxide. In the presence of the
GPR30 agonist G-1, NADPH-stimulated superoxide carotid
and intracranial cerebral arteries was ⬃30 – 40% lower than
levels generated by arteries treated with vehicle (Fig. 7, A and B).
However, levels of superoxide generated in the xanthine/

Fig. 3. Vasorelaxant responses to increasing
concentrations of the GPR30 agonists, G-1
and 5408-0877, in carotid arteries from male
(A) and female (B) rats (n ⫽ 6/group). *P ⬍
0.05 vs. vehicle.
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Fig. 2. Photomicrographs showing sections of
carotid (A and B) and middle cerebral (C and D)
arteries from male (A and C) and female (B and D)
rats following GPR30 immunohistochemistry
(red ⫽ GPR30; green ⫽ autofluorescence).
GPR30 immunofluorescence was observed in
both the endothelium (arrows) and smooth
muscle (arrowheads). Scale bars ⫽ 40 m.
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Fig. 4. Vasorelaxant responses to increasing
concentrations of GPR30 agonists G-1 and
5408-0877 in endothelium-intact and endothelium-denuded arteries from male (A) and
female (B) rats (n ⫽ 5– 6/group). P ⬍ 0.05
vs. G-1 (*) and vs. 5408-0877 (#).

DISCUSSION

The major findings of the present study are: 1) GPR30
immunoreactivity is apparent in endothelial and vascular
smooth muscle cells of thoracic aorta and middle cerebral and
carotid arteries from both genders; 2) GPR30 agonists, G-1 and
5408-0877, induce similar concentration-dependent relaxations
of rat isolated carotid arteries from male and female rats;
3) there was no gender difference in these relaxation responses;
4) G-1- and 5408-0877-induced relaxation is abolished by both
endothelium removal and NOS inhibition; and 5) G-1 reduces
levels of vascular superoxide, probably by direct inactivation
rather than GPR30-mediated enzyme inhibition. Collectively,
these results suggest that activation of GPR30 elicits relaxation
of the carotid artery in both male and female rats via release of
endothelium-derived nitric oxide.
It is well documented that classical estrogen receptors contribute to many signaling events in healthy and diseased blood
vessels (7). Conversely, very little is understood about the role
of the novel estrogen receptor, GPR30, in regulating vascular
tone. This study has found that activation of GPR30 by two
agonists, G1 or 5408-0877, elicits concentration-dependent
relaxation of male and female rat carotid arteries. It was very
recently reported that the selective GPR30 agonist, G-1,
acutely lowers arterial pressure in normotensive rats and in-

Fig. 5. Vasocontraction responses to U-46619 in both endothelium-intact and
endothelium-denuded carotid arteries from male rats preincubated with G-1 or
vehicle [dimethyl sulfoxide (DMSO)] for 1 h (n ⫽ 4). *P ⬍ 0.05 vs. vehicle.
AJP-Heart Circ Physiol • VOL

duces relaxation of various rodent and human blood vessels
(8). Similar blood pressure-lowering effects were reported to
occur in ovariectomized female hypertensive mRen2. Lewis
rats by Lindsey et al. (13). These authors also found that G-1
induces relaxation of the thoracic aorta of intact and ovariectomized female rats. Furthermore, Haas et al. (8) showed that
G-1-mediated vasorelaxation was absent in mice deficient of
GPR30, consistent with G-1 being a specific agonist for
GPR30. We observed a small but significant vasorelaxation at
10 nM G-1, whereas Lindsey et al. (13) only found significant
vasorelaxation of the aorta to occur at ⬎1 M. This could
reflect a more efficient signaling by G protein-coupled receptor
or a greater binding affinity for G-1 in carotid artery vs.
thoracic aorta. To our knowledge, this is the first study to
demonstrate the vasorelaxant actions of the potentially selective GPR30 agonist, 5408-0877. It remains to be elucidated,
however, as to whether 5408-0877 selectively stimulates
GPR30 and not ER␣ or ER␤.
To establish in which vascular cell type GPR30 is expressed
in, we performed immunohistochemistry on various arterial
sections using a specific GPR30 antibody. Positive GPR30
immunofluorescence was observed in both endothelial and
vascular smooth muscle cells of thoracic aortas and carotid and
cerebral arteries of male and female rats. Similar anti-GPR30
immunoreactivity was identified in the thoracic aorta of ovariectomized mRen2. Lewis female rats (13). In addition, Isensee
et al. (10) reported that GPR30 is located in endothelial cells of
small systemic arteries, but, interestingly, it is only located in
the vascular smooth muscle of cerebral vessels. Consistent
with this latter point, Haas et al. (9) demonstrated GPR30 is
located in the vascular smooth muscle of human arteries and
veins. Although the findings of these previous studies, in
addition to those of the present study, have provided strong
evidence that GPR30 is located in vascular endothelial and
smooth muscle cells, understanding the role of GPR30 in each
cell type remained to be elucidated.
Studies of estrogen-mediated activation of ER␣ and/or ER␤
have demonstrated that the resulting vasodilatation is endothelium dependent in various vascular beds (21, 29, 34, 35). To
determine if GPR30 also mediates vasorelaxation via a similar
mechanism, we investigated GPR30 agonist-induced responses
in endothelium-denuded arteries. The experiments revealed
that G-1- and 5408-0877-induced relaxation of carotid arteries
from male and female rats is endothelium-dependent, suggesting that activation of GPR30 located in the intima results in the
release of an endothelium-derived relaxing factor. These find-
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xanthine oxidase cell-free system were similarly attenuated in
the presence of G-1 (Fig. 7C). SOD (250 U/ml) abolished the
superoxide signal in this assay, confirming that the signal was
exclusively due to reaction of superoxide with lucigenin.
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Fig. 6. Vasorelaxant responses to increasing
concentrations of the GPR30 agonists, G-1
and 5408-0877, in arteries from male (A) and
female (B) rats with or without NG-nitro-Larginine methyl ester (L-NAME, 100 M; n ⫽
5– 6/group). P ⬍ 0.05 vs. G-1 (*) and vs. 54080877 (#).

onize changes in intracellular calcium caused by vasoconstrictor agonists, possibly via ERK1/2. It is possible that the
differences between our findings and those reported by Haas et
al. are due to variations between the preparations employed.
Our isolated carotid artery preparation allows study of vascular
function in a more physiological setting compared with cultured vascular smooth muscle cells. Indeed, relatively shortterm culture is known to elicit changes in vascular smooth
muscle transient receptor potential canonical protein, voltagegated potassium channel, and calcium-activated potassium
channel expression/function (1, 32). These channels are important regulators of calcium channels, and it is thought that such
changes likely occur because of enzymatic digestion, exposure
to artificial substrata and culture media, and a lack of normal
intercellular communication, cell contacts, and tangential stress. Additional explanations for the varying results between our study
and Haas et al. (8) is that different arteries from different
species were examined.
Endothelium-dependent effects of estrogen in the vasculature commonly involve endothelial factors, including nitric
oxide (21, 29, 34, 35). Having found that GPR30 activation
induces endothelium-dependent vasorelaxation, we considered

Fig. 7. Superoxide production was measured by lucigenin (5
mM)-enhanced chemiluminescence. A and B: effect of
NADPH (100 M) on superoxide production by carotid (A)
and cerebral (B) arteries (n ⫽ 5) in the presence or absence of
G-1 (10 M). C: a xanthine/xanthine oxidase (X-XO)stimulated cell free activity assay (n ⫽ 5) with or
without G-1 (10 M) or superoxide dismutase (SOD;
200 U/ml). *P ⬍ 0.05 vs. control.
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ings were supported by additional studies that showed pretreating vessels with G-1 significantly reduced U-46619-mediated
contraction in endothelium-intact, but not in endotheliumdenuded, arteries. Our findings corroborate those reported by
Lindsey et al. (13) who demonstrated G-1-mediated relaxation
is abrogated in endothelium-denuded arteries from both intact
and ovariectomized female rats. Interestingly, it appears that
GPR30 in vascular smooth muscle cells may not contribute to
the regulation of vascular tone because, in endothelium-denuded arteries, GPR30 agonists did not elicit relaxation and
G-1 preincubation had no significant effect on U-46619-induced contraction. It is possible that GPR30 in these cells may
instead play a role in cell growth, since GPR30 activation is
reported to inhibit cell proliferation in human vascular smooth
muscle cells that express neither ER␣ nor ER␤ (8). In the same
study, however, it was reported that stimulation of GPR30 by
G-1 blocks serotonin-induced changes in intracellular calcium
in vascular smooth muscle cells, which indicates that GPR30mediated vasorelaxation involves calcium antagonistic or desensitizing effects. Moreover, G-1 induced a robust increase in
extracellular signal-regulated kinase (ERK) 1/2 phosphorylation and thus the authors speculated that GPR30 might antag-
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superoxide. As a provasodilator receptor, GPR30 has a potentially important physiological role in mediating estrogen signaling, and it could represent a potential therapeutic target in
the cerebral circulation during vascular diseases such as stroke.
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the possibility that, like classical estrogen receptors, GPR30
mediates relaxation via nitric oxide signaling. We therefore
tested this hypothesis by assessing GPR30-mediated relaxation
in arteries pretreated with the NOS inhibitor L-NAME. The
results confirmed that the relaxant responses to GPR30 agonists were not only endothelium dependent but also nitric oxide
mediated. This finding indicates that the mechanism underlying GPR30-mediated relaxation of the normal carotid artery
differs from that which exists in the aorta of hypertensive rats
(13), which instead occurs through regulation of the reninangiotensin system. Thus different signaling mechanisms may
contribute to GPR30-mediated relaxation in different vascular
beds, and in health vs. disease; hence, further studies are
required to fully clarify this. However, the mechanisms by
which activated GPR30 triggers the release of nitric oxide in
vascular endothelial cells remains to be determined. A possible
mechanism is that stimulation of GPR30 leads to phospholipase C activation and subsequent inositol 1,4,5-trisphosphate
production (28), resulting in intracellular calcium release from
the endoplasmic reticulum. It is well established that increased
calcium release in vascular endothelial cells is involved in the
generation of nitric oxide from NOS (2). It is important to note
that the G protein-coupled receptor-mediated phospholipase
C/calcium signal transduction cascade, resulting in generation
of nitric oxide, has been widely reported in the vasculature (6).
Isoflavones display significant binding and activity toward
GPR30 (15, 33). Hence, it has been suggested that GPR30 may
be an important receptor for mediating vascular responses to
isoflavones (27). However, our observation that GPR30-mediated relaxation occurs via activation of the endothelial nitric
oxide pathway may indirectly suggest that some isoflavones,
such as equol, daidzein, trans-tetrahydrodaidzein, and dehydroequol, do not mediate vasorelaxation via GPR30. Several
groups, including ours, have shown that these isoflavones
mediate vasorelaxation independent of endothelial nitric oxide
signaling, including in the rat carotid artery (5, 11, 22). Conversely, isoflavones have been reported to elicit endotheliumdependent relaxation of some vessels (4, 5, 31); therefore,
future studies are necessary to ascertain whether isoflavones
that mediate endothelium-dependent relaxation indeed activate
GPR30.
Because isoflavones possess antioxidant activity in cerebral
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