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a b s t r a c t

Chronic activation of the novel estrogen receptor GPR30 by its agonist G1 mitigates the adverse effects of
estrogen (E2) loss on cardiac structure and function. Using the ovariectomized (OVX) mRen2.Lewis rat, an
E2-sensitive model of diastolic dysfunction, we found that E2 status is inversely correlated with local
cardiac angiotensin II (Ang II) levels, likely via Ang I/chymase-mediated production. Since chymase is
released from cardiac mast cells during stress (e.g., volume/pressure overload, inflammation), we hy-
pothesized that GPR30-related cardioprotection after E2 loss might occur through its opposing actions on
cardiac mast cell proliferation and chymase production. Using real-time quantitative PCR, immunohis-
tochemistry, and immunoblot analysis, we found mast cell number, chymase expression, and cardiac Ang
II levels were significantly increased in the hearts of OVX-compared to ovary-intact mRen2.Lewis rats
and the GPR30 agonist G1 (50 mg/kg/day, s.c.) administered for 2 weeks limited the adverse effects of
estrogen loss. In vitro studies revealed that GPR30 receptors are expressed in the RBL-2H3 mast cell line
and G1 inhibits serum-induced cell proliferation in a dose-dependent manner, as determined by cell
counting, BrdU incorporation assay, and Ki-67 staining. Using specific antagonists to estrogen receptors,
blockage of GPR30, but not ERa or ERb, attenuated the inhibitory effects of estrogen on BrdU incorpo-
ration in RBL-2H3 cells. Further study of the mechanism underlying the effect on cell proliferation
showed that G1 inhibits cyclin-dependent kinase 1 (CDK1) mRNA and protein expression in RBL-2H3
cells in a dose-dependent manner.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Estrogen is a potent steroid hormone present in high levels in
females from adolescence to menopause and in low levels in men.
Preclinical evidence over the last few decades suggests that estro-
gen protects the heart through its effects on cardiomyocytes and
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non-cardiomyocytes [1,2]. However, several double-blind clinical
trials of hormone replacement therapy (HRT) in postmenopausal
women showed an increased risk of both cancer and cardiovascular
disease in those taking estrogen [3e5]. Understanding the exact
mechanisms by which estrogen affects the heart is a key to
developing future hormone replacement therapies with more
specificity and efficiency and fewer or no side effects in post-
menopausal women.

G protein-coupled estrogen receptor (GPER), also known as G
protein-coupled receptor 30 (GPR30), is an integral membrane
protein with high affinity for estrogen [6,7]. It is expressed in
various tissues including the heart. GPR30-associated cardiac pro-
tective actions were first described in a myocardial ischemia/
reperfusion injury animal model [8]. More recently, impaired left
ventricular contractility and relaxation capacity consistent with
left-ventricular dysfunction were noted in GPR30-deficient mice
[9]. Our lab also found that in vivo activation of GPR30 with its
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specific agonist, G1, attenuated the adverse effects of high salt or
estrogen loss by ovariectomy (OVX) on cardiac remodeling and
diastolic dysfunction in mRen2.Lewis rats [10,11]. The car-
dioprotective effects of G1 appear to be blood pressure and sex
independent [2,8e11]. These findings have opened up a new di-
rection of research that focuses on the potential roles of GPR30 in
the maintenance of cardiac structure and function in females after
menopause.

Mounting evidence indicates that estrogen regulates all com-
ponents of the renin-angiotensin-system (RAS) [2,12,13]. In the OVX
mRen2.Lewis rat, an established rodent model that mimics the
cardiac phenotype of women following surgical or natural cessation
of ovarian hormone production, estrogen replacement reduces
plasma levels of angiotensin (Ang) II and increases circulating Ang-
(1e7), aswell as corrects the increase in circulating activities of renin
and angiotensin-converting enzyme (ACE) [14]. Our data using the
same animal model showed that 17b-estradiol (E2) treatment at-
tenuates OVX-associated increases in cardiac Ang II and diastolic
dysfunction [13,15]. E2 regulation of local cardiac Ang II might occur
through its effects on cardiac chymase, rather than ACE [13,16].
Chymase, which is found mainly in the secretory granules of mast
cells, plays an important role in cardiac tissue formation of Ang II,
particularly under pathophysiological conditions [17,18].

In this study, we hypothesized that the cardioprotective effects
of GPR30 might occur, at least partially, through its regulation on
cardiac mast cell/chymase/Ang II production. A number of studies
have demonstrated the effect of GPR30 on cell proliferation
[19e22]; here, we will determine the effects of GPR30 on RBL-2H3
mast cell proliferation in vitro and cardiac mast cell number in vivo,
in order to provide further evidence for the mechanisms and new
pathways of the cardioprotective effects of GPR30.

2. Methods

2.1. Animals

Female heterozygous mRen2.Lewis rats were obtained from the
Hypertension and Vascular Research Center Congenic Colony at
Wake Forest School of Medicine. All studies using animals were
approved by the institution's Animal Care and Use Committee
(A12-201), and all animal procedures conformed to the Guide to the
Care and Use of Laboratory Animals published by the US National
Institutes of Health.

2.2. In vivo experimental protocol

Female mRen2.Lewis rats at 4 weeks of age were randomly
assigned to undergo either OVX (n ¼ 16) or sham operation (sham;
n ¼ 10) performed under 2% isoflurane anesthesia, as previously
described [10,11]. Once the rats reached 13 weeks of age, the OVX
group was further randomly divided to receive either the GPR30
agonist, G1, (OVX-G1; n ¼ 7; Cayman Chemical Company, Ann Ar-
bor, MI, USA) diluted in a DMSO/EtOHmixture for a targeted dose of
50 mg/kg/day, or vehicle (OVX-V; n ¼ 9) administered subcutane-
ously via an osmotic mini-pump (DURECT Corporation, Cupertino,
CA, USA). Rats were euthanized and tissues were collected at 15
weeks of age.

2.3. Cell culture and treatment

Before each experiment, the rat RBL-2H3mast cells were seeded
in 6-well plates or chamber slides (Lab-Tek™ Chamber Slides,
Thermo Scientific, Rochester, NY, USA) at the density of 5 � 104

cells/cm2 and starved in serum free medium for 18 h. Cells were
subsequently treated with G1 (Cayman Chemical Company) for
24 h in the mediumwith 2% FBS. At the end of the experiment, cells
were fixed with cold methanol for immunocytochemical staining,
or lysedwith TRIzol (Invitrogen, Carlsbad, CA, USA) for PCR analysis.
2.4. Bromodeoxyuridine (BrdU) incorporation assay

Cell proliferationwasmeasured using the BrdU Cell Proliferation
Assay Kit (Millipore #2750, Billerica, MA, USA) according to the
manufacturer's instructions. RBL-2H3 cells seeded at 2 � 103 per
well in a 96-well cell culture plate were serum-starved for 18 h, and
then changed to mediumwith 2% FBS and treated with G1 or E2 for
2 h 20 ml of BrdU labeling solution was subsequently added to each
well and cells were incubated for an additional 18 h before BrdU
assay. For the estrogen receptor (ER) blocking study, cells were
pretreated for 1 h with 10 mM of the GPR30-selective antagonist
G15, ERa-selective antagonist MPP, or ERb-selective antagonist
PHTPP, followed by treatment with 1 mM of E2. G15, MPP, and
PHTPP were purchased from Tocris Bioscience (Bristol, UK).
2.5. Immunocytochemistry in RBL-2H3 cells

RBL-2H3 cells were grown on chamber slides for immunocyto-
chemical staining using primary antibody against chymase (1:400,
Bioss Inc., Woburn, MA, USA), GPR30 (1:1000, Bioss, Inc.), or Ki-67
(1:200, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Antibody
binding was detected using secondary IgG antibodies conjugated to
Alexa 488 or 555 (1:500, Invitrogen) and were imaged with a Zeiss
LSM-510 confocal microscope.
2.6. Real-time quantitative PCR (RT-qPCR)

RT-qPCR was used to measure mRNA levels in cells and cardiac
tissues using a SYBR Green PCR kit (Qiagen Inc., Valencia, California,
USA), as we previously described [11]. Amplification and detection
were performed with the ABI7500 Sequence Detection System
(Applied Biosystems, Foster City, CA). The relative target mRNA
levels in each sample were normalized to S16 ribosomal RNA.
Expression levels are reported relative to the geometric mean of the
control group.
2.7. Immunoblot analysis

Cultured cells or LV tissue homogenates from mRen2.Lewis rats
were separated by SDS-PAGE and transferred onto membranes, as
previously described [10,11]. Immunoblots were probed using an-
tibodies for GPR30 (1:500, Bioss, Inc.), chymase (1 mg/ml, Bioss,
Inc.), and CDK1 (1:1000, Abcam, Cambridge, MA, USA). Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH; 1:5000; Cell
Signaling, Danvers, MA, USA) was used as a loading control.
2.8. Immunohistochemistry in left ventricles

Immunohistochemical staining of formalin-fixed and paraffin-
embedded heart sections was performed as we described before
[10,11,13,15]. Tissue sections were incubated with antibodies
against chymase (1:1000, Bioss, Inc.) or Ang II (1:2000, IgG Corp,
Nashville, TN, USA) overnight at 4 �C, rinsed with PBS, and incu-
bated with biotinylated secondary IgG (Vector Laboratories, Bur-
lingame, CA) for 3 h at 4 �C. Antibody bindingwas detectedwith the
Vectastain ABC Elite avidin/biotin/peroxidase kit (Vector Labora-
tories) and observed under a Leica DM4000B microscope. Pictures
were taken from 10 random fields and NIH ImageJ software was
used to quantify the staining in the heart.
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2.9. Statistical analysis

All results are reported as mean ± SEM. For all endpoints, one-
way ANOVA was used to determine the significance of differences
among groups. Significance of interactions between groups was
determined using Tukey post-hoc tests. Pearson correlation was
used to test for a relationship between cardiac chymase protein
level and Ang II staining intensity. Differences for all tests were
considered significant at P < 0.05. Analyses were performed using
GraphPad Prism, version 6 (GraphPad, San Diego, CA, USA).

3. Results

3.1. G1 inhibits the increase in mast cell number induced by
estrogen loss in mRen2.Lewis rats

Consistent with previous results [13], immunohistochemical
staining with anti-chymase antibody showed that cardiac mast cell
number was 3.5-fold higher in OVX versus sham rats (P < 0.05)
(Fig. 1AeB). This increase was attenuated after 2 weeks of treat-
ment with a GPR30 agonist, G1, at a dose of 50 mg/kg/day.

3.2. G1 inhibits the increase in cardiac chymase expression induced
by estrogen loss in mRen2.Lewis rats

RT-qPCR and Western blot revealed that chymase mRNA and
protein levels in LVs of OVX rats were 60% and 160% higher,
respectively, when compared with the sham group (P < 0.05;
Fig. 1CeE). These increases were significantly inhibited by chronic
G1 treatment. Conversely, cardiac ACE mRNA levels did not change
with either estrogen loss or G1 treatment (Fig. S1). There were no
significant differences in the mRNA levels of other components of
Fig. 1. Estrogen loss leads to an increase in cardiac mast cell density and chymase expre
chymase expression were higher in ovariectomized (OVX) rats compared to sham-operated
were fixed in 4% paraformaldehyde and stained with anti-chymase antibody. (B) Quantificat
RT-qPCR. (D) Immunoblot for chymase in left ventricles. (E) Quantification of chymase pr
*P < 0.05 vs. sham; #P < 0.05 vs. OVX-vehicle. n ¼ 7e13/group.
the cardiac RAS, including ACE2, angiotensinogen (AO), and
angiotensin receptor subtype 1a (AT1aR), among sham, OVX
treated with vehicle, or G1 groups (Fig. S1).

3.3. G1 decreases chymase-associated cardiac Ang II increase in
OVX rats

Consistent with the changes in cardiac mast cell number and
chymase expression, cardiac Ang II expression, determined by
immunohistochemistry, was higher in OVX rats by 40% compared
with intact littermates, and chronic G1 treatment inhibited this
increase by 56% (P < 0.05) (Fig. 2AeB). Interestingly, correlation
analysis showed a significant positive relationship between cardiac
chymase protein level and Ang II content (P < 0.05, Fig. 2C).

3.4. GPR30 expression in RBL-2H3 mast cells

To study the direct effects of GPR30 activation on mast cells, we
determined the expression of GPR30 in the RBL-2H3 cell line, which
has been widely used as a mast cell model in in vitro studies [23].
Using a specific antibody to GPR30, immunofluorescence staining
with confocal microscopy confirmed GPR30 protein expression in
cultured RBL-2H3mast cells (Fig. S2AeB). Using the same antibody,
we found a single band in immunoblot analysis corresponding to
the appropriate molecular weight of GPR30 (~50 kDa) (Fig. S2C).

3.5. GPR30 activation by G1 inhibits RBL-2H3 cells proliferation

In RBL-2H3 mast cells cultured in 2% FBS, treatment with the
GPR30 agonist G1, for 24 h, significantly inhibited cell proliferation
(Fig. 3A). The BrdU incorporation assay showed that G1 treatment
for 24 h inhibited RBL-2H3 mast cell proliferation in a dose-
ssion, which is counteracted by chronic G1 treatment. Cardiac mast cell number and
rats, and 2 weeks of G1 treatment significantly attenuated this effect. (A) LV sections

ion of mast cell number in LV sections. (C) Cardiac chymase mRNA level determined by
otein expression in left ventricles. V ¼ vehicle. Values are reported as mean ± SEM;



Fig. 2. Cardiac angiotensin (Ang) II levels in the left ventricles of sham-operated and ovariectomized (OVX) female mRen2.Lewis rats treated with vehicle or G1 for 2 weeks.
(A) Representative images showing Ang II staining in the left ventricles. (B) Cardiac Ang II staining intensity quantified using ImageJ software. V ¼ vehicle. Values are reported as
mean ± SEM; *P < 0.05 vs. sham; #P < 0.05 vs. OVX-V. (C) Correlation analysis of cardiac Ang II staining intensity and cardiac chymase protein level.B: sham,C: OVX-V, D: OVX-G1.
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dependent manner (Fig. 3B). G1 significantly inhibited BrdU
incorporation in RBL-2H3 mast cells at doses starting from 0.1 mM,
with a maximum inhibition of 78% at the dose of 10 mM, compared
with vehicle-treated cells.
Fig. 3. Activation of GPR30 inhibits RBL-2H3 mast cell proliferation. (A) Representative im
24 h (B) BrdU cell proliferation assay showing dose-dependent inhibition of RBL-2H3 cel
67epositive cells and less intense Ki-67 staining in G1 vs. vehicle-treated cells. (D) E2 tre
blockade of ERs on E2-induced inhibition of RBL-2H3 cell proliferation. Cells were pretreate
MPP, or ERb-selective antagonist PHTPP, then treated with 1 mM E2 for 24 h. V ¼ vehicle. D
vehicle; #P < 0.05 vs. E2. n ¼ 4/group.
Immunofluorescence staining with an antibody against Ki-67, a
cellular proliferation marker, showed fewer Ki-67epositive cells in
G1 vs. vehicle-treated RBL-2H3 mast cells (Fig. 3C). Compared to
vehicle-treated cells, both the number of Ki-67epositive cells and
ages of cells cultured in medium containing 2% FBS and treated with G1 or vehicle for
l proliferation by G1. (C) Representative images of Ki-67 staining showing fewer Ki-
atment for 24 h inhibits cell proliferation in a dose-dependent manner. (E) Effects of
d for 1 h with 10 mM of the GPR30-selective antagonist G15, ERa-selective antagonist
ata are reported as the mean ± SEM for four independent experiments. *P < 0.05 vs.
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intensity of Ki-67 staining were lower after treatment with 1 mM
G1. Therefore, G1 inhibited cell division and proliferation in RBL-
2H3 mast cells.

3.6. Effects of E2 and estrogen receptor antagonists on RBL-2H3 cell
proliferation

To further determine the effects of GPR30 on the RBL-2H3 cell
proliferation, we treated cells with E2 in the absence and presence
of various ER antagonists. E2 significantly inhibited RBL-2H3 mast
cell proliferation, as determined by BrdU incorporation assay
(P < 0.01) (Fig. 3D). Next, we pretreated the cells with 10 mM of ER
antagonists for 1 h followed by 1 mM of E2 for 24 h. The inhibitory
effect of E2 on RBL-2H3 cell proliferation was attenuated by pre-
treatment with the GPR30 antagonist, G15, but not by pretreatment
with the ERa antagonist MPP or the ERb antagonist PHTPP (Fig. 3E).

3.7. G1 decreases CDK1 expression in RBL-2H3 mast cells

To examine the mechanisms of G1-mediated inhibition of RBL-
2H3 mast cell proliferation, we used RT-qPCR to measure mRNA
levels of the cell cycle-related gene CDK1 in RBL-2H3 cells treated
with various doses of G1 for 24 h in the presence of 2% FBS. Fig. 4A
shows that G1 treatment decreased CDK1 mRNA level in a dose-
dependent manner, with a maximum inhibition of ~80% at 10 mM
G1. Immunoblot analyses further confirmed these results, as G1
treatment significantly decreased CDK1 protein levels in RBL-2H3
mast cells in a dose-dependent manner (Fig. 4B).

4. Discussion

In the present study, we found that 1) the activation of GPR30
opposes the increase in cardiac mast cell number following ovarian
loss of estrogens and the associated increase in cardiac chymase
Fig. 4. G1 decreases CDK1 expression in RBL-2H3 mast cells. RBL-2H3 cells were
cultured in medium containing 2% FBS and treated for 24 h with G1 at various doses.
CDK1 mRNA and protein levels were determined by RT-qPCR (A) and immunoblot (B),
respectively. V ¼ vehicle. Values are reported as mean ± SEM; *P < 0.05 vs. vehicle.
n ¼ 4/group for RT-qPCR; n ¼ 3/group for immunoblot analysis.
expression and Ang II production in mRen2.Lewis rats; and 2)
GPR30 inhibits RBL-2H3 mast cell proliferation, in part through
regulation of CDK1 expression.

We previously showed that chronic E2 treatment attenuates
OVX-related exacerbations in hypertension, left ventricular hyper-
trophy, cardiac fibrosis, and diastolic dysfunction e independent of
blood pressuree in mRen2.Lewis rats [15]. Further studies revealed
that E2 treatment attenuated an OVX-induced increase in cardiac
Ang II content [13], suggesting that cardiac Ang II might be involved
in the effect of estrogen loss on heart remodeling and diastolic
dysfunction and, conversely, the cardioprotective effects of estro-
gen replacement. Because cardiac mast cell number and chymase
expressionwere found to be upregulated in OVX rats, and this effect
could be attenuated by E2 treatment, and because neither OVX nor
E2 treatment changed cardiac ACE expression or activity, it was
suggested that the regulation of cardiac Ang II by estrogen might
occur throughmast cell/chymase rather than the ACE pathway [13].
Our findings support this idea and further suggest the effects of
estrogen on cardiac mast cell/chymase/Ang II occur specifically
through activation of GPR30 to decrease cardiac mast cell number.
This is consistent with several recent studies demonstrating that
activation of GPR30 by its agonist G1 protects the heart in various
animal models [2,8,10,11].

Overwhelming evidence from clinical and basic research has
implicated an activated circulating and tissue RAS in the patho-
genesis of diastolic dysfunction that occurs after the loss of ovarian
estrogens [2]. It has been demonstrated that the heart expresses all
the components of RAS and can synthesize the proteins needed to
produce Ang II, the key component of RAS. This report provides
further evidence that the increase in cardiac mast cell number
following ovarian loss of estrogens is inhibited by the activation of
GPR30 both in vivo and in vitro, which subsequently reduces chy-
mase/Ang II production in the heart.

Mast cells belong to the innate compartment of the immune
system and are widely known for producing histamine upon cell
stimulation, a process which is associated with allergic reactions,
and subsequent vasodilation. However, mast cells are also capable
of producing a host of growth factors; proteases including chymase,
cytokines, chemokines, and fatty acid metabolites, some of which
are contained in pre-stored granules that are released upon stim-
ulation [24]. Cardiac mast cell-released chymase is known to
convert angiotensin I to angiotensin II in the tissue level of many
cardiovascular organs, and play a role in hypertension, hypertrophy,
and atherosclerosis [17,18]. Moreover, mast cell density is increased
in the left ventricle of dogs with experimentally induced mitral
regurgitation, demonstrating mast cell-mediated myocardial
remodeling in response to volume overload [25]. Taken together
with our findings of a significant positive relationship between
cardiac chymase protein level and Ang II content, it is likely that the
chymase-mediated production of Ang II is involved in the devel-
opment of heart remodeling and dysfunction after estrogen loss
that G1 replacement mitigates this adverse effect. However, in
other rodent models of acute heart stress, it's been presumed that
the increase in cardiac mast cell number is due to an increase in
resident mast cell maturation from immaturemast cells rather than
overt proliferation [26]. Even so, mature mast cells can be labeled
with BrdU in normal and pathological conditions [26,27], sug-
gesting that mast cell proliferation can occur in vivo. In this study,
considering that G1 inhibits cultured RBL-2H3 mast cell prolifera-
tion in vitro, and G1 regulates cell proliferation in vivo in other cell
types [19e22], the advantageous effects of chronic GPR30 activa-
tion on limiting cardiac mast cell number in OVX rats might be due
to the inhibition of cell proliferation. However, further in-
vestigations are needed for the exact mechanisms by which GPR30
affects cardiac mast cell number in vivo.
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The effects of GPR30 on cell proliferation have been studied since
GPR30 was discovered two decades ago. It has been reported that
GPR30 mediates the proliferative effects of E2 in thyroid [19],
endometrial [19,22], ovarian [20], and breast cancer cells [20].
However, in humanurothelial cells, G1 inhibits cell proliferation in a
concentration-dependent manner [21]. Transient overexpression of
GPR30 inhibits E2-induced cell proliferation, while GPR30 knock-
down with siRNA increases cell proliferation [21]. In this study, the
activation of GPR30 by G1 inhibited serum-induced RBL-2H3 mast
cell proliferation. It appears GPR30 regulates cell growth depending
on cell type and different pathological conditions [19e22]. Inter-
estingly, in the current study, the inhibition of GPR30 on RBL-2H3
mast cell proliferation was associated with decreased expression
on the cell cycle-related gene CDK1, confirmed by both RT-qPCR and
immunoblot analysis. Themechanisms involved in the regulation of
GPR30 on CDK1, which is one of the most important factors regu-
lating the cell cycle, deserves further investigation.

4.1. Clinical implications

Although estrogen has been shown to have cardioprotective
effects based on numerous animal studies, the results from clinical
trials of hormone replacement therapy in postmenopausal women
are controversial [3e5]. Considering the high prevalence of car-
diovascular diseases in postmenopausal women worldwide, it is
critical to investigate new pathways and mechanisms involved in
the cardioprotective effects of estrogen in animalmodels in order to
develop new therapeutic strategies targeting pathways that cause
fewer side effects. This report provides deeper insights into the
mechanisms underlying the cardioprotective effects of a relatively
new estrogen receptor, GPR30. The GPR30/chymase/Ang II pathway
could potentially be targeted for the development of amore specific
therapy to reduce the risk of cardiovascular disease in post-
menopausal women.
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