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Abstract

Estrogen exerts protective effects against cardiovascular diseases in premenopausal

women, but is associated with an increased risk of both coronary heart disease and stroke

in older postmenopausal women. Studies have shown that activation of the G-protein-cou-

pled estrogen receptor 1 (GPER) can cause either relaxation or contraction of arteries. It is

highly likely that these dual actions of GPER may contribute to the seemingly paradoxical

effects of estrogen in regulating coronary artery function. The objective of this study was to

test the hypothesis that activation of GPER enhances agonist-stimulated porcine coronary

artery contraction via epidermal growth factor receptor (EGFR) transactivation and its down-

stream extracellular signal-regulated kinases (ERK1/2) pathway. Isometric tension studies

and western blot were performed to determine the effect of GPER activation on coronary

artery contraction. Our findings demonstrated that G-1 caused concentration-dependent

relaxation of ET-1-induced contraction, while pretreatment of arterial rings with G-1 signifi-

cantly enhanced ET-1-induced contraction. GPER antagonist, G-36, significantly inhibited

both the G-1-induced relaxation effect and G-1-enhanced ET-1 contraction. Gallein, a Gβγ
inhibitor, significantly increased G-1-induced relaxation, yet inhibited G-1-enhanced ET-1-

mediated contraction. Similarly, inhibition of EGFR with AG1478 or inhibition of Src with

phosphatase 2 further increased G-1-induced relaxation responses in coronary arteries, but

decreased G-1-enhanced ET-1-induced contraction. Western blot experiments in porcine

coronary artery smooth muscle cells (PCASMC) showed that G-1 increased tyrosine phos-

phorylation of EGFR, which was inhibited by AG-1478. Furthermore, enzyme-linked immu-

nosorbent assays showed that the level of heparin-binding EGF (HB-EGF) released by ET-

1 treatment increased two-fold; whereas pre-incubation with G-1 further increased ET-1-

induced HB-EGF release to four-fold over control conditions. Lastly, the role of ERK1/2 was

determined by applying the MEK inhibitor, PD98059, in isometric tension studies and detect-

ing phospho-ERK1/2 in immunoblotting. PD98059 potentiated G-1-induced relaxation

response, but blocked G-1-enhanced ET-1-induced contraction. By western blot, G-1 treat-

ment decreased phospho-ERK1/2, however, in the presence of the adenylyl cyclase
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inhibitor, SQ22536, G-1 significantly increased ERK1/2 phosphorylation in PCASMC.

These data demonstrate that activation of GPER induces relaxation via cAMP as well as

contraction via a mechanism involving transactivation of EGFR and the phosphorylation of

ERK1/2 in porcine coronary arteries.

Introduction

Cardiovascular disease continues to claim the lives of more women in the U.S. than any other

health problem, with coronary heart disease (CHD) as the number one cause of mortality [1].

In early menopause, estrogen therapy helps protect against CHD [2, 3]; yet paradoxically,

estrogen is associated with an increased risk of both CHD and stroke in postmenopausal

women >65 years of age [4]. Therefore, effective prevention and treatment of CHD in this

older population remains ambiguous.

Evidence from the literature suggests that GPER plays an important role in mediating cardio-

vascular actions of estrogen [5], however, the current understanding of the underlying mecha-

nisms are limited and largely contradictory. For example, the vasodilatory effect of GPER

activation has been demonstrated in rat carotid, rat aorta, human mammary arteries, and por-

cine coronary arteries [6–11]. On the other hand, it has also been reported that GPER mediates a

vasoconstrictive effect in isolated perfused rat kidneys [12]. Previously, we reported that one of

the mechanisms by which activation of GPER regulates coronary artery relaxation was via

cAMP/PKA-dependent activation of MLCP [13]. Additionally, our previous studies suggest that

GPER-mediated coronary artery relaxation was also mediated via a novel downstream signaling

pathway of cAMP, Epac (exchange proteins directly activated by cAMP), in parallel with cAMP/

PKA [13, 14]. Thus, GPER has been shown to mediate opposite effects on arteries from different

vascular beds. Based on these findings, we propose that these dual actions of GPER may contrib-

ute to the seemingly paradoxical effects of estrogen in regulating coronary artery function. How-

ever, the mechanism underlining the GPER-mediated vasoconstriction is not clear.

In human coronary arterioles, estrogen potentiated angiotensin II-induced vasoconstriction

via GPER and EGFR activation [15]. The potent constrictive effect of GPER activation was shown

in an isolated rat kidney perfusion study. Following pre-constriction, addition of the GPER ago-

nist G-1 caused renal artery relaxation, however, in the absence of pre-constriction, G-1 alone

caused arterial contraction which was blocked by inhibitors of EGFR and MEK kinase [12, 16].

These data indicate that the activation of GPER induces transactivation of EGFR. Filardo et al.

[17] also provided evidence of GPER-mediated transactivation of EGFR. They reported that in

MCF-7, SKBR3 and MDA-MB-231 cells, estrogen caused attenuation of ERK1/2 activity via

GPER-mediated Gβγ-dependent transactivation of EGFR. However, the mechanism by which

GPER mediates the opposing effects of estrogen and whether GPER contributes to the paradoxi-

cal effects of estrogen in postmenopausal women remain unknown. Endothelin-1 (ET-1) is a

well-accepted vaso-constrictor for inducing coronary constriction [18]. Therefore, in this study,

the hypothesis that activation of GPER enhances agonist ET-1-induced coronary artery contrac-

tion through transactivation of EGFR and phosphorylation of ERK1/2 was tested.

Methods and materials

Materials

Antibodies used in immunoblotting were: p-ERK1/2 from Cell Signaling (Cat#: 9101, 1:1000

dilution), p-EGFR from Santa Cruz (Cat#: SC-12351, 1:500 dilution) and β-actin from Novus

GPER-mediated EGFR transactivation in coronary artery
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Biologicals (Cat#: NB600-501, 1:2000 dilution). G-1 and G36 were purchased from Azano

Pharmaceuticals Incorporation. Inhibitors used in the isometric tension studies were pur-

chased from Tocris Bioscience. All other chemicals were purchased from Sigma Aldrich.

Supply of coronary arteries

Porcine hearts were obtained from an approved and regulated supplier; the geographic coordi-

nates are latitude 30.372080˚ and longitude -96.070557˚. The hearts were placed into ice-cold

Krebs buffer of the following composition: 131.5 mM NaCl, 5 mM KCl, 1.2 mM NaH2PO4, 2.5

mM MgCl2, 1.2 mM CaCl2, 2 g glucose and 2 g NaHCO3 in 1 L with pH 7.4 (The solution was

previously oxygenated with 95% O2-5% CO2 for 30 minutes). Hearts were kept on ice during

transport to the laboratory, where coronary arteries were dissected as described previously

[11, 13].

Isometric tension studies

The left anterior descending (LAD) coronary arteries were dissected and cleaned of excess

connective tissue and fat. To eliminate indirect effects of endothelium-derived vasoactive fac-

tors, the endothelium was removed physically by rubbing the intimal surface and tested by

observing the absence of bradykinin-induced relaxation of PGF2α-induced contraction. The

LAD was cut into ~3 mm rings and mounted on two parallel tissue supports in the tissue incu-

bation chamber, with one support fixed to the stationary chamber and the other attached to a

force transducer (AD Instruments). Isometric contractile force was recorded on a computer

using LabChart software. The tissue bathing solution was Krebs buffer, oxygenated continu-

ously with 95% O2-5% CO2 and maintained at 37˚C. Coronary arterial rings were equilibrated

for 90 min under resting tension of 20 mN, and the bath solution was changed every 30 min.

For relaxation response experiments, at the plateau of ET-1 (10 nM)-induced contraction,

inhibitors were added 30 min prior to the measurement of a complete G-1 concentration-

response relationship (1 to 3000 nM). Relaxation responses were calculated as the percent

reduction in tension from ET-1 pre-contracted state. For vasoconstriction response, G-1 and

inhibitors were also used to pretreat the arterial rings before adding endothelin 1 (ET-1, 0.1–

30 nM) to induce a contractile response. Arterial rings were collected, oven-dry, and weighed

after experiments. Contractile responses were calculated as force generated by arterial rings

calibrated by artery dry weight with unit mN/mg.

Cell culture

We adopted the method of dispersing coronary artery cells by Chamley-Campbell et al. with

some modification [13, 19, 20]. Briefly, coronary arteries were dissected, cut into pieces and

placed into 3 mg/ml collagenase in a modified dissociation medium (110 mM NaCl, 5 mM

KCl, 2 mM MgCl2, 0.16 mM CaCl2, 10 mM HEPES, 10 mM NaHCO3, 0.5 mM KH2PO4, 0.5

mM NaH2PO4, 0.49 mM EDTA, 10 mM Taurine 10 mM glucose and 15% fetal bovine serum

(Lonza)) at 37˚C for two hours. Then the tissue pieces were dispersed into single cell with com-

plete SmBM basal medium (Lonza) and seeded into 60-mm gelatin-coated plastic dishes with

density of 2x105 cells/ml. Primary cultured porcine coronary artery smooth muscle cells

(PCASMCs) were maintained in complete SmBM basal medium. Cell cultures were kept at

37˚C and under 5% CO2 in a humidified incubator. The purity of PCASMCs was verified by

positive staining with smooth muscle-specific α-actin [21]. Primary PCASMCs were cultured

to 80% -90% confluence, and then we employed passage 4–5 for biochemical experiments.

GPER-mediated EGFR transactivation in coronary artery
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Western blot

Coronary artery rings were collected after various drug treatments in isometric tension studies

and were snap-frozen in liquid nitrogen. The tissues were pulverized and then lysed in RIPA

lysis buffer (Sigma) with protease and phosphatase inhibitors. PCASMCs were harvested and

lysed in the same lysis buffer. Protein concentrations were determined by BCA protein assay

(Pierce) and samples were separated on precast 4–12% Bis-Tris gels (Invitrogen) according to

the manufacturer’s instructions. Then proteins were transferred to PVDF membrane (EMD

Millipore) at 100 V for two hours. Membranes were blocked with 5% non-fat milk for one

hour at room temperature and then incubated with primary antibodies in TBST, a mixture of

tris-buffered saline (TBS) and Tween 20 (0.1%), containing 5% non-fat milk for overnight at

4˚C. After washing and incubating with secondary antibodies, protein bands were detected

with chemiluminescence. Then the membranes were stripped by washing in stripping buffer

(Thermo Scientific), and then probed with β-actin antibody to be used as protein loading

controls.

Enzyme-linked immunosorbent assay. The level of heparin binding epidermal growth

factor (HB-EGF) in the PCASMCs samples was measured by enzyme-linked immunosorbent

assay, according to manufacturer’s instructions (ThermoFisher Scientific). Briefly, PCASMCs,

passage 4–5, were serum-deprived for 24 hours after cells reached approximately 50–60% con-

fluence. After incubation with different drugs, cell culture media was collected in clean tubes

and centrifuged at 3000 rpm for 20 min. The supernatants were kept for assay in duplicates.

The optical density of each sample was measured by using a microplate reader at 450 nm and

550 nm. The average absorbance (450 nm minus 550 nm) of each sample was calculated from

the standard curve, and the concentration of HB-EGF was expressed as pg/ml.

Cyclic AMP assay

Cyclic cAMP production was measured with Cayman’s cAMP assay, which is competitive

enzyme-linked immunosorbent assay (ELISA) (Cayman Chemical), as described previously

(78). Briefly, PCASMCs (passages 4) were cultured in culture dishes (35-mm) in SmGM

medium for three days. After reaching 85–90% confluence, cells were serum-deprived for 18 h

in phenol red-free α-MEM buffer with 3-isobutyl-1-methylxanthine (100 μM) to inhibit phos-

phodiesterases. Then cells were treated with G-1 (1 μM), or ET-1 (10 nM), 0.1% DMSO was

used as solvent control.

Statistics

All data were analyzed using GraphPad Prism (GraphPad Software Inc., San Diego, CA). In

isometric tension studies, the concentration-responses of G-1 and ET-1 with or without inhib-

itors were analyzed by two-way analysis of variance (ANOVA). For immunoblotting experi-

ments and ELISA, one-way ANOVA was used. Bonferroni correction was used as post-hoc

test to correct type 1 errors associated with ANOVA in all data sets. All data were expressed as

means ± SEM. P value�0.05 indicated a significant difference.

Results

GPER and coronary artery tension regulation

Previously we have reported that activation of GPER by G-1, a potent and selective GPER ago-

nist [22], caused endothelium-denuded coronary artery relaxation after PGF2α pre-contrac-

tion [11, 13]. In this study, endothelium-denuded LAD coronary artery responses to G-1

under ET-1 stimulation were tested. First, the arterial rings were pre-contracted with ET-1 (10

GPER-mediated EGFR transactivation in coronary artery
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nM). After the ET-1-mediated pre-contraction response reached steady state, G-1 was added

cumulatively to construct a concentration-response relaxation curve. In some experiments,

after ET-1-induced contraction reached steady state, arterial rings were pretreated with G36

(10 μM), a highly selective GPER antagonist [23], prior to G-1-induced relaxation. As shown

in Fig 1A, G-1 clearly induced a concentration-dependent relaxation response compared to

the vehicle control group, with EC50 at 0.034 μM and maximum relaxation of 46.4 ± 3.4%; and

the relaxation response was significantly inhibited by G36, without changing EC50 of G-1

(Table 1). Next, we tested whether GPER enhances coronary contraction by applying ET-1

(0.1–30 nM) cumulatively to construct a concentration-response curve in the presence of G-1

with or without G36. As shown in Fig 1B, pre-incubation with G-1 (1 μM), a concentration

that induces almost maximum binding to GPER without overlapping with ERα and ERβ [22],

significantly increased ET-1-induced concentration-dependent contraction, compared to the

vehicle (DMSO) pre-incubation group. G36 (10 μM) completely blocked the enhanced ET-1

contraction observed after pretreatment with G-1 alone. The maximal contractile force of ET-

1 in G-1 and G-1+G36 pretreated artery rings were 79.62 +7.48 and 45.0 ± 1.6 mN/mg without

changing EC50 of ET-1 (8.6 nM) (Table 2). These findings suggest that activation of GPER

relaxes coronary artery under condition of pre-contraction, but also potentiates ET-1-induced

coronary vasoconstriction when arterial rings are pre-incubated with G-1.

The role of Gβγ in coronary artery tension regulation

The activation of GPER as a stimulus for increased Gβγ signaling has been implicated in

MCF-7, SKBR3 and MDA-MB-231 cell lines [17], however, there is no direct evidence show-

ing GPER mediates Gβγ signaling in coronary arteries. Therefore, the functional role of Gβγ in

GPER-mediated coronary artery reactivity was tested. The specific Gβγ inhibitor, gallein [24],

was used to block Gβγ signaling in LAD arterial rings in both G-1 relaxation and ET-1 con-

tractile responses. Gallein (10 μM) pretreatment further increased G-1-induced relaxation of

coronary arteries which were pre-constricted with ET-1 (10 nM), with maximal relaxation of

65.4 ± 2.3%; and the EC50 of G-1 increased from 0.034 μM in the absence of gallein to

0.017 μM in the presence of gallein (Fig 1C, Table 1). These data suggest that there is a G-

1-induced contraction component which is mediated by Gβγ and masked by the more robust

relaxation effect of G-1. To further confirm this notion, gallein was used in the experiments of

ET-1-induced contraction in the presence of G-1. As expected, gallein (10 μM) pretreatment

of the artery rings completely blocked G-1-induced enhancement of ET-1 vasoconstriction,

returning ET-1 concentration-response curve to levels not significantly different from control

levels, the maximal contractile force was from 79.62 +7.48 mN/mg in the presence of G-1

down to 44.2 ± 2.9 mN/mg with the addition of gallein (Fig 1D, Table 2). These findings sug-

gest that activation of GPER by G-1 induces coronary artery relaxation as well as contraction

and Gβγ is involved in the GPER-mediated coronary artery contractile response.

The role of Src in coronary artery tension regulation

Src is a non-receptor tyrosine kinase and a key element in GPER transactivation of growth fac-

tor receptor signaling transduction in a variety of cell lines [25]. Evidence has shown that Src

modulates coronary artery contractility [26]. Thus, we next explored the role of Src in GPER-

mediated potentiation of coronary artery contraction. Arterial rings were first pre-incubated

with phosphoprotein phosphatase 2 (PP2, 10 μM), an inhibitor of Src [25] and then both of the

cumulative G-1- and ET-1-concentration-response relationships were recorded in separate

experiments. As expected, inhibition of Src with PP2 (10 μM), enhanced G-1-induced relaxa-

tion response of ET-1-precontracted arterial rings, with EC50 of 0.01 μM and maximal

GPER-mediated EGFR transactivation in coronary artery
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Fig 1. G-1 causes coronary artery relaxation but also potentiates ET-1-induced coronary artery contraction via Gβγ/

Src/MMP pathway. Each number of experiments represents the mean result of arterial rings from one porcine heart. A.

Concentration-response relationship for G-1-induced coronary relaxation with or without the GPER antagonist, G36. B.

Concentration-response relationship for ET-1-induced contraction following pretreatment with G-1 or G-1+G36. C:

concentration-response relationship for G-1-induced porcine coronary artery relaxation in the presence or absence of

selective Gβγ inhibitor, gallein (10 μM). D: concentration-response relationship for ET-1-induced contraction in the

presence of G-1 or G-1+gallein. E: concentration-response relationship for G-1-induced porcine coronary artery relaxation

in the presence or absence of selective inhibitor for Src-family kinases, PP2 (10 μM). F: concentration-response relationship

for ET-1-induced contraction in the presence of G-1 or G-1+PP2. G: concentration-response relationship for G-1-induced

porcine coronary artery relaxation in the presence or absence of MMP inhibitor, GM6001 (100 nM). H: concentration-

response relationship for ET-1-induced contraction in the presence of G-1 or G-1+GM6001. In A, C, E, and G, each point

represents the mean relaxation response ± SEM. �P< 0.05, ��P< 0.01, ���P<0.001, compared with G-1 group using two-

way ANOVA. In B, D, F, H, each point represents the mean developed tension ± SEM. Developed tension was the force

generated by artery rings normalized to arterial dry weight (mN/mg). ��P< 0.01, ���P<0.001, compared with ET-1 group

using two-way ANOVA.

https://doi.org/10.1371/journal.pone.0191418.g001
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relaxation of 80.42 ± 5.77% (Fig 1E, Table 1). PP2 (10 μM) also reversed G-1 (1 μM) -enhanced

ET-1-vasoconstriction, maximal constriction force dropping from 79.62 +7.48 to 48.3+3.95

mN/mg without changing EC50 of ET-1(Fig 1F, Table 2). These findings suggest that Src is

also involved in the GPER-induced potentiation of coronary artery contraction.

The role of MMP in coronary artery tension regulation. Matrix metalloproteases

(MMP) play an important role in GPCR-mediated HB-EGF shedding and EGFR transactiva-

tion. It has also been shown that MMP are involved in pressure-induced myogenic tone medi-

ated by EGFR transactivation in mouse mesenteric resistance arteries [27]. To investigate the

role of MMP in the change of artery tension mediated by GPER, GM6001, a MMP inhibitor

[28], was used in isometric tension experiments. Pretreatment of coronary artery rings with

GM6001 (100 nM) significantly enhanced the relaxation effect of G-1 with maximal relaxation

of 67.3 ±3.6%, compared to the maximal relaxation of 46.4±3.4% induced by G-1 alone (Fig

1G, Table 1); but totally blocked G-1 (1 μM) enhanced ET-1-contraction with maximal con-

traction of 47.51+5.26 (Fig 1H, Table 2). These findings suggest that MMP plays a role in the

GPER-mediated tension regulation of coronary artery.

EGFR transactivation and coronary artery tension regulation

Activation of EGFR has been implicated in many cardiovascular diseases [29]. Although it has

been demonstrated that activation of GPER induces EGFR transactivation in breast cancer

Table 1. Effects of Gβγ/EGFR/ERK1/2 signaling compounds on porcine coronary artery relaxation response to 3 μM G-1.

compounds % increase of the G-1 relaxation % relaxation P value EC50 (μM)

DMSO+ 46.39±3.37 (n = 10) 0.034

G36 10 μM 21.95±4.38 (n = 8) P<0.001 0.035

Gallein 10 μM 40.96% 65.39±2.25 (n = 4) P<0.01 0.017

GM6001 0.1 μM 44.99% 67.26±3.62 (n = 4) P<0.01 0.034

AG1478 5 μM 50.21% 69.68±3.52 (n = 8) P<0.001 0.034

PP2 10 μM 73.36% 80.42±5.77 (n = 6) P<0.001 0.010

PD98059 1 μM 39.82% 64.86±3.12 (n = 6) P<0.01 0.033

Values are given as mean relaxation effect ± SEM. Each n represents data averaged from arterial rings of one porcine heart indicated in parentheses. Arterial rings were

pretreated with each of the inhibitors and the results were compared to rings studied in the absence of inhibitors (DMSO+). P<0.01, P<0.001, significant difference

compared with rings studied in the absence of inhibitors (DMSO+) by using two-way ANOVA.

https://doi.org/10.1371/journal.pone.0191418.t001

Table 2. Effects of compounds on ET-1 (0.1–30 nM) concentration contraction responses in porcine coronary

artery.

compounds Contractile force (mN/mg) P value EC50 (nM)

ET-1+ 49.83±2.96 8.59

G-1 1 μM 79.62±7.48 (n = 6) P<0.001 8.59

G36 10 μM+G-1 1 μM 44.99±1.62 (n = 6) P<0.001 8.61

Gallein 10 μM+G-1 1 μM 44.22±2.87 (n = 4) P<0.001 8.59

GM6001 0.1 μM+G-1 1 μM 47.51±5.26 (n = 4) P<0.001 8.63

AG1478 5 μM+G-1 1 μM 30.14±4.21 (n = 6) P<0.001 8.58

PP2 10 μM+G-1 1 μM 48.30±3.95 (n = 5) P<0.001 8.59

PD98059 1 μM+G-1 1 μM 49.45±4.82 (n = 4) P<0.001 8.57

Values are given as mean contractile force ± SEM. The number of experiments is indicated in parentheses. Arterial

rings were pretreated with each of the inhibitors and the results were compared to ET-1 in the absence of inhibitors

(+ET-1). P<0.001, significant difference compared with ET-1 in the absence of inhibitors (+ET-1) by using two-way

ANOVA.

https://doi.org/10.1371/journal.pone.0191418.t002
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cells [25], there is not much information available in vascular smooth muscle. We first tested

the functional role of EGFR in isometric tension experiments by employing AG1478, a selec-

tive EGFR tyrosine kinase inhibitor [30], to construct concentration-response curves of either

G-1 induced relaxation or ET-1-induced contraction. Pretreatment of arterial rings with

AG1478 (5 μM) augmented G-1-induced relaxation by more than 50% at maximal relaxation

(46.4 ± 3.4% to 69.7 ± 3.5%) (Fig 2A, Table 1), without changing G-1 EC50 values (0.034 μM).

Furthermore, the inhibition of EGFR with AG1478 significantly reversed G-1 (1 μM)

enhanced ET-1-induced contractile response (Fig 2B, Table 2). These data indicate that activa-

tion of GPER induces EGFR activity that is involved in the G-1 potentiation of vascular

contraction.

We then measured the effect of GPER activation on tyrosine phosphorylation of EGFR in

PCASMCs by western blot. Our results show that G-1 (1 μM) treatment of PCASMCs signifi-

cantly increased EGFR tyrosine phosphorylation at 5 and 10 min, to a phosphorylation level

similar to that observed with EGF (10 ng/ml), which served as a positive control. Pretreatment

Fig 2. EGFR transactivation is involved in the coronary tone regulation of G-1. A: Concentration-response

relationship for G-1-induced porcine coronary artery relaxation in the presence or absence of the selective EGFR

inhibitor, AG1478 (5 μM). Each point represents the mean relaxation response ± SEM.�P< 0.05, ���P<0.001,

compared with G-1 treatment using two-way ANOVA. B: concentration-response relationship for ET-1-induced

contraction in the presence of G-1 or G-1+AG1478. Each point represents the mean developed tension ± SE.

Developed tension was the force generated by artery rings normalized to arterial dry weight (unit mN/mg).
���P<0.001, compared with ET-1 group using two-way ANOVA. C: western blot detection of phosphorylated EGFR

in PCASMCs. Cells were incubated with DMSO (solvent control), EGF (100 ng/ml) for 10 min, G-1 (1μM) for 2 min,

G-1 (1 μM) for 5 min, G-1 (1 μM) for 10 min and AG1478 (5 μM) +G-1 (1 μM) For 5 min. Top: a representative

western blot from three individual experiments examining phospho-EGFR levels. Bottom: bar graph of the

quantitative data of the western blot bands evaluated by densitometry. Protein amounts were normalized to β-actin,

which was employed as a control for protein loading. �P< 0.05, compared to the group as indicated in the graph. D.

HB-EGF activity was evaluated in PCASMCs. SMCs were serum deprived for 18 hours before treating with drugs.

White bars: Cells were treated for 10 minutes with: 0.1% DMSO as solvent control; and EGF (10 ng/ml) as positive

control (n = 3). Black bars: After pre-incubating with ET-1 (10 nM) for 10 min, cells then were treated with 0.1%

DMSO, G-1 (100 nM), G-1 (100 nM) + G36 (1 μM), G-1 (100 nM) + Gallein (1 μM), G-1 + PP2 (1 μM), and G-1 (100

nM) + GM6001 (100 nM) (n = 3), � p<0.05, compared to the control group (C); # P< 0.05, compared to G-1

treatment group (G-1) as indicated.

https://doi.org/10.1371/journal.pone.0191418.g002
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with AG1478 (5 μM) significantly attenuated G-1-stimulated tyrosine phosphorylation of

EGFR (Fig 2C). These data demonstrate that activation of GPER induces transactivation of

EGFR. Filardo et al. have reported that GPER mediates EGFR transactivation and its down-

stream signaling through the release of surface-associated heparin-binding EGF (HB-EGF)

from its precursor protein in breast cancer cells [25]. In order to determine whether HB-EGF

release is indeed the cause of G-1-induced activation of the EGFR in porcine coronary artery,

the level of HB-EGF release was measured in PCASMCs after different drug treatments. Using

an enzyme-linked immunosorbent assay (ELISA) ET-1 (10 nM) significantly increased

HB-EGF two-fold from a basal level of 238.7 ± 20.7 pg/ml to 596.9 ± 33.4 pg/ml. In the pres-

ence of G-1 (100 nM), the level of HB-EGF stimulated by ET-1 reached 982.3 ± 39.9 pg/ml, a

significant four-fold increase over basal levels. Furthermore, the elevated HB-EGF release by

G-1 pre-incubation was significantly attenuated by the specific inhibitors previously tested:

G36 (10 μM, 573.2 ± 28.2 pg/ml), gallein (1 μM, 670.6 ± 24.5 pg/ml), PP2 (1 μM, 680.1 ± 53.8

Fig 3. G-1 stimulates ERK1/2 phosphorylation in porcine coronary arteries and isolated SMCs in the presence of

adenylyl cyclase inhibition. A: concentration-response relationship for G-1 in the presence or absence of PD98059, a

selective inhibitor of MEK kinase. Results are expressed as mean relaxation response ± SEM of six experiments.
��P< 0.01, compared with the G-1 group by two-way ANOVA analysis. B: concentration-response relationship for

ET-1-induced contraction in the presence of G-1 or G-1+PD98059. Each point represents the mean developed

tension ± SEM. ���P<0.001, compared with ET-1 group using two-way ANOVA. C & D: western blot detection of

phosphorylation of ERK1/2 in PCASMCs. Cells were pretreated in the presence or absence of adenylyl cyclase

inhibitor, SQ22526 (100 μM), then incubated with DMSO (solvent control), G-1 (1 μM, with different collecting time

points), G36 (10 μM) + G-1 (1 μM), or EGF (10 ng/ml), a positive control. C: a representative western blot from three

individual experiments. D: bar graph of the quantitative data of the western blot bands evaluated by densitometry.

Protein amounts were normalized to β-actin, which was employed as a control for protein loading. �, + and # are

P< 0.05. + is the comparison of G-1 treatment at the time points indicated with solvent control in the absence of

SQ22536; � is the treatment of G-1 in the presence of SQ22536 compared to the same time point of G-1 treatment in

the absence SQ22536; # is the comparison of G-1 treatment with solvent control in the presence of SQ22536. E: cAMP

production of the porcine coronary artery smooth muscle cells (SMCs) in response to G-1 or ET-1. Cells were treated

with G-1 (1 μM) or ET-1 (10 nM) respectively for 20 mins in the presence or absence of SQ22536 (100 μM). Each point

represents the mean production ± SEM. �P<0.05, compared with solvent control (C) group. Results are normalized by

total protein amount.

https://doi.org/10.1371/journal.pone.0191418.g003

GPER-mediated EGFR transactivation in coronary artery

PLOS ONE | https://doi.org/10.1371/journal.pone.0191418 January 23, 2018 9 / 15

https://doi.org/10.1371/journal.pone.0191418.g003
https://doi.org/10.1371/journal.pone.0191418


pg/ml) or GM6001 (100 nM, 776.0 ± 34.4 pg/ml) (Fig 2D). Together, these results suggest that

activation of GPER induces transactivation of EGFR in PCASMC which contributes to the

vasoconstriction effect of GPER.

ERK1/2 activation and coronary artery tension regulation

GPER activation can stimulate Src-related tyrosine kinase activity-dependent EGFR transacti-

vation and then cause ERK1/2 phosphorylation in breast cancer cells [25]. Inhibition of ERK1/

2 with PD98059, an MEK inhibitor, significantly attenuated G-1-induced vasoconstriction of

rat renal arteries [12]. In this study, the role of ERK1/2 was tested by using PD98059 in isomet-

ric tension studies and phospho-ERK1/2 detection in PCASMCs by immunoblotting. The pre-

treatment with PD98059 (1 μM) significantly enhanced G-1-induced relaxation response of

arterial rings (Fig 3A, Table 1). Furthermore, inhibition of ERK1/2 with PD98059 significantly

reversed G-1-enhanced ET-1-mediated contraction (Fig 3B, Table 2). Our previous work has

shown that GPER-induced relaxation is mediated via cAMP signaling [13, 14]. Therefore

using western blot analysis, we tested whether the cAMP signaling pathway inhibits phosphor-

ERK1/2 by applying the adenylyl cyclase inhibitor, SQ22536, in PCASMCs. The results show

that G-1 (1 μM) treatment alone decreased phospho-ERK1/2 significantly in PCASMCs. How-

ever, in the presence of the potent adenylyl cyclase inhibitor, SQ22536 (100 μM), G-1 signifi-

cantly increased ERK1/2 phosphorylation at all of the time points with the highest level at 30

min, similar to treatment with EGF (10 ng/ml) (Fig 3C & 3D). Cyclic AMP essay showed that

G-1 (1 μM) significantly increased cAMP production and SQ22536 (100 μM) completely

blocked the stimulation effect of G-1. ET-1, however, had no effect on cAMP production (Fig

3E). Taken together with our previous findings [13, 14], these data suggest that activation of

GPER induces relaxation via cAMP signaling and contraction via transactivation of EGFR and

phosphorylation of ERK1/2, with cAMP-mediated relaxation the predominant response in

coronary arteries.

Discussion

In this study, we have found that GPER may mediate both the relaxation and contraction

responses of coronary arteries. The contractile effect of a GPER agonist G-1 was induced

through EGFR transactivation and subsequent ERK1/2 activation via Gβγ/Src/MMP signaling

pathway.

EGFR plays a key role in myogenic tone regulation as well as G protein-coupled receptor

(GPCR)-mediated vasoconstriction response [31–35]. Myogenic tone is a contraction induced

in response to changes in vascular transmural pressures; therefore, the development of myo-

genic tone is important in the regulation of blood pressure. In studies of pressure-induced

myogenic tone, the EGFR inhibitor, AG1478, significantly inhibited the mesenteric and coro-

nary arteriole tone development in mice and western blot analysis revealed the myogenic tone

was associated with phosphorylation of EGFR tyrosine kinase [31, 32]. Furthermore, the

increased mesenteric and coronary arterial myogenic tone in a mouse model of type 2 diabetes

was demonstrated to be clearly related to the elevation of EGFR protein expression and phos-

phorylation [36]. Similarly, the GPCR-mediated vasoconstrictor responses induced by norepi-

nephrine, endothelin-1 (ET-1) and angiotensin II (Ang II) were significantly increased in the

mesenteric bed of a rat model of type I diabetes and the treatment of the diabetic animals with

AG1478 normalized the altered agonist-induced vasoconstriction responses [37]. Although

EGFR transactivation does not seem to be directly involved in the mechanism of inducing the

initial contractile force by GPCR agonists, EGFR does play a role in sustained contraction [38].

EGFR activity is also required for aldosterone-enhanced angiotensin II–mediated

GPER-mediated EGFR transactivation in coronary artery

PLOS ONE | https://doi.org/10.1371/journal.pone.0191418 January 23, 2018 10 / 15

https://doi.org/10.1371/journal.pone.0191418


vasoconstriction [33], but not for the contractile force induced by angiotensin II alone. Inter-

estingly, GPER was reported to be the key upstream target in the EGFR transactivation

induced by aldosterone-angiotensin II interaction in human coronary microarteries [15]. Fur-

thermore, estrogen and hydrocortisone also enhanced the angiotensin II contractile response

in a similar manner. Aldosterone, 17β-estradiol and hydrocortisone all potentiated contractile

effect of angiotensin II; while, G15[39], a GPER antagonist, and AG1478 prevented the poten-

tiation of contraction by these steroids, indicating that GPER plays an important role in EGFR

transactivation[15]. It has also reported that comparing the effects of G-1 on the coronary

arteries in the hearts isolated from male and female rats, arteries from males demonstrated less

relaxation than that from females, due to the elevated superoxide production in the arterial tis-

sues of male rats; however, no signaling pathway was explored [40].

In the current study, we determined that the inhibition of EGFR with AG1478 increased

GPER-mediated coronary artery relaxation; but abolished GPER-mediated potentiation of

ET-1-induced contraction without any effect on the contractile force induced by ET-1 alone,

suggesting that there is a contractile component in the effect of GPER activation that involves

EGFR. G-1 stimulation of heparin-binding EGF (HB-EGF) release and tyrosine phosphoryla-

tion of EGFR have further confirmed the notion that activation of GPER indeed causes trans-

activation of EGFR and thus induces enhanced vasoactive contraction of coronary artery. It

appears that under condition pre-contraction, G-1-induced vasorelaxation dominates; how-

ever, when pre-treat the arterial rings with G-1 before applying vasoconstrictor ET-1, the vaso-

constriction effect dominates. Apparently, in the pre-contracted arterial ring experiment, the

constriction effect mediated by EGFR transactivation exerted opposing effect on the predomi-

nate response of relaxation mediated by cAMP in the action of GPER; when AG1478 was

applied to block the EGFR pathway, the opposing vasoconstriction effect was inhibited, there-

fore, more vasorelaxation response of GPER activation being demonstrated. Vice versa, in the

ET-1 concentration-response vasoconstriction experiment, pre-incubation of the arterial rings

with G-1 induced more vasoconstriction response to ET-1 through transactivation of EGFR

and AG1478 inhibited the vasoconstriction effect of G-1 pre-treatment. Together the evidence

provided here suggests that GPER-mediated transactivation of EGFR is an important mecha-

nism in the regulation of vascular tone.

The GPER-mediated transactivation of EGFR occurs via Gβγ-subunit signaling in breast

cancer cells [25, 41, 42], following the same pathway as in other GPCRs [43]. Heterotrimeric

G-proteins are composed of three protein subunits: α, β, and γ. Following binding of specific

ligands to GPCRs, Gα subunit in the activated trimetric G protein dissociates from the Gβγ
complex and activates adenylate cyclase, which stimulates the production of cAMP. Whereas,

Gβγ signals to its downstream canonical effectors which include adenylyl cyclase, phospholi-

pase Cβ, inwardly rectifying K+ channel, voltage-gated Ca2+ channels and ERK1/2 [44–46].

Although several mechanisms have been discovered by which Gβγ activates ERK1/2, the trans-

activation of EGFR pathway appears to be widely explored and accepted [43, 46–48]; the same

has been demonstrated for GPER in breast cancer cells [25, 41, 42]. The data presented here

demonstrate that the Gβγ inhibitor, gallein, further increased GPER-mediated coronary artery

relaxation, but completely blocked GPER-mediated enhancement of ET-1-induced vasocon-

striction, indicating that Gβγ signaling is involved in GPER-mediated mechanisms for potenti-

ating vasoconstriction. We speculate that activation of GPER induced both artery relaxation

and constriction responses simultaneously, although the primary effect is relaxation. The

direct measurement of HB-EGF release indicated that gallein blocked the HB-EGF release by

G-1 treatment, further confirming the notion that Gβγ is involved in GPER-mediated transac-

tivation of EGFR.

GPER-mediated EGFR transactivation in coronary artery

PLOS ONE | https://doi.org/10.1371/journal.pone.0191418 January 23, 2018 11 / 15

https://doi.org/10.1371/journal.pone.0191418


It is widely accepted that Src is coupled to nearly all GPCRs that lead to EGFR transactiva-

tion [49]. This notion has also been demonstrated in breast cancer cells with GPER [25]. Thus,

findings in our isometric tension studies showing that the Src inhibitor, PP2, blocked the vaso-

constriction effect of G-1 and strongly supporting the involvement of Src in GPER-mediated

transactivation of EGFR. Consistently, G-1 stimulated HB-EGF release was blocked by Src

inhibitor, PP2, as well as GM6001, an inhibitor of metalloproteinases (MMP), which cleaves

HB-EGF from its membrane precursor [31, 32]. In addition, since GM6001 treatment signifi-

cantly inhibited G-1-enhancement of ET-1 constriction, it seems highly likely that MMP activ-

ity is a component of the transactivation of EGFR induced by GPER activation.

In conclusion, these studies demonstrate that the activation of GPER elicits both relaxation

and contraction responses in isolated coronary arteries. Our previous work has shown that

GPER also induces relaxation via cAMP [13, 14]. However, GPER-mediated potentiation of

coronary artery contraction involves the transactivation of EGFR and the phosphorylation of

ERK1/2 via Gβγ signaling (Fig 4). These data provide important new information that helps

unravel the ongoing controversy regarding the mechanism(s) responsible for the action of

estrogen to both prevent and contribute to coronary heart disease.
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