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Abstract

Previously, we reported that cAMP/PKA signaling is involved in GPER-mediated coronary

relaxation by activating MLCP via inhibition of RhoA pathway. In the current study, we tested

the hypothesis that activation of GPER induces coronary artery relaxation via inhibition of

RhoA/Rho kinase pathway by cAMP downstream targets, exchange proteins directly acti-

vated by cAMP (Epac) as well as PKA. Our results show that Epac inhibitors, brefeldin A

(BFA, 50 μM), or ESI-09 (20 μM), or CE3F4 (100 μM), all partially inhibited porcine coronary

artery relaxation response to the selective GPER agonist, G-1 (0.3–3 μM); while concurrent

administration of BFA and PKI (5 μM), a PKA inhibitor, almost completely blocked the relaxa-

tion effect of G-1. The Epac specific agonist, 8-CPT-2Me-cAMP (007, 1–100 μM), induced a

concentration-dependent relaxation response. Furthermore, the activity of Ras-related protein

1 (Rap1) was up regulated by G-1 (1 μM) treatment of porcine coronary artery smooth muscle

cells (CASMCs). Phosphorylation of vasodilator-stimulated phosphoprotein (p-VASP) was

elevated by G-1 (1 μM) treatment, but not by 007 (50 μM); and the effect of G-1 on p-VASP

was blocked by PKI, but not by ESI-09, an Epac antagonist. RhoA activity was similarly down

regulated by G-1 and 007, whereas ESI-09 restored most of the reduced RhoA activity by G-1

treatment. Furthermore, G-1 decreased PGF2α-induced p-MYPT1, which was partially

reversed with either ESI-09 or PKI; whereas, concurrent administration of ESI-09 and PKI

totally prevented the inhibitory effect of G-1. The inhibitory effects of G-1 on p- MLC levels in

CASMCs were mostly restored by either ESI-09 or PKI. These results demonstrate that acti-

vation of GPER induces coronary artery relaxation via concurrent inhibition of RhoA/Rho

kinase by Epac/Rap1 and PKA. GPER could be a potential drug target for preventing and

treating cardiovascular diseases.
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Introduction

G-protein-coupled estrogen receptor 1 or GPER is emerging as therapeutic target for the treat-

ment of CVD [1]. GPER activation reduces blood pressure, heart and brain infarction [2, 3], and

relaxes peripheral blood vessels [4, 5]. Moreover, selective activation of GPER relaxes porcine

coronary arteries [6–8]. The mechanism of GPER-mediated vascular relaxation is, however, far

from clear. As a typical G-protein-coupled receptor, GPER has been reported to interact with

Gs, and thereby activate adenylyl cyclase and increase cAMP production in GPER-transfected

HEK293 cell plasma membrane extracts and human CASMCs [9, 10]. Our recent work has dem-

onstrated that cAMP/PKA signaling is involved in GPER-mediated relaxation. In human and

porcine CASMCs, GPER activation increased cAMP production and activated PKA activity,

which in turn, phosphorylated RhoA and thus, inhibited RhoA activity, resulting in activation of

the myosin light chain (MLC) phosphatase (MLCP) and dephosphorylation of MLC [10].

The newly-discovered target of cAMP, exchange proteins directly activated by cAMP

(Epac), has been revealed to be a novel downstream mechanism for cAMP to govern signaling

in the cardiovascular system and other tissues [11, 12].Its primary function is to act as guanine

nucleotide exchange factors (GEF) for Rap GTPases—which act as molecular switches that

cycle between an active GTP-bound state and an inactive GDP-bound state [13]. It has been

reported that an Epac agonist induces pulmonary and portal vein relaxation by activation of

MLCP via Rap1 inhibition of Rho kinase activities [14]. In this study, we explored the role of

Epac and its downstream signaling in mediating GPER-induced coronary artery relaxation.

Materials and methods

Tension studies

Fresh porcine hearts were obtained from a local abattoir K&C Meat Processing, the geographic

coordinates are latitude 30.372080˚ and longitude -96.070557˚. The hearts were immediately

placed in cold Dulbecco’s Phosphate Buffered Saline (Sigma) and transported back to the labo-

ratory. Left anterior descending (LAD) coronary arteries were dissected free of fat and connec-

tive tissue, and cut into rings (axial length ~ 5 mm) to be used in isometric contractile force

recordings. To eliminate effects of endothelium-derived vasoactive factors, artery rings were

endothelium-denuded by removing the endothelium (i.e., gently rubbing the intimal surface

with cotton strings). Only the rings with successful endothelium denudation were used, which

was confirmed by the absence of relaxation to bradykinin (100 nM) exposure. Arterial rings

were mounted on the two wires of isometric myographs (Danish Myograph Technology) filled

with 10 ml modified Krebs-Henseleit buffer (in mM): 122 NaCl, 4.7 KCl, 15.5 NaHCO3, 1.2

KH2PO4, 1.2 MgCl2, 1.8 CaCl2, 11.5 glucose, pH 7.2, bubbled with 95% O2−5% CO2 (pH 7.4)

at 37˚C. One wire was connected to a force-displacement transducer and the other to a station-

ary micrometer. The equilibration time for the preparations in Krebs-Henseleit buffer was 90

min. The optimal resting tension was set at 20 mN in the first 30 min by gradually stretching

the artery rings as in our previous work [6, 10]. Isometric tension was recorded by using the

LabChart data acquisition system (AD Instruments) on a PC computer. The preparations were

contracted, washed and allowed to relax to basal tension for 3 times with PGF2α (1 μM). Then

PGF2α (1 μM) was used to induce a stable contraction and G-1 was added in a cumulative

manner by increasing the concentration in log increments. Pharmacological inhibitors were

applied 30 min prior to measurement of vasodilator concentration-response curve. In each set

of experiments, one ring was exposed only to the constrictor agent PGF2α (1 μM) and vehicle

as time control for potential fading of the contractile response. The vehicle (dimethylsulfoxide,

DMSO) was added in cumulative manner by adding the identical amount of DMSO used for
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each concentration of G-1, 8-(4-chlorophenylthio)-2-O-methyladenosine-3,5-cyclicmonopho-

sphate, 8-CPT-2Me-cAMP (007). The total amount of vehicle was less than 0.1% of the tissue

bath volume. Relaxation responses were calculated as the % reduction in tension at each drug

concentration from the precontracted state.

Vascular smooth muscle cell culture

The primary porcine CASMCs culture was established as described previously [15, 16]. Briefly,

coronary arteries were isolated from porcine hearts. After removing the endothelial layer with a

cotton-tipped swab, the media layer was dissected free from the adventitia. The medial layer

was then cut into small pieces and moved into a 25-cm2 tissue culture flask containing 10 ml

dissociation medium (in mM):110 NaCl, 5 KCl, 2 MgCl2, 0.16 CaCl2, 10 HEPES, 10 NaHCO3,

0.5 KH2PO4, 0.5 NaH2PO4, 0.48 EDTA, 10 taurine, and 10 glucose, with addition of 24 mg elas-

tase, 6 mg collagenase, and 15% bovine serum. After gently shaking at 37˚C for 3 hours, cells

were then dispersed by gentle trituration and centrifuged at 800 rpm for 5 min. The pellet was

resuspended with CASMC medium, SmGM (Lonza Corp.) and cells were seeded in a 25-cm2

tissue culture flask coated with 1% gelatin and incubated at 37˚C in a humidified 5% CO2 incu-

bator. The purity of porcine CASMCs was verified by positive staining with smooth muscle-spe-

cific α-actin [17]. Passage 4 and 5 of porcine CASMCs were used in this study.

Western blot

Phosphorylation of MYPT1 (pMYPT1), the regulatory subunit of MLCP, from porcine coro-

nary artery tissue lysates, phosphorylation of MLC (p-MLC), vasodilator-stimulated phospho-

protein (pVASP), and p-RhoA from porcine CASMC lysates were detected by Western blot

analysis as previously described [10]. Briefly, arterial rings were prepared as in isometric tension

studies and mounted in the chamber of the myograph, equilibrated, and contracted three times

with PGF2α (1 μM) as described above. Artery rings were pretreated with agonist in the absence

or presence of antagonists for 30 min before exposure to PGF2α (1 μM). The arterial rings were

collected at the contraction plateau and snap frozen in liquid nitrogen. Tissues were pulverized

and lysed in homogenization buffer, the composition of the buffer is (mM): 50 Tris–HCl, 0.1

EGTA and 0.1 EDTA, with 0.1% SDS, 1% NP-40, and 0.1% deoxycholic acid. For detection of

phosphorylation of MLC20 and VASP, porcine CASMC cells were treated with agonists and

antagonists as indicated in the results. Cells were then harvested and homogenized. Protein con-

centrations were determined by using detergent-compatible colorimetric assay kit (Bio-Rad).

Proteins were separated by using a Mini Protean II SDS-PAGE gel kit (Bio-Rad) according to

the manufacturer’s instructions.

After separation, proteins were transferred to Hybond enhanced chemiluminescence (ECL)

membrane (Amersham Pharmacia Biotech) with a Mini-Trans-Blot Electrophoretic Transfer

Cell (Bio-Rad) at constant voltage of 100 V for 1 hour. Then membranes were blocked with

5% fat free milk for 1 hour at room temperature and rinsed with Tris-buffered saline (TBS)-

Tween 20 (TBST) three times, 5 min per wash. Membranes were then probed with specific pri-

mary antibodies in TBST containing 5% fat free milk overnight at 4˚C (the dilutions of anti-

bodies: p-MYPT1, Thr-853 p-MYPT1, 1:1000, and p-RhoA, ser 188, 1:200 from Santa Cruz

Biotechnology; p-MLC, Ser19, 1:1000, and p-VASP, Ser157, 1:1000 from Cell Signaling). The

β-actin primary antibody (dilution: 1:2000 from Santa Cruz Biotechnology) was used for pro-

tein loading control in the protein band densitometry analysis. Experiments were performed

at least in triplicate, and mean values ± SEM were calculated and graphed.
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Rap 1 activation assay

The Rap1 activation assay is based on the differential affinity of Rap1-GTP and Rap1-GDP for

the Rap binding domain of Ral GDS as described in the manufacturer’s protocol. Rap1 activity

was determined by using a Rap1 activation kit (Upstate Biotechnology). Briefly, porcine CASMCs

were treated with G-1 (1 μM) between 2 and 15 min with or without ARF-GEF inhibitor, brefel-

din A (BFA, 50 μM), a potential Epac inhibitor [18] and 007 (50 μM) for 5 min. Cell lysates were

equally split into two microfuge tubes, then incubated with GTPγS (1 mM) in one tube and GDP

(1mM) in the other tube. Then Ral GDS-RBD agarose was added to each tube. Following 45 min

incubation at 4˚C, beads were rinsed three times with ice-cold lysis buffer and proteins were

eluted from the beads in Laemmli reducing sample buffer and then detected with Western blot as

described above by using specific anti-Rap1 polyclonal antibody which recognizes recombinant

human Rap1a and Rap1b proteins.

Rap1 small interfering RNA (siRNA) transfection

Small interfering RNA (siRNA) specific for rap1 and scrambled siRNA used as a control were

obtained from Santa Cruz biotechnology (Santa Cruz, CA). Porcine CASMCs, passage 4–5,

were seeded in 60mm culture dishes at a density of 3 × 105 cells/dish. After overnight incuba-

tion, cells were transfected with the rap1 siRNAs (100 pmol/dish) or scrambled RNA by using

Lipofectamine RNAiMAX Reagent (Life Technologies, Inc.) and then incubated for 6 hours,

according to the manufacturer’s instructions. The transfection medium was replaced with

SmGM complete medium (Lonza Corp.) and the cells were incubated for another 48 hours.

Then after serum-deprived for 24 hours, the cells were treated with 0.1% DMSO (as solvent

control) or G-1 (1 μM). Then cells were harvested, centrifuged at 4˚C and 10000 rpm for 10

min and supernatant was removed to clean tubes for Western blot detection of RhoA Phos-

phorylation and knockdown of total rap1. Beta-actin served as loading control.

RhoA activation assay

Porcine CASMCs, passage 4–5, were serum- deprived 24 hours after cells reached approximately

50% confluence. After incubated with 0.1% DMSO (as solvent control), PGF2α (1 μM), PGF2α
(1 μM) +G-1 (1 μM), and PGF2α (1 μM) +G36 (an antagonist of GPER, 5 μM) + G-1(1 μM),

cells were harvested, centrifuged at 4˚C and 10000 rpm for 10 min and the supernatant was

transferred to a clean tube. Active Rho A- GTP activity was measured using RhoA G-LISA1 kit

(Cytoskeleton), a direct measurement of RhoA activity [19], according to the manufacturer’s

instructions. Briefly, cell lysates were equalized according to the total protein and loaded into a

Rho-GTP binding 96 -well plate, incubated with Anti-RhoA antibody and then secondary anti-

body. Absorbance was read at 490 nm. Active RhoA was normalized to total RhoA to compare

RhoA activity between groups.

Statistical analysis

In tension studies, relaxation responses to agonists were compared in the absence and presence

of selective antagonist or the solvent control. Different treatments with cumulative concentra-

tions were analyzed by using two-way analysis of variance (ANOVA). Data were presented as

mean percent relaxation, with the standard error of the mean (SEM). The number of experi-

ments is indicated in parentheses. Statistical differences were analyzed with Prism program

(GraphPad Software Inc., San Diego, CA). For immunoblot analysis, one-way ANOVA was

used to detect significant differences among all treatments and student’s t-test was used in
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paired groups. Bonferroni correction was used to correct for type 1 error associated with mul-

tiple comparisons. P value�0.05 was considered as significant.

Drugs

G-1 was purchased from Calbiochem. 8-(4-chlorophenylthio)-2-O-methyladenosine-3,5-cyclic-

monophosphate [8-CPT-2Me-cAMP (007)] and 3- [5- (tert-Butyl) isoxazol- 3- yl]- 2- [2- (3-

chlorophenyl)hydrazono]- 3- oxopropanenitrile (ESI-09) was from Biolog Life Science Institute.

PKI (14–22) amide (myristoylated) was obtained from Enzo Life Sciences. Brefeldin A was

from LC laboratories and farnesyl thiosalicylic acid was from Cayman Chemical. All other

chemicals were purchased from Sigma-Aldrich Corporation.

Results

Epac and coronary artery relaxation

The pretreatment of artery rings with the ARF-GEF inhibitor brefeldin A (BFA, 50 μM), a

proven Epac inhibitor, significantly attenuated G-1-induced porcine coronary artery relaxa-

tion, the reduced relaxation was 44.90% of the total relaxation effect of G-1 (Fig 1A, Table 1),

similar to the effect of PKI (14–22) amide (5 μM), a PKA inhibitor, in our previously study

[10]. When artery rings were pretreated with both BFA (50 μM) and PKI (5 μM), the inhibition

of G-1-induced relaxation response reached to 76.98% (Fig 1B, Table 1), suggesting an additive

effect of Epac and PKA. As expected, the 8-CPT-2Me-cAMP (007), an analog highly selective

for activation of Epac [20], caused a concentration-dependent relaxation of coronary artery

rings (Fig 1C, Table 1). However, the significant relaxation occurred at much higher concentra-

tion (EC50 = 49.4 μM), compared to G-1 (EC50 = 0.027 μM), but it was similar to the effect of

PKA agonist 6-Bnz-cAMP in our previous study [10]. As expected, the concentration-depen-

dent relaxation response of 007 was markedly inhibited by brefeldin A (50 μM), with no change

of EC50 (49.4 μM without brefeldin A and 49.5 μM with brefeldin A) (Fig 1D and Table 1). We

then further tested ESI09, a specific Epac1 and Epac2 inhibitor [21] and CE3F4, an uncompeti-

tive inhibitor of Epac1 [22] in the construction of concentration-response relationship curve of

G-1 relaxation experiments. As expected, both ESI-09 (20 μM) and CE3F4 (100 μM) have sig-

nificantly attenuated the relaxation effect of G-1, CE3F4 has the most inhibition effect among

these three inhibitors of Epac (Fig 1E & 1F, Table 1). It could be because Epac1 is the predomi-

nant expression form of Epac in porcine coronary arteries shown by Western blot result (Fig

1G). Together, these results demonstrate that Epac is involved in the G-1 induced coronary

artery relaxation.

Rap1 and VASP

Measurement of Rap1 activity in porcine CASMCs (Fig 2A–2C) revealed that G-1(1 μM) and

007 treatments significantly increased Rap1 activity. In Fig 2A, the results showed that the

stimulation of Rap1 activity by G-1 at 2.5 min and 5 min was similar to the stimulation effect

of the selective Epac activator, 007 (50 μM) and the increased Rap1 activity induced by either

G-1 or 007 were completely blocked by BFA (50 μM) (Fig 2A & 2B). In the presence of PGF2α,

however, the activity of Rap1 did not change (Fig 2C). Together, these results suggest that as a

downstream of Epac, Rap1 is involved in GPER-mediated coronary artery relaxation response.

Vasodilator-stimulated phosphoprotein (VASP) can be phosphorylated by PKA at Ser 157,

thus reflecting PKA activity [14]. G-1 (1 μM) increased p-VASP in porcine CASMCs, which

was totally blocked by PKI but not by ESI-09, an Epac inhibitor [21] (Fig 3). Additionally, 007

had no significant effect on p-VASP compared with vehicle control treatment. Taken together,
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these data suggest that Epac and PKA are two discrete downstream targets of GPER and with

only the PKA signaling pathways contributing to the phosphorylation of VASP.

RhoA activity

Previously we have shown that G-1 inhibits RhoA activity with a significant contribution of

PKA to this inhibition [10]. In the current study, we measured RhoA activity and phosphoryla-

tion at Ser 188 (p-RhoA), which is inactivated state of RhoA [23], by treating porcine CASMCs

with 007 and ESI-09 to test whether Epac also plays a role in GPER-mediated inhibition of

RhoA activity. The results showed that 007 (50 μM) inhibited RhoA activity to a similar extent

as G-1 (1 μM) and ESI-09 (10 μM) significantly inhibited the effect of G-1 (Fig 4A). The Epac

effect on p-RhoA was examined by Western blot and the results showed that both 007 (50 μM)

and the PKA agonist 6-Benz-cAMP (50 μM) increased p-RhoA similarly as that of G-1 (1 μM).

The G-1 effect of increasing p-RhoA was significantly inhibited by either PKI or ESI-09 (Fig

4B). Furthermore, siRNA-mediated knock down of Rap1 significantly inhibited G-1-induced

Fig 1. Epac contributes to G-1-induced relaxation of coronary arteries. Concentration-response relationship for G-1- or

8-CPT-2Me-cAMP -induced relaxation in endothelium denuded, PGF2α (1 μM) precontracted coronary artery were observed

in the presence or absence of Epac inhibitors. A & B: in the presence or absence of Epac inhibitor, BFA (A); in the presence or

absence of both Epac and PKA inhibitors, BFA and PKI (B). C&D: Concentration-response relationship for Epac agonist

8-CPT-2Me-cAMP (007)-induced porcine coronary artery relaxation in the absence (C) or presence (D) of BFA pretreatment.

E & F: Concentration-response relationship for G-1-induced relaxation in the presence or absence of the Epac inhibitors, ESI-

09 (E) or CE3F4 (F). Each point represents the mean percent relaxation effect ± SEM., *** p<0.001, compared to G-1 group

or solvent control. G. A representative Western blot of Epac1 and Epac2 expression. Well1 is the loading of porcine coronary

artery tissue lysates. Well2 is the loading of rat brain tissue lysates, serving as a positive control. Beta-actin was used as a

protein loading control. H. A summary bar graph of densitometry analysis of Epac1 and Epac2 Western blot bands.

doi:10.1371/journal.pone.0173085.g001
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p-RhoA (Fig 4C & 4D). The efficiency of the Rap1 siRNA transfection was examined to be sig-

nificant compared to the control group transfected with scramble siRNA (Fig 4E). Together,

these results suggest that GPER activation inhibits RhoA activity through phosphorylation of

RhoA via both Epac and PKA signaling.

Phosphorylation of MLCP/MLC

Increased RhoA activity leads to phosphorylation of MYPT1 at Thr-853 via Rho kinase [24,

25], which inhibits the activity of MLCP and thus, results in increased MLC phosphorylation.

Western blot analysis revealed that G-1 (1 μM) inhibited PGF2α (1 μM)-induced phosphoryla-

tion of MYPT1 at Thr-853 and subsequently, reduced phosphorylation of MLC, in both coro-

nary artery rings and porcine CASMCs (Fig 5). Furthermore, the inhibitory effect of G-1 was

partially reversed by each ESI-09 (10 μM). The Epac activator, 007 (50 μM), exerted a similar

inhibitory effect on the phosphorylation of MYPT1 at Thr-853 and MLC as that of G-1

(1 μM), suggesting that Epac signaling is involved in the GPER-mediated inhibition of p-

MYPT1 and p-MLC.

In another set of experiments, both Epac and PKA antagonists were used in examining the

role of Epac as well as PKA in the inhibitory effect of G-1 on the phosphorylation of MYPT1

and MLC. When added separately, ESI-09 (10 μM) as well as PKI (5 μM) partially reversed the

inhibitory effect of G-1 on phosphorylation of MYPT1 and MLC; however, when both of ESI-

09 (10 μM) and PKI (5 μM) were present, the G-1 -induced inhibition of the phosphorylation

of MYPT1 and MLC was completely reversed (Fig 6). These results suggest that Epac/Rap1 sig-

naling along with PKA is involved in the GPER-mediated inhibition of the phosphorylation of

MLCP/MLC.

Discussion

There is a growing interest in the role of GPER in cardiovascular regulation. The current work

is the first to define the cAMP/ Epac signaling pathway in GPER-mediated coronary artery

Table 1. Effects of compounds on porcine coronary artery relaxation response to G-1.

Compounds % reduction of the G-1 relaxation % relaxation EC50 (μM)

G-1 + 46.78 ± 2.52 (n = 10) 0.027

G-1 + BFA 50–100 μM 44.90% 25.78 ± 3.51 (n = 7) *** 0.028

G-1 + BFA 100 μM + PKI 5 μM 76.98% 10.77 ± 0.87 (n = 11) *** 0.174

G-1 + ESI-09 20 μM 58.12% 19.59 ± 3.73 (n = 4) *** 0.146

G-1 + CE3F4 100 μM 68.98% 14.51 ± 3.35 (n = 4) *** 0.028

DMSO ++ 11.39 ± 5.31 (n = 6) 5.56

8CPT-2Me-cAMP (007) 90 μM +++ 72.10 ± 13.55 (n = 6) **** 49.4

8CPT-2Me-cAMP (007) 90 μM + BFA 100 μM ++++ 54.59 ± 4.22 (n = 4) *** 49.5

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

***P<0.001

****P<0.0001, significant difference compared with control by using two-way ANOVA.

In rows 1–5 artery rings were pretreated with each of the inhibitors and the results were compared to G-1 (3 μM) alone group (+G-1).

In rows 6–8
++DMSO group was used as solvent control.
+++8-CPT-2Me-cAMP (007) was used as vasorelaxant agents and the result was compared to DMSO group.
++++Artery rings were pretreated with BFA, then relaxed with 8-CPT-2Me-cAMP (007) and the result was compared to 8-CPT-2Me-cAMP (007) alone group.

doi:10.1371/journal.pone.0173085.t001
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relaxation, which is mediated through attenuation of phosphorylation of MLCP and MLC via

Rap1 inhibition of RhoA activity in parallel with PKA.

GPER activation induces relaxation in a variety of vascular beds [4, 5, 26, 27] and reduces

tissue damage after cardiac ischemia-reperfusion or stroke [2, 3]. However, our understanding

Fig 2. G-1 stimulates Rap1 activities in porcine coronary artery. Rap1 activity measured with a Rap1

activation kit. Porcine coronary artery SMCs (passage 4 and 5) were serum deprived for 24 hours, then

treated with: BFA (50 μM) + G-1 (1 μM); G-1 (1 μM) for 0, 2.5, 5, and 15 min; 007 (100 μM) (A); PGF2α (1 μM)

for 10 min, PGF2α (1 μM) for 10 min + G-1(1 μM) for 5 min (B); 007 (50 μM) for 5 min, BFA (50 μM) for 10 min

+ 007 (50 μM) for 5min (C); DMSO (0.1%) was used as solvent control. SMC lysate in Rap1 activation lysis

buffer, upper band: cell lysate was pre-incubated with GTPγS prior to precipitation with Ral GDS-RBD; Lower

band: cell lysate was pre-incubated with GDP prior to precipitation with Ral GDS-RBD. Left panel in 2A and

upper panels in 2B-2C are a representative Western blot bands of Rap1-GTP and total Rap1 detected by

using anti-Rap1 antibody from 3 individual assays. Rap1-GTP is the active form of Rap1. The lower panel is a

summary bar graph of the Rap1 Western blot bands analyzed by densitometry. Rap1-GTP/total Rap1 ratio

was normalized to control % (0 min of G-1 treatment) according to the manufacture instruction. * p<0.05,

compared to control.

doi:10.1371/journal.pone.0173085.g002

Fig 3. G-1 increases phosphorylation of VASP. Porcine coronary artery SMCs (passage 4 and 5) were serum deprived for

24 hours and then treated with: 0.01% DMSO as solvent control; 007 (50 μM); G-1 (1 μM); G-1(1 μM) + ESI-09 (10 μM) and

PKI (5 μM). Left panel is a representative of Western blot for p-VASP and β–actin of three individual experiments. Right panel

is a summary bar graph of the Western blot band densitometry analysis. Results are expressed as mean ± SE, * p<0.05,

compared to the solvent control.

doi:10.1371/journal.pone.0173085.g003
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of the mechanisms that underlie GPER-mediated vasorelaxation has just begun to increase.

Our recent work has shown that: 1) G-1 treatment of porcine CASMCs activates adenylyl

cyclase (AC) and increases cAMP production in a concentration-dependent manner; 2) block-

ing of AC inhibits G-1 -induced porcine coronary artery relaxation in isometric tension stud-

ies, suggesting cAMP was involved in the GPER-mediated coronary artery relaxation; 3)

downstream PKA signaling plays a role in GPER-mediated coronary relaxation by activating

MLCP via inhibition of RhoA pathway [10]. In the current studies, we have found that, along

Fig 4. Epac and Rap1 are involved in the G-1-induced phosphorylation of RhoA and the inhibition of

RhoA activity in porcine CASMCs. CASMCs were serum deprived for 18 hours before being treated with

different drugs. A: RhoA activity in CASMCs was evaluated in cells treated for 2.5 min with 0.1% DMSO, serum,

serum + 007 (100 μM), serum + G-1 (100 nM), 10% serum + ESI-09 (10 μM) + G-1 (100 nM) (n = 3), * p<0.05,

compared to groups as indicated. B: Western blot detection of phosphorylation of RhoA at Ser188 in CASMCs.

Cells were treated for 10 minutes with: 0.1% DMSO as solvent control; 007 (100 μM); 6-Bnz-cAMP (10 μM); G-1

(1 μM); ESI-09 (10 μM) + G-1 (1 μM) and PKI (5 μM) + G-1 (1 μM) (n = 3). Upper panel: a representative Western

blot phosphor-Ser188 RhoA and β-actin of three experiments. Lower panel: Bar graph of the quantitative data of

the p-RhoA bands evaluated by densitometry. Sample protein amounts were normalized to β-actin which was

employed as a control for protein loading, * p<0.05, compared to the groups as indicated. C: A representative

phosphorylation of RhoA and siRNA knock-down of Rap1 were detected by Western blots of three independent

experiments. After transfected with either scramble siRNA or Rap1 siRNA for 48 hours, CASMCs were serum

deprived for 24 hours and then treated in the presence or absence of G-1 (1 μM). β-actin was served as loading

control. D&E: Bar graphs showing the summary data of p-RhoA and total Rap1 knock-down normalized to total β-

actin respectively, the bands were evaluated by densitometry, * p<0.05, compared to the group as indicated in

the graphs.

doi:10.1371/journal.pone.0173085.g004
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with PKA, Epac/Rap1 signaling is also involved in the GPER-mediated vasorelaxation via inhi-

bition of RhoA pathway.

The elevation in intracellular concentration of cAMP following activation of Gs-protein-

coupled receptors is sufficient to activate Epac [12], a novel mechanism in the regulation of

Fig 5. Epac is involved in the G-1 activation of MLCP in porcine coronary arteries. A: Western blot

detection of phosphorylation of MLCP at the regulatory subunit, myosin-targeting subunit protein-1 (pMYPT1

at Thr853) in porcine coronary artery rings. Rings in isometric tension studies were incubated with DMSO

(solvent control, 0.1%); PGF2α (1 μM); PGF2α (1 μM) + G-1 (1 μM); PGF2α (1 μM) + ESI-09 (10 μM) +G-1

(1 μM); and PGF2α (1 μM) + 007 (100 μM). Upper panel: A representative Western blot for p-MYPT1 from

three individual experiments. Lower panel: Bar graph of the quantitative data of the Western blot bands

evaluated by densitometry. Tissue sample protein amounts were normalized to β-actin which was employed

as a control for protein loading, * p<0.05, compared between groups as indicated. B: Upper panel: the

representative p-MLC detection by Western blot from three independent experiments. Porcine CASMCs were

serum deprived for 24 hours, and then treated with drugs as in porcine coronaries, except that the concentr-

ation of ESI-09 was 10 μM. Lower panel: Bar graph showing the summary data of p-MLC which was normali-

zed to total β-actin, the bands were evaluated by densitometry, * p<0.05, compared to the group as indicated.

doi:10.1371/journal.pone.0173085.g005

Fig 6. Epac and PKA exert additive effect on G-1-induced activation of MLCP in porcine coronary

arteries. A: Western blot detection of pMYPT1 at Thr853 in artery rings. Artery rings were treated with: DMSO

(solvent control, 0.1%); PGF2α (1 μM); PGF2α (1 μM) + G-1 (1 μM); PGF2α (1 μM) + ESI-09 (10 μM) +G-1

(1 μM); PGF2α (1 μM) + PKI (5 μM) + G-1 (1 μM); and PGF2α (1 μM) + ESI-09 (10 μM) + PKI (5 μM) + G-1

(1 μM). Upper panel: A representative Western blot for p-MYPT1 from three individual experiments. Lower

panel: Bar graph summary of the quantitative data of the Western blot p-MYPT1 bands evaluated by

densitometry. Tissue sample protein amounts were normalized to β-actin. B: Upper panel: A representative p-

MLC detection by Western blots of three independent experiments. CASMCs were serum deprived for 24

hours, and then incubated with the drugs as used in arterial rings, except that 10 μM of ESI-09 was used rather

than 25 μM. Lower panel: Bar graph showing the summary data of p-MLC normalized to total β-actin, the

bands were evaluated by densitometry, * p<0.05, compared to the group as indicated in the graph.

doi:10.1371/journal.pone.0173085.g006
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cardiovascular function [11]. Two isoforms, Epac1 and Epac2, have been identified [11].

Epac1 is the predominant isoform found in vascular smooth muscle of rat aorta and mesen-

teric artery [28]. Activation of Epac1 induces relaxation of adrenaline-contracted rat aortae

[29] and phenylephrine-contracted rat mesenteric arteries [14]. In the present study, G-1

induced porcine coronary artery relaxation was significantly attenuated by the ARF-GEF

inhibitor, brefeldin A (50 μM), which has been shown to be an Epac inhibitor [14]; further-

more, the Epac specific agonist, 8CPT-2Me-cAMP (007), relaxed arteries similar to that

observed with G-1. Together these findings suggest that Epac, a downstream effector of cAMP,

is also involved in the GPER-mediated relaxation effect; and functions similarly to PKA in

mediating GPER vasorelaxation as our previous study reported [10].

Epac is the best described guanine nucleotide exchange factor (GEF) in the cardiovascular

system and facilitates Rap1 cycling from the (GDP-bound) inactive state to the (GTP- bound)

active state [30]. Rap1 isoforms, as members of the Ras family, are involved in the network of

multiple proteins to regulate vascular endothelial cell proliferation, migration and endothelial

permeability as well as vascular tone [31]. Rap1b in both smooth muscle and endothelium

plays a key role in maintaining blood pressure [32, 33]. Rap1b−/− mice developed increased

basal tone and hypertension that was potentially caused by: 1) increased contractility of

smooth muscle to contractile agents, such as thromboxane, angiotensin II or phenylephrine;

2) defective endothelial release of dilatory nitric oxide in response to elevated blood flow [32,

33]. We tested the effect of GPER activation on Rap1 activity in porcine CASMC and observed

that G-1 (1 μM) markedly increased Rap1 activity between 2 and 5 min, to a similar extent as

007; an increase that was blocked by BFA (50 μM), suggesting that GPER activation stimulates

Rap1 activity via Epac in CASMC. Furthermore, our results showed that Rap1 siRNA transfec-

tion significantly inhibited G-1-induced phosphorylation of RhoA at serine 188, further vali-

dating the role of Rap1 in GPER-mediated signaling. Other in vitro studies have revealed

several underlying mechanisms for Epac/Rap1 induced vascular relaxation, including attenua-

tion of RhoA activity [14] and indirect modulation of K+ channel activity [20, 28].

Increase in RhoA activity stimulated by various vasoconstrictors leads to Rho kinase-medi-

ated phosphorylation of MYPT1, at Thr-853, not at Thr-696 [24, 25]. The elevated phosphory-

lation of MYPT1 largely inhibits MLCP activity, therefore, maintaining MLC phosphorylation

and thus vascular smooth muscle contraction. On the other hand, when MYPT1 is dephos-

phorylated, MLCP dephosphorylates MLC and induces relaxation [34]. Evidence from the

work of other investigators, as well as our data suggest that cAMP/PKA signaling may inhibit

RhoA activity by phosphorylating RhoA at Ser188, RhoA phosphorylation reduces the inhibi-

tory effect of RhoA/Rho kinase on MLCP, thus allows MLCP to dephosphorylate MLC and

cause relaxation of vascular smooth muscle independent of intracellular Ca2+ level [10, 23, 35].

Since the phosphorylation of MYPT1 at Thr-696 site is often spontaneously phosphorylated

under resting conditions and is insensitive to stimuli by most agonists [25, 34], we studied only

the phosphorylation of Thr-853. Our results showed that: 1) Epac antagonist, ESI-09, signifi-

cantly inhibited G-1-induced phosphorylation of RhoA at Ser-188 and restored G-1-reduced

RhoA activity; 2) Epac agonist, 007, on the other hand, increased phosphorylation of RhoA and

decreased RhoA activity, similar to that of G-1 and PKA agonist, 6-Benz-cAMP; 3) G-1-induced

reduction in phosphorylation of Thr-853 of MYPT1, was partially reversed when either PKA or

Epac antagonists were present, with an additive effect when both antagonists were present,

completely restoring p-MYPT1 levels. Together these findings demonstrate that Epac plays a

similar role as PKA in GPER-mediated coronary relaxation via inhibition of RhoA and p-

MYPT1. Consistent with our data are findings in smooth muscle of rat aorta, gut, and airway,

in which Epac agonist, 007, as well as the vasodilator PGI2 analog, cicaprost, increased Rap1

activity and decreased RhoA activity [14]. Activation of a plasma membrane-bound G protein-
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coupled receptor, TGR5, known as GPBAR1 (G protein-coupled bile acid receptor1), has also

been reported to cause relaxation of gastric smooth muscle, which is mediated through inhibi-

tion of RhoA/Rho kinase pathway via cAMP/Epac-dependent stimulation of Rap1 [36].

In vascular smooth muscle cells, both PKA and Epac pathways are necessary for cell growth

inhibition. Epac synergizes with PKA to mediate cAMP-induced cell growth arrest [37]. In

cAMP-mediated vascular, gut and airway smooth muscle relaxation, Epac and PKA are

involved independently in the downstream signaling [14, 36]. In this study, we showed that

Epac and PKA exert additive effect in mediating GPER downstream signaling at the phosphor-

ylation of MYPT1, although they signal in separate pathways as confirmed by the result that

neither Epac agonist nor antagonist had any effect on the phosphorylation of VASP at Ser-157,

a marker for monitoring PKA activity [14].

In conclusion, the results of this study demonstrate that GPER-mediated porcine coronary

relaxation involves both Epac and PKA signaling to inhibit the RhoA/ROCK effect on MLCP,

and thereby, decrease phosphorylation of MLC and relaxation of coronary artery (Fig 7).

These findings offer clearer understanding of the role of GPER in vascular tone regulation and

provide a molecular basis for GPER as a potential drug target in preventing and treating car-

diovascular disease both in women.
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Fig 7. Proposed mechanism of Epac and PKA pathways in GPER-mediated porcine coronary artery

relaxation signaling. When GPER is activated by G-1, it activates Gs protein. Gs stimulates adenlylyl

cyclase (AC) and increases cAMP generation. Cyclic AMP activates both Epac and PKA, the downstream

targets. Epac activates Rap1, then RhoA is phosphorylated at serine 188 by both Rap1 signaling and PKA,

thereby the activity RhoA and its effector Rho Kinase (ROCK) is inhibited, Reduced Rho kinase activity

removes its inhibitory effects on MLCP by decreasing the phosphorylation of MYPT1 (pThr853), the myosin

phosphatase target subunit 1 of MLCP, leading to decreased phosphorylation of MLC20 and coronary artery

relaxation.

doi:10.1371/journal.pone.0173085.g007
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