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Abstract
Coronary heart disease (CHD) continues to be the greatest mortality risk factor in the developed world. Estrogens are recognized to have great therapeutic potential to treat CHD and other cardiovascular diseases; however, a significant array of potentially debilitating side effects continues to limit their use. Moreover, recent clinical trials have indicated that long-term postmenopausal estrogen therapy may actually be detrimental to cardiovascular health. An exciting new development is the finding that the more recently discovered G-protein-coupled estrogen receptor (GPER) is expressed in coronary arteries–both in coronary endothelium and in smooth muscle within the vascular wall. Accumulating evidence indicates that GPER activation dilates coronary arteries and can also inhibit the proliferation and migration of coronary smooth muscle cells. Thus, selective GPER activation has the potential to increase coronary blood flow and possibly limit the debilitating consequences of coronary atherosclerotic disease. This review will highlight what is currently known regarding the impact of GPER activation on coronary arteries and the potential signaling mechanisms stimulated by GPER agonists in these vessels. A thorough understanding of GPER function in coronary arteries may promote the development of new therapies that would help alleviate CHD, while limiting the potentially dangerous side effects of estrogen therapy.   
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Core tip: A continuing controversy in cardiology is the impact of estrogen on coronary arteries. This review provides the latest information on the discovery of a novel estrogen receptor in these vessels:  the G-protein-coupled estrogen receptor (GPER). Recent findings demonstrate that GPER activation induces coronary artery relaxation and attenuates the proliferation and migration of coronary smooth muscle cells. Thus, GPER appears to be a promising, novel pharmacological target that could increase coronary blood flow in diseased arteries and prevent or reverse the progression of coronary atherosclerotic disease, and do so with potentially fewer dangerous side effects associated with traditional estrogen therapy.   
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INTRODUCTION  
Evidence that ovarian hormones can influence blood flow in other vascular beds was provided well over a century ago[1]; yet the overall impact of estrogens on cardiovascular function is still quite controversial. For example, there are conflicting reports regarding the potential therapeutic uses of estrogens to alleviate or prevent cardiovascular disease, as clinical trials have found both preventative[2] and deleterious [3] effects of conjugated equine estrogens (a mixture of at least 10 different estrogens) on coronary heart disease (CHD) in menopausal women. More directly, 17 β-estradiol (E2), the predominant and most potent circulating estrogen in premenopausal women, has clearly defined effects on blood vessel function. For example, numerous studies have demonstrated that estradiol dilates coronary arteries from humans or other species, and does so by specifically targeting both vascular smooth muscle (VSM) and endothelial cells. Estradiol increases coronary blood flow in intact hearts[4,5], dilates coronary arteries in situ[6-8], and relaxes coronary arteries isolated in vitro[9-12]. Such studies strongly suggest an inherent therapeutic potential of E2 for alleviating or possibly even preventing coronary insufficiency. As a caution, however, it should be noted that we have demonstrated that E2 can also constrict coronary arteries under experimental[13] or pathological[14] conditions via a non-genomic mechanism. Thus, E2, a “well-known vasodilator”, is actually a powerful, multifunctional vasoactive hormone whose signaling mechanisms are heterogeneous and complicated, and whose overall physiological effect on coronary arteries apparently depends upon the biochemical disposition of cells located in the vascular wall. 
In addition to directly modulating coronary artery function, estrogens may also slow the progression of coronary atherosclerotic disease. Young women are normally protected from significant atherosclerotic plaque accumulation in coronary arteries. Menopause, however, brings unhealthy changes in plasma lipoproteins [i.e., increased low-density lipoproteins (LDLs), and decreased high-density lipoproteins (HDLs), respectively], whereas postmenopausal estrogen replacement therapy (ERT) reverses these potentially harmful changes by decreasing LDL and increasing HDL[15-17]. More specifically, the phenolic ring structure of estrogens appears to exert an antioxidant effect that may attenuate oxidation of lipids[18,19] and LDLs[20-22];  and it is oxidized LDLs are accumulated by macrophages in the early stages of atherosclerosis leading to foam cell formation and atherogenesis. Further, E2 can lower the activity and expression of vascular NADPH oxidase, a potent source of reactive oxygen species[23-25]. Thus, there is increasing evidence that an antioxidant effect of estrogen may attenuate the development of coronary atherosclerosis to help preserve optimal cardiac function throughout a woman’s reproductive years[26]. 
One might expect oxidant stress to increase during menopause as the antioxidant influence of estrogen begins to wane. Indeed, menopausal women do exhibit greater levels of oxidative stress compared to women of childbearing age[27]. In light of the demonstrated beneficial effects of E2 on plasma lipoproteins, it is puzzling that recent clinical trials continue to indicate a mostly deleterious effect of long-term postmenopausal hormone therapy on cardiovascular health. A potential reason for this apparent contradiction is that ERT, while reducing total LDL cholesterol level, does not reduce the number of LDL particles–which, become smaller, therefore more atherogenic[28]. In addition, we have demonstrated that E2 can actually promote oxidative stress in coronary arteries by enhancing the activity of uncoupled nitric oxide synthase expressed in VSM cells[13]. Thus, it seems likely that the influence of estrogens on cardiovascular health cannot be explained solely by an antioxidant effect on plasma lipids or blood vessels. 
In summary, there is convincing evidence that estrogens can exert powerful effects on both the structure and function of coronary arteries, and that E2 can produce both beneficial and harmful effects on cardiovascular function. As our appreciation of estrogen grows, so should the potential to develop estrogen-like compounds as novel therapeutic agents to prevent or treat CHD. The current challenge remains to fully elucidate the cellular/molecular basis of estrogen action on coronary arteries. At present, however, our understanding of these mechanisms is far from complete, and is at times quite controversial. An important first step is to understand the nature of the specific estrogen receptor molecules that bind E2 and thereby initiate the complicated process of estrogen signaling in coronary arteries.

G-PROTEIN-COUPLED ESTROGEN RECEPTOR AND CORONARY ARTERY TONE
For years it was believed that E2 action on coronary arteries was mediated only via activation of one or both of the “classic” estrogen receptors, ERα or ERβ. For example, both ERs are expressed in human coronary artery smooth muscle cells (CASMC); but it is ERα that appears to play a great role in mediating acute responses to E2 in these cells via increased NO generation[29]. Similarly, porcine coronary arteries were relaxed via a NO-dependent mechanism in vitro by an ERα-selective agonist, whereas an ERβ-selective agonist appeared to induce an NO-independent relaxation response[30]. It is the ERα subtype that helps protect against ischemia/reperfusion injury in rabbit hearts[31], whereas ERβ did not impact ischemic tolerance significantly[32]. In addition, optimal functioning of coronary artery endothelial cells is abrogated in mice lacking expression of ERα[33]. On the other hand, studies of coronary arteries obtained from human females indicated that it was ERβ, which was associated with coronary calcification and atherosclerosis, not ERα[34]. These studies suggest that although ERα and ERβ are both expressed in coronary arteries, it is ERα that may play the greater role in an acute vasodilatory response to E2 and possibly cardioprotection as well. 
It is the dependency of estrogen on ERα and ERβ activation that has limited the potential use of estrogen as a therapeutic agent to alleviate coronary artery dysfunction. Estrogens are powerful endocrine hormones, and these endocrine effects (e.g., secondary sex characteristics) are mediated primarily by classic ERs which are expressed in most cell types. In terms of specifically treating cardiovascular disease the need is to pharmacologically mimic the beneficial effects of estrogens on coronary arteries while minimizing the oftentimes unwanted endocrine side effects in other tissues. Selective ER modulators (SERMs)–agents which act as ER agonists in some target tissues but not in others-have had some success in meeting this therapeutic ideal, but their use still falls short of providing protection against coronary artery disease without endocrine and other side effects. An exciting new development in this important field of investigation is the discovery of a novel G-protein-coupled estrogen receptor (GPR30, now GPER). GPER activation constitutes an acute, non-genomic mechanism of estrogen action that may avoid many, if not most, potential effects of estrogen on endocrine target tissues. Discovery of GPER expression and function in blood vessels has opened the potential for this receptor to serve as a novel therapeutic target.  
What was often noticed, yet seldom appreciated, was that some commonly employed ER “antagonists” did not always attenuate the vasodilatory effect of E2 on coronary arteries, and sometimes actually exhibited a direct vascular action themselves. For example, ICI182780 (fulvestrant) has long been considered a “pure” ERα/ERβ antagonist, an estrogen receptor down regulator (SERD); however, this ER blocker did not significantly affect E2-induced coronary dilation or blood flow in canine hearts[8]. These studies suggested a vasodilatory effect of E2 on coronary arteries that was not mediated by either of the classic ERs. Moreover, we[35] and others[36] have demonstrated that ICI182780 can itself relax porcine coronary arteries in vitro (i.e., an effect independent of ERα or ERβ activation). In addition, ICI182780 does not inhibit coronary artery relaxation induced by the SERM raloxifene, which acts directly on CASMC[37]. Taken together, these findings strongly suggest that E2 (and possibly ICI182780 and raloxifene as well) can relax coronary arteries via a mechanism that does not involve activation of ERα or ERβ. Interestingly, it is now known that ICI182780 and raloxifene are agonists for GPER[36,38-40]. 
GPER was originally cloned in 1997 from breast cancer[41] and other cells, including endothelial cells[42,43], and was found to exhibit the canonical seven transmembrane spanning regions common to all G-protein-coupled receptors. GPER is expressed in the heart and in a variety of blood vessels[44,45], and GPER mRNA and protein have been detected in porcine and human CASMC[46-48]. Functionally, studies employing the selective GPER agonist, G-1, have indicated a vasodilatory response to G-1 stimulation. Acute treatment with G-1 relaxes rat aorta[49], rat mesenteric arteries[50], human internal mammary arteries[50], and rat carotid arteries[40, 51], whereas infusion of G-1 induces an acute decrease in arterial pressure[50]. In addition, recent studies have demonstrated that G-1 induces an acute relaxation response in porcine coronary arteries[36,46]. These pharmacological studies have been bolstered by use of G15, a selective GPER antagonist, which attenuates vascular relaxation induced by E2[52] or G-1[46,52]. Thus, there is increasingly consistent evidence obtained from both protein and pharmacological studies that activation of GPER exerts a vasodilatory effect, particularly in coronary arteries. These findings also substantiate the putative role of GPER in mediating E2-induced coronary artery relaxation. 
Relatively few studies have investigated the signaling mechanisms mediating GPER-induced coronary artery relaxation, and these reveal that GPER can relax coronary arteries acutely via diverse mechanisms. There is good agreement that G-1 induces a maximal 30%-40% relaxation of porcine epicardial coronary arteries in vitro (after taking into account the effect of ethanol or dimethylsulfoxide vehicle on these vessels); however, this relaxant effect of G-1 may be endothelium-dependent or –independent. Meyer et al[36] report that activation of GPER induces a rapid relaxation of coronary arteries, and that this process is mediated by NO release from endothelial cells. In contrast, Yu et al[46] provide evidence for a direct relaxant effect of G-1 on CASMC, which is bolstered by patch-clamp experiments demonstrating that G-1 opens calcium-activated potassium (BKCa) channels in isolated porcine and  human CASMC (i.e., in the absence of endothelium). In this later study G-1-induced relaxation was inhibited by blocking these same potassium channels, but was not attenuated by inhibiting NO or cGMP synthesis. Thus, there appears to be a redundancy of mechanisms mediating GPER-induced coronary artery relaxation: indirect (endothelial cells) and direct (CASMC), and may or may not involve production of NO. Because E2 is a very lipophilic hormone that easily traverses biological membrane, it is likely that both cell types mediate GPER-induced coronary artery relaxation in vivo (unless there is significant endothelial dysfunction in which case the direct action on CASMC should predominate). In addition, there is significant expression of aromatase in both endothelial and VSM cells allowing estrogen to be synthesized directly within the coronary artery wall (i.e., independent of plasma E2 levels)[53].      
As mentioned above, raloxifene is also an agonist for GPER and stimulates an endothelium-independent relaxation of porcine coronary arteries[37]. In this study the presence of high extracellular potassium (i.e., 30 or 60 mmol) significantly reduced raloxifene-induced relaxation, as did iberiotoxin, a highly specific inhibitor BKCa channels. In contrast, inhibiting ERα or ERβ with ICI182780 had no effect on the response to raloxifene. Further patch-clamp studies demonstrated that raloxifene elevates iberiotoxin-sensitive outward currents in isolated CASMC. Thus, the endothelium-independent relaxation effect of raloxifene on porcine coronary arteries appears very similar to that of G-1 on CASMC in that stimulation of BKCa channels is likely an important effector of GPER-induced coronary artery relaxation. In contrast to these findings, however, are previous studies indicating that ICI182780 can inhibit raloxifene-induced, endothelium-dependent relaxation of rabbit coronary arteries[54], also attenuates raloxifene-induced NO production from human endothelial cells[55]. Thus, it seems likely that endothelium-dependent effects of raloxifene are mediated primarily by classic ERs, whereas the direct effects on CASMC are via GPER. 
It is interesting that the diverse mechanisms mediating acute, non-genomic estrogen-induced coronary artery relaxation often converge upon a common cellular effector–the BKCa channel. Nearly 20 years ago we first demonstrated that E2 could activate this powerful hyperpolarizing mechanism in CASMC[11], and a number of studies have since confirmed and extended the role this protein plays in mediating acute estrogen signaling in coronary arteries. An exciting new development is that there is now increasing evidence that coronary artery relaxation induced by GPER activation appears to involve BKCa activity as well. In addition to E2, single-channel and whole-cell patch-clamp studies have demonstrated that agents known to stimulate GPER, i.e., G-1[46], raloxifene[37], tamoxifen[10], also exert significant stimulatory effects on BKCa channel activity in isolated CASMC. Although not tested directly, it is also quite likely that the endothelium-dependent coronary artery relaxation effect of G-1[36] may also indirectly open BKCa channels in CASMC via release of NO[10,11,56]. These cellular studies are bolstered by the fact that iberiotoxin attenuates coronary relaxation induced by either G-1[46] or raloxifene[37]. At present, mechanisms coupling GPER activation to BKCa channel activity remain undefined; however, there is likely to be significant therapeutic potential here. For example, identification of the BKCa channel as a molecular effector of rapid estrogen signaling in CASMC could lead to the development of new agents which could specifically target these proteins in coronary arteries to provide the beneficial vasodilatory effect of E2 without the substantial endocrine side effects of hormone treatment. 

GPER AND CORONARY ARTERY CELL PROLIFERATION
In healthy arteries CASMC retain a contractile phenotype and are localized in the medial layer; however, intimal injury (e.g., atherosclerosis, angioplasty) causes CASMC to dedifferentiate, lose their contractile phenotype, and proliferate[57,58].  Dedifferentiated CASMC can then migrate into the intimal region and contribute to the narrowing of the coronary artery lumen. Estrogen is known to inhibit injury-induced VSM proliferation[46,59-64], but, interestingly, genetic deletion of classic ERs does not abolish this anti-proliferative effect of E2[65,66]. Thus, it is likely that the protective, anti-proliferative effect of estrogens is due, at least in part, to activation of another ER – quite possibly GPER-in coronary arteries. 
We recently reported that stimulation of GPER by G-1 inhibits proliferation of human and porcine CASMC[47]. In this study we found that 24-h exposure of primary porcine CASMC to G-1 inhibited serum-induced cell growth via repression of cell cycle progression. Further, we found that G-1 completely inhibited CASMC migration, and this inhibitory effect was attenuated by G-15. Similarly, Haas et al[50] found that G-1 decreased proliferation of human umbilical vein VSM. Further, VSM proliferation, assessed by measuring the media-to-lumen ratio, in murine resistance vessels was significantly increased in animals lacking the GPER gene[67]. Thus, it is very likely that GPER helps maintain VSM cells in a differentiated, contractile phenotype, and may thereby help retard the development of atherosclerotic buildup in the vascular intima.  
Estrogen is also known to regulate the proliferation of vascular endothelial cells, and, specifically, can influence endothelial cell growth and re-endothelialization[68]. For example, direct delivery of E2 promotes reendothelialization and eNOS expression in coronary arteries after damage due to coronary angioplasty[69]. In addition to this protective effect that may promote healing of endothelial damage, there is also evidence that GPER may prevent excessive proliferation of endothelial cells. G-1 reduces proliferation, DNA synthesis, and number of microvascular endothelial cells[70]. These studies suggest that an important role of GPER may be to provide an optimal balance for the effects of E2 on endothelial cell proliferation, and thereby prevent excessive endothelial cell proliferation; for instance, as occurs in tumor-associated angiogenesis.  
The mechanism(s) of how GPER attenuates vascular cell growth remain to be elucidated, although several lines of evidence point to specific alterations in mitogenic signaling pathway such as extracellular signal-regulated protein kinases (ERKs) and protein kinase B (Akt). For example, E2 has been shown to phosphorylate ERK-1 and ERK-2 in breast cancer cells expressing GPER[71], thus enhancing cell proliferation. In contrast, we recently reported that GPER activation decreases phosphorylation of ERK1/2 and Akt activity in human and porcine CASMC[47], thus suppressing proliferation. This decreased kinase activity was consistent with a similar inhibitory effect of GPER stimulation on ERK1/2 activity in breast cancer cells[72]. Further, Gros et al[45]  reported that E2 enhanced apoptosis in rat aortic VSM cells in which GPER was overexpressed, and did so in an ERK1/2-dependent manner. GPER overexpression altered downstream signaling from PKA to a pertussis toxin-sensitive pathway which increased Akt phosphorylation and ERK1/2 activation, resulting in VSM cell apoptosis. In these VSM cells, G-1 stimulated ERK1/2 phosphorylation; however, other GPER agonists (i.e., tamoxifen, ICI182780) failed to do so. These studies indicate that E2 can induce cell apoptosis via GPER signaling; however, the signaling mechanisms underlying this effect are complicated and require further study. A summary of the currently known effects of GPER activation is presented in Table 1 and the proposed mechanisms mediating the effects of GPER activation in coronary arteries is summarized in Figure 1.  

GPER: A NOVEL THERAPEUTIC TARGET FOR CORONARY ARTERY DISEASE
The first rule of medical practice is to “do no harm”. Despite the considerable therapeutic potential of estrogen and estrogen-like compounds, fear of potentially dangerous ancillary effects continues to limit their usage. A primary obstacle to overcome is the pleotropic effects of E2 on a wide diversity of tissues, most of which express one or more classes of ERs. For several years an important goal was to define the levels of ER expression in target tissues, and then deliver a receptor- or tissue-specific agonist that would produce the desired therapeutic response with limited side effects on non-target sites. However, because of the ubiquitous expression of ERs and the fact that multiple ERs are often expressed in the same cells, this goal has not been realized to any significant extent. With the more recent discovery of GPER, pursuit of this goal has been reinvigorated. In particular, the findings that GPER is highly expressed in both coronary endothelial cells and CASMC has opened the search to understand the importance of this non-genomic estrogen signaling mechanism and explore pharmacological means whereby GPER activity could be modulated for therapeutic benefit. A summary of experimental evidence suggesting possible therapeutic benefits of GPER activation is presented in Table 2. 
CHD continues to be the greatest mortality risk factor in the developed world. Although our understanding of the causes of CHD continues to increase, therapeutic measures to prevent and treat this serious health problem have not improved dramatically over the past several decades. Invasive procedures such as bypass grafting or balloon angioplasty have been refined, but are still routinely practiced. Pharmacological measures (e.g., nitrates, calcium channel antagonists, beta blockers) can be effective at treating the symptoms of CHD (e.g., angina pectoris), but are seldom a viable long-term option, much less a cure. Ideally, what is needed is a widely-available therapeutic agent which might slow or reverse the progression of atherosclerosis, restore endothelial function, and induce coronary vasodilation in cases where blood flow was compromised significantly; and this agent would produce these beneficial cardiac effects with few side effects on other organs. In light of current research, it is possible that activation of GPER might be a promising new approach to achieving this desired therapeutic end.  
Evidence is clear that activation of GPER produces an acute (i.e., in minutes) dilation of coronary arteries due to relaxation of CASMC. This action appears to be both direct (acting on and relaxing CASMC) and indirect (via NO release from endothelial cells), and this dual action could prove to be very important as many CHD patients have dysfunctional or damaged coronary endothelium. Thus, stimulation of GPER has the potential to induce a direct coronary artery dilation, as well as lowering afterload due to its ability to decrease peripheral vascular resistance. As a consequence of GPER activation myocardial oxygen supply should increase with increased coronary blood flow as metabolic oxygen demand declines in face of lower peripheral vascular resistance. In addition, relaxation of venous smooth muscle could lower venous return and preload, thus further lowering myocardial oxygen demand. Thus, the vasodilatory potential of GPER activation could influence a number of favorable hemodynamic parameters to alleviate the pain and risk of CHD, and could be used acutely or prophylactically.  In addition, there is similar evidence that GPER activation may also reduce the risk of ischemic stroke due to dilation of cerebral arteries[73,74], and that GPER exerts a tonic suppression of arterial tone[75].
Although we are only beginning to understand the mechanisms whereby GPER activation influences cell proliferation, there is accumulating evidence that GPER agonists exert an anti-proliferative and anti-migratory effect on CASMC–as it does for human urothelial cells[76] and endothelial cells[70]. Because CASMC dedifferentiation, proliferation, intimal migration, and secretion are important steps in the process of atherogenesis, these studies strongly suggest a potentially important protective effect of GPER activation on coronary atherosclerotic disease. Further, it appears that GPER activation can also help heal intimal damage and quite possibly help restore normal function to dysfunctional coronary endothelial cells–particularly because of its ability to enhance NO synthesis and release from endothelium. These intimal effects involving NO release would likely prevent coronary vasospasm and also help to further limit CASMC proliferation/migration, as well as attenuate the formation of coronary thrombi that could precipitate an acute ischemic attack or infarction. Although the potential effects of GPER stimulation of plasma lipoproteins are as yet unknown, a recent study has reported that GPER activation prevents increases in plasma total cholesterol levels in postmenopausal women taking calcium supplements[77].  Thus, a new and promising effect of GPER activation may be outside the vascular system to help promote optimal cardiovascular health. Clearly then, there are potentially multiple sites of action for agents that would selectively stimulate GPER and produce beneficial effects on cardiovascular function – particularly treatment of CHD. 
As always, potential side effects of GPER action must be considered. Initially, however, it could be predicted that GPER stimulation might produce significantly less risk of limiting side effects compared to E2 therapy or currently prescribed estrogenic agents (e.g., breast or uterine cancer, venothromboembolism). For example, raloxifene has been demonstrated to lower overall risk of cardiovascular disease or breast cancer and strengthen bones in younger postmenopausal women[78]; however, raloxifene does not lower blood pressure in these women, and its anti-estrogen side effects (e.g., hot flushes, vaginal dryness) continue to limit its use somewhat. Tamoxifen has been widely employed as a treatment for estrogen-sensitive breast tumors. As a SERM, tamoxifen can increase bone density and produce beneficial changes in plasma lipids; however, its anti-estrogenic effects can increase the risk of uterine cancer and produce many negative symptoms of menopausal[79]. It is likely that action on classic ERs (sometimes agonistic; other times antagonistic) mediates many of the undesirable side effects of SERM action. 
At present, we are unaware of any reports from clinical trials evaluating the potential of G-1 (or another GPER agonist) as a therapeutic agent. As noted above, there appears to be great potential for GPER activation to enhance cardiovascular health. These effects, particularly those on coronary arteries, appear to be mediated almost exclusively via GPER with little or no concomitant activation of ERα or ERβ. If so, then this more specific pharmacodynamic profile should do much to help limit the potential side effects of GPER activation on targets outside the cardiovascular system. A caveat, however, is that we are only beginning to understand the impact of GPER activation and its signaling mechanisms in a diversity of cell types. Thus, caution must be exercised in promoting GPER as a therapeutic target. Nonetheless, there is a substantial cautious optimism that pharmacological targeting of this novel non-genomic estrogen signaling mechanism may finally provide a means of producing the many beneficial effects of estrogen on the cardiovascular system while eliciting fewer side effects on the reproductive and other non-cardiovascular systems that continue to limit the use of other less specific estrogenic compounds. 
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 Table 1 Primary effects of G-protein-coupled estrogen receptor activation on coronary arteries
Effect							Species		             Drug		   
Relaxation						porcine		 G-1[36, 46]
ICI182780[35,36]		                                    raloxifene[37]	            tamoxifen[80]

							rabbit			raloxifene[54]
										tamoxifen[81]

Endothelial NO production			porcine		G-1[36]	
										raloxifene[54]
										tamoxifen[81]	

CASMC BKCa channel opening 			porcine		G-1[46]													raloxifene[37]												tamoxifen[10]

							human		G-1[46]

Inhibition of CASMC proliferation		porcine		G-1[47]										human		G-1[47]					
Inhibition of CASMC migration			porcine		G-1[47]			

CASMC: Coronary artery smooth muscle cells; BKCa: G-1 opens calcium-activated potassium.
			

Table 2 Evidence for possible therapeutic effects of G-protein-coupled estrogen receptor agonists and selective estrogen receptor modulators 
								Species	            Drug  			
Coronary artery relaxation										endothelium-dependent, in vitro			porcine	G-1[36]											rabbit		raloxifen[54]												tamoxifen[80, 81]
							
	endothelium-independent, in vitro		porcine	G-1[46] 
										raloxifen[37] 

Reduced cardiac ischemic injury/infarct			rat		G-1[82,83]

Reduced cerebral ischemic injury/infarct		mice		G-1[73]	

Middle cerebral artery relaxation, in vitro		rat		G-1[74]				
Systemic artery relaxation, in vitro			mice		G-1[40]													G-1[49]
										G-1[50]
										G-1[75] 
								rat		G-1[51]	
										G-1[52]											human	G-1[50]

Reduced systemic blood pressure, infusion		rats		G-1[49]													G-1[50]
			
Inhibit VSM cell proliferation	                                   porcine	G-1[47]											human	G-1[50]

Inhibit endothelial cell proliferation			mice		G-1[70]						
Prevents calcium-induced increases			rats		G-1[77]			
in plasma cholesterol	
SERMs: Selective estrogen receptor modulators; VSM: Vascular smooth muscle.		

Figure 1 Summary of proposed mechanisms mediating the effects of G-protein-coupled estrogen receptor activation in coronary arteries. GPER is activated by 17β-estradiol and the selective agonist, G-1. In addition, selective estrogen receptor modulators (e.g., raloxifene, tamoxifen) and selective estrogen receptor down regulators (e.g., ICI182780) also appear to be agonists for GPER. GPER activation induces an endothelium-independent relaxation of coronary artery smooth muscle mediated by the large-conductance, calcium-activated potassium channel. In addition, GPER activation can stimulated release of NO from coronary endothelial cells to relax these arteries. Besides this vasodilatory effect, GPER activation can attenuate proliferation and migration of coronary artery smooth muscle cells by inhibiting signaling via the ERK1/2 and Akt pathways. GPER: G-protein-coupled estrogen receptor.

