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Abstract
Estrogens exert rapid, non-genomic effects, which are mediated by plasma membrane-associated
estrogen receptors (mER) mERα and mERβ, and the intracellular transmembrane G protein-coupled
estrogen receptor (GPER). Membrane-initiated responses contribute to transcriptional activation,
resulting in a complex interplay of nuclear and extra-nuclear mechanisms that mediate the acute
physiological responses to estrogens. Non-genomic estrogen signaling also activates a variety of
intracellular estrogen signaling pathways that regulate vascular function and cell growth involving
rapid but also long-term effects. This review discusses recent advances in understanding of the
mechanisms of non-genomic estrogen receptor signaling in the vascular wall.
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1. Genomic and Non-Genomic Estrogen Signaling
Traditionally, cellular responses to estrogens and estrogenic compounds have been considered
to be mediated by the two “classical” nuclear estrogen receptors α(ERα) and β (ERβ), known
as “genomic” estrogen signaling (Katzenellenbogen et al., 2000; Nilsson et al., 2001). Both
receptors function as ligand-activated transcription factors that reside in the cytosol and
translocate into the nucleus upon ligand-binding, where they form receptor homo- or
heterodimers, and interact with estrogen response elements (ERE) in the promoter region of
target genes (Figure 1) (Barton, 2001; Katzenellenbogen et al., 2000; Matthews and
Gustafsson, 2003; Nilsson et al., 2001). Nuclear ER-estrogen complexes also modulate the
function of other classes of transcription factors through protein-protein interactions, thus
regulating gene expression even without direct binding to DNA (O’Lone et al., 2004). In both
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scenarios, cell-specific recruitment of co-activators or displacement of co-repressors to the
sites of DNA binding enhances or represses gene activation and thereby modulates cell function
(Figure 1) (Levin, 2005).

A variety of cellular responses to physiological concentrations of estrogens occur rapidly
within seconds to few minutes, which cannot be mediated by transcription and protein synthesis
(Haynes et al., 2002; Levin, 2005; Meyer et al., 2006; Pietras and Szego, 1977; Simoncini et
al., 2004). Instead, these rapid estrogen-mediated effects are transmitted via enzymatic
pathways and ion channels through activation of membrane-associated ER (mER), and are
referred to as “non-genomic” (Aronica et al., 1994; Boonyaratanakornkit and Edwards,
2007; Cheskis et al., 2007; Haynes et al., 2002; Levin, 2005; Meyer et al., 2006; Moriarty et
al., 2006; Simoncini et al., 2004). It should be noted that the distinction between transcriptional
and non-genomic effects is entirely arbitrary since some of the intracellular signaling pathways
converge and activate nuclear transcription factors (Bjornstrom and Sjoberg, 2005). As a
consequence, the combination of these actions at multiple response elements allow fine-tuning
of estrogen-dependent regulation of gene transcription (Figure 1) (Bjornstrom and Sjoberg,
2005). In addition, nuclear ER also represent targets of phosphorylation by mitogen-activated
protein kinases (MAPK) (Kato et al., 1995), and their function may be affected by cross-talk
between ERα and ERβ (Matthews and Gustafsson, 2003; Traupe et al., 2007). Thus, the cellular
response to estrogens results from a complex interplay of transcriptional and non-
transcriptional events.

Endogenous estrogens protect from vascular disease and atherosclerosis prior to menopause
involving beneficial effects on the cholesterol profile and blood pressure (Mendelsohn and
Karas, 1999; Meyer et al., 2006). Indeed, estrogens have direct effects on the vascular wall,
including inhibition of vascular smooth muscle cell proliferation, powerful vasodilator activity,
inhibition of inflammation, antioxidant properties, and accelerated endothelial cell recovery
after vascular injury (Mendelsohn and Karas, 1999; Meyer et al., 2006). Nuclear ERα and
ERβ mediate several of these effects, presumably by regulating distinct and largely non-
overlapping sets of atheroprotective and atheropromoting ERE-containing genes (Mendelsohn
and Karas, 1999; O’Lone et al., 2007). In addition, estrogens activate numerous signaling
pathways in cardiovascular cells which are thought to either acutely affect cellular function,
or to regulate transcription factors through protein kinase-mediated phosphorylation
independent of classical ERE (Bjornstrom and Sjoberg, 2005). We will discuss how non-
nuclear estrogen receptors contribute to rapid and long-term vascular effects.

2. Current Concepts of Rapid Vascular Estrogen Signaling
2.1. Plasma Membrane-Associated Estrogen Receptors (mER) mERα and mERβ

In the late 1960s, Clara Szego and associates reported increases in uterine cyclic AMP
concentrations within minutes (Szego and Davis, 1969). These investigators later also
identified estrogen binding sites in isolated plasma membranes of uterine endometrium (Pietras
and Szego, 1977). Similarly, increases in vascular cyclic AMP concentrations in response to
17β-estradiol have been reported (Kishi and Numano, 1982; Mügge et al., 1993). Since then,
a concept of rapid activation of intracellular signaling pathways via mER has emerged
(Boonyaratanakornkit and Edwards, 2007; Cheskis et al., 2007; Haynes et al., 2002; Levin,
2005; Meyer et al., 2006; Moriarty et al., 2006; Simoncini et al., 2004). In both native human
umbilical vein endothelial cells and human endothelial cell lines, cell surface estrogen binding
sites have been detected using antibodies against epitopes of ERα (Russell et al., 2000). In
addition, results from transfection studies suggest that both the nuclear and plasma membrane-
associated form of ERα and ERβ respectively, are derived from one transcript (Razandi et al.,
1999), Endogenous ERα and ERβ are detectable in plasma membranes of primary human
endothelial cells, but not in endothelial cells derived from ERα/ERβ combined-deleted
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(DERKO) mice (Razandi et al., 2004). In certain vascular endothelial and smooth muscle cells
and endothelial cell lines, a role for mER activating MAPK and Akt signaling has been
suggested using membrane-impermeable 17β-estradiol-BSA linked to fluorescent dyes (Chen
et al., 2004; Haynes et al., 2000; Russell et al., 2000; Somjen et al., 2004). It should be kept in
mind, however, that 17β-estradiol-BSA is reportedly prone to artifacts due to contamination
with unconjugated 17β-estradiol (Taguchi et al., 2004), thus any findings need to be interpreted
with caution. More recently, work from Levin’s laboratory has proposed that in certain cancer
cells, which are immortalized by nature, both membrane and nuclear 17β-estradiol-binding
proteins could be identical with the “classical” human ER by comparing nuclear- and plasma
membrane-localized ER using ER protein isolation, digestion, and tandem array mass
spectrometry (Pedram et al., 2006). Whether and how a subpopulation of classical ERα and
ERβ also translocates from the cytosol to the plasma membrane of vascular cells in vivo is
unclear.

2.2. Mechanisms of mERα and mERβ-Mediated Rapid Estrogen Signaling
Several recent studies identified potential mechanisms leading to translocation of an ER
subpopulation to the plasma membrane, as well as several scaffold proteins involved in this
process (Boonyaratanakornkit and Edwards, 2007; Cheskis et al., 2007; Moriarty et al.,
2006). Caveolin-1 is a primary structural protein of caveolae (Okamoto et al., 1998), vesicular
invaginations of the plasma membrane that represent specialized membrane signaling
organelles, which are the preferential site of mER-centered signaling complexes in endothelial
cells (Chambliss et al., 2000; Chambliss et al., 2002; Razandi et al., 2002). Characteristically,
ERα co-localizes with caveolin-1 and activates endothelial nitric oxide synthase (eNOS) in
caveolae of endothelial cells (Chambliss et al., 2000; Razandi et al., 2002). Moreover,
overexpression of striatin, an ERα-binding protein facilitating the assembly of signaling
molecules required for rapid estrogen signaling, enhances localization of ERα to the plasma
membrane of the human aortic EAhy926 endothelial cell line (Lu et al., 2004). In line with this
data, ERα also associates with caveolin-1 at the plasma membrane of primary vascular smooth
muscle cells upon stimulation with 17β-estradiol (Figure 2) (Razandi et al., 2002).

These findings have been extended by several studies using non-vascular cell lines.
Overexpression of caveolin-1 increases ERα translocation to the plasma membrane in MCF-7
breast cancer cells (Razandi et al., 2002). In addition, the adaptor protein Shc appears to interact
with and promote the translocation of ERα to the plasma membrane of these cells (Song et al.,
2004). In addition to scaffold protein-mediated translocation, palmitoyl acyl transferase-
dependent palmitoylation within a highly conserved 9 amino acid motif in the ligand-binding
domain that is detectable in ERα and ERβ, as well as in the androgen and progesterone receptor
proteins, promotes ER association with the plasma membrane and interaction with caveolin-1
in different cell types (Acconcia et al., 2005; Pedram et al., 2007).

The exact role of mERα and mERβ in cell signaling is currently not clear. Although mERs do
not have intrinsic kinase activity, they represents a central component of a membrane
“signalosome” (Moriarty et al., 2006), where numerous molecules potentially important for
mediating rapid signaling cascades, such as G-proteins, tyrosine kinase c-Src, modulator of
non-genomic activity of the ER (MNAR), caveolin-1, and heat shock protein 90 (Hsp90)
interact in response to estrogen (Figure 2) (Boonyaratanakornkit and Edwards, 2007; Cheskis
et al., 2007; Moriarty et al., 2006). In bovine aortic endothelial cells, direct interaction of the
G protein Gαi with ERα is essential for the activation of c-Src (Kumar et al., 2007). This
interaction represents one of the initial steps in mER-mediated rapid cell signaling (Migliaccio
et al., 2002). MNAR is an important scaffold molecule that is preferentially expressed in rapidly
proliferating cells (Vadlamudi and Kumar, 2007). It facilitates and stabilizes the mER-c-Src
interaction, a critical step for sufficient activation of c-Src and subsequent MAPK signaling
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(Vadlamudi and Kumar, 2007). Moreover, MNAR coordinates and promotes a complex
formation with ERα, c-Src and p85, the regulatory subunit of phosphatidylinositol-3-kinase
(PI3K), in MCF-7 cells upon treatment with 17β-estradiol (Greger et al., 2007). Overexpression
of MNAR potentiates estrogen-mediated cell proliferation, suggesting that MNAR is an
important regulator of cell cycle progression via MAPK and PI3K/Akt pathways (Cheskis et
al., 2008; Greger et al., 2007; Vadlamudi and Kumar, 2007). The role of MNAR for estrogen-
related vascular physiology and pathophysiology is currently not known.

2.3. The Intracellular Transmembrane G Protein-Coupled Estrogen Receptor (GPER)
GPER, formerly known as the G protein-coupled orphan receptor GPR30, is a member of the
seven-transmembrane G protein-coupled receptor family and has been shown to activate rapid
signaling cascades following estrogen binding (Figure 1) (Filardo et al., 2000;Haas et al.,
2009;Prossnitz et al., 2008;Revankar et al., 2005;Thomas et al., 2005). Using fluorescent
estrogen derivatives (E2-Alexas), confocal microscopy revealed that GPER is primarily
localized to the endoplasmic reticulum and that this expression correlates with endogenous
GPER expression (Revankar et al., 2005). Although in contrast to the expected localization of
GPER at the plasma membrane (Filardo et al., 2007;Kanda and Watanabe, 2003;Thomas et
al., 2005), intracellularly expressed GPER is capable of initiating cellular signaling (Revankar
et al., 2007). This discrepancy may be explained by the observation that G protein-coupled
receptors traffic between the endoplasmic reticulum and the plasma membrane during receptor
biogenesis and internalization in response to agonist stimulation (Kleuser et al., 2008). Upon
agonist binding, GPER activates heterotrimeric G proteins that initiate several effectors,
including adenylate cyclase and c-Src (Filardo et al., 2002;Thomas et al., 2005). Rapid
increases in cAMP tissue content following stimulation by 17β-estradiol occur in vascular and
non-vascular tissues (Aronica et al., 1994;Mügge et al., 1993;Revankar et al., 2005). The
protein c-Src activates matrix metalloproteinases, which are involved in transactivation of
epidermal growth factor receptors (Filardo et al., 2000). This results in multiple down-stream
events, including activation of MAPK and PI3K (Filardo et al., 2000;Revankar et al.,
2005;Thomas et al., 2005). Kinase activation, in turn, may activate nuclear proteins involved
in transcriptional regulation of genes whose promoters do not necessarily contain an ERE
(Figure 1) (Prossnitz et al., 2008). Interestingly, antagonists of the “classic” ER, tamoxifen,
raloxifene and ICI182,780, are agonists of GPER (Filardo et al., 2000;Thomas et al., 2005), as
are certain phytoestrogens such as genistein and quercetin (Maggiolini et al., 2004). These
GPER-agonistic activities may have important implications for the clinical use of these drugs.

2.4. Mechanisms of GPER-Mediated Rapid Estrogen Signaling
Expression of GPER can be detected in tissues from malignant tumors, and its role for human
cancer is currently being studied (Prossnitz et al., 2008). GPER is overexpressed in certain
“high-risk” breast and endometrial carcinoma cells (Filardo et al., 2006; Smith et al., 2007).
However, GPER activation may inhibit tumor cell growth in certain types of breast cancer cells
(Kleuser et al., 2008). In addition, GPER transcripts are widely distributed in human tissues,
including the brain, liver, and male and female reproductive tract. In the latter, GPER
expression is differentially regulated during the estrous cycle (Prossnitz et al., 2008). We have
recently found high expression levels of GPER in arterial vascular smooth muscle cells and
intact arteries of patients with coronary atherosclerosis (Haas et al., 2007). Recent studies in
cardiomyocytes have suggested that estrogen signaling involves ERα and ERβ-independent
pathways (Ullrich et al., 2008). This observation is supported by the finding that activation of
GPER by ICI 182,780 or tamoxifen inhibits growth of cardiomyocytes and fibroblasts (Mercier
et al., 2003). Although there was evidence for rapid calcium signaling mediated by GPER
(Revankar et al., 2005), which is crucial for regulation of vascular tone (Feletou and Vanhoutte,
2006), and although genetic linkage studies in human have suggested a potential role of the
GPER locus on chromosome 7p22 in the susceptibility to low-renin hypertension (Lafferty et
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al., 2000), the role of GPER for vascular homeostasis remained unclear. We therefore set out
a number of experiments to study its role in vascular cells, as well as in rodents and humans
in vitro and in vivo (Haas et al., 2009). We found, using selective ligands of GPER, that this
receptor indeed controls vascular tone by directly and indirectly promoting vasodilation and
growth inhibition. Accordingly, injection of a GPER agonist (G-1) into normotensive rats was
associated with a marked reduction in blood pressure (Figure 3). Of particular interest was the
observation that the time course of changes in intracellular calcium in human vascular smooth
muscle cells depends on whether the agonist was applied extra- or intracellularly, the latter
causing much faster responses in calcium increases than after extracellular application (Haas
et al., 2009). These data are consistent with the notion that GPER indeed is an intracellular G
protein-coupled receptor, in line with its localization on the endoplasmic reticulum (Prossnitz
et al., 2008). Acute stimulation of human vascular smooth muscle cells devoid of ERα and
ERβ stimulated with the GPER agonist G-1 increases MAPK phosphorylation (Haas et al.,
2009). Selective activation of GPER using different agonists also potently inhibits human
vascular smooth muscle cell growth (Figure 3, panel F), consistent with potent growth-
inhibitory effects of tamoxifen in rat cardiomyocytes and fibroblasts (Mercier et al., 2003).
Vascular effects of GPER-activation investigated were absent in animals deficient of GPER
(Figure 3, panel B); surprisingly, we found that GPER deficiency is associated with marked
abdominal obesity in both male and female mice (Figure 3, panel C), indicating that estrogen
signaling via this receptor contributes to adipocyte and metabolic function independent of
gender. The mechanisms underlying the obesity phenotype have been extensively studied and
results will be presented in an upcoming publication (Dr. D.J. Clegg, personal communication).
Similarly, abnormal glucose tolerance – though in the absence of an obesity phenotype – have
been linked to GPER-deficiency (Mårtensson et al., 2009). Taken together, GPER is a novel
and important regulator of vascular tone, vascular smooth muscle cell growth, and obesity.

These findings are possibly relevant to the vascular protective effects of estrogens in humans,
as well as to hormone therapy. Indeed, selective estrogen receptor modulators such as
raloxifene or tamoxifen, or ICI 182,780 are potent agonists of GPER while simultanously
blocking the “classical” estrogen receptors ERα and ERβ (Filardo et al., 2000; Thomas et al.,
2005). Although the Raloxifene Use for The Heart (RUTH) trial found any effects of treatment
on cardiac events in elderly women with coronary artery disease or multiple cardiovascular
risk factors (Barrett-Connor et al., 2006), it remained unclear whether there could be beneficial
effects suggested by the preclinical data (Haas et al., 2009). Indeed, a most recent publication
including an age-dependent sub-analysis of the RUTH trial found a significantly lower
incidence of cardiovascular events only if menopausal women were younger, i.e. below 60
years of age (Collins et al., 2009), consistent with the recently proposed hypothesis that aging
might limit the vasculoprotective effect of estrogen receptor activation (Barton et al., 2007).
Further studies are required to determine whether GPER activation could become a novel
therapeutic approach in cardiovascular medicine.

2.5. Rapid Estrogen Signaling via the Actin Cytoskeleton
Rapid changes in cell shape and size confer basal physiological functions of many cell types,
including neurons and podocytes, and involve changes of the morphological plasticity of the
actin cytoskeleton (Faul et al., 2007; Schubert and Dotti, 2007). Rearrangement of the actin
cytoskeleton generally depends on binding of external stimuli to membrane-associated
receptors, and is mediated via subsequent rapid action of different protein phosphatases and
kinases (Faul et al., 2007; Schubert and Dotti, 2007). Accordingly, movement as well as growth
and migration of vascular cells are characterized by dynamic remodeling of the actin
cytoskeleton. These processes are thought to be required for intracellular signaling, growth,
angiogenesis, but also for repairing injured vascular areas and maintaining the functional
integrity of the endothelium (Giretti and Simoncini, 2008). Interestingly, rapid signaling
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cascades activated by sex steroids have been implicated in these processes (Fu and Simoncini,
2007; Giretti and Simoncini, 2008). For example, 17β-estradiol-induced MAPK signaling
contributes to the preservation of endothelial cell shape by preventing the stress-induced
disruption of the actin cytoskeleton (Razandi et al., 2000). Moreover, exposure of isolated
human endothelial cells to 17β-estradiol induces rapid remodeling of the actin cytoskeleton, a
process that requires the interaction of ERα and the G protein Gα13 (Simoncini et al., 2006).
In this context, non-genomic estrogen signaling may represent a mechanism, which enables
the cell to rapidly adapt to surrounding stimuli.

3. Non-Genomic Estrogen Signaling and Regulation of Vascular Cell Function
3.1. Endothelial Cell Function and Nitric Oxide

In the human vascular system, the prototypical non-transcriptional action of estrogens is the
induction of direct, i.e. endothelium-independent vasodilation (Mügge et al., 1993). In addition
to the regulation of ion fluxes (Fu and Simoncini, 2007; Simoncini et al., 2004), 17β-estradiol
rapidly activates PI3K/Akt with subsequent phosphorylation and activation of eNOS. These
effects are mediated by ERα but not ERβ (Chambliss et al., 2000; Haynes et al., 2000;
Simoncini et al., 2000; Traupe et al., 2007). c-Src is a physiologically relevant modulator of
estrogen-induced vasodilation (Li et al., 2007), and is considered a critical upstream regulator
of the interaction of ERα and the p85α regulatory subunit of PI3K (Haynes et al., 2003). As
these activation events occur in caveolae (Chambliss et al., 2000; Li et al., 2003), ER-mediated
activation of eNOS is in part caveolin-1-dependent (Razandi et al., 2002), but may also be
facilitated by adaptor proteins such as MNAR, Shc, and striatin (Boonyaratanakornkit and
Edwards, 2007; Fu and Simoncini, 2007; Moriarty et al., 2006). The subsequent immediate
eNOS activation and release of NO causes rapid, endothelium-dependent vasodilation, while
simultaneously inhibiting vascular smooth muscle cell proliferation, leukocyte adhesion, and
platelet aggregation (Simoncini et al., 2000). Interestingly, the estrogen-activated PI3K/Akt-
eNOS signaling cascade in isolated endothelial cells is also required for transcriptional
activation of human telomerase, a protein which affects angiogenesis and aging (Grasselli et
al., 2008). In this context, there is evidence to suggest that active eNOS and ERα co-localize
in the nucleus and are recruited onto the ERE of a specific telomerase promoter site (Grasselli
et al., 2008). This provides yet another possible mechanism whereby rapid estrogen signaling
pathways can affect transcriptional and thus long-term regulation of cell growth and function.

As a consequence of structural and functional endothelial cell damage induced by hypertension,
diabetes, and hypercholesterolemia, reduced NO bioavailability enhances proliferation and
migration of vascular smooth muscle cells (Barton and Haudenschild, 2001). In contrast, early
restoration of endothelial cell integrity by estrogens may attenuate the response to vascular
smooth muscle cell injury by increasing the availability of NO (Garg and Hassid, 1989).
Accordingly, NO attenuates the endothelin-1-induced activation of MAPK as well as protein
synthesis in vascular smooth muscle cells (Bouallegue et al., 2007). Thus, constitutive
endothelial production of NO is critical for vascular health, as it maintains the mitogenic
quiescence of vascular smooth muscle cells by tonic generation of NO, which is partly derived
from ERα-mediated non-genomic signaling. In immortalized human endothelial cells, it has
been shown that a 46kDa splice variant of ERα (ER46) associates with the plasma membrane
and triggers estrogen-stimulated phosphorylation of membrane eNOS more efficiently than
full-length ERα (ER66) (Li et al., 2003). In contrast, ER66 more efficiently mediates ERE-
dependent eNOS-gene transactivation (Figtree et al., 2003; Li et al., 2003). Thus, differential
regulation of expression of ER46 and ER66 could provide the endothelial cell with a stringent
tool to regulate between these genomic and non-genomic pathways in health as well as in
disease.
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3.2. Regulation of Vascular Cell Growth
Natural estrogens differently regulate vascular cell growth, including inhibition of vascular
smooth muscle cell proliferation and acceleration of endothelial cell growth, which contributes
to the protective effects of estrogens on the cardiovascular system (Mendelsohn and Karas,
1999). Treatment of vascular smooth muscle cells with growth factors induces proliferation
and activates MAPK signaling via extracellular signal-related kinases (ERK)-1/2 (Force and
Bonventre, 1998), effects that are reversed by 17β-estradiol in isolated human, porcine, and
rat vascular smooth muscle cells (Dubey et al., 2000; Geraldes et al., 2002; Geraldes et al.,
2003; Haas et al., 2007; Morey et al., 1997). Interestingly, the inhibitory effect of 17β-estradiol
on ERK1/2 activity and vascular smooth muscle cell growth are blocked by an ER antagonist
(Dubey et al., 2000), indicating that these effects are mediated by ER. Treatment of porcine
aortic vascular smooth muscle cells with antisense oligonucleotide sequences complementary
to ERβ mRNA abrogates the inhibitory effect of 17β-estradiol on ERK1/2 activity and
proliferation, indicating that in pigs these effects are primarily mediated by ERβ (Geraldes et
al., 2003). In contrast, in endothelial cells of pigs and mice, 17β-estradiol acutely stimulates
ERK1/2 activity and cell proliferation (Geraldes et al., 2002; Geraldes et al., 2003; Pedram et
al., 2006), and studies using antisense oligomers indicate that ERα may mediate these effects
(Geraldes et al., 2003). This illustrates that in these two neighboring vascular cell types
estrogen-signaling cascades activated by different ER have opposite effects on cellular
proliferation. The variable ability of 17β-estradiol to modulate ER-caveolin-1 association in
different cell types has also been implicated in these differential effects of estrogen on ERK1/2
activity and proliferation (Razandi et al., 2002).

Expression of GPER, which also mediates ERK1/2 signaling via trans-activation of the
epidermal growth factor receptor (Filardo et al., 2000), can be detected in several cell types
(Prossnitz et al., 2008). A number of reports indicate that estrogen-mediated proliferation of
certain cancer cells appears to be dependent on GPER via MAPK-dependent signaling
(Albanito et al., 2007; Vivacqua et al., 2006a; Vivacqua et al., 2006b). However, a more recent
report indicates that GPER can also inhibit cell growth in breast cancer cells, an effect involving
transforming growth factor-β/Smad signaling (Kleuser et al., 2008). Because of the high GPER
expression levels observed in human vascular smooth muscle cells (Haas et al., 2007), this
receptor could also be involved in estrogen-dependent regulation of vascular cell proliferation.
Indeed, when activated with GPER-selective ligands vascular smooth muscle cell growth is
strongly inhibited (Haas et al., 2009).

3.3. Vascular Apoptosis and Cell Survival
Estrogens have been implicated in the regulation of vascular cell survival (Barton and Kockx,
2002). Apoptosis occurs during atherogenesis, and may be required by certain vascular smooth
muscle cells as a physiological regulator in order to accommodate for the altered structural
situation in hypertensive vascular hypertrophy or restenosis (Kockx and Herman, 2000).
However, apoptosis of vascular smooth muscle cells may also transform a previously stable
plaque into a lesion prone to rupture (Kockx and Herman, 2000). Indeed, vascular smooth
muscle cells produce most of the interstitial collagen fibers, which are important for the tensile
strength of the fibrous cap (Kockx and Herman, 2000).

Rapid signaling through mERα and mERβ not only regulates cellular proliferation, but is also
involved in mechanisms regulating cell survival (Moriarty et al., 2006). Importantly, signaling
via different MAPK pathways enables the cell to dynamically balance between these opposing
events: on the one hand the ERK1/2 pathway contributes to cell proliferation, while on the
other hand activation of the p38 MAPK pathway has been linked to apoptosis (Cheng et al.,
2008; Xia et al., 1995). In bovine aortic endothelial cells, estrogens have been shown to mediate
cell survival via activation of ERK1/2 and inhibition of p38 signaling (Liu et al., 2002; Razandi
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et al., 2000). Interestingly, 17β-estradiol-BSA is able to activate p38, which is reversed by ER
antagonists, suggesting that the mERs mediate these effects (Razandi et al., 2000). In contrast
to endothelial cells, treatment of synthetic vascular smooth muscle cells with 17β-estradiol
rapidly activates the p38 signaling cascade and induces apoptosis, while inhibiting ERK1/2
phosphorylation (Mori-Abe et al., 2003). In rat aortic vascular smooth muscle cells, selective
activation of ERα rapidly increases ERK phosphorylation and cell proliferation, whereas
selective activation of ERβ rapidly induces p38 activity and apoptosis (Cheng et al., 2008).
Thus, vascular smooth muscle cell survival may also be regulated by differential expression
of ERα and ERβ in order to affect the balance between proliferation and apoptosis as required
for maintaining the homeostasis of the vascular wall. Whether this also plays a role in humans
is unknown. In addition, studies investigating mechanisms of apoptosis in human keratinocytes
(Kanda and Watanabe, 2003) and murine thymocytes (Wang et al., 2008) demonstrated an
important role for estrogen-signaling via GPER, indicating that this receptor may also have a
potential role in regulation of cell survival in the cardiovascular system.

4. Perspectives
Estrogen-dependent regulation of vascular gene expression and protein function is a complex
process involving both nuclear and membrane-associated ER signaling pathways. The final
gene response to estrogens in a particular cardiovascular cell, however, will depend on a
number of conditions, including (a) expression, cellular localization, and affinity of different
ER proteins, (b) combination of transcription factors bound to a specific gene promoter, (c)
availability of signaling proteins and co-regulatory factors, and (d) nature and intensity of
extracellular stimuli (Bjornstrom and Sjoberg, 2005). Moreover, estrogens affect post-
transcriptional stability of RNA and post-translational modification of proteins, thereby further
affecting cellular phenotype and expression profile (Miller and Duckles, 2008). Regarding the
emerging complexity of vascular estrogen action, it is possible that genomic estrogen signaling
might be required to maintain basic cellular functions, whereas activation of intracellular
signaling pathways may represent mechanisms that allow rapid adaptation of vascular
functions in response to changes of the surrounding milieu (Fu and Simoncini, 2007). Rapid
estrogen-mediated effects therefore may confer the ability of the cell to dynamically encounter
pathological alterations, such as vascular inflammation or atherogenesis (Meyer et al., 2006).
Thus, both genomic and non-genomic estrogen actions are likely to contribute to cardiovascular
homeostasis. The individual contribution of these pathways, however, to estrogen-dependent
vascular effects in health and disease in vivo still remains to be defined. Moreover, there is
substantial evidence that function and expression of “classical” ERs is altered during different
stages of atherogenesis (Mendelsohn and Karas, 2005; Meyer et al., 2008). It can therefore be
assumed that non-genomic and genomic estrogen signaling pathways (Figure 1) are also
considerably altered in diseased vessels. This may be one of the factors contributing to the lack
of therapeutic benefit in women who received hormone therapy late after menopause (Hulley
et al., 1998; Rossouw et al., 2002). At present, we do not know to what extent and how the
presence of atherosclerotic vascular disease or the cessation of endogenous estrogen production
in postmenopausal women affects vascular estrogen signaling in vivo. However, selective
GPER activation might be suitable for the treatment and prevention of adverse clinical events
due to cardiovascular disease in the presence of cardiovascular risk factors or even overt
atherosclerosis. The first clinical study using raloxifene as a GPER agonist suggests that this
appears indeed to be the case, at least in younger postmenopausal women (Collins et al.,
2009).
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Figure 1.
Proposed concept of non-genomic and genomic estrogen receptor (ER) signaling in vascular
cells. Endogenous estrogens (E2) can activate a subpopulation of ER at the plasma membrane
(mER) that interacts with adaptor proteins (adaptor) and signaling molecules such as c-Src
(1), which is critical for down-stream ER-induced rapid signaling via PI3K/Akt and MAPK
pathways. E2 also binds to the G protein-coupled estrogen receptor GPER, which is primarily
localized to the endoplasmic reticulum (2). GPER activates downstream effectors, such as
adenylate cyclase (resulting in cAMP production), and c-Src. c-Src, in turn, activates matrix
metalloproteinases (MMP), which cleave pro-heparin-bound-epidermal growth factor (EGF),
releasing free EGF that can then transactivate epidermal growth factor receptors (EGF-R).
EGFR activation leads to multiple downstream events, including activation of MAPK and
PI3K. Once activated, PI3K/Akt and MAPK cascades can either induce rapid effects, such as
E2-induced NO release in endothelial cells, or ultimately influence gene transcription. E2 also
activates nuclear ER, inducing nuclear translocation, receptor dimerization, and binding of
receptor dimers within the promoter region of target genes (3). Alternatively, activated ER
modulates the function of other classes of transcription factors (TF) through protein-protein
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interactions (4). ER transcriptional activity may be further enhanced by phosphorylation (5),
or other transcription factors may be activated that either directly interact with ER (6), or bind
independent of ER (7) within the promoter region of the target gene.
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Figure 2.
Integrative model of putative mechanisms of mERα-centered non-genomic estrogen (E2)
signaling at the plasma membrane. Caveolae, invaginations of the plasma membrane, are
signaling processing centers providing localization for the various molecules involved. The
“modulator of non-genomic activity of the ER” (MNAR), a scaffold protein, promotes complex
formation with ERα, c-Src, and p85, the regulatory subunit of PI3K (depicted as subunits p85
and p110), thus facilitating activation of PI3K/Akt-signaling. Alternatively, c-Src activates the
monomeric GTPase p21ras (ras), which is capable of recruiting downstream kinases of the
MAPK-pathway. Direct interaction of the G protein Gαi with ERα is essential for the activation
of c-Src. Once activated, both PI3K/Akt- and MAPK-pathways can modulate gene
transcription. Alternatively, activation of PI3K/Akt-signaling in endothelial cells leads to the
phosphorylation of eNOS protein, which is localized to caveolae through interaction with
caveolin-1 (cav-1), a protein that also targets ERα. The molecular chaperone Hsp90 enhances
the PI3K/Akt-eNOS interaction. Once eNOS is activated, the release of NO induces rapid
cellular effects. Figure modified from (Moriarty et al., 2006).

Meyer et al. Page 17

Mol Cell Endocrinol. Author manuscript; available in PMC 2010 September 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Involvement of G protein-coupled estrogen receptor in regulation of blood pressure, vascular
function, obesity and vascular smooth muscle signaling and growth. Intravenous injection of
the GPER-agonist G-1 at increasing concentrations acutely reduces mean arterial blood
pressure in normotensive rats. For comparison, the response to acetylcholine (ACh) is shown
(A). In precontracted arterial vascular preparations from mice (carotid artery, B, left panel) and
humans (internal mammary artery, D), G-1 causes acute dilation, which requires about 45
minutes to reach a maximum. In the internal mammary artery, the dilator effect of G-1 is even
stronger than that of 17β-estradiol (E2). Dilatory effects of G-1 are absent in carotid arteries
of mice lacking the GPER gene (B, right panel), which also display abdominal obesity (C). In
human vascular smooth muscle cells, G-1 causes rapid phosphorylation of extracellular signal-
regulated kinases 1/2 (p-ERK, E). GPER activation potently and concentration-dependently
inhibits growth of these cells (F). Figure reproduced in part from Circulation Research 2009;
104: 288-291 ©2009 American Heart Association.
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