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Abstract

Estrogen is a potent steroid with pleiotropic effects, which have yet to be fully elucidated.
Estrogen has both nuclear and non-nuclear effects. The rapid response to estrogen, which involves
a membrane associated estrogen receptor(ER) and is protective, involves signaling through PI3K,
Akt, and ERK 1/2. The nuclear response is much slower, as the ER-estrogen complex moves to the
nucleus, where it functions as a transcription factor, both activating and repressing gene
expression. Several different ERs regulate the specificity of response to estrogen, and appear to
have specific effects in cardiac remodeling and the response to injury. However, much remains to
be understood about the selectivity of these receptors and their specific effects on gene expression.
Basic studies have demonstrated that estrogen treatment prevents apoptosis and necrosis of cardiac
and endothelial cells. Estrogen also attenuates pathologic cardiac hypertrophy. Estrogen may have
great benefit in aging as an anti-inflammatory agent. However, clinical investigations of estrogen
have had mixed results, and not shown the clear-cut benefit of more basic investigations. This can
be explained in part by differences in study design: in basic studies estrogen treatment was used
immediately or shortly after ovariectomy, while in some key clinical trials, estrogen was given
years after menopause. Further basic research into the underlying molecular mechanisms of
estrogen’s actions is essential to provide a better comprehension of the many properties of this
powerful hormone.
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1. Introduction

Estrogen is a potent steroid hormone present in high levels in females from adolescence to
menopause and in low levels in men. Much anecdotal evidence accumulated over many
years had supported the idea that estrogen post-menopause reduced cardiovascular disease.
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In the 1990’s several double blind, controlled trials of estrogen replacement post-menopause
were conducted including the Women’s Health Initiative(WHI) and the Heart and Estrogen/
progestin Replacement Study (HERS).(Hulley et al., 1998; Grady et al., 2002; Writing
Group for the Women’s Health Initiative Investigators, 2002) These studies showed an
increased risk of both cancer and cardiovascular disease in those taking estrogen
replacement. However scrutiny of these studies led to recognition of a possible cause of lack
of estrogen efficacy based on the design of these studies, as a result of the effort to enroll
women who definitely were post-menopause, 10 years had elapsed on average between
menopause and the onset of estrogen replacement in these studies. This realization led to the
development of the timing hypothesis.(Barrett-Connor, 2007; Dubey, Imthurn, Barton, &
Jackson, 2005; Grodstein, Clarkson, & Manson, 2003) This hypothesis proposed that the
prolonged delay after the onset of menopause led to significant tissue and gene expression
changes, such that late estrogen replacement post-menopause was occurring in a markedly
different tissue state than 10 years earlier, when estrogen production ceased.

HRT Controversies

A second issue in hormone replacement therapy (HRT) is the type and route of hormone
replacement. The current review focuses on estrogen; however the combination of
progesterone and estrogen has been addressed elsewhere by others.(Tchaikovski & Rosing,
2010; Canonico et al., 2010) Estrogen is a potent steroid hormone with 17p-estradiol (E2)
being the most active metabolite. There are two key issues in hormone replacement. First,
the oral delivery of estrogen results in high hepatic levels of estrogen from first pass
metabolism, which can stimulate protein synthesis and appears to be associated with
increased risk of thrombosis compared to transdermal delivery, though this remains
controversial. (Bagot et al., 2010; Canonico et al., 2010; Tchaikovski & Rosing, 2010; Olié,
Canonico, & Scarabin, 2011) Estrogen will, through its nuclear properties, change hepatic
gene expression and can potentially effect expression of genes involved in coagulation.
Estrogen replacement using a transdermal patch avoids the first pass surge in hepatic
estrogen levels and may have less complications, though some controversy remains. Second,
conjugated equine estrogen (CEE) is the most commonly used estrogen compound for HRT.
CEE is derived from the urine of pregnant mares and includes estrogen compounds not
found in humans. The composition of CEE differs significantly from the estrogens found in
premenopausal women. Different estrogens differ in their binding affinities and selectivity
for the estrogen receptors (ER); consequently they have different downstream effects. These
differences could have a significant impact on the effects of HRT. CEE contains sodium
estrone sulfate, sodium equilin sulfate, and sodium 17a-dihydroequilinenin, but no 178-
estradiol, the major and most potent form of estrogen found in premenopausal women.
(Booth & Lucchesi, 2008) Recently estrone levels have been linked with thrombin
generation, a central step in the coagulation cascade, in postmenopausal women.(Bagot et
al., 2010) Thus, estrones have the potential to greatly increase the risk of thrombosis, and as
CEE contains a large amount of estrones, CEE would be expected to be associated with an
increased risk of thrombotic events. However, the studies in this area are limited and it is
premature to draw definitive conclusions.
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Estrogen is a complex hormone with pleiotropic effects. Basic research is essential to
understand the underlying cell and molecular mechanisms of estrogen’s actions and to gain
insight into the clinical effects of estrogen. This review will focus on basic cardiovascular
research on estrogen, which provides the underpinning for our understanding of the clinical
effects of this hormone.

2. Aging, Inflammation and Fibrosis

Summary

Aging and estrogen loss are indelibly linked. Aging is associated with inflammation and
increased inflammatory serum cytokines such as TNF and I1L-6.(Donato, Black, Jablonski,
Gano, & Seals, 2008; Chung et al., 2009) Aging is also associated with increased oxidative
stress and a blunting of the protective heat shock response in males and females.(Locke &
Tanguay, 1996; Gutsmann-Conrad, Heydari, You, & Richardson, 1998; Fawcett, Sylvester,
Sarge, Morimoto, & Holbrook, 1994; Jackson & McArdle, 2011; Stice et al., 2011) In the
cardiovascular system, aging is accompanied by increased stiffness, increased fibrosis, loss
of contractile reserve, increased ROS and endothelial dysfunction. All of these factors
contribute to cardiovascular dysfunction. It is in this setting that estrogen, which is an
antioxidant through indirect upregulation of antioxidant gene expression and increasing
eNOS activity while decreasing superoxide production, is lost through menopause.(Siow, Li,
Rowlands, de Winter, & Mann, 2007; Barbacanne et al., 1999; Florian, Freiman, & Magder,
2004) A key question is whether estrogen or a synthetic estrogen receptor modulator
(SERM) can ameliorate any of these changes. SERMs have differing receptor specificity and
tissue responses. Two SERMs are used clinically, tamoxifen and raloxifene, and many more
are under development. SERMs have the potential to provide a selective activation profile of
estrogen targets.

Estrogen’s effects and the loss of estrogen must be considered in the setting of aging. There
is potential for pharmotherapeutics to eventually ameliorate some of the changes that occur
with estrogen loss. In this review, we will focus on current understanding of the cellular and
molecular changes associated with aging and estrogen loss and their implications for
cardiovascular health.

3. Estrogen Receptors

There are two established estrogen receptors, a and § (Figure 1). Differences in tissue
distribution in these receptors are thought to modulate tissue response to estrogen, but this
remains to be proven. Post-translational modifications may be important modulators of
receptor function, but studies in this area have been limited. Several differences between
ERa and B have been identified in the cardiovascular system, as will be discussed. These
differences are summarized in Table I.

ERa and p are found both in association with the plasma membrane (not transmembrane), in
the cytoplasm and in the nucleus. Palmitoylation of ERa regulates its localization to the
plasma membrane, where it is found in caveolae.(Levin, 2010; Acconcia et al., 2005;
Chambliss et al., 2000) ERa complexes with caveolin 1, c-Src, Akt, PI3K, HSP90 and
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eNOS in caveolae in the plasma membrane.(Kim & Bender, 2009; Haynes et al., 2003; Li,
Haynes, & Bender, 2003) A number of studies indicate that an ERa splice variant, ER46, is
present in this complex, rather than the full length receptor.(Li et al., 2003; Figtree,
McDonald, Watkins, & Channon, 2003; Kim & Bender, 2009; Keung, Chan, Ho, Vanhoutte,
& Man, 2011) ERa’s co-localization with HSP90 and eNOS within the caveolae facilitates
activation of eNOS by E2.(Chambliss et al., 2000; Mineo & Shaul, 2006; Levin, 2010) The
chaperone protein, HSP90, assists with the interaction between the ER and eNOS and other
signaling enzymes. Caveolin-1 actually inhibits eNOS, and caveolin-1 knockout mice have
increased eNOS activity.(Razani et al., 2001) The multiple proteins involved in the assembly
of the ERa signaling complex in caveolae have been recently reviewed in detail.
(Boonyaratanakornkit, 2011) Activation of eNOS requires dissociation from caveolin-1;
frequently this is mediated by calcium/calmodulin, but in some circumstances, such as shear
stress, eNOS activation is thought to be independent of calcium. Several excellent reviews
have recently addressed the molecular mechanisms underlying eNOS activation.(Fleming,
2010; Dessy, Feron, & Balligand, 2010) In addition to activation of eNOS, E2 activation of
PI3K, Akt, ER 1/2, and MAP kinases has a protective effect, which is discussed in more
detail below.

Striatin-3, a caveolin-binding protein, associates with ERa and is necessary for the assembly
of the membrane signaling complex leading to rapid activation of eNOS by E2.(Dan,
Cheung, Scriven, & Moore, 2003) Striatin-3 actually binds to ERa and targets it to the
membrane. Overexpression of striatin-3 was sufficient to target ERa to the plasma
membrane in cancer cell lines. Interestingly, overexpression of a splicing variant of striatin-3
depressed ERa transcriptional activity in a number of cell lines including cancer cell lines,
but had no effect on ERB(Tan, Long, Nakshatri, Nephew, &. Bigshy, 2008) Whether any of
these findings would extend to cardiovascular cells is unknown.

ERa, ERB and Endothelial Cells

Most cardiovascular work on membrane ERs has focused on ERa. ERB was not cloned until
1996, and as a result fewer investigations have focused on ERp; however some studies have
specifically addressed both receptors. ERa knockout reduced basal NO production in the
aorta of E2 treated ovx mice, while ERB knockout had no effect on NO production.
(Darblade et al., 2002) Dan et al. observed by deconvolution of images that 1/3 of ERa co-
localized with caveolin-1 at or near the plasma membrane in rat vascular endothelium
(cerebral and coronary arteries).(Dan et al., 2003) In contrast, ERp was predominantly in the
nucleus. Similarly, studies on the ovine uterine artery found that ERa was present both in
the nucleus and at the plasma membrane with caveolin-1 in uterine artery endothelial cells.
(Liao, Magness, & Chen, 2005) ERB mRNA levels were 1/8th those of ERa., and here again
ERp was not associated with caveolin-1. However, other investigators, using primary
endothelial cells obtained from embryonic ovine intra-pulmonary arteries, have found both
ERa and ERp to be present at the plasma membrane, with ERa equally distributed between
caveolae and non-caveolae.(Chambliss, Yuhanna, Anderson, Mendelsohn, & Shaul, 2002) In
contrast, ERP was present in the caveolae, but the majority of the protein was associated
with the non-caveolar membrane. Even though more ERa was present in the caveolae of
these embryonic endothelial cells, the investigators found that almost all eNOS activation
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was mediated by ER rather than ERa. This conclusion was based on the use of ICI
182,780, which is a non-specific inhibitor of both ERa and ERp, and R,R-
tetrahydrochrysene (THC), which is thought to be a specific inhibitor of ERB. Using the
membrane caveolae fraction, ICI 182,780 reduced E2 stimulated eNOS activity 70%, while
THC reduced activity 92%, leading the investigators to conclude that nongenomic activation
of eNOS in endothelial cells was largely mediated by ERB.(Chambliss et al., 2002) Clearly,
both ERa and ERp can activate eNOS, but there is a difference in the results of these studies
as to which receptor is responsible for eNOS activation in endothelial cells. Three studies
using adultmodels (rat, mouse and pregnant sheep) all found that ERa was the predominant
receptor associated with the endothelial cell membrane and with the caveolae. A fourth
study, using embryonic ovine intra-pulmonary artery endothelial cells found ERp to be the
predominant activator of eNOS in endothelial cells. The primary difference in these models
is that 3 studies used young adult models and one used embryonic. There are significant
differences in the oxygenation of the fetus, which has a relatively hypoxic environment, and
the adult; the differences in receptors between the embryonic cells and the adult cells may
reflect adaption for different environments. Furthermore, studies in the adult models showed
ERa to be the primary ER associated with caveolae in endothelial cells.(Liao et al., 2005)

ERa, ERB and Vascular Smooth Muscle Cells

While the localization ERa and ERp has been carefully investigated in endothelial cells,
precise localization studies have not been done for vascular smooth muscle cells (VSMCs)
or for cardiac myocytes. The presence of membrane associated and nuclear ERa and ERB
has been demonstrated by many studies, but direct work examining the localization of the
receptors has been limited in VSMC and cardiac myocytes.(Stice et al., 2011) VSMCs from
male SD rat mesenteric artery showed co-localization of both ERa, only as ER46, and ERB
with caveolin-1.(Keung et al., 2011) Interestingly, co-IP of caveolin-1 precipitated not only
ERa and ER B, but also PKG.(Keung et al., 2011) ERa and ER are both present in
VSMCs isolated from adult human aorta and both localized predominantly to the nucleus.
(Nakamura et al., 2004) Similarly, RT-PCR demonstrated both ERa and ERB in VSMCs
from the aortic arch of 8 wk old rats.(Watanabe et al., 2003) Adult human primary VSMCs
expressed both ERa and ERp by RT-PCR, but more ERa was present than ERp(Takahashi
et al.,. 2003) Expression of ERa and ERp in VSMC cells lines was distinctly different from
primary cells or pathology specimens. CRL-2481 cells(American Tissue Culture Collection
[ATCC]), a line derived from human umbilical vein smooth muscle cells, expressed only
ERa while CRL-1999 cells (ATCC), a line derived from human aortic smooth muscle cells,
expressed only ERB(Nakamura et. al., 2004) A10 cells, a VSMC line derived from the
embryonic rat thoracic aorta, expressed only ERB by RT-PCR.(Takahashi et al., 2003) Thus,
both ERa and ERp are present in VSMC and localize predominantly in the nucleus;
however both receptors are present at the plasma membrane and associate with caveolin-1.
Some work suggests more ERa than ER is present in adult VSMCs. Three different cell
lines derived from VSMCs expressed ERa or ERp, but not both, making these cell lines not
good models for investigation of the role of ERa and ERp in VSMCs. Studies to date
support that both ERa. and ERp are expressed in VSMCs, but the relative amounts of each
receptor and the intracellular distribution of the receptors remains to be definitively defined.
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ERa, ERB and Cardiac Myocytes

In cardiac myocytes even less data exists as to intracellular distribution of the estrogen
receptors. Both ERa and ER were present in cardiac myocytes isolated from adult and
aged ovariectomized Norway Brown(NB) rats with and without immediate E2 replacement.
Western blot showed no difference in the amount of ERa or ERp present among the four
groups.(Stice et al., 2011)

Nongenomic vs. Genomic Signaling

GPER

Membrane associated ERa and ERB, when bound by estrogen, can each activate a signaling
cascade that includes PI3K and Akt, as well as ERK 1/2, JNK and p38.(Wang et al., 2009;
Wang, Crisostomo, Wairiuko, & Meldrum, 2006; Patten et al., 2004; Wu, Chambliss,
Umetani, Mineo, & Shaul, 2011) This signaling cascade protects the cell from injury, except
for INK, which increases apoptosis. The signaling mediated by membrane associated ERa
and ERp has been termed nongenomic signaling and more recently nonnuclear signaling.
ERa nongenomic signaling has recently been shown to provide cardiovascular protection
without increasing uterine or breast cancer growth in mice.(Chambliss et al., 2010) This
supports the idea that the increased risk of cancer with estrogen therapy is related to
estrogen’s nuclear effects (gene expression) and that estrogen in a form that is not taken up
by the cell (selecting nonnuclear effects), such as the estrogen-dendrimer conjugate used in
this study, may be protective without the concomitant increased risk of cancer seen with oral
estrogen.

Both ERa and ERp have important roles as transcription factors, activated by estrogen
binding. In the nucleus these receptors in their transcription factor role both promote and
inhibit the expression of an array of genes. Investigation of gene expression regulated by
ERa vs. ERP has been limited, with just a handful of studies on cancer cell lines with stably
over expressed ERp. This work supports distinct sets of genes regulated by the two receptors
with some overlap.(Zhao, Dahlman-Wright, & Gustafsson, 2010) ERp is able to at least
partially inhibit ERa induced gene transcription and also ERa induced cell proliferation.
(Zhao et al., 2010; Lindberg et al., 2003) Furthermore, ERB2, a variant of ER that has been
proposed to be a dominant negative inhibitor, can induce proteosomal degradation of
ERa(Zhao et al., 2010).

Recent work has identified a third, membrane associated ER, G-protein-coupled estrogen
receptor (GPER).(Deschamps & Murphy, 2009) This receptor is also known as G-protein
coupled receptor 30 (GPR30) and as the membrane estrogen receptor (mER). GPER has
been shown to contribute to E2 mediated vasodilation.(Lindsey, Carver, Prossnitz, &
Chappell, 2011) A second group of investigators demonstrated that GPER activation by the
selective agonist, G1, relaxed porcine aortic rings and human coronary artery VSMCs in an
endothelial independent manner.(Yu et al., 2011) RT-PCR and western blotting confirmed
the expression of GPER in both porcine coronary arteries and human coronary artery
VSMCs. The specificity of the findings was confirmed with G15, a selective inhibitor of
GPER.(Yu et al., 2011) Additional studies demonstrated that GPER activation specifically
activated the large-conductance calcium and voltage activated potassium channel (BKc, ),
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which is expressed in coronary artery VSMCs. G1 had no direct effect on BK¢, (Yu et al.,
2011). This work provides a new mechanism by which GPER can promote vascular
relaxation.

GPER may activate the nonnuclear protective response (P13-kinase, Akt, etc.) via a
truncated 36 kDa ERa(Kang et al., 2010). Others have reported that GPER activation by G1
reduces infarct size in the isolated perfused male mouse heart.(Bopassa, Eghbali, Toro, &
Stefani, 2010) GPER activation also inhibited opening of the mitochondrial permeability
transition pore (mPTP) in the same study. The protective effects of GPER activation were
abolished by treatment with the ERK inhibitor, PD98059. GPER activation can attenuate
diastolic dysfunction and ventricular remodeling after ovx.(Wang et al., 2012b) There still
remains some controversy as to whether GPER is an estrogen receptor, and more studies are
needed to define the role of GPER in estrogen signaling.(Wu et al., 2011) However, overall
there is greater acceptance of GPER as an important mediator of estrogen signaling.

Lastly, the estrogen related receptors (ERRs) should be briefly mentioned. The ERRs are
orphan nuclear receptors, with three isoforms — alpha, beta and gamma. All of the ERRs are
involved in energy metabolism and mitochondrial biogenesis.(Dufour et al., 2007; Giguere,
2008; Bookout et al., 2006) Their activity depends on coactivator proteins, principally those
in the peroxisome proliferator-activated receptor coactivator-1 family.(Giguére, 2008;
Schreiber, Knutti, Brogli, Uhlmann, & Kralli, 2003) Estrogen binding to ERa has been
reported to upregulate ERRa expression, and there are intriguing similarities between the
ER and ERR response elements.(Shigeta, Zuo, Yang, DiAugustine, & Teng, 1997; Giguere,
2002) To date, the ligand for these interesting receptors remains to be identified, but there is
no known interaction between the ERRs and estrogen.

4. Genomics of Estrogen and the Cardiovascular System

Estrogen is an important modulator of gene expression; both estrogen receptors act both as
transcription factors and as inhibitors of gene expression. Despite these important functions,
studies of the effect of estrogen on gene expression have been surprisingly limited. In
Sprague Dawley rat hearts, heat shock protein (HSP)72 levels are increased in the female
heart vs. the male. It takes 9 weeks post-ovariectomy (ovx) for the level of HSP72 in the
female heart to drop to the level in male hearts.(\Voss et al., 2003) This slow change in
HSP72 levels suggests that HSP72 is indirectly regulated by estrogen and that a cascade of
changes occurs post-ovx such that the full effect of ovariectomy on gene expression is not
seen until at least 9 weeks post-surgery. In the young adult Sprague Dawley, ovariectomy
resulted in increased expression of a number of pro-inflammatory genes in the heart at 9
weeks post ovx, including L-selectin, SOCS2, SOCS3, calpain, TNF, iNOS, fibronectin, and
the LDL receptor compared to ovariectomy with immediate E2 replacement.(Hamilton, Lin,
Wang, & Knowlton, 2007) However, changes of gene expression with aging and estrogen
loss are of greater relevance. In aged Norway Brown (NB) rats, considered a good model of
aging as this inbred strain does not develop obesity with aging, 9 weeks post-ovx cardiac
expression of caspase 3, caspase 9, calpain 2, MADD, fibronectin, MMP9 and TNF mRNA
increased.(Pechenino et al., 2011) Immediate estrogen replacement prevented many of these
changes. In contrast, late E2 replacement, modeling many of the clinical trials, had a pro-
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inflammatory effect, increasing expression of CD11b, iNOS, STAT3, caspase 6, MADD and
fibronectin (Figure 2). Protein levels of both iINOS and TNF were increased in the late
replacement group. Thus ovx with loss of estrogen and progesterone had sustained pro-
inflammatory effects long after surgery in both young and aged rat hearts. These changes
were greatly attenuated by E2 replacement. Most importantly, the changes seen with late
replacement in TNF, CD11b, and iNOS among other genes, would be expected to promote
inflammation, monocyte adhesion and transmigration leading to increased atherosclerosis.
These changes in gene expression provide insight into the underlying mechanism of the
increased incidence of cardiovascular events in the clinical trials with late estrogen
replacement.

5. Estrogen and the Vasculature

The vasculature is the site of critical changes with aging and estrogen loss including
increased atherosclerosis and abnormal function (relaxation and constriction). Endothelial
cells as well as VSMCs are important targets of estrogen. Thus, changes in estrogen and
aging particularly impact the vasculature (Figure 3).

Vascular Function and Nitric Oxide

It is well established that estrogen enhances NO production and vascular relaxation.(Schulz,
Anter, Zou, & Keaney, Jr., 2005; Simoncini, Rabkin, & Liao, 2003; Mendelsohn, 2000)
Overwhelmingly estrogen loss occurs with the onset of menopause in middle age, at which
point women have an acceleration of atherosclerosis and changes in vascular function. Yet
only a limited number of studies have focused on the effect of estrogen loss with aging.
(Xing, Nozell, Chen, Hage, & Oparil, 2009; Chakrabarti, Lekontseva, & Davidge, 2008) In
endothelial cells E2 activates eNOS via the PI13-kinase Akt pathway leading to the
production of NO, and thus has an important role in regulation of vascular tone.(Haynes et
al., 2000; Hisamoto et al., 2001) CEE impairs eNOS expression and NO production
compared to treatment with E2.(Novensa et al., 2010) Estrone was able to increase NO
production, but the other metabolites of equine estrogen in CEE had little effect on NO
production.(Novensa et al., 2010) In other work, E2, but not estrone or 17a-
dihydroequilenin, increased eNOS expression and NO in cultured human coronary artery
endothelial cells.(Wingrove, Garr, Pickar, Dey, & Stevenson, 1999) The role of hormones in
regulation of eNOS and the synthesis of NO has recently been reviewed.(Duckles & Miller,
2010)

Aging, Estrogen and Vascular Constriction

Aging is associated with impaired vascular function, and this is compounded by loss of
estrogen. Intact female spontaneously hypertensive (SHR) rats (16 mo) had greater
contraction to both phenylephrine and KCI compared to younger rats.(Wynne, Payne, Cain,
Reckelhoff, & Khalil, 2004) In response to phenylephrine ovx Norway Brown rats, both
adult (6 mo) and aged (22 mo), had greater vascular constriction than ovx with E2
replacement.(Stice, Eiserich, & Knowlton, 2009) Increased response to vasconstrictive
agents has also been reported in the mesenteric arteries of 13—16 mo old ovx Sprague
Dawley rats.(Arenas, Armstrong, Xu, & Davidge, 2006) This correlated with increased
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expression of angiotensin 1l type 1 receptor (AT1R), which could be ameliorated by E2
treatment. Similar results were found in both young Wistar-Kyoto ovx rats and young SHR
ovx rats, which had increased AT1R and increased superoxide production (only measured in
SHR rats), both of which were attenuated by E2 replacement.(Wassmann et al., 2001,
Nickenig et al., 1998) These results indicate that increased constriction is not a function of
aging, but secondary to loss of estrogen.

Aging, Estrogen and Vascular Relaxation

The intact female spontaneously hypertensive (SHR) rats (16 mo) had decreased relaxation
compared to younger rats.(Wynne et al., 2004) In old ovx NB rats, only the aged ovx
without E2 replacement had impaired relaxation, and this was not corrected by treatment
with an NO donor.(Stice et al., 2009) In fact there was no evidence of decreased eNOS or
iNOS expression nor of a change in circulating NO. This is in contrast to aging male models
where a decrease in expression and/or activity of eNOS occurred in the vasculature.(Long et
al., 2005; Soucy et al., 2006) An important variable in these studies may be aging related
obesity, which is found in a number of rat strains, including Sprague Dawleys. Aged ovx NB
rats, which do not develop obesity, had no change in eNOS, but decreased expression of
soluble guanylyl cyclase (SGC) a and B, the two subunits which constitute a receptor for NO
in smooth muscle cells.(Stice et al., 2009) In this model, treatment with an sGC agonist
corrected the impaired relaxation. sGC also was decreased in aged ovx NB rats by
microarray study, but there was no change in sGC expression in young ovx SD rats.
(Hamilton et al., 2007; Pechenino et al., 2011) The reduction in sGC in the aged ovx NB rats
was prevented by E2 replacement. Interestingly, there is work demonstrating that NFxB
inhibits expression of sGC, and increased NFxB activity has been found in the aging
cardiovascular system.(Marro et al., 2008; Stice et al., 2011; Csiszar, Wang, Lakatta, &
Ungvari, 2008) Increased NFxB activation can lead to increased TNF. Provocatively,
Etanercept (the truncated TNF receptor used to reduce TNF activity in rheumatoid arthritis)
treatment resulted in significant improvement in vascular relaxation in aged rats, and this
correlated with a reduction in the elevated TNF serum levels post ovx, suggesting that TNF
may be an important contributor to post-menopausal vascular disease.(Arenas, Armstrong,
Xu, & Davidge, 2005)

Similar impairment in relaxation has been found in humans. In human studies of forearm
endothelium-dependent vasodilation, aging was associated with impaired function and
estrogen improved relaxation post-menopause.(Chan & Fiscus, 2004; Saitta et al., 2001)

Flow-Induced Dilation

Ovx and aging both impair flow-induced arteriole dilation.(Kang, Reyes, & Muller-Delp,
2009) In young Fischer-344 rats impaired arteriole dilation post-ovx can be reversed by E2
replacement, while in aged rats ovx had no effect on arteriole dilation.(LeBlanc et al., 2009)
However, E2 treatment markedly improved flow-induced arteriole dilation in the aged rats.
This improvement in aged intact and aged ovx with E2 treatment is likely secondary to the
decrease in endogenous E2 levels with aging with supplemental E2 resulting in higher
circulating levels.
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E2, ERa and ER, and Angiogenesis

E2 regulated the expression of ERa and ERp in both bovine and human endothelial cells.
(Ihionkhan et al., 2002) E2 increased ERa would be expected to lead to increased NO, as
ERa activates eNOS, as discussed above. ERa expression in endothelial cells fluctuated
with stages of the human cycle with the highest expression at peak estrogen levels.(Gavin,
Seals, Silver, & Moreau, 2009) Investigators have found that ERa also has a direct effect on
key vascular proteins and on angiogenesis.(Jesmin et al., 2010) ERa knockout was
associated with a striking decrease in VEGF levels and capillary density in the heart.

Thus, E2 enhances vascular relaxation via increased NO production and also enhances
angiogenesis with evidence supporting ERa as mediating these effects. Aging is associated
with an increase in inflammatory cytokines such as 1L-6 and TNF, and a single study
supports a role for TNF in depressed vascular relaxation. Aging increases vascular
constriction, decreases relaxation, and decreases flow-mediated vasodilation. E2
replacement and raloxifene have been shown to attenuate these changes.

Estrogen, VSMC Proliferation and Diabetes Mellitus

E2 is known to inhibit VSMC proliferation. E2 (100 pM and 10 nM) inhibited proliferation
of VSMC, derived from atherosclerotic human arteries, positive for ERa(Nakamura et al.,
2004). Both E2 and raloxifene caused G1 cycle arrest of VSMC (primary human VSMC,
gender unknown).(Takahashi et al., 2003) Premenopausal diabetic women lose the protective
effects of estrogen against atherosclerosis.(Sowers, 1998) Basic investigations have
addressed the role of high glucose in modulating the responses to E2. High glucose (25 mM)
promotes VSMC proliferation compared to normal glucose levels (5 mM).(Ling et al., 2002)
Previously, it has been demonstrated that E2 (1-100 nM) inhibited platelet derived growth
factor (PDGF)-BB induced DNA synthesis and VSMC proliferation in studies on VSMC
derived from the internal mammary arteries of two non-diabetic women with coronary artery
disease.(Ling et al., 2002) PKC- activation under high glucose conditions blocked
inhibition of VSMC proliferation by E2, and inhibition of PKC-p with LY-379196 restored
E2’s anti-proliferative effects.(Ling et al., 2002) However, in studies of VSMCs derived
from pre-menopausal women only the selective ERa agonist, PPT, prevented high glucose
induced VSMC proliferation.(Ortmann et al., 2011) E2, the selective ERB agonist, DPN, and
the selective GPER agonist, G-1, did not prevent VSMC proliferation in high glucose
conditions. ERa activation prevented the increase in H,O, and ROS that occurred in high
glucose conditions. In addition, selective ERa activation increased expression of MnSOD
and inhibited the sustained phosphorylation of ERK, which occurred under high glucose
conditions.(Ortmann et al., 2011) Significantly, co-activation of ERB blocked the protective
effects of ERa activation.(Ortmann et al., 2011) Thus, E2 inhibits VSMC proliferation and
this is abrogated by high glucose, which increases ROS and leads to sustained ERK
phosphorylation. Interestingly, estrones, major components of CEE, do not inhibit VSMC
proliferation.(Dubey et al., 2000) Thus, the most common form of estrogen replacement fails
to prevent VSMC proliferation. Selective activation of ERa blocks high glucose mediated
VSMC proliferation and signaling changes, including the increase in ROS and the prolonged
phosphorylation of ERK. ERp activation prevented the protective effects of ERa activation.
These interesting studies suggest that in premenopausal diabetic women that estrogen
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signaling is a dichotomy with ERa protecting the vasculature and ERp inhibiting the
protective signaling by ERa.. More work is needed to confirm these very intriguing results.

E2 and Prevention of Arterial Injury

Estrogen -mediated protective responses are found in all cells and tissues that have been
studied so far. However, there are many injury studies involving estrogen, and pathways
involved in cardiovascular protection after chronic estrogen replacement vs. immediate
estrogen treatment likely differ. There had been different reports with regard to which ER
mediated these protective responses. In part the differences likely stem from the study of
different types of estrogen mediated protection. Vascular injury, induced most commonly by
denudation of a portion of the carotid artery, was found to have reduced medial thickness
and VSMC proliferation regardless of the presence of ERa, ERp or neither receptor.(Karas
et al., 2001) However, this study used the Chapel Hill ERaknockout mouse, and this mouse
has a residual splice variant or truncated ERa.(Couse et al., 1995). A repeat of this study
using a total knockout of ERa demonstrated that loss of ERa resulted in loss of protection
against VSMC proliferation and increased medial thickness after vascular injury, consistent
with the finding discussed above that ERa activation prevented hyperglycemia induced
VSMC proliferation.(Pare et al., 2002) Differentiating the effects mediated by ERa and ERf
has become a complex task with similar studies of cardiovascular injuries finding beneficial
effects from each receptor.(Patten et al., 2004; Pelzer et al., 2005; Wang et al., 2006; Wang
et al., 2009; Favre et al., 2010) The availability of more specific agonists for the two
receptors and greater understanding of the knockout models should contribute greatly to the
dissection of the specific functions of each receptor.

E2, NFxB and Endothelial Cell Protection

In human coronary endothelial cells E2, at pharmacologic levels (nM to :M vs. physiologic),
activates NFxB, heat shock factor (HSF) 1 and leads to increased expression of heat shock
protein (HSP) 72.(Hamilton, Mbai, Gupta, & Knowlton, 2004) This activation of NFxB is
associated with protection against hypoxia/reoxygenation, as blocking the downstream
signaling of NFxB with DNA binding decoys resulted in a loss of the protective effect of
pretreating with E2. In contrast, inhibition with downstream signaling of HSF1 with DNA
binding decoys had no effect on the protective effects of pretreatment with E2, suggesting
that the protective response to E2 is redundant. Activation of NFxB is mediated by
simultaneous activation of P38, JNK and Akt, which activate ERK 1/2 leading to activation
of NFxB (J.P. Stice and A.A. Knowlton, unpublished).

Experimental Issues

An issue in endothelial cell, as well as cardiac myocyte studies, is the concentration of E2
used in cell culture. Plasma concentrations of E2 are in the picomolar range, but culture
models predominantly use hanomolar and sometimes higher concentrations of E2. Several
different groups have reported that aromatase contributes to heart and vascular tissue
estrogen levels. (Grohé, Kahlert, Lébbert, & Vetter, 1998) Thus, it is possible that local
levels of E2 exceed those measured in plasma samples. However, much more evidence is
needed to prove there are substantially higher tissues levels of estrogen.
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Estrogen, Apoptosis and Injury

Summary

Apoptosis is an important mechanism of endothelial cell loss in the aging vasculature.
(Csiszar, Ungvari, Koller, Edwards, & Kaley, 2005; Razandi, Pedram, & Levin, 2000;
Alvarez et al., 1997) This increase in apoptosis is exacerbated by the loss of endothelial
progenitor cells with aging, which may prime the vessel for atherosclerosis.(Goldschmidt-
Clermont, 2003) Estrogen has known anti-apoptotic properties.(Patten et al., 2004; Kim,
Pedram, Razandi, & Levin, 2006a; Liu, Pedram, & Kim, 2011; Hsieh et al., 2006b) E2
prevents both endothelial cell and endothelial progenitor cell (EPC) apoptosis.(Razandi et
al., 2000; Alvarez et al., 1997; Strehlow et al., 2003; Masuda et al., 2007) The anti-apoptosis
effects of E2 are likely mediated by increased activation of the protective PI3K/Akt pathway
and also by decreased inflammation and cytokine production. Therefore menopause, through
increased endothelial and EPC apoptosis, further impairs the function of the vasculature.

Thus, these studies demonstrate that E2 increases NO p roduction by endothelial cells, and
this will lead to vascular relaxation; however in the setting of aging and ovx there is
impaired relaxation as well as an increased response to vasocontrictive agents. At a cellular
level, aging and ovx was associated with decreased expression of SGCa and 8, which
comprise a receptor for NO in VSMCs. E2 via ERa increases angiogenesis and protects
against both vascular injury and endothelial cell injury. ERa activation blocks VSMC
proliferation in response to hyperglycemia, but activation of ERP will inhibit this response.
CEE does not activate many of these protective responses. In the vasculature, ERa has the
primary role in a range of estrogen mediated protective responses.

6. Atherosclerosis

Premenopausal women have a much lower incidence of cardiovascular disease than males.
Estrogen has a very positive effect on lipoprotein profiles, lowering LDL and raising HDL.
This has been estimated to contribute about 30% of the cardiovascular benefit in
premenopausal women.(Mendelsohn & Karas, 1999) Post-menopause women have a rapid
acceleration of atherosclerosis and an increase in LDL and decrease in HDL, all
accompanied by an increase in the prevalence of coronary artery disease. Vital to
understanding the mechanisms underlying the increase in atherosclerosis, beyond the change
in lipid profile, is to understand the effect of estrogen on the actual cellular and molecular
events of atherosclerosis. As discussed, E2 decreases VSMC proliferation via ERa, but this
is blocked if ER is also activated. GPER has no effect on VSMC proliferation.(Ortmann et
al., 2011) ERa and ER expression decrease in atherosclerosis, and given that ERa and
ERP activate eNOS, reduction in these receptors would be detrimental.(Nakamura et al.,
2004) Another critical initial event in the development of atherosclerosis is abnormal
monocyte adhesion and transmigration in the vasculature.(Libby, 2002; Gower et al., 2011)
Here, too, estrogen plays a role.

Aging, Estrogen and Adhesion

Monocyte adhesion is a manifestation of inflammation and an essential step in
atherosclerosis. Studies of estrogen and monocyte adhesion have been limited. Estrogen is
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known to inhibit VCAM-1 expression. TNF and LPS are commonly used to prime the
system in order to assess the effect of another treatment on adhesion. In human saphenous
vein endothelial cells, E2 inhibited VCAM-1 expression and blocked the increased
adhesiveness of a monocyte cell line after LPS treatment.(Simoncini, De Caterina, &
Genazzani, 1999) Pharmacologic concentrations of E2 inhibited LPS-induced VCAM-1
expression, and decreased U937 cell (monocytic cell line) adhesion to a monolayer of
human saphenous vein endothelial cells.(Simoncini et al., 2000b) A more physiologic dose
(for culture conditions), 10 nM, of E2 decreased TNF stimulated U-937 adhesion to cultured
human umbilical vein endothelial cells ( HUVECSs).(Rodriguez, Lopez, Paez, Masso, &
Montano, 2002) Furthermore, E2 inhibited the increase in IL-8 and MCP-1 secretion into the
media. E2 (10 nM) inhibited angiotensin Il induced leukocyte adhesion via eNOS and
cyclooxygenase activation.(Alvarez, Hermenegildo, Issekutz, Esplugues, & Sanz, 2002)
Estrogen inhibited MCP-1 induced migration of THP-1 cells.(Yada-Hashimoto et al., 2006)
The utilization of HUVECSs as a model for many of these studies limits applicability of the
results, as it is becoming increasingly apparent that HUVECs differ significantly in their
responses from endothelial cells derived from adult arteries.(Tan et al., 2004; Lucas, Rose, &
Morris, 2000)

A number of /n vivo studies have provided further insight into the actions of estrogen on the
vasculature. In a young /n vivo rabbit model, E2 replacement at physiologic concentrations
post ovx blocked increased monocyte adhesion and subendothelial migration in the setting
of a diet-induced hyper-cholesterolemia.(Nathan, Pervin, Singh, Rosenfeld, & Chaudhuri,
1999) E2 also blocked the induction of MCP-1 in this model.(Pervin et al., 1998) Similarly,
12 months of hormone replacement treatment in post-menopausal women decreased
VCAM-1 and e-selectin.(Yeboah, Klein, Brosnihan, Reboussin, & Herrington, 2008) Thus,
E2 can block rolling, adhesion and transmigration induced by LPS, TNF and
hypercholesterolemia. Many endothelial cell studies use high concentrations of E2 (nM vs.
pM in plasma samples), a common issue for endothelial cell culture studies, as discussed
above. There are some studies that suggest that tissue levels of E2 may be significantly
higher than plasma levels, possibly related to aromatase, but this has yet to be proven.
(Nickenig et al., 1998) Thus it is not known if similar effects to those seen with nanomolar
concentrations of E2 would be seen /n vivo with physiologic concentrations in the
picomolarrange.

Estrogen has key actions in the vasculature enhancing relaxation through increased NO
production, inhibiting VSMC proliferation, and decreasing adhesion molecule expression
and monocyte adhesion. E2 also protects endothelial cells and EPCs from injury and
apoptosis, thus maintaining the integrity of the vasculature. However the expression of ERa
and ERP is decreased in atherosclerosis, reducing the positive effects of estrogen in diseased
vasculature.(Nakamura et al., 2004)
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7. Estrogen and the Heart

Gender Differences in Cardiac Disease

Premenopause women have a much lower rate of myocardial infarction than men, but post-
menopause the rate of atherosclerosis and infarction greatly increases. Although estrogen is
well known to improve lipid profiles, as discussed, other factors are involved in the gender
differences in cardiovascular mortality (Figure 4). For cardiac rupture the gender differences
are reversed. Female patients with myocardial infarction are more likely to have cardiac
rupture, an often deadly complication.(Wehrens & Doevendans, 2004; Shapira, Isakov,
Burke, & Almog, 1987) In animal models of myocardial infarction, rupture is exceedingly
rare, except in the male mouse where it can be quite common. In the mouse several different
mechanisms have been identified for increased cardiac rupture in male mice. Testosterone
increased cardiac dilation and neutrophil infiltration in intact males mice and in female mice,
compared to castrated male mice.(Cavasin, Tao, Yu, & Yang, 2006) Similarly, intact female
mice had less inflammation, more myofibroblast transformation and more
neovascularization at the border zone than male mice after infarct.(Wang et al., 2012a) Other
investigators have demonstrated that this reversal of the gender ratio of rupture in the mouse
is strain dependent and related to higher blood pressure in the male mice.(van den Borne et
al., 2009) So, the etiology of the increase in cardiac rupture post-MI in male mice is multi-
factoral.

Heart Failure, Gender and Estrogen

Heart failure with decreased systolic function is often a sequella to myocardial infarction (s).
A number of studies beginning in the late 1990’s and early 2000°’s suggested a gender
difference in systolic heart failure with improved course and survival in females (Table I1).
(O’Meara et al., 2007; Adams et al., 1999) A retrospective analysis of the \esnarinone
database demonstrated improved survival for women on estrogen compared to women not
taking estrogen, while analysis of the CHARM database showed overall improved survival
for women, but no difference between those on HRT and those not.(Reis et al., 2000;
O’Meara et al., 2007) Some studies have found no gender difference in heart failure survival.
(Opasich et al., 2000) A pooled analysis of data from 5 randomized controlled heart failure
trials also supported longer survival for female patients.(Frazier et al., 2007)

The clinical data is difficult to draw conclusion from, given that almost all of the data is
retrospective analysis of databases collected for other reasons and that only two databases
had any estrogen/HRT use data. One might theorize that the lack of difference between those
receiving HRT and those not in the CHARM database would suggest no benefit from
estrogen replacement per se, but a gender related benefit. The type of estrogen replacement
is important, and benefit might not be seen with CEE, but again there is little or no data on
actual estrogen therapy. One might hypothesize that women had better compliance with
medications leading to a better outcome in these studies, but the CHARM study found
women were less compliant than men with medications. The combination of systolic and
diastolic dysfunction (normal ejection fraction) further complicates analysis of some of the
trials. These are quite distinct diseases, although data from the Mayo Clinic suggests similar
prognosis with a 50% five year survival.(Owan et al., 2006) Furthermore, some of the trials
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followed patients for a year or less, which is too short a time to detect survival differences.
Overall studies on women and survival with heart failure are limited by the lack of data on
estrogen status or the use of HRT in many of these reports (see Table 11). Most of the
patients in the study groups are post-menopausal, based on age, but patients may be using
HRT, and this information is important for understanding the role of hormones vs. gender in
prolonged survival. Overall the data is insufficient to definitively conclude there is a gender
benefit in survival with systolic heart failure.

There are a number of other gender differences in systolic heart failure. Women are more
likely to improve with cardiac resynchronization therapy (CRT) than men, and these findings
have been supported by a number of studies, but whether this is related to estrogen treatment
vs. gender is unknown.(Verhaert et al., 2010) Explanted end-stage failing hearts, removed at
the time of transplant, were examined for the amount of cardiac myocyte apoptosis vs.
necrosis. Overall cell death was two-fold higher in male hearts vs. female with significant
increases in both apoptosis and necrosis.(Guerra et al., 1999) Of course both male and
female end-stage failing hearts had greater apoptosis and necrosis than normal hearts. The
gene expression profile was examined in new onset heart failure to determine if there was a
gender difference early on in the disease.(Heidecker et al., 2010) Surprisingly, comparing
male to female gene expression based on cardiac biopsies from patients with idiopathic
dilated cardiomyopathy (no significant coronary disease), identified only 35 transcripts that
were over-expressed in males and 16 that were down-regulated. Most of the over-expressed
genes related to the Y chromosome, including CD24, which helps regulate the balance
between immune defense and autoimmunity. Female hearts had increased expression of
XIST and an X-linked zinc finger protein. Three other genes of interest, which were
increased in females, were GATAD1(binds proteins regulating adrenergic/angiotensin
receptor intracellular trafficking), SLC2A12 (GLUT12, a glucose transport) and PDE6b
(cardio-protective effects). These findings begin to elucidate possible molecular mechanisms
by which gender could influence survival with heart failure.

As a whole, basic investigations into gender and heart failure have been limited. ERa has
been found to be upregulated almost two-fold in nonischemic cardiomyopathy regardless of
gender.(Mahmoodzadeh et al., 2006) In normal human hearts ERa localized to the cytosol,
sarcolemma, intercalated discs, and nuclei. In end-stage heart failure neither ERa or
connexin 43 were found at the intercalated discs, and the investigators proposed that ERa
has a role in phosphorylation of connexin 43, which is normally in the disc, and loss of ERa
localization to the disc led to loss of connexin 43 phosphorylation and localization to the
disc.

E, indirectly regulates cardiac HSP 72 expression in both male and female adult rat cardiac
myocytes.(Knowlton & Sun, 2001), (Hamilton, Gupta, & Knowlton, 2004; Voss et al., 2003)
In addition to its role in protein folding, HSP72 has cardioprotective effects in transgenic
models, and reduces apoptosis by stabilizing the mitochondrial membrane and preventing
apoptosome formation.(Marber et al., 1995; Trost et al., 1998; Suzuki et al., 2002) In
isolated adult Sprague Dawley female cardiomyocytes, E, treatment, at pharmacologic
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levels, increased the expression of HSP 72 through sequential activation of the transcription
factors, NFxB and HSF-1.(Hamilton et al., 2004) E, pre-treatment also protected against
hypoxia/reoxygenation.(Knowlton & Sun, 2001; Hamilton et al., 2004) Although E, can
induce cardiac HSP 72 expression in adults, little is known how the loss of estrogen that
occurs naturally during menopause in aging female rats affects the cardiac HSP response
and the adaptive response to stress.

To better understand the effects of estrogen in aging cardiac myocytes, we investigated the
effect of immediate estrogen replacement in cardiac myocytes derived from aged (22 mo)
and adult (6 mo) NB rats 9 weeks post ovx. Both groups of adult cardiac myocytes showed
activation of NFxB and increased HSP72 expression with estrogen treatment.(Stice et al.,
2011) However, neither aged group had a response, and in fact NFxB was activated at
baseline in the aged ovx cardiac myocytes. The heat shock response is normally activated in
response to hypoxia and reoxygenation, and this is followed by increased HSP expression, a
protective response. In both groups of adult cardiac myocytes this response was seen, but in
the aged cardiac myocytes regardless of estrogen replacement there was no activation of
HSF1 and no increase in HSP72. HSF1 expression was not changed, but in the aged ovx
phosphorylation at serine 303/307, which inhibits activation of transcription, but not binding
to the promoter by HSF1, was present.(Stice et al., 2011)

IL-6 and TNF levels did not differ amongst the adult and aged rats with and without E2
replacement; however, in culture, much higher expression of 1L-6 and TNF occured at the
MRNA level. This increase in IL-6 and TNF could be ameliorated by acute treatment with
estrogen. The aged ovx cardiac myocytes had a greatly impaired ability to handle ROS, the
production of which is known to increase with age.(Ungvari et al., 2008; Podlutsky, Ballabh,
& Csiszar, 2010) Thus for the cardiac myocytes there was a loss of the heat shock response,
and increase in inflammatory cytokine expression and a markedly reduced ability to handle
ROS with aging and loss of estrogen. Estrogen replacement improved many of these
changes.

In the heart, there is a possible gender difference in heart failure morbidity and mortality, but
it is premature to draw conclusions. However, female patients with heart failure have a
greater response to cardiac resynchronization therapy than males. Some gender differences
have been identified in gene expression early in the course of nonischemic cardiomyopathy,
but more work is needed to determine if these differences are a product of gender, the
presence of estrogen, or the etiology of nonischemic cardiomyopathy, which encompasses a
wide variety of diagnoses with often the etiology unknown. ERa expression is double in
heart failure regardless of gender. At the cellular level, E2 increases expression of the
protective heat shock proteins and improves cardiac myocyte survival. /n vivo studies have
confirmed these findings in the intact heart in a trauma hemorrhage model. In contrast, with
aging there is a loss of the heat shock response with inactivation of the transcriptional
activity of HSF1, which controls the heat shock response. The aged rat has increased NFxB
activity regardless of estrogen status. Aged cardiac myocytes from ovx rats without estrogen
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replacement have increased cytokine production and markedly increased ROS. Thus aging is
associated with increased inflammation, and some of this can be offset by E2 replacement.

8. Estrogen, the Extracellular Matrix and Cardiac Remodeling

Following injury such as myocardial infarction, the heart undergoes extensive adverse
remodeling. This is also seen in the pathologic (vs. physiologic hypertrophy with exercise or
pregnancy) hypertrophy associated with hypertension. Prevention or modification of this
pathologic hypertrophy can have significant benefits in terms of symptom relief and
potentially prolongation of survival. Estrogen has a significant and important effect on
myocardial hypertrophy and remodeling, which is just beginning to be understood.

MMPs and TIMPs

Fibrosis

Estrogen overall has been found to have an inhibitory effect on MMP expression, although
there is cell and tissue variation. In adult rat cardiac fibroblasts (9-11 week old Wistar rats),
E2 inhibited MMP-2 expression.(Mahmoodzadeh, Dworatzek, Fritschka, Pham, & Regitz-
Zagrosek, 2010) This effect was nongenomic, mediated by rapid signaling from ERa via the
MAP kinase pathway and ERK 1/2 to phosphorylate EIk1, which acted as a repressor of
MMP-2 transcription. The inhibition of MMP-2 transcription by E2 was blocked by ICI
182,780 and by PD98059. /n vivo E2 blocked MMP-9 activation, but not MMP-2 in a
cardiac volume overload model (aortocaval fistula) in 8 week old female SD rats with ovx
with and without E2 replacement.(Voloshenyuk & Gardner, 2010) E2 decreased the increase
in the TIMP-2/MMP-2 ratio in acute and chronic volume overload. Ovx with volume
overload was associated with decreased MMP-2 and ER expression as well as upregulation
of MMP-9 and MT1-MMP. E2 replacement also prevented perivascular fibrosis in the
volume overloaded ovx rats. However, in cultured human smooth muscle cells, derived from
an 11 mo old female, estrogen had no effect on MMP2 or MMP3 expression.(Natoli et al.,
2005) Overall these studies support that in adult models E2 inhibits MMP2 expression,
MMP9 activation and reduces fibrosis.

A number of studies have demonstrated that E2 ( 1 nM — 1uM ) can inhibit angiotensin 1
mediated neonatal cardiac fibroblast proliferation, and that this is blocked by the ER
receptor antagonist, 1C1182,780.(Zhou, Shao, Huang, Yao, & Lu, 2007; Pedram, Razandi,
O’Mahony, Lubahn, & Levin, 2010) Angiotensin Il treatment increased the synthesis of type
I and 111 collagen 5-fold, and this also was inhibited by E2.(Zhou et al., 2007) Ovx is
associated with increased ACE activity and AT{R binding densities.(Dean, Tan, O’Brien, &
Leenen, 2005) E2 replacement post ovx prevented these changes. Similarly, estrogen and
progesterone inhibited collagen deposition in cultured human smooth muscle cells.(Natoli et
al., 2005) Both also markedly increased elastin deposition. Likewise, in the volume
overloaded ovx rat heart, immediate E2 replacement was associated with decreased
perivascular fibrosis compared to ovx without replacement.(Voloshenyuk & Gardner, 2010)
Angiotensin Il and endothelin-1 activated TGF@ and stimulated the transition from cardiac
fibroblast to myofibroblast.(Pedram et al., 2010) Fibronectin, vimentin and collagens | and
I11 were produced. E2 or DPN, an ERB agonist, blocked these changes. Activation of cCAMP
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and PKA were important steps in preventing the transition to myofibroblast and activation of
cINK, a key element in fibrosis. Similar changes were found /n vivo where angiotensin Il
treatment in ovx mice led to cardiac hypertrophy and fibrosis, which could be inhibited by
E2 treatment of WT ovx mice, but not in the ERp KO ovx mice.(Pedram et al., 2010) Thus
loss of estrogen promotes increased Angiotensin Il and fibrosis.

Estrogen and Pathologic Cardiac Hypertrophy

Summary

Cardiac hypertrophy is more prevalent in males. WT, ERa and ERP knockout mice
underwent ovx with half receiving E2 replacement. E2 attenuated TAC (transverse aortic
constriction) induced cardiac hypertrophy in ERa-/-, but not in ERB —/— mice.(Babiker et
al., 2006) Reduction in TAC induced hypertrophy by E2 treatment had no effect on cardiac
function. Interestingly, uterine growth was blocked by ERa knockout, but not by ER
knockout. In WT and ERa, but not ERpB, knockout mice, E2 replacement blocked increased
phosphorylation of p38 and increased ANP expression, as well as reducing hypertrophy. In
studies of intact female mice (no ovx) vs. male mice, males had greater hypertrophy and
more heart failure 9 wks post TAC. TAC was associated with increased expression of matrix
and mitochondrial genes, and these changes were greater in males than females. ERp, but
not ERa, knockout, resulted in greater hypertrophy, including increased cardiac myocyte
diameter, in both males and females.(Fliegner et al., 2010) ERP knockout mice also had a
greater induction of pro-apoptotic genes, and this was more pronounced in males than
females.

Several recent studies have found that estrogen increases degradation of calcineurin via an
ER dependent pathway, and this pathway appears to be only activated by ERB(Pedram et al.,
2008;. Donaldson et al., 2009) E2 signaling targets calcineurin for increased degradation via
ubiquitination and the 26s proteasomal system. In calcineurin —=/— mice, E2 had no effect on
LV hypertrophy.(Donaldson et al., 2009) Loss of calcineurin removes downstream signaling
via the NFAT family of transcription factors, which are major targets of calcineurin,
suggesting that this may be a major pathway for the inhibition of hypertrophy by E2.

Overall, estrogen has been found to attenuate cardiac hypertrophy in numerous studies
ranging from human to mouse. E2 has positive effects on cardiac remodeling. Multiple
different studies indicate that ERB mediates the beneficial effects of E2 on ventricular

remodeling.

10. Mitochondria and Estrogen Receptors: Sighaling Role?

A number of studies indicate that estrogen may affect the cardiac mitochondria directly. In
addition to their presence in the nuclei and plasma membrane, ERa and ERp also localize to
the mitochondria of a number of cell types and tissues in both males and females. ERp has
been studied in a wider variety of cells, including rat primary cardiomyocytes.(Yang et al.,
2004; Simpkins, Yang, Sarkar, & Pearce, 2008; Pedram, Razandi, Wallace, & Levin, 2006)
The known actions of estrogen on mitochondria are predominately carried out by ER, and
most of the studies have focused on this receptor.
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Transcription of mitochondrial proteins, particularly those encoded in mitochondrial DNA
(mtDNA), can be regulated by ERB(Simpkins et al., 2008; O’Lone et al., 2007; Chen,.
Yager, & Russo, 2005) E2 treatment increases transcript levels of many mtDNA genes in
various cell types. In addition, electron transport chain activity and O, consumption are
increased with estrogen treatment.(Chen et al., 2005) In a trauma-hemorrhage model, E2
treatment led to increased complex 1V expression and activity, but not complex I.(Hsieh et
al., 2006b) As complex IV (cytochrome ¢ oxidase) is encoded by mtDNA while complex | is
encoded in nuclear DNA, this suggests that estrogen is effecting mitochondrial(mt) gene
transcription.

Nuclear respiratory factor (NRF)-1, a critical transcription factor for nuclear encoded
mitochondrial genes, has increased expression following E2 treatment. Expression of
mitochondrial transcription factor A (Tfam), a key mtDNA transcription factor, is modulated
by NRF-1. Increases in Tfam expression lead to increased transcription of mtDNA encoded
genes. These changes were blocked by ER antagonists, but not PI3K or MAPK inhibitors,
demonstrating that this regulation is mediated by activation of ERs by estrogen.(Mattingly et
al., 2008) Though this finding was in cancer cell lines derived from breast and lung, similar
findings are likely in other tissues. The presence of estrogen in female hearts (or 2 week pre-
treatment of males) caused increased phosphorylation and activity of aldehyde
dehydrogenase (ALDH) 2 as well as the phosphorylation of a-ketoglutarate dehydrogenase
(a.-KGDH) post I/R injury. ALDH2 metabolizes toxic ROS-generated adducts, while the
increased phosphorylation of a-KGDH is believed to reduce ROS production.(Lagranha,
Deschamps, Aponte, Steenbergen, & Murphy, 2010)

E2 has cardioprotective effects after injury, and much of this is likely mediated via the
mitochondria. E2 treatment prevented cytochrome c release from isolated heart mitochondria
subjected to high calcium levels.(Morkuniene, Jekabsone, & Borutaite, 2002) Similar results
were found in an isolated perfused heart study using global ischemia; in addition treatment
with E2 improved mitochondrial respiration and prevented DNA strand breaks.(Morkuniene,
Arandarcikaite, & Borutaite, 2006) In cultured neonatal myocytes, after hypoxia and
reoxygenation, E2 reduced apoptosis and attenuated ROS production by inhibiting p53
phosphorylation and translocation to mitochondria.(Liu et al., 2011) In global ischemia of
isolated perfused hearts, the benefits of estrogen (decreasing cytochrome c release, caspase
3-like activity and DNA strand breaks) were largely abolished by inhibition of protein kinase
G, though benefits also decreased with inhibition of Akt and NOS.(Morkuniene,
Arandarcikaite, Ivanoviene, & Borutaite, 2010) Estrogen protection in a trauma-hemorrhage
model was mediated via ERp, activation of which attenuated the reduction of cardiac
mitochondrial ATP, prevented lipid accumulation and normalized levels of a number of
proteins; of these, inhibition of PGC-1a abrogated the cardioprotective effects, via a Tfam
dependent pathway.(Hsieh et al., 2006a)

11. Estrogen, Ischemia and Cardiac Protection

There is a substantial literature demonstrating that estrogen can protect the heart from
ischemic injury and this has been the subject of several excellent reviews.(Deschamps,
Murphy, & Sun, 2010; Booth & Lucchesi, 2008; Ostadol, Netuka, Maly, Besik, &
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Ostadalova, 2009) Table I11 summarizes the results of many of the studies investigating
whether estrogen protects against cardiac injury. Both ERa and ERp have been shown to
mediate cardiac protection against ischemia/reperfusion injury through both knockout
models and the use of selective agonists (see Table I11).(Wang et al., 2006; Wang et al.,
2009; Deschamps et al., 2010; Zhai, Eurell, Cooke, Lubahn, & Gross, 2000; Booth,
Marchesi, Kilbourne, & Lucchesi, 2003) Recent work has identified a third, membrane
associated ER, G-protein-coupled estrogen receptor (GPER).(Deschamps & Murphy, 2009)
Activation of GPER with a selective agonist (G-1) reduced cardiac infarct size and improved
functional recover in a Langendorff model. GPER activated Akt and ERK 1/2, similar to
ERa.(Simoncini et al., 2000a) Although there is some disagreement, it appears that both
ERa and ERp activate PI3K, Akt and a protective, anti -apoptotic signaling cascade.(Wang
et al., 2009)

Estrogen and Protection in Trauma Hemorrhage

A single treatment of high dose estrogen has been found to reduce morbidity and mortality
in a male rat model of trauma.(Yu & Chaudry, 2009) Multiple variables including
inflammatory cytokine levels and heat shock protein levels are improved.(Szalay et al.,
2006) Furthermore, heme oxygenase (HO)-1 levels are increased via E2 activation of AKt.
(Hsu et al., 2009) In other work, female rats at peak estrus were found to have improved
morbidity and mortality with trauma.(Jarrar, Wang, Cioffi, Bland, & Chaudry, 2000) More
recently female patients less than 50, suggesting the presence of estrogen, have been shown
to have better outcomes and less complications than males of similar age following trauma.
(Frink et al., 2007) Such findings are intriguing, but a true randomized trial of single dose
estrogen treatment after trauma, such as studied extensively by Chaudry in the rodent model,
is needed to prove the value of this intervention.

12. Experimental Modelsand Issues

Aging and estrogen status are inexorably linked. Estrogen loss occurs with aging.
Menopause has onset on average at age 54, middle age in women, who generally are
expected to live into their 80’s (www.socialsecurity.gov). However basic estrogen research
predominantly uses adolescent models, for example 6-8 week old mice. The relevance of
these models to changes that occur with aging is questionable. Even elective ovx for medical
indications occurs most commonly in a middle aged population. Thus, it is important to
study models that address both aging as well as changes in estrogen.

A second issue is the knockout models. The first ERa and ERB knockout models were
created very early after the development of this powerful technique. The Chapel Hill ERa
knockout mouse, also known as the Lubahn model, has a residual splice variant or truncated
ERa(Couse et al., 1995). This splice variant has ER activity, and thus the ERa knockout is
incomplete. The Strasbourg ERa knockout mouse used later techniques, which resulted in
full deletion of ERa.. (Dupont et al., 2000) A colony of the Chapel Hill ERP knockout
mouse was transferred to the Karolinska Institute; these mice, while retaining the genetics of
the Chapel Hill mouse, demonstrated a different phenotype, while subsequently generated
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ERPB knockouts (Strasbourg and Wyeth) are very similar to the Chapel Hill mouse.(Harris,
2007) The various knockout models are summarized in Table IV.

Agonists and Antagonists

New Models

There are a number of selective ER agonists and antagonists. The most commonly used
agonists are PPT (4,4 ,4-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol), DPN (2,3-bis(4-
hydroxyphenyl)-propionitrile), and G-1 ((”)-1-[(3aR*,45*,9bS*)-4-(6-bromo-1,3-
benzodioxol-5-yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c] quinolin-8-yl]-ethanone) for ERa,
ERB, and GPER, respectively. ICI 182,780 (7a,17p-[9-(4,4,5,5,5-
pentafluoropentylsulfinyl)nonyl]estra-1,3,5(10)-triene-3,17-diol) is one of the most
commonly used ER antagonists; it was developed as an anti-estrogen, but has been found to
act as an antagonist for ERa and ERB while as an agonist for GPER.(Meyer, Baretella,
Prossnitz, & Barton, 2010) Antagonists for individual receptors include MPP (1,3-bis(4-
hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride),
THC ((R,R)-5,11-diethyl-5,6,11,12-tetrahydro-2,8-chrysenediol) and the recently developed
G15 (4-(6-Bromo-benzo[1,3]dioxol-5-yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolone).
For most compounds however, GPER selectivity hasn’t been studied. In addition there are
the various SERMs. The two most frequently used in studies are tamoxifen and raloxifene.
The activity of these compounds as agonists and antagonists, including which receptor is
affected, is dependent on the tissue. All of these common agonists and antagonists have a
fairly high selectivity for one isoform over the other. These are usually the most selective
compounds, though they are frequently not the most potent. The most commonly used
agonists and antagonists, particularly those that have been used /n vivo, are summarized in
Table V. A comprehensive review of ER (ant)agonists from a medicinal chemistry standpoint
has been written by Veeneman.(Veeneman, 2005)

Non -surgical Ovary Shut-off-4-vinylcyclohexene diepoxide (VCD), which acts as an
ovotoxin selective for primary and primordial follicles, treatment leads to ovarian failure as
the mature follicle population is depleted through natural cycling.(Mayer et al., 2002; Van
Kempen, Milner, & Water, 2011) This model is proposed to better mimic human menopause
as the estrogen levels in the body decline gradually (simulating perimenopause) over several
months while leaving the ovaries intact. A potential disadvantage of this model is the time
taken to reach full menopause — approximately 110 days after the end of the 15 day
treatment period. Studies thus far have been primarily in rodents, though cynomolgus
macaques have also been demonstrated as a useful model.(Appt et al., 2006) Mice treated
with VCD are commercially available from Jackson Laboratory (JAX VCD-Induced
Menopause). Cardiovascular investigations using the VCD model have been very limited.
Lesion development following a high cholesterol diet has been studied, and it was similar in
OVX and VCD-treated mice; estradiol treatment was more effective at reducing lesion size
in VCD-treated mice than OV X.(Mayer, Dyer, Eastgard, Hoyer, & Banka, 2005) This is a
more natural model of menopause, but given the months it takes to reach menopause with
VCD treatment, the costs to using this approach could be prohibitive. An excellent review of
the strengths and weaknesses of the VCD model has been recently published.(Van Kempen
etal., 2011)
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12. Summary

Estrogens are complex hormones with pleiotropic effects. E2 is the most potent estrogen
found in humans. Two ERs regulate the nuclear responses to E2, leading to significant
changes in gene expression. Essential non-nuclear responses to E2 include eNOS activation
with increased production of NO and activation of a cardio-protective signaling cascade
including Akt and MAP kinases. Late estrogen replacement, similar to recent clinical trials,
increased expression of inflammatory genes and those involved in early stages of
atherosclerosis. E2 has a major impact on the vasculature, influencing vascular function,
expression of adhesion proteins and the inflammatory state. Aging and estrogen loss are
closely linked and lead to impaired vascular function, which can be improved with E2
replacement. E2 has a wide range of effects on the heart, including preventing apoptosis and
reducing damage in settings of cardiac ischemia and reperfusion. Retrospective analyses of
heart failure databases have suggested a gender benefit with longer survival in heart failure
patients, but more rigorous primary investigations are needed to prove this point. On the
other hand, more basic work into gender differences and estrogen in heart failure has led to
some novel findings. E2 can protect both isolated cardiac myocytes and the intact heart from
ischemia-related injury. In isolated aged cardiac myocytes, estrogen loss is associated with
increased expression of inflammatory cytokines and increased susceptibility to ROS. After
injury, such as myocardial infarction or hypertension, the heart undergoes pathologic
remodeling, which leads to deleterious effects on cardiac function. E2 has an inhibitory
effect on this adverse remodeling and the salutary effects of E2 appear to be mediated
primarily through ERp. Estrogen has numerous beneficial effects on the mitochondria
including increased mitochondrial gene transcription and increased activation of proteins
involved in ROS removal. Basic investigations of the use of a single pharmacologic dose of
E2 for protection against injury have had intriguing results, suggesting another route by
which estrogen can be beneficial.
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Abbreviations

CEE conjugated equine estrogen

DPN Dipropylnitrile, an ERB agonist

E2 17p-estradiol, the most potent form of estrogen
ER Estrogen receptor

HRT hormone replacement therapy

HSF heat shock factor

HSP heat shock protein

HUVECs Human umbilical vein endothelial cells
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mt mitochondria
NB Norway brown rat strain

NRF-1 Nuclear respiratory factor 1

ovX ovariectomy or ovariectomized

ROS reactive oxygen species

sGC soluble guanylyl cyclase

SHR spontaneously hypertensive rat strain
TAC transverse aortic constriction

Tfam mitochondrial transcription factor A

VSMCs vascular smooth muscle cells
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Estrogen Receptors

ERa ERB GPR30?

Localizes to PM, cyt, mito, nuc Localizes to PM, cyt, mito, nuc Localizes to PM
In PM localizes to caveolae Activates PI3K, AKT, MAP kinase Cardioprotective
Palmitoylated pathway
Co-localizes with eNOS Protects against injury
Activates eNOS Cardioprotective
Activates PI3K, AKT, MAP kinase Inhibits cardiac fibrosis

pathway Inhibits pathologic cardiac
Protects against injury hypertrophy
Cardioprotective Increase mito gene transcription

Inhibits VSMC proliferation
Inhibits increase in medial thickness

Figurel.

Summary of key known functions of the ER. GPR30’s status as an estrogen receptor remains
unresolved. PM -plasma membrane; cyt -cytosol; mito -mitochondrion; nuc -nucleus.
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Genomics Changes With Ovariectomy

"2 |

Young Adult Heart Aged Heart
4 calpain 4 Capase 3/9
4 Fibronectin A Fibronectin
AMMP9 AMADD
4 iNOS | MMP9
4 LDL Receptor | sGC
A L-selectin A TNF
A TNF
Figure 2.

>

Aged Heart Late E2
Replacement

'T‘Caspase 6

T cb11b

FEMAP

4 Fibronectin

1iNOS

4 MADD

A STAT3

'T‘TNF — protein level only

Key genomic changes with ovariectomy in adult heart, aged heart, and aged heart with late
estrogen replacement. Increased TNF in aged heart with late replacement only seen at

protein level.
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Nitric Oxide

T eNoOs
NO
P Relaxation
/rFlow-induced arteriole dilation E2
Atherosclerosis

‘ JLDL
/ AHDL
l'Adhesion molecules

¢Monocyte adhesion

Vascular Function & Inflammation

| Constriction to phenylephrine
J ROS
| Inflammatory cytokines

Figure 3.
Summary of major effects of E2 on vasculature.
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Genomic Changes Heart Failure
{ Adhesion molecules E2 P survival?
| Inflammatory cytokines  CRT response

Gender vs.
E2 effect

s \ | ),
- N

Ischemia/Infarction Cardiac Hypertrophy/Remodeling

JIschemia/Injury

Fibrosi
fCardiac rupture V Fibrosis

ik Pathologic hypertrophy

J Necrosis
J'Apoptosis Mediated through
J ROS calcineurin
degradation?
Figure 4.

Summary of key cardiac effects of E2. Questions remain with regards to the effect of gender
vs. estrogen on heart failure. Inhibition of fibrosis and pathologic cardiac hypertrophy is
thought to be mediated through ERp leading to calcineurin degradation.
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Summary of identified differences between ERa and ERp actions in cardiovascular system.

Table |

ERa

ERB

Activates eNOS in adult endothelial cells

Activates eNOS in embryonic cells

Prevents VSMC proliferation

Inhibits anti-proliferative effects of ERa in diabetes

No effect on pathologic cardiac hypertrophy

Reduces pathologic cardiac hypertrophy

Mitochondrial gene expression effect unknown

Regulates mitochondrial gene expression
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Summary of the most common and selective ER agonists and antagonists.

name agonist for antagonist for
PPT ERa

16a-LE, ERa

DPN ERB

8B-VE, ERB

ERB-041 (WAY-202041) | ERpB

WAY-202196 ERB

WAY-200070 ERB

G-1 GPER

ICI 182,780 GPER ERa, ERB
ICI 164,384 ERa, ERB
Fulvestrant ERa, ERB
MPP ERa
(R,R)-THC ERa (weak) | ERB

G15 GPER
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