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Abstract Before menopause, a woman has a relatively
low risk for developing cardiovascular disease. After
menopause, however, the risk increases nearly twofold and
cardiovascular disease remains the number one cause of
death among women. Observational trials and studies in
animal models of cardiovascular disease suggested that
females have reduced injury after myocardial ischemia and
reperfusion injury. However, two large clinical trials, the
women’s health initiative (WHI) and the heart estrogen and
progestin replacement study (HERS), found an increase in
cardiovascular incidences in women taking hormone
replacement therapy. The discrepancy between these data
highlights the need for further research on the mechanism
of estrogen in the cardiovascular system. Animal studies
have demonstrated protective effects by endogenous
estrogen (gender differences) and also by the administra-
tion of exogenous estrogen. In vivo studies suggest a
possible anti-inflammatory mechanism of estrogen. Exog-
enous estrogen has been shown to have anti-oxidant
activities. Pre-treatment with estrogen prior to myocardial
ischemia and reperfusion causes a decrease in neutrophil
infiltration into the irreversibly injured myocardium,
decrease in C-reactive protein expression, and deposition
of the membrane attack complex. This review will sum-
marize the protection afforded by estrogen as well as
discuss several possible mechanisms of protection for
exogenous estrogen administration.
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Introduction

Cardiovascular disease (CVD) is the number one cause of
death among women. On average, women develop car-
diovascular disease 10-15 years later in life than men and
the risk of CVD increases more than twofold after meno-
pause. This observation lead to the speculation that the
decrease in estrogen associated with menopause is
responsible for the increase in cardiovascular disease,
osteoporosis, and the decline in both cognitive and sexual
function. The observed increased risk in cardiovascular
disease correlates to the decrease in estrogen levels during
menopause. This, in addition to the fact that estrogen is
both a cardioprotective agent and an immune modulator,
strengthens the belief that estrogen has a potential role in
the prevention of CVD. Early observational studies, such as
the Nurses’ Health Study, demonstrated estrogen’s ability
to reduce the risk of heart disease [8] as well as improve
blood lipid levels [74] and other surrogate markers [112] in
menopausal women. However, the randomized clinical
trials with hormone therapy that followed were neutral or
even harmful in the ability of estrogen to prevent primary
or secondary cardiovascular disease. Several factors may
play a role in the discrepancy between the initial obser-
vational studies and the later randomized clinical trails.
These factors include the age and level of pre-existing
disease of patients at the initiation of therapy.

Despite the disappointing outcomes of the clinical trials,
there is extensive experimental evidence that estrogen has
beneficial effects on the cardiovascular system, particularly
in myocardial ischemia-reperfusion injury, atherosclerosis,
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and arrhythmia [21, 49, 113]. The remainder of this review
will focus on the actions of endogenous and exogenous
estrogen on myocardial reperfusion injury.

Overview of Myocardial Reperfusion Injury

Acute myocardial infarction with extensive irreversible
tissue injury occurs in response to an extended period of
reduced regional myocardial blood flow. A prolonged
ischemic event results in permanent loss of function and
cell death. The return of blood flow within a critical time
period is capable of maintaining cell viability, which pro-
vides the justification for early interventions designed to
restore blood flow and myocardial perfusion. Undeniably,
restoration of blood flow is necessary to reverse the pro-
gression of cell death and to maintain tissue viability. The
reintroduction of oxygenated blood to previously ischemic
tissue can paradoxically cause irreversible cellular damage
and depressed myocardial function. Reperfusion also elicits
a deleterious inflammatory response against host tissue,
which is mediated by free radicals, neutrophils, comple-
ment activation, and multiple mediators of inflammation.
The term “reperfusion injury” is defined as the conversion
of reversibly injured cells to a state of irreversible injury
resulting from reintroduction of oxygenated blood to an
ischemic area [82]. Several agents, including free-radical
scavengers and inhibitors of the immune system, have been
shown to protect the heart from injury after reperfusion.

Estrogen Biology

Estradiol (E2) is a steroid hormone involved in the regu-
lation of a wide array of processes, including normal cell
growth and development, tissue-specific gene regulation,
reproduction, sexual development, behavior, stress
response, bone integrity, neuroprotection, and cardiovas-
cular health [24, 85, 110]. Initially, it was thought that E2
was a metabolic cofactor until the discovery of the first
specific estrogen receptor (ER), now known as ERa [46]. A
second receptor subtype, ERf3, also exists and may play a
role in the cell specific actions of estrogens [63]. The
expression patterns of ERa and ERf and the receptor dis-
tribution differ throughout the body, suggesting that each
has a distinct role in ER pharmacology [24, 62].

Genomic and Non-genomic Effects

The ligand-dependent genomic mechanism of ER action is
the defining element of the nuclear steroid/thyroid receptor
superfamily to which E2 belongs. The binding of estrogen
to the ER induces a conformational change in the receptor
that causes ER activation. These changes include receptor

phosphorylation on serine and tyrosine residues, dissocia-
tion from the 90-kDa heat shock protein (hsp90), and
subsequent ER dimerization. The ERa and ERp can either
homodimerize or heterodimerize to generate distinct
functions. The ER dimer then binds with high affinity to
the estrogen response element (ERE), a specific regulatory
DNA sequence present in the promoter of target genes
[110]. The DNA-bound receptors contact co-activators or
co-repressors depending on the cellular environment and
can exert either positive or negative effects on the
expression of downstream target genes.

Although the ER is classically a ligand-dependent
transcription factor, many of the effects of estrogen treat-
ment cannot be explained by the genomic scheme of
action. It is apparent that the receptor also modulates the
activity of intracellular second messengers, membrane-
associated receptors, and signaling complexes, which may
enhance the classic activity of the ER. Non-genomic
actions of E2 have been described in several model systems
and include changes in Ca®" flux [124], mitogen activated
protein kinase (MAPK) activation [57], and activation of
the PI3K-AKT pathway [83]. These effects are believed to
be mediated by estrogen receptors, possibly the classical
ER, located in or close to the plasma membrane [20].
Evidence for the presence of a membrane bound estrogen
receptor has been shown with estrogens rendered mem-
brane-impermeant by conjugation to albumin [95],
fluorescent labeled membrane-impermeant estrogen con-
jugates [81], and overexpression of the receptor [89].
Antibodies directed against various regions of the nuclear
ERa are reported to react with a protein in the plasma
membrane of cells [81]. Transfection of cells with cDNA
for both ERa and ERf demonstrated that both receptor
subtypes may be expressed (although significantly less than
in the nucleus) in the plasma membrane [89].

Despite abundant data now supporting responses to
estrogen through membrane-localized receptors, it is not
currently known if the classical estrogen receptor or a
closely related protein transduces these rapid estrogen
signals. Several reports have detailed the identification of
putative membrane ERs, which are distinct from nuclear
ERs [70] other investigators have demonstrated localiza-
tion of nuclear ERs at membrane sites [23, 66]. Recent
evidence has demonstrated the involvement of the orphan
G protein-coupled receptor GPR30 in estrogen-induced
transactivation suggesting that this may be a novel mem-
brane ER [90]. The G protein Gol was reported to facilitate
ERa-eNOS coupling and E2-stimulated eNOS activation in
both transfected cells and endothelial cells [122]. In cells
transfected with ERa and eNOS, both proteins associated at
the membrane in a caveolin-1-dependent manner [20]. A
variant form of ER, ER46, has been shown to translocate to
the caveolar fraction in response to E2 in endothelial cells
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[68]. Palmitoylation has been shown to be critical for
membrane localization and rapid signaling for both the
mutant ER46 and ERa [1, 2, 68] and the rapid signaling
responses are reduced when palmitoylation is blocked or
the critical palmitoylation sites in ERa are mutated [2].
Taken together, these observations suggest that there may
exist cellular membranous receptor/binding sites for
estrogens that are responsible for their acute non-genomic
actions.

Estrogen’s Effects in Ischemia-Reperfusion Injury
and Possible Mechanisms

It is known that estrogen has favorable effects on some risk
factors related to the development of atherosclerosis and
cardiovascular disease. Although there is a tendency to
increase plasma triglyceride levels [116], in postmeno-
pausal women, HRT also reduces levels of low-density
lipoprotein (LDL) and increases levels of high-density
lipoprotein (HDL) [120]. Following HRT, plasma lipid
levels are altered so that they are again identical to those of
pre-menopausal women who have a lower rate of CVD
[76]. Estrogens have also demonstrated beneficial effects in
animal models of cardiovascular disease. Estrogen
administration decreases the levels of collagen production
in rabbits [39], and has a favorable effect on insulin
resistance [43]. When monkeys were treated with conju-
gated equine estrogen (CEE), an increase in coronary artery
vasodilation was observed [117] and a reduction was seen
in the accumulation of cholesterol in the atherosclerotic
vessels [3]. Furthermore, estrogen treatment inhibited bal-
loon-mediated intimal thickening in the rat carotid artery,
suggesting protective actions of estrogen on vascular cells
[58]. Acute and chronic E2 administration reduces infarct
size after an ischemic insult [14, 16, 86].

Studies with knockout animals have given insight into
the function of the estrogen receptors in various cardio-
vascular diseases. It has been shown that administration of
estradiol blocks cardiac hypertrophy in mice and that ERf,
but not ERa, was required for this protection [98]. ERf
knockout mice also have a higher mortality after MI than
wild-type mice [84]. In addition, studies by Forster et al.,
have reported that ERf knockout mice exhibit a cardiac
phenotype similar to human hypertensive cardiomyopathy
[40]. It has been suggested that ERx may play a role in
reperfusion injury by improving NO release, attenuating
calcium accumulation, and preserving mitochondria [123].
Studies with the ERx agonist PPT also suggest that acti-
vation of this receptor decreases the inflammatory response
to reperfusion injury leading to protection [16]. Although
knockout mice and receptor subtype-specific agonists have
aided in understanding the complex nature of estrogen in
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Fig. 1 Possible mechanism of myocardial protection after E2
treatment

the cardiovascular system, we still do not have a full
understanding of how the receptors interact to cause pro-
tection. Several possible mechanisms of estrogens
protection are listed below and outlined in Figure 1. The
exact mechanism or mechanisms by which estrogen redu-
ces tissue injury is unknown.

Sex Differences in Reperfusion Injury

Results from animal studies have suggested a gender dif-
ference in reperfusion injury without the addition of
exogenous estrogen. Female isolated perfused rat hearts
had smaller infarcts than male after global ischemia [6]. In
contrast to these studies, other studies using both in vivo
and ex vivo models of myocardial reperfusion injury did
not demonstrate a difference between male and female
hearts [69, 94]. Although these studies did not demonstrate
a gender difference in wild-type animals, females showed a
decrease in reperfusion injury under conditions of
increased contractility and/or increased cellular calcium
[25, 26, 28]. It has been suggested that the inconsistencies
regarding protection observed in females compared to
males may be related to the level of contractility between
the different models. The protection may relate to the
ability of the female heart to reduce calcium loading during
ischemia and reperfusion, as it is known that elevated
calcium levels increase reperfusion injury [102]. It was
found that hearts from intact females have a lower
expression of fl-adrenergic receptor compared to oopho-
rectomized females, which may cause a reduced calcium
overload and protect the hearts from injury [27]. A
reduction in calcium overload can also explain the reduc-
tion in injury compared to males when the hearts are in a
hypercontractile state. In fact, female transgenic hearts
overexpressing the plasma membrane sodium—calcium
exchanger and WT hearts treated with isoproterenol have
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been shown to have less calcium loading [26]. These data
suggest that estrogen reduces calcium loading, such that
there is less of an increase in intracellular calcium during
ischemia and reperfusion, which results in less injury. One
possible mechanism for estrogen’s action is that increased
calcium in hearts of intact females causes an increase in
NOS and results in increased S-nitrysolation of the L-type
calcium channel resulting in a decrease in intracellular
calcium entry during ischemia and reperfusion [79, 105].

Addition of Exogenous Estrogen

In addition to sex differences in the response to reperfusion
injury, studies have also demonstrated the protective
effects of exogenous estrogen on the heart after ischemia
and reperfusion [14, 69]. In contrast to previous studies,
gender difference in response to exogenous estrogen was
not observed when male and female rabbits were treated
with 17 S-estradiol 15 min prior to in vivo coronary artery
ligation. In this study, a reduction in infarct size was
observed in both sexes [50]. Pretreatment of male rabbits
with estradiol prior to in vivo coronary artery ligation
significantly reduced infarct size [29]. The observed pro-
tection appeared to be mediated by activation of the
mitoKATP channel as pretreatment with a mitoKATP
channel inhibitor prevented the infarct size reduction
afforded by estradiol. Similarly, our laboratory has dem-
onstrated that treatment of oophorectomized rabbits with
20 pg of B-estradiol 30 min before in vivo coronary artery
occlusion reduced infarct size compared to vehicle treated
animals [14, 16]. The observed protection was demon-
strated to require activation of the estrogen receptor and the
results suggest that estrogen protects the myocardium,
in part, by reducing the inflammatory response that is
activated during reperfusion. Specifically, we have dem-
onstrated the ability of exogenous estrogen to inhibit
neutrophil infiltration into the area at risk, C-reactive pro-
tein (CRP) deposition, and deposition of the membrane
attack complex (MAC). Similar studies have implicated
estrogen’s anti-inflammatory action as a mechanism for the
protection observed in myocardial reperfusion injury as
outlined below.

Estrogens Action on the Inflammatory System

Inflammation is recognized to be an important component of
the pathophysiology of myocardial ischemia [71]. In the
heart, the inflammatory response is produced not only by
invading macrophages, but also in the cardiomyocytes
[73, 108] and methods to inhibit the inflammatory response
might protect the myocardium after ischemia and reperfu-
sion [107]. Estrogen can act on multiple immune processes
including lymphocyte and monocyte development, dendritic

cell function, T cell responses, and cytokine regulation [65].
Estrogen can elicit a response by acting directly on the ER
in inflammatory cells or via activation of the ER and
subsequent activation of second messenger systems in
endothelial cells.

Antioxidant

Oxidant stress is one of the stimuli for production of
inflammatory cytokines and upregulation of adhesion
molecule expression. Differences in antioxidant levels with
endogenous estrogen or estrogen replacement following
menopause could lead to differences in inflammatory
response after acute injury. There is a sudden increase in
free radical production during ischemia and reperfusion. In
studies using in vivo models of myocardial ischemia and
reperfusion, E2 was shown to decrease hydroxyl radical
production and decrease lipid peroxidation [21]. In vitro
studies demonstrated an estrogen-mediated reduction in
superoxide anion production from coronary artery seg-
ments after hypoxia and reoxygenation [60]. Possible
mechanisms for the antioxidant effect of estrogen include
increased levels of superoxide dismutase in cardiac myo-
cytes. Hearts from female animals are reported to have an
increase in superoxide dismutase compared with males
until ovariectomy when the levels decrease to a value
significantly lower than intact animals [7].

Prostaglandins

Prostaglandins (PGs) are short-lived lipid-derived autac-
oids with diverse biological functions in many systems,
including the immune system and cardiovascular systems.
Prostaglandins have been implicated in several diseases,
one of which is cardiovascular disease. [5]. Cyclooxygen-
ase [58], the enzyme that synthesizes prostaglandins, is
expressed in two isoforms, COX-1 and COX-2. COX-1 is
constitutively expressed in most tissues and synthesizes
PGs to maintain physiological function [34], whereas
COX-2 is inducible in response to pro-inflammatory
stimuli and cytokines, which results in increased PG levels
[114]. Recently, there has been accumulating evidence that
COX-2 has anti-inflammatory properties, specifically in the
mononuclear cell dominated phase of inflammation [42]. It
is also well known that COX-2 activation is required for
both the early and late phases of ischemic preconditioning
[5, 12]. The importance of COX-2 in the cardiovascular
system was highlighted in the Vioxx™ gastrointestinal
outcome research trial in which the rate of myocardial
infarction was greater for patients taking rofecoxib than the
non-selective COX inhibitor naproxin [13, 56]. Recent
results call attention to the importance of estrogen-medi-
ated COX-2 activation by demonstrating the requirement
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of ERo-dependent increases of PGI, production for ath-
eroprotection in female mice [36].

Nuclear Factor kappa B (NF-kB)

Nuclear factor kappa B (NF-xB) has been shown to be
involved in both the early and late stages of inflammatory-
proliferate processes [109]. Activation of NF-xB during
ischemia and reperfusion induces the transcription of genes
encoding proteins, such as cytokines, chemokines, and
adhesion molecules, all of which are important mediators
of reperfusion injury. The functional interaction, or “cross
talk,” between the estrogen receptor and the pro-inflam-
matory transcription factor NF-«xB has been demonstrated
both in vitro and in vivo and is suggested to play a role in
estradiol’s reduction in cardiovascular disease [38, 52, 99].
The anti-inflammatory activity of estradiol has been
attributed, in part, to the interference of NF-xB activity.
Inhibition of NF-xB by estradiol requires activation of the
estrogen receptor and has been reported to occur through
multiple mechanisms, including direct protein-protein
interactions [87, 103], inhibition of NF-xB DNA binding
[33, 88], induction of IxB expression [106], or via coacti-
vator sharing [52, 99].

Cell Adhesion Molecules

Leukocyte accumulation in the jeopardized myocardium
has been suggested to amplify tissue damage following
ischemia by producing cell activation of the myocytes and
by releasing cytotoxic substances, such as thromboxane A2
[22], oxygen free radicals [72], and platelet activating
factor [18]. Adhesion molecules also serve an important
role in the localization and development of an inflamma-
tory response to tissue injury. Intracellular adhesion
molecule-1 (ICAM-1) expression is enhanced by several
inflammatory mediators, including interleukin-1 (IL-1) and
tumor necrosis factor alpha (TNF-o), and serves as an
adhesive molecule for neutrophils. Estrogen decreased
serum and macrophage TNF levels and decreased ICAM-1
expression in the myocardium after coronary artery
occlusion and reperfusion [100]. This led to decreased
leukocyte accumulation and smaller infarcts in the estra-
diol-treated group. Other studies have shown that estrogen
decreases neutrophil accumulation after myocardial ische-
mia and reperfusion [32].

C-Reactive Protein and the Membrane Attack Complex

CRP is one of the best-characterized biomarkers of car-
diovascular risk. CRP levels are an independent predictor
of risk for future CV events [41, 96]. This protein is
secreted by hepatocytes in response to interleukin 6 (IL-6)

and tumor necrosis factor a (TNF-a;). CRP may also act as a
pro-coagulant by inducing the expression of the monocyte
tissue factor that plays an important role in atherosclerosis
[77]. CRP activates the complement cascade, the compo-
nents of which have been implicated in early stages of
atherogenesis and are mediators of myocardial damage
after ischemia and reperfusion. CRP colocalizes with
complement components in atherosclerotic lesions of
human coronary arteries [111] as well as in human
infarcted myocardium [78]. It has been suggested that
hormone replacement therapy in postmenopausal women is
associated with an increased inflammatory response that
may trigger acute cardiovascular events. This suggestion is
based on the findings of elevated CRP levels after HRT.
However, recent findings show that although there is an
increase in CRP associated with HRT, other plasma
markers of inflammation are reduced, suggesting that
increased CRP levels following oral HRT might be related
to metabolic hepatic activation and not to an acute-phase
response [96]. Moreover, the increase in CRP does not
occur in women using transdermal HRT [31]. Recently, E2
has been linked to the inflammatory response in that acute
treatment inhibits the deposition of CRP and the MAC in
rabbit hearts subject to ischemia and reperfusion [16].

Overview of Observational and Clinical Trials—Does
Hormone Replacement Therapy Provide Protection
Against Cardiovascular Events?

Observational and Clinical trials were utilized to determine
the effectiveness of estrogen replacement on the prevention
of cardiovascular disease. The trials presented divergent
data and raised more questions than they answered. Several
factors play a role in the discrepancy between observa-
tional trials and the clinical trials. The results of three trials
as well as some reasons for the inconsistencies are dis-
cussed below.

The Nurses’ Health Study

The Nurses’ Health Study is one of the longest prospective
investigations of hormone therapy and CHD incidence. The
study began in 1976 when 121,700 nurses aged between 30
and 55 completed a mailed questionnaire about their
postmenopausal hormone use and medical history,
including cardiovascular risk factors [47, 48]. The infor-
mation was updated in biennial follow-up questionnaires.
Type and dose of hormone used were recorded as well as
first occurrences of nonfatal myocardial infarction, fatal
coronary disease, and fatal or non-fatal stroke. A 20-year
follow-up study suggested that women who take estrogen
are less likely to develop CHD than women who do not
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take estrogen. Importantly, the follow-up study demon-
strated an association between menopause and initiation of
hormone therapy. The results suggest that women who
initiate hormone therapy near the beginning of menopause
receive benefits and beginning therapy at longer intervals
since menopause may be associated with less cardiovas-
cular benefits.

Heart and Estrogen/Progestin Replacement Study
(HERS)

One of the first large-scale studies to determine the cardio-
protective role of estrogen replacement after menopause
investigated the ability of hormone replacement therapy
(HRT) to prevent secondary coronary events. The Heart and
Estrogen/Progestin Replacement Study (HERS) [54] was a
randomized trial involving nearly 3,000 postmenopausal
women who had a history of coronary artery disease. The
mean age of the participants was 66.7 years and the women
were treated with either placebo or combination hormone
therapy (0.625 mg of conjugated estrogen (CEE) and
2.5 mg of medroxyprogesterone acetate (MPA)). Despite a
favorable effect of hormone therapy on lipid levels, no
significant differences in primary outcome (cardio vascular
deaths or nonfatal myocardial infarction) or secondary
outcome (stroke, peripheral artery disease, congestive heart
failure, unstable angina, or resuscitated arrest) were noted
after a 4-year follow-up. Surprisingly, in the first year of
treatment, it was found that more women in the hormone-
treated group suffered coronary events despite the decrease
in cardiovascular events during years 4 and 5. At the com-
pletion of the study, HERS investigators found no overall
benefit for HRT after menopause.

The HERS II study was undertaken primarily to deter-
mine if the apparent decrease in the risk of CAD observed
in the later years of the HERS trial persisted or became
more marked resulting in overall benefit. The follow-up of
the HERS cohort was extended with women voluntarily
continuing treatment for a total (HERS and HERS II) of
almost 7 years [45]. The study showed no evidence of
overall benefit for any cardiovascular outcome with the use
of hormone replacement therapy. These findings gave
additional support to the recommendations that postmen-
opausal hormone therapy should not be used for the
purpose of reducing risk for CAD events in women with a
history of disease [75].

Women’s Health Initiative (WHI)

The Women’s Health Initiative (WHI) [92] was a primary
prevention study that administered combination hormone
therapy (CEE and MPA) or unopposed estrogen to healthy
postmenopausal women. Four years after the conclusion of

HERS, the combination treatment arm of the WHI was
terminated prematurely due to an increased incidence of
breast cancer and trends toward a worsening of cardio-
vascular events. At the 5-year follow up, patients on the
combination treatment had a higher occurrence of stroke,
cardiac events, thromboembolic events, and invasive breast
cancer compared to the placebo group. These harmful
outcomes far outweighed the benefits of a decrease in hip
fractures and colon cancer.

The estrogen alone arm, consisting of 10,739 women
who had hysterectomies, did not show the same adverse
effects as the combination treatment and was determined
safe to continue [55]. As in the combination arm, the
hypothesis was that estrogen treatment would reduce the
risk of cardiovascular events. Although the increase in
cardiovascular disease in the first year of treatment was less
pronounced, the estrogen alone arm of the study was
stopped almost 1 year before the predicted end date. None
of the pre-defined stopping boundaries had been reached.
The increase in stroke, however, outweighed the ability to
obtain more data about the potential beneficial outcomes in
the 50-59-year-old group [55].

Potential Factors Responsible for the Clinical Trial
Outcomes

Age and Pre-existing Disease

The major difference between the observational and clin-
ical trials is the age of the patients at initiation of hormone
replacement. Patients in the observational trials generally
start therapy early in menopause, whereas patients enrolled
in the clinical trials began therapy long after menses had
ended. The mean age of menopause in the US is 51 years.
The ages of patients in the Nurses’ Health Study ranged
from 30 to 55 years and most of the members who used
hormone replacement within 2 years of menopause. In
contrast, the mean age of the patients enrolled in the WHI
and HERS was 63 and 67 years, respectively, and most of
the women had been post-menopausal for several years
before beginning hormone therapy.

The fact that HRT did not confer cardioprotective
effects in the recent randomized controlled trials may be
explained by the fact that atherosclerosis and vascular
remodeling is an age-dependent process and the delay in
initiation of therapy may have influenced the outcome
[104]. If this is the case, HRT may be beneficial in younger
women before plaque complication begins. In fact, the
subgroup of women in the youngest decade (aged 50-59)
appeared to respond to hormone replacement more favor-
ably than older women. Only one clinical outcome was
significantly lower in the HRT group. This is possibly due
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to lower disease incidence in a younger population, but
larger trials with younger participants must be performed to
determine if there is a clear effect with replacement ther-
apy. Experimental studies further support an age-dependent
effect of estrogen inhibition on cardiovascular protection.
Non-human primate studies have demonstrated the
importance of timing of treatment and status of athero-
sclerosis. Estrogen replacement therapy (ERT) and HRT
have been shown to be effective in inhibiting the early
stage atherosclerosis but much less effective in inhibiting
more advanced atherosclerosis (advanced plaques) [4,
118]. Based on these findings, the subjects in HERS may
have received no benefit from HRT because of the
advanced stage of their atherosclerosis at the time that HRT
was initiated. It is possible that the results from these trials
may not apply to a HRT regimen initiated early in the
menopause or during the peri-menopause.

Type of Estrogen and Route of Administration

The type of estrogen used in the clinical studies may also
affect the outcome. Both the HERS and WHI used conju-
gated equine estrogen, which is a mixture of steroids
extracted from pregnant mare urine. The exact composition
of CEE is unknown, but the principal active ingredients are
sodium estrone sulfate, sodium equilin sulfate, and sodium
170-dihydroequilinenin. The major endogenous form of
estrogen is estradiol. After menopause, women lose the
major ovarian hormone estradiol and the level of estrone,
which is produced primarily in the peripheral tissues, and
remains the same. CEE does not replace estradiol. Both
estradiol and CEE are estrogens; however, estradiol and
CEE differ chemically and the pharmacological properties
of these estrogens vary and may influence the outcome of
studies evaluating the effects of hormone replacement [35].
The estrogens in CEE have different binding affinities for
estrogen receptors (ERs), selectivity for ER subtypes, and
agonist activities for ERs compared with estradiol [35].
CEE and other estrogens may not mimic the cardiovascular
protective effects of estradiol because of the different
pharmacological actions of estradiol and CEE on the car-
diovascular system.

Because CEE is given orally, while estradiol is often
administered transdermally to humans and subcutaneously,
intravenously, or in release pellets to animals, it is possible
that the differences in outcome between CEE and estradiol
are related in part to the route of administration. The
importance of the route of administration is demonstrated
by the fact that CEE administered orally increases the
circulating levels of C-reactive protein, a protein upregu-
lated during the acute phase response to injury. However,
when CEE is administered via a transdermal patch, CRP
levels remain unchanged [31]. Although it is possible that

other forms or routes of administration could be more
beneficial, this must be demonstrated in disease end point
trials before any hormone treatment regimen can be rec-
ommended for disease prevention. However, the
observational studies demonstrating the benefits of estro-
gen primarily involved the oral use of conjugated equine
estrogen. Therefore, although the type of estrogen and
route of administration may play a small role, it is likely
not the primary contributor to the adverse effects observed
in the clinical trials.

Progestin in the HRT Regimen

The WHI trial suggests that estrogen alone provides
potential advantages over the estrogen/progestin combina-
tion for treating postmenopausal women. Estrogen alone
had only one or two adverse outcomes (increased stroke
and probably pulmonary embolism), whereas the combi-
nation therapy had four adverse outcomes (increased
stroke, pulmonary embolism, CHD, and breast cancer)
[55]. However, it is important to note that estrogen alone
produced no overall benefit in the global index. A possible
reason for the greater number of adverse effects seen in the
population of women treated with combination therapy
than treated with estrogen alone is the addition of proges-
terone to the hormone regimen. In the 1980s it was
recognized that postmenopausal estrogen treatment was
causing endometrial cancer, which could be prevented by
antagonizing estrogen with a progestin [44]. It was deter-
mined that when conjugated equine estrogen was combined
with medroxyprogesterone acetate (MPA), the benefits of
estrogen, mainly the retention of favorable lipid effects,
were preserved and this particular regime has become the
most widely used combination in the United States [120].

There are a variety of experimental studies outlining the
effects of the addition of progestin to the estrogen regimen.
The findings are controversial in that some demonstrate
that progestin inhibits estrogen’s effects and others support
the fact that progestin has no adverse effect on estrogen
treatment when added to estrogen therapy. MPA has been
shown to attenuate estrogen-mediated inhibition of bal-
loon-mediated intimal thickening in the rat carotid artery
[67]. In primate studies, the addition of MPA abolished the
protective effects of unopposed CEE on atherogenesis [4]
and inhibited acetylcholine induced vasodilation by 50%
[117].

Contrary to the above studies, it has also been shown
that when combined with a progestin, estrogen is still able
to positively effect coronary vasodilation [21] or the
decrease in LDL levels [115] and infarct size [93]. The
significant amount of data on both sides indicates that the
addition of the progestin MPA may affect the cardiovas-
cular response to estrogen treatment. However, the addition
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of progestin to the treatment regimen was not the only
reason hormone replacement failed to provide cardiovas-
cular protection as evidenced by the fact that the
unopposed estrogen arm of the WHI was terminated.

Alternatives to Traditional Hormone Replacement
Therapy

Although experimental models of hormone replacement
have demonstrated a definite benefit of estrogen on the
cardiovascular system, the adverse effects associated with
long-term treatment limit its clinical use. Efforts to
understand the mechanisms governing estrogen’s protec-
tive effects after ischemia and reperfusion have yielded
several possible strategies to reduce tissue injury after
estrogen loss. Two possible therapies to specifically target
cardiovascular protection are currently under investigation:
the selective estrogen receptor modulators (SERMs) and
the pathway selective ER ligands. The cardiovascular
actions of some SERMs are listed in Table 1.

Selective Estrogen Receptor Modulators (SERMs)

SERMs are steroidal or non-steroidal compounds that
activate estrogen receptors in target tissues while inhibiting
receptors in others to target the protective effects of
estrogen [91]. The ideal SERM would exhibit agonist
activity in the heart, bone, and brain without activating
receptors in the breast and uterus. The SERMs currently
approved for human use are clomophene for management
of infertility in women [11], tamoxifen and toremifene for

Table 1 Selective estrogen receptor modulators and cardiovascular
effects

SERM Clinical indication Cardiovascular actions
Clomiphene Ovulatory CV effects unknown
dysfunction
Raloxifene Osteoporosis Lower LDL cholesterol
Neutral effect on CV events in
clinical trials
Tamoxifen Breast cancer Decrease LDL cholesterol

Reduce incidence of acute MI
or angina

Improve endothelial function

Reduce carotid artery intima-media
thickness

Reduce ischemic damage after

cerebral ischemia
Toremifene Breast cancer Reduce serum LDL cholesterol
Raise serum HDL cholesterol

Lower serum triglycerides

the treatment of breast cancer [80], and raloxifene for the
treatment and prevention of postmenopausal osteoporosis
[97].

Tamoxifen is perhaps the best known SERM and is used
as an adjuvant therapy for breast cancer [80]. Recent
clinical trials using tamoxifen in a breast cancer prevention
trial have suggested its estrogen-like cardioprotective
properties. Tamoxifen was shown to reduce the incidence
of acute MI or angina [17], improve endothelial function
[101], and reduce carotid artery intima-media thickness
[101] in postmenopausal women. Animal models of
tamoxifen therapy have demonstrated a reduction in
ischemic damage after cerebral occlusion [61] and a
decrease in the progression of atherosclerosis [119].
Tamoxifen has its drawbacks for long-term use, namely,
the increased risk of venous thromboembolic events in
women with conventional risk factors for atherosclerosis
[30] as well as an increased risk of endometrial cancer in
women on tamoxifen therapy [121].

Toremifene was originally developed because it was
thought to have fewer toxic effects than its parent tamox-
ifien [53]. Few clinical trials have been conducted with
toremifene. It has demonstrated that cardiovascular effects
similar to those observed with Tamoxifen reduce serum
LDL cholesterol levels, but, unlike tamoxifen, toremifene
modestly raises serum HDL cholesterol levels and lowers
serum triglyceride levels [64]. The risk for stroke and
pulmonary embolism may be less for toremifene than
tamoxifen [53].

Originally developed for breast cancer, raloxifene is
currently prescribed for the prevention and treatment of
osteoporosis. As with tamoxifen, raloxifene has been
studied in several clinical trials. Raloxifene treatment had a
neutral effect on cardiovascular event outcomes in the
MORE trial [37], but was found to have a positive effect on
a subset of women at high-risk for cardiovascular disease
[9]. However, raloxifene was shown to have no overall
benefit in women at high risk for cardiovascular disease
after a 5-year follow-up of the raloxifene use in the heart
(RUTH) trial [10].

Pathway Selective Estrogen Receptor Ligands

Another way of taking advantage of estrogen’s beneficial
effects is to selectively target the non-genomic effects of
estrogen receptor activation, one of which is the ability to
inhibit the activity of nuclear factor kappa B (NF-xB) [5—
8]. Estrogen’s anti-inflammatory action is attributed to
inhibition of NF-xB activity [15, 16] in animal models of
inflammatory disease such as arthritis [59]. Pathway-
selective ER ligands are non-steroidal compounds that
would retain the anti-inflammatory function of estrogen
receptor activation while devoid of conventional estrogenic
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activity. The pathway selective ER ligand WAY-169916 is
a non-steroidal ER-dependent inhibitor of NF-xB tran-
scriptional activity. Although it inhibits the expression of a
range of inflammatory proteins that are expressed after NF-
kB activation, WAY-169916 lacks estrogenic activity such
as the stimulation of uterine proliferation [19]. Addition-
ally, this compound has proved to be effective in reducing
myocardial infarct size after ischemia and reperfusion [15,
51]. Compounds such as WAY-169916 lack classical
estrogenic effects; it and others in its class may be thera-
peutically useful in the preventive management of
cardiovascular disease in post-menopausal patients while
avoiding the unwanted side effects.

Conclusions

Although the clinical trials provided important conclusions
regarding the treatment of post-menopausal women with
hormone replacement therapys, it also raised many questions
regarding the effects of hormone therapy on younger women
without existing cardiovascular disease. These trials have
provided the framework for future studies in the field of
hormone replacement to better determine the mechanism by
which estrogen protects the cardiovascular system as well as
the most appropriate time to treat after menopause.

There is compelling evidence to suggest a role for
estrogen in modulating the immune system and protecting
the myocyte after ischemia and reperfusion injury. Estro-
gen responses are diverse and depend on the type of
estrogen administered, the binding affinity of the estrogen
to the two known estrogen receptors as well as possible
membrane targets, the age at which hormone replacement
is initiated, and the inhibitory effects of other concurrently
administered therapeutic interventions (such as selective
and non-selective COX-2 inhibitors). A number of ques-
tions must still be addressed in this constantly evolving
field. The Kronos Early Estrogen Prevention Study
(KEEPS) was designed to answer two of the unresolved
questions: (a) early initiation of hormone replacement and
(b) the route of administration. This is a multi center, 5-
year, randomized, double-blind, placebo-controlled clinical
trial that will evaluate the effectiveness of oral CEE and
transdermal estradiol in preventing progression of athero-
sclerosis in recent post-menopausal women.

The understanding of the molecular mechanisms of
estrogen will be the basis of new pharmacological devel-
opments to prevent the deleterious effects of exogenous
estrogen while preserving the desired responses. The
design of selective estrogen receptor modulators that pre-
vent breast cancer and cardiovascular disease while
maintaining bone mass is a challenge for the future of
menopause treatment.
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