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Abstract
Purpose of review—Premenopausal women have a lower risk and incidence of hypertension
and cardiovascular disease (CVD) compared to age-matched men and this sex advantage for
women gradually disappears after menopause, suggesting that sexual hormones play a
cardioprotective role in women. However, randomized prospective primary or secondary
prevention trials failed to confirm that hormone replacement therapy (HRT) affords
cardioprotection. This review highlights the factors that may contribute to this divergent outcome
and could reveal why young or premenopausal women are protected from CVD and yet
postmenopausal women do not benefit from HRT.

Recent findings—In addition to the two classical estrogen receptors, ERα and ERβ, a third, G-
protein-coupled estrogen receptor GPR30, has been identified. New intracellular signaling
pathways and actions for the cardiovascular protective properties of estrogen have been proposed.
In addition, recent Women’s Health Initiative (WHI) studies restricted to younger postmenopausal
women showed that initiation of HRT closer to menopause reduced the risk of CVD. Moreover,
dosage, duration, the type of estrogen and route of administration all merit consideration when
determining the outcome of HRT.

Summary—HRT has become one of the most controversial topics related to women’s health.
Future studies are necessary if we are to understand the divergent published findings regarding
HRT and develop new therapeutic strategies to improve the quality of life for women.
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Introduction
Cardiovascular disease (CVD) is the leading cause of death in the United States and differs
significantly depending on age and sex. Observational studies have demonstrated that both
the incidence of CVD and resultant morbidity and mortality are much less in premenopausal
women compared to age-matched men, and this sex advantage for women becomes far less
or disappears with increased age and reduced estrogen levels after menopause [1–4].
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Observational studies also show that postmenopausal women who receive hormone
replacement therapy (HRT) have a lower rate of CVD and cardiac death than those not
receiving HRT [5,6]. However, two randomized prospective primary or secondary
prevention trials, the Women’s Health Initiative (WHI) [7] and the Heart and Estrogen/
Progestin Replacement Study (HERS I and II) [8,9], showed that HRT may actually increase
the risk and events of CVD in postmenopausal women. The reasons for this paradoxical
characterization of HRT as both beneficial and detrimental remain unclear. Many potential
factors may contribute to the adverse outcome, among them the age of patients, preexisting
CVD and/or risk, when HRT was initiated, the type of HRT given (conjugated equine
estrogen with progestin), dosage, and the thromboembolic properties of estrogen and
progestin [6,10–13]. Overall, the use of HRT has become one of the most controversial
topics related to women’s health, making it all the more urgent to clarify whether estrogens
(and/or HRT) prevent or promote CVD, as well as the mechanism(s) involved.

Sex differences in cardiovascular disease
Blood pressure is typically lower in premenopausal women than men; however, after
menopause it increases to levels similar to or higher than age-matched men [2,4].
Approximately 75% of women over 60 years of age are hypertensive [14]. Comparison of
cohorts from the National Health and Nutrition Examination Survey (NHANES) III (1988–
1994) with NHANES IV (1999–2002) showed that over the time period from 1994 to 2002,
the percentage of hypertensive patients decreased among men but increased among women
[15]. Indeed, the percentage of individuals with uncontrolled hypertension was also higher
in women than men (55.9 ± 1.4 vs. 50.8 ± 2.1%), despite the fact that a higher percentage of
women than men reported having their blood pressure measured within the previous 6
months [15]. It is not clear why hypertension is less well controlled in women than men
despite more frequent blood pressure monitoring, but this observation suggests the
mechanism(s) responsible may differ in men and women.

Premenopausal women also have a much lower incidence and prevalence of heart and renal
disease compared to men of the same age [4,16–18]. This sex difference in favor of women
also gradually disappears after menopause, indeed cardiovascular risk becomes even higher
in older women [3,19]. Although it has been debated whether the loss of cardiorenal
protection in postmenopausal women is related to aging, loss of female hormones or both,
substantial studies indicate that reduced levels of ovarian hormones constitute a major risk
factor for development of CVD [1,4,16,17,20]. The recent Nurse’s Health Study [21•] and
the WISE Study [22], as well as others [23], have demonstrated that early menopause in
young women due to ovarian dysfunction or bilateral oophorectomy is associated with
increased risk of CVD compared to women with normal endogenous estrogen levels. In
animal models of CVD, females exhibited a lower mortality, less vascular injury, better
preserved cardiovascular function and slower progression to decompensated heart failure,
the differences being narrowed or abolished by ovariectomy or deficiency of endogenous
estrogen [24••,25–27].

Endogenous estrogen may have a cardioprotective effect in men as well. In men, significant
amounts of estrogen can be produced via conversion of C19 androgenic steroids to 17β-
estradiol by the enzyme aromatase. In healthy young men inhibition of aromatase lowers
plasma 17β-estradiol, and is associated with decreased flow-mediated dilatation of the
brachial artery [28]. Similarly, aromatase knockout mice demonstrated impaired endothelial
function [29]. Supplemental estrogen in men attenuated volume overload-induced structural
and functional remodeling [30] and slowed the progression of left ventricular dysfunction to
heart failure post-myocardial infarction (MI) [31]. Taken together, the evidence suggests
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that the differences in cardioprotection between men and women may be attributable largely
to the protective effect of estrogen in women.

Cardioprotective mechanisms of estrogen
Two classical estrogen receptor subtypes, ERα and ERβ, have been identified in the heart
and vasculature [32,33]. The long-term effects of estrogen may be mediated by both ERα
and ERβ through alteration of gene expression and protein synthesis (genomic action) [34],
whereas the rapid nongenomic effect of estrogen may involve calcium-mediated activation
of endothelial nitric oxide synthase [35], cGMP and intracellular signal transduction
pathways [32,33] (Fig. 1). Recently, a third membrane-bound and G-protein-coupled
estrogen receptor (GPER), GPR30, has been identified. In addition to estrogen, other
hormones/factors such as progestin, genistein and estrogen antagonist/selective estrogen
receptor modulators (SERMs) tamoxifen and ICI 182780 have been shown to act as GPR30
ligand; however, their affinity to GPR30 is 10-fold to 100-fold less than estrogen [36].
Studies have demonstrated estrogen acting via GPR30 and transactivation of epidermal
growth factor receptors (EGFR) inducing rapid signal transduction, including activation of
MAP kinase (MAPK), protein kinase A (PKA) and PI3 kinase (PI3K) [36]. In the heart,
activation of GPR30 with the specific agonist G1 reduced ischemia/reperfusion injury and
preserved cardiac function acting through PI3K-dependent Akt pathways [37••], suggesting a
cardioprotective role of this newly defined estrogen receptor (Fig. 1).

There are other recently discovered mechanisms by which estrogens could provide
cardioprotection. Estrogen has been shown to increase expression of superoxide dismutase
and inhibit NADPH oxidase activity, thereby reducing oxidative stress [26,32,38]. Estrogen
acting via ERβ increases protein S-nitrosylation, a common post-translational protein
modification, leading to cardioprotection [39]. Inflammation is considered a key element in
the pathogenesis of hypertension, atherosclerosis and development of coronary heart disease
(CHD), and estrogen has been reported to reduce inflammatory markers [32,40]. Estrogen
also attenuates afterload- or agonist-induced cardiac hypertrophy via inhibition of
calcineurin, hypertrophic transcription factor NF-AT, and MAPK signaling pathways [41].
In addition, estrogen has a profound antiapoptotic and pro-survival effect on cardiomyocytes
via activation of Akt and inhibition of caspase-3, GSK-3β [42], p38α-mediated p53
phosphorylation, and JNK1/2-mediated NF-κB activation [43] (Fig. 1). Moreover, estrogen
has been shown to promote endothelial progenitor cell mobilization [44] and enhance
mesenchymal stem cell-mediated vascular endothelial growth factor (VEGF) release
[45,46•], improving endothelial and myocardial functional after ischemia.

Hormonal replacement therapy
Observational studies have suggested that HRT decreases the risk of CVD and reduces
mortality in postmenopausal women with heart disease [5,47]. However, large-scale clinical
trials, the HERS I and II [8,9] and WHI [7], showed an unfavorable outcome of HRT on
CVD risk and events. So far, we know of no good explanation as to why young or
premenopausal women are protected from CVD and yet postmenopausal women do not
benefit from HRT. The controversy over the risks and benefits of HRT in primary
prevention of CVD continues, and much of the debate has focused on the age of
postmenopausal women enrolled in these trials, when HRT is initiated, duration of the
replacement, dosage and the form of estrogen used [6,10–13].

Age and timing of hormonal replacement therapy initiation
In most observational studies, women started HRT around the time of menopause (which
occurs on average at 51 years), whereas the WHI trials examined postmenopausal women
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ranging from 50 to 79 who began HRT at an average age of 63.3 years; 67% of them were
60–79 years of age, and 73% of this aged population had never received HRT. Presumably
many of them already had atherosclerotic plaques and thus were predisposed to thrombosis.
These preexisting conditions, even subclinical, may have had a profound impact on the
outcome of HRT use, when the goal was primary prevention. Indeed, the later published
‘Coronary Artery Calcium Study’ (WHI-CACS) [48], that was restricted to postmenopausal
women aged 50–59 years, showed that HRT initiated in these younger women reduced
coronary artery calcification and the prevalence of subclinical CHD. Furthermore, a
secondary analysis of the WHI data set [49] showed that women who began HRT closer to
menopause tended to have a reduced risk of CVD. More recently, a cohort study with long-
term follow-up showed that women who underwent bilateral ovariectomy before age 45 had
increased cardiovascular mortality, and this risk was significantly lowered by treatment with
estrogen through age 45 or longer [23]. In monkeys, starting HRT in early menopause
reduced coronary artery atherosclerosis by about 50–70%, whereas delaying initiation of
HRT for 2 years (about 6 years in human terms) blunted this protection [50]. Taken together,
these studies support the hypothesis that estrogen therapy may have a cardiovascular benefit
when initiated early after the onset of menopause.

There is evidence that atherosclerosis involves an ongoing inflammatory response, which is
more profound during the early years of menopause [40,51,52]. Cytokine production has
been shown to increase in the early years following menopause but thereafter declines to
within the premenopausal range [52,53•]. Estrogen reportedly reduces interleukin (IL)-1,
IL-6, IL-18, C-reactive protein, tissue necrosis factor (TNF)-α and increases macrophage
colony-stimulating factor, a cytokine that lowers plasma cholesterol levels by enhancing
clearance of low-density lipoprotein [53•,54–56]. Thus since inflammatory responses are
higher in early postmenopause while absence or reduction of endogenous estrogen may
accelerate the progression of atherosclerosis, the timing of HRT with respect to onset of
menopause may have important ramifications regarding its efficacy in preventing or
delaying the progression of atherosclerosis and CVD. Alternatively, some of the WHI data
may be explained by the fact the HRT has been shown to increase indicators of
inflammation, such as TNF-α [53•]. Future studies will be necessary to ferret out the
contribution of HRT to inflammation in postmenopausal women at various ages.

Duration of hormonal replacement therapy
Re-analysis of the WHI data set [49] shows that younger postmenopausal women given
relatively short-term HRT (<10 years) tended to have reduced risk and incidence of CVD,
but this protection gradually disappeared in succeeding years. It is reported that short-term
HRT (2–3 years) reduced CVD mortality by 30%, associated with significantly reduced
severity of atherosclerotic lesions [57]. Klaiber et al. [58] studied the effect of HRT on
serum estradiol levels in women soon after menopause (average 12.9 months) vs. a long
time after menopause (average 78 months) and found that estradiol was 46% higher after
long duration HRT. It is known that some of the adverse effects of estrogen, such as
increased breast and endometrial cancer and venous thrombosis, correlated positively with
plasma estradiol levels; however, the cardiovascular consequences due to HRT-induced
excessive increase in plasma estradiol are not well established and need further
investigation.

Dosage
Most clinical trials use only one dose of estrogen (0.625 mg conjugated equine estrogen,
CEE) plus one dose of progestin (2.5 mg medroxyprogesterone acetate, MPA). Choice of
CEE dosage is largely based on data from prospective studies showing that it takes at least
0.625 mg/day to significantly increase bone mineral density. However, it is not clear
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whether this is an appropriate dosage for preventing or reducing CVD risk. In a prospective
study [5], 0.3 mg/day decreased major coronary events in women compared to untreated
controls, whereas 0.625 mg or more CEE combined with progestin increased the risk of
stroke. Genant et al. [59] and Villa et al. [60•] showed that low-dose estrogen slightly
increased plasma estradiol but improved endothelial function and lipid profile without
endometrial hyperplasia, while higher doses increased plasma estradiol two-fold to three-
fold and were associated with endometrial hyperplasia. Unfortunately, they did not examine
the dose effect of estrogen on vascular calcification and risk of CVD. In monkeys fed an
atherogenic diet, 0.3 mg CEE reduced coronary artery atherosclerosis comparable to the
standard dose [61]. We recently reported that in mice with intact cardiac function or
myocardial infarction, low-dose estrogen tended to be cardioprotective whereas at higher
doses that increased plasma estradiol beyond the physiological levels, estrogen increased
mortality, worsened cardiac function and caused severe damage to the kidney, including
hydronephrosis, severe albuminuria, renal tubular dilatation and glomerulosclerosis. High
dose of estrogen also caused ascites, hepatomegaly and fluid retention in the uterine horns
[62•,63••]. High doses of estrogen also raised testosterone significantly, although the
mechanisms by which estrogen replacement increases testosterone are not clear. Taken
together, it is rational to speculate that estrogen dosage may have a significant impact on its
outcome on the heart, vasculature and kidney.

Estrogen only vs. standard hormonal replacement therapy
It has been questioned whether the adverse effect of HRT on thromboembolism is
attributable to the presence of progestin. It is reported that CEE doubled flow-mediated and
endothelium-dependent vasodilatation in postmenopausal women and this effect was
reversed by MPA [64]. In estrogen-deficient cynomolgus monkeys fed high-fat diet, CEE
reduced coronary artery plaque formation and this effect was abolished by MPA [65]. The
WHI-CACS survey showed that CEE alone significantly reduced coronary artery
calcification [48]. In women with hysterectomy, CEE reduced CHD by 44% in younger
postmenopausal women (50–59 years), although no overall cardiovascular protective effects
were evidenced [66].

The ongoing Kronos Early Estrogen Prevention Study (KEEPS) [67••], a prospective,
randomized and placebo-controlled multicenter trial, is designed to determine the effect of
oral CEE or transdermal 17β-estradiol with or without progestin on atherosclerosis and
coronary calcification in women within 3 years of menopause. KEEPS is expected to
provide valuable information on timing, route and protocols of HRT for prevention of CVD
in women.

Conclusion
Whether estradiol protects women from CVD is still unknown. Studies in women previous
to the HERS I and II and the WHI and many animal studies suggested that indeed both
estradiol and HRT protected women from CVD via various mechanisms. The fact that
premenopausal women have a lower incidence of CVD than men also implicates the sex
steroids in women as playing a role in this protection. If that is true, we then need to
determine why aging in women prevents HRT from being as effective in protecting against
CVD as endogenous estradiol and progesterone. Are there age-related changes in estrogen
receptors, intracellular signaling, or genomics that alter the response to HRT in older
postmenopausal women? What role do increases in androgens unopposed by estrogens in
postmenopausal women play in mediating CVD? In addition, what role does obesity –which
is reaching epidemic proportions in perimenopausal and postmenopausal women – play in
mediating the response to HRT? Future studies will be necessary to answer these important
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questions and lead to more effective therapeutic strategies to improve the quality of life for
women following menopause.
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Key points

• The fact that young or premenopausal women are protected from cardiovascular
disease and yet postmenopausal women do not benefit from HRT has made
HRT one of the most controversial topics related to women’s health.

• Age, time of initiation, duration of replacement therapy, dosage, route of
administration and presence or absence of progestin all need to be taken into
consideration.

• Future studies are needed to clarify whether agerelated changes in estrogen
receptors, intracellular signaling, or genomics alter the response to HRT in older
postmenopausal women.

• New and more effective therapeutic strategies are urgently needed to improve
the quality of life for women.
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Figure 1. Possible mechanisms responsible for estrogen-mediated vasodilatation, renal and
cardiovascular protection
The multifaceted mechanisms of estrogen involve (a) acting on estrogen receptor-α (ERα)
and ERβ to reduce synthesis of NADPH oxidase and increase synthesis of endothelial nitric
oxide synthase (eNOS) and superoxide dismutase (SOD), thereby decreasing superoxide and
increasing NO production and bioavailability (genomic effect); (b) rapidly activating eNOS
via a calcium-mediated mechanism(s) without altering gene expression (nongenomic effect),
leading to NO/cGMP release and vascular relaxation; (c) activating Akt via MAP kinase
(MAPK)–PI3 kinase (PI3K) pathways, reducing apoptosis and enhancing cell survival and
(d) reducing NF-κB activation/translocation via p38α-mediated p53 phosphorylation and
JNK1/2-mediated signaling pathways, inhibiting chemokine/cytokine transcription and
decreasing inflammation. In addition, estrogen acts on the membrane-bound and G-protein-
coupled estrogen receptor (GPER) GPR30 associated with transactivation of epidermal
growth factor receptors, which induces rapid signal transduction, including activation of
MAPK, protein kinase A (PKA) and PI3K, leading to cardiovascular protection.
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