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Abstract Before menopause women are protected against cardiovascular disease 
morbidity and mortality, relative to age-matched men. After menopause cardiovas-
cular disease mortality rises sharply in women to match or exceed levels in men. A 
higher rate of cardiovascular mortality is seen in women who experience menopause 
at an early age which supports the idea that cardiovascular risk is primarily driven 
by ovarian failure and not age. While the dramatic shift in cardiovascular disease 
risk is associated with the loss of estrogens in menopause, there are multiple biolog-
ical and sociological phenomenon driving the threat. Shifts in adipose patterning, 
vasomotor symptoms and the damage to endothelial function, along with increased 
levels of inflammation, are all postmenopausal changes that pose threats to cardio-
vascular health. The inequitable treatment of women with cardiovascular disease 
compounds biological hazards, as does a lack of education and training for women’s 
cardiovascular health. Estrogen replacement therapy offers some potential benefits 
for postmenopausal women but the knowledge gaps in our understanding of how 
estrogens impact cardiovascular health specifically, and postmenopausal well-being 
generally, limits its use. Research into the cardiovascular impact of menopause, the 
mechanisms of estrogen replacement therapy, and improved training for healthcare 
professionals could improve the health of post-menopausal women. 
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Introduction 

Prior to menopause, women are relatively protected against cardiovascular disease, 
as evidenced by a lower incidence of cardiovascular disease morbidity and mortality 
when compared to men of the same age [1]. However, protection against cardiovas-
cular disease is starkly diminished in women after menopause, as seen by the sharp 
rise of cardiovascular mortality later in life that matches or exceeds levels reported 
in the male population [2]. Despite the relative protection enjoyed by premenopausal 
women against cardiovascular disease mortality, cardiovascular disease in general— 
and ischemic heart disease specifically—is the leading cause of death of women 
globally [3–5]. 

The reasons for increased cardiovascular disease mortality in women after 
menopause are poorly understood. There are, however, a number of biological and 
sociological risk factors that change or emerge after menopause that contribute to 
this phenomenon. The rise in cardiovascular mortality reported in postmenopausal 
women is not explained by any single risk factor and is likely the result of interactions 
between several of these elements. 

This chapter will outline the physiological changes that occur during menopause, 
provide mechanisms to explain the biological basis for the postmenopausal rise in 
cardiovascular mortality, and discuss sociological factors that compound biological 
risk. 

Setting the Stage: Defining Key Elements of Menopause 

(a) Menopause 

Menopause is a physiological process that typically occurs over several years and 
results in a decline in ovarian function and the end of menstrual cycles. Some women 
experience iatrogenic menopause following the surgical removal of the ovaries or 
ovarian failure in association with chemotherapy, radiation therapy, or other medical 
treatments. The removal of ovaries (oophorectomy) in association with hysterec-
tomy was once a relatively common occurrence, but current guidelines recommend 
retaining the ovaries unless there are medical concerns, such as a genetic risk of 
ovarian cancer [6, 7]. The onset of menopause is defined as the time 12 months after 
the final menstrual period as a result of ovarian follicle depletion, or at the time of 
bilateral oophorectomy [8]. 

Natural menopause can take up to 10 years to occur [9], with a mean age of onset 
of 51 years of age. However, age of menopause is impacted by a wide range of factors 
including genetics [10, 11]; diet and exercise; socio-economic status; and ethnicity, 
giving rise to variations across the world [12]. In much of the world the expanded 
life expectancy now means that women spend more than one-third of their lives in a 
postmenopausal state.
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Menopause is more than a transition into a post-reproductive phase: it impacts 
health and quality of life. Estrogens—a key group of hormones produced by the 
ovaries—affect systems in the body beyond the reproductive organs, including bone, 
brain, adipose, muscle, blood vessels, and heart. The ovarian estrogens also regulate 
estrogen production by extragonadal tissues like adipose. The decline in circulating 
estrogens creates an imbalance with other hormones and regulatory factors in the 
body including testosterone and glucocorticoids, whose actions are normally coun-
tered by estrogens. Overall, the loss of estrogens and hormonal homeostasis creates 
a physiological environment that is associated with an increased risk for a number of 
health conditions including dementia, obesity, osteoarthritis, cardiovascular disease, 
and sarcopenia [13]. 

(b) Perimenopause 

A standardized set of criteria developed by ‘The Stages of Reproductive Aging 
Workshop+ 10’ (STRAW+10) has divided the menopausal transition into 4 periods: 
late reproductive phase, early menopausal transition, late menopausal transition, and 
early postmenopause [8]. The postmenopausal stage has historically garnered the 
most attention in terms of research and medical interventions because of the rise in 
health conditions associated with this phase. Although the postmenopausal period 
is when most health conditions associated with menopause overtly manifest, the 
groundwork for risks is likely set much earlier, during the early and late menopausal 
transitions, more commonly referred to as “perimenopause”. 

Perimenopause is broadly defined as a period of irregular menstrual cycles 
coupled with amenorrhea that describes the time between the reproductive stage and 
menopause [8]. Early menopausal transition starts when women experience persis-
tent differences in their menstrual cycle duration of 7 or more days. Cycle variability 
increases and there are periods of amenorrhea which last 60 days or more in the late 
menopausal transition. Perimenopause is completed at the end of a 12-month period 
of amenorrhea. In total, perimenopause can have a normal duration of 2–8 years [14]. 

Perimenopause is not simply a smooth and gradual decline in ovarian hormones. 
It is marked by highly variable and increasing levels of follicle stimulating hormone 
(FSH), as well as low levels of antimüllerian hormone (AMH) [9]. Perhaps the 
most well-known hormonal change in perimenopause are decreasing but punctuated 
levels of 17β-estradiol [8]. FSH levels rise up to 6 years before menopause and the 
decline in estrogens does not start until 2 years before the final menstrual period 
[15, 16]. Circulating levels of testosterone do not change significantly during the 
perimenopausal phase, but the declining levels of estrogens produces an imbalance 
between estrogens and androgens that creates a state of relative androgenic excess 
[17]. 

(c) Early/Premature Menopause 

Menopause typically does not occur until middle age, an age that also corresponds 
with an increased cardiovascular disease risk in men. Because ageing is a risk factor 
for cardiovascular disease, it is difficult to quantify how much of the increased risk
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seen in postmenopausal women is a natural process of ageing and how much is the 
consequence of ovarian failure. 

The case for ovarian involvement is evident in women who experience early 
menopause or premature ovarian insufficiency. Early menopause is defined as an 
onset that occurs before age 45, and premature ovarian insufficiency results in 
menopause before 40 years of age. These conditions affect 12 and 4% of women, 
respectively [18]. Meta-analyses of observational studies found premature ovarian 
insufficiency is associated with an increased rate of cardiovascular disease gener-
ally, and ischaemic heart disease specifically [19–21]. A review of 32 observational 
cohort, case–control, and cross-sectional studies including 310,329 women shows 
early menopause creates a higher risk of coronary heart disease and cardiovascular 
disease mortality, but not stroke [22]. Zhu and colleagues reported a similarly tight 
relationship between early and premature menopause with coronary heart disease, 
but they also report an elevated risk of stroke in women who enter menopause earlier 
than expected [20]. Overall, the data clearly show an elevated risk for cardiovascular 
disease development and mortality in women who experience either early menopause 
or premature ovarian insufficiency, compared to women of a similar age. 

Hormone replacement therapy studies show cardiovascular disease development 
is reduced when women with premature ovarian insufficiency are treated until the 
typical age of menopause [23, 24], supporting the argument that the loss of ovarian 
function is a critical risk factor for cardiovascular disease. A review of 15 observa-
tional studies across 5 countries reported women with premature or early menopause 
who used hormone therapy for more than 10 years had a reduced risk of cardiovas-
cular disease compared to women who did not [20]. Recommendations published 
in the Journal of Obstetrics and Gynaecology Canada recommend “women with 
premature or early-onset menopause appear to be at an increased risk of adverse 
cardiovascular outcomes, and this risk may be prevented by the use of menopausal 
hormone therapy until the average age of menopause” [25]. 

Together, these studies uncouple the risk of cardiovascular disease development 
in postmenopausal women from ageing, and establish a link between the decline in 
ovarian estrogen production and risk factors for cardiovascular disease. These data, 
coupled with studies demonstrating an ability of estrogen replacement to mitigate 
some cardiovascular disease hazard, make a strong case for a key role of ovarian 
failure in the increased rate of cardiovascular disease seen in postmenopausal women. 

Emergence of Risk 

The physiological changes that accompany menopause create a favourable environ-
ment for the development of cardiovascular disease and co-morbidities that worsen or 
promote cardiovascular illness. Diabetes [26, 27], hypertension [28, 29], and dyslipi-
demia [30] are among the co-morbidities observed at higher rates in postmenopausal 
women. Metabolic syndrome, which is characterized by increased abdominal obesity, 
insulin resistance, elevated blood pressure, and increased inflammation, is more
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prevalent in women after menopause [31, 32]. These comorbidities exacerbate injury 
associated with cardiovascular events like myocardial infarction and complicate the 
clinical management of patients, giving rise to higher adverse events and mortality 
rates. How they arise is a reflection of the diverse impact estrogens have on the body 
and the systematic effects of menopause. 

(a) Adipose 

Regional adiposity is a risk factor in cardiovascular disease. The loss of estrogens 
coupled with a relative increase in androgens after menopause creates a hormonal 
milieu in which body fat distribution is altered in women [33, 34]. Premenopausal 
adipose distribution is primarily subcutaneous in the gluteofemoral region and is 
associated with a lower risk of metabolic diseases and other pre-cursors to cardiovas-
cular disease [35–37]. After menopause, there is a shift towards an increase in visceral 
storage of adipose [38, 39]. A key role for the location of adipose deposits in deter-
mining risk of disease was demonstrated in a study of normal weight postmenopausal 
women that showed visceral obesity was associated with increased mortality, but 
increased subcutaneous levels were not [40]. The adjustment in adipose distribu-
tion towards higher levels in abdominal and intraperitoneal regions more closely 
resembles the male pattern of adipose distribution and creates an elevated risk for 
cardiovascular risk factors like diabetes [41], and cardiovascular conditions such as 
hypertension [41] and coronary artery disease [42]. 

Sex differences in adipose patterning has long been known, but the mech-
anisms underlying shifts in adipose deposition with menopause remains poorly 
understood. There is emerging evidence for interactions between sex steroids and 
the adipose microenvironment to drive the alterations in adipose distribution that 
follow menopause. Abildgaard and colleagues reported menopause is associated 
with metabolic dysfunction in visceral and subcutaneous adipose [43]. Both visceral 
and subcutaneous adipose showed adipocyte hypertrophy, increased inflammation, 
hypoxia, and fibrosis, while visceral adipocytes exhibited a decrease in insulin sensi-
tivity. Subcutaneous adipose tissue dysfunction causes an inability to store fats in this 
location and creates a spill-over that is taken up by visceral adipose. Price et al. previ-
ously speculated that a decline in circulating progesterone coupled with increased 
production of estrone in the gluteofemoral region decreases lipoprotein lipase activity 
regionally and explains the decreased ability to store fats in this adipose site [44]. 
After menopause, the visceral adipose tissue is the primary source of estrogens and 
increased local levels may create a cellular milieu that promotes visceral expansion 
[45]. Despite studies offering data to support a local mechanism of adipose regu-
lation after menopause, the details of local adipose storage both before and after 
menopause remain largely unknown. 

Increased postmenopausal obesity may also be centrally mediated. In mouse 
models, central nervous system estrogen receptor-α (ERα) influences abdominal 
obesity and physical activity, two areas that are commonly affected in post-
menopausal women. Deletion of ERα in hypothalamic steroidogenic factor-1 neurons 
decreased energy expenditure in the form of physical activity and increased depo-
sition of fat in the abdomen [46]. Deletion of the same estrogen signaling target
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in pro-opiomelanocortin neurons of the hypothalamus stimulated appetite. Interest-
ingly, ERα reductions in ventromedial hypothalamic nucleus steroidogenic factor-1 
neurons produces a similar hypoactive state, possibly through decreased SNS activity, 
which would also increase lipid storage [47]. The postmenopausal reduction in circu-
lating estrogens produces less stimulant for central nervous system ERα, providing 
a feasible mechanism to explain some body composition alterations. 

(b) Vasomotor Symptoms 

Estrogens help maintain a healthy, functioning endothelium, which is diminished 
with menopause. The onset of endothelial dysfunction begins early in menopause 
[48–50] and may set the stage for later coronary artery lesions. The process of 
atherosclerosis and vascular dysfunction is enhanced with other menopausal changes, 
including increased activation of the renin–angiotensin–aldosterone [51, 52] and 
sympathetic nervous systems [53–55]. 

Vasomotor symptoms (VMS) are the cardinal symptom of the menopausal tran-
sition. Over 70% of women report VMS [56] which include hot flushes and night 
sweats. The intensity and frequency of VMS vary widely, and are impacted by ethnic 
background, genetics, diet, and level of physical activity [57]. In addition to impacting 
quality of life by disrupting sleep and mood, VMS appear to be a harbinger of future 
cardiovascular risk. 

Women who experience more severe symptoms, or for a prolonged period of time, 
are at increased risk of developing cardiovascular disease [58, 59]. A study of 11,725 
women who had frequent VMS before age 50 found an increased risk of coronary 
artery disease [60]. The SWAN [61, 62], WISE [63], and WHI-OS [59] studies all 
found VMS were associated with preclinical signs of cardiovascular disease, although 
KEEPS [64] found no association in women at low risk for cardiovascular disease. 

Early onset [65] and prolonged VMS duration [66] are individually linked to 
subclinical changes in vascular structure and function that are risk factors for cardio-
vascular disease. How menopausal VMS increase the risk of cardiovascular disease is 
not definitively known, although there are several plausible mechanisms. VMS are a 
consequence of a more narrow thermoeneutral zone that arises during perimenopause. 
The constricted tolerance for temperature variations triggers a physiological response 
to dissipate the perceived increase in heat, largely through the autonomic nervous 
system. Increased SNS and/or decreased PNS activity work to mediate this effect, 
but the impact is systematic, including the cardiovascular system. Chronic SNS acti-
vation in association with VMS could lead to increased blood pressure and the risk 
for cardiovascular disease. Increased SNS activity is also linked to dyslipidemia [67] 
which may explain unhealthy lipid profiles that can develop in women with VMS, 
independent of BMI and other known CVD risk factors [68, 69]. Some [70], but not 
all [71] studies have demonstrated a positive correlation between VMS and increased 
levels of pro-inflammatory cytokines such as IL-6, IL-8, and TNF-α [72, 73], which 
promote cardiovascular disease including endothelial dysfunction. 

Sleep disturbances and mood imbalances that are linked to VSM may also provide 
connections between the menopausal effects of VMS and the increased risk for CVD.
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Studies have shown that reduced or disrupted sleep is associated with subclinical 
CVD [74, 75]. VSM also negatively impacts mood, which creates CVD risk [76, 77]. 

Whether VSM increase cardiovascular risk directly or are a coincidental occur-
rence in women who develop chronic conditions that have been linked to this 
menopausal phenomenon has been difficult to determine, given the number of 
other postmenopausal changes that occur simultaneously. For example, women with 
obesity [78, 79]—a known cardiovascular risk factor—are more likely to experience 
severe VMS. 

(c) Inflammation 

Both preclinical animal models of menopause and human studies have reported 
increased levels of circulating proinflammatory cytokines supporting a heightened 
level of inflammation [80–82]. Fernandes and colleagues were the first to report 
changes in myocardial levels of cytokines in a mouse model of menopause [83]. 
The links between inflammation and cardiovascular disease are well established 
[84–86, 90–93]. 

Estrogens—in particular 17β-estradiol—have direct impact on inflammatory 
cytokine levels by supressing expression of pro-inflammatory IL-1 [88], IL-6 [88– 
90], and TNF-α [89, 90], and stimulating release of anti-inflammatory IL-10 [91, 
92]. These effects are mediated through ER which are expressed in a number of cell 
types including macrophages, B cells, T-cells, neutrophils, and monocytes [93]. The 
anti-inflammatory actions of estrogens occur when hormonal levels are high, but 
estrogens can be pro-inflammatory at low concentrations [94]. Progesterone, which 
is also lost during menopause, promotes a predominantly anti-inflammatory cytokine 
profile [95]. 

Estrogens can also impact immune function and inflammation through indirect 
pathways. Metabolically stressed cells secrete inflammatory cytokines and chemo-
tactic molecules to recruit immune cells such as macrophages, lymphocytes, and 
eosinophils to the dysfunctional tissue. The loss of estrogens and an ability to protect 
against metabolic stress with menopause increases the likelihood of energetic distur-
bances which create a pro-inflammatory environment. The disruption in metabolism 
that occurs with menopause and promotes a pro-inflammatory state is referred to as 
“metainflammation” [96]. 

(d) The Inequity of Medicine 

Menopause is associated with numerous biological changes that individually and in 
combination increase the risk of cardiovascular disease. But beyond the biological 
changes, social and medical management factors that influence care also contribute 
to the elevated risk of morbidity and mortality that accompanies menopause. 

Myocardial infarctions with obstructive coronary artery disease (type 1) are 3 
times more common in men than women, while myocardial infarctions with no 
obstructive coronary arteries (MINOCAs, type 2) are more prevalent in women [2]. 
The lack of coronary obstructions associated with MINOCA leads to a more opti-
mistic prognosis and less aggressive treatment. This benign prediction stands in 
contrast to clinical trials showing that clinical outcomes with MINOCA patients are
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similar to those with obstructive coronary artery disease [97]. The disproportionate 
representation of postmenopausal women who experience MINOCA as compared to 
similarly aged men may contribute to the higher rates of acute myocardial infarction 
mortality, but the relatively small number of MINOCA cases as a proportion of all 
acute myocardial infarctions limits the ability to use this issue to explain a significant 
amount of the sex-dependent discrepancies in mortality. 

Beyond the risks specifically associated with MINOCA, studies have consis-
tently shown that women are less likely to be given timely treatment following acute 
myocardial infarctions. A study of 192,204 adults over the age of 60 diagnosed with 
STEMI found that women are less likely to receive Percutaneous Coronary Interven-
tion (PCI) or coronary artery bypass grafts, and that the gap between the sexes for 
revascularization increased between 2005 and 2014 [98]. While the presence of co-
morbidities that increase the risk of bleeding may explain some of the differences in 
PCI between the sexes, women who did receive revascularization therapy underwent 
procedures after a more significant delay than men. These data suggest that even when 
revascularization therapy is not contraindicated because of co-morbidities, there is 
still a difference in interventional therapies between the sexes. The combination of 
fewer interventions and delayed treatment was associated with a higher in-hospital 
mortality in older women as compared to men. 

Medical management of patients at risk of cardiovascular disease or who have 
previously had a cardiovascular event is critical to limit the risk of recurrence or 
a first-time event. Guideline therapies for individuals at risk or recovering from 
cardiovascular disease generally do not differ between the sexes. The lack of sex-
specific guidelines are the result of a paucity of clinical and preclinical research 
involving female patients or animals, as opposed to a need to treat similar pathophys-
iological mechanisms between the sexes [99, 100]. Despite similarities in treatment 
plans, women are generally less likely than men to receive pharmaceutical treatments 
according to guidelines to manage cardiovascular risk in both primary and secondary 
care setting [1, 101, 102]. 

Hormone Replacement Therapy (HRT): Restoring 
the “Protection”? 

Throughout its history HRT has undergone extensive investigation with paradoxical 
findings: some studies report beneficial effects on women’s health, while others find 
no benefits or even increased risk for a variety of health conditions. 

(a) A Brief History of HRT 

In the 1960s, American gynecologist Robert Wilson published the book “Femi-
nine Forever” in which he advocated for the use of estrogen supplements to avoid 
menopausal “symptoms” that led to a “horror of…living decay” [103]. Wilson’s 
work generated significant philosophical debate about the view of menopause as a 
medical condition which persisted decades after publication [104].
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In 1975 two reports linking HRT to an increased risk of endometrial cancer 
presented the first significant obstacle to the clinical use of exogenous estrogens 
to mitigate the symptoms and risks of menopause [105, 106]. Concerns about a link 
to cancer were addressed by lowering the dose of estrogens and adding progesterone 
[107]. 

Over the next several decades preclinical research and observational studies 
produced a remarkably consistent body of evidence demonstrating clear cardiovas-
cular benefits of HRT for postmenopausal women. However, in 1998 the Heart and 
Estrogen/progestin Replacement Study (HERS) yielded data questioning the bene-
fits of HRT and offered evidence of some increased risk [108]. These concerns were 
hotly debated until 2002 when the Women’s Health Initiative (WHI) released the 
results of a trial where data showed a 29% increase in heart attacks alongside a 26% 
increased risk of breast cancer [109]. The clear risks of HRT coupled with no obvious 
cardiovascular benefits shown in the WHI study seemed to mark the end of HRT. 

(b) Solving the Paradox 

Despite the clearly negative results of WHI and other clinical trials investigating 
the health benefits of HRT, a closer examination of the findings raised a number of 
issues that may see the re-emergence of estrogen replacement therapy as a tool to 
reduce risk and improve the health of postmenopausal women. Among the variables 
that differ across studies and may explain some of the variations in outcomes are 
the timing and duration of estrogen replacement therapy; dose and route of estrogen 
administration; as well as the formulation of estrogens used. 

In general, studies have found that initiating hormone therapy within 10 years of 
the onset of menopause (< 60 years of age) reduces rates of myocardial infarctions, 
cardiac deaths, and all-cause mortality [110, 111]. Initiation of therapy within 6 
years is beneficial in slowing the progression of atherosclerosis, but not when started 
after 10 years postmenopause [112]. A Cochrane review of placebo-controlled RCTs 
found HRT reduced coronary artery deaths and all-cause mortality when HRT was 
started within 10 years of menopause, with a neutral impact beyond 10 years [113]. 
Even in studies that found negative results, women who initiated treatment at earlier 
ages demonstrated benefits with respect to cardiovascular disease risk and mortality 
[113]. Together, these studies suggest that early intervention with HRT appears to 
have cardiovascular benefits, but initiating or continuing treatment beyond a decade 
after menopause is not widely supported. 

Vaginally administered estrogens have beneficial cardiovascular outcomes, while 
transdermal estrogens may increase the risk of cardiovascular death [113]. Interest-
ingly, vaginal estrogens are weaker than those administered using dermal patches, 
suggesting that low dose estrogens may have more benefits than higher doses, and 
that route of delivery impacts cardiovascular outcomes. 

Estrogen is not a singular compound, but rather a group of hormones. Hormone 
replacement therapies are often comprised primarily of 17β-estradiol along with other 
estrogens [114]. The variable formulations of HRT are likely to contain agonists that 
differentially activate the various estrogen receptors in the body, creating diverse and 
even paradoxical effects.
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Although the data are not clear in terms of fully understanding the risks and bene-
fits of estrogen replacement therapy, on the whole, most medical societies support the 
use of hormone replacement therapy to relive menopausal symptoms for women who 
experience early menopause or premature ovarian insufficiency; postmenopausal 
women under 60 years of age; and those who are at low-to-moderate CVD risk [115– 
117]. While there are suggestions that HRT may be protective, there are contraindi-
cations which preclude its universal application. Women with a history of venous 
thromboembolism, or histories of cardiovascular disease or breast cancer should be 
excluded. 

The effectiveness of hormonal replacement therapy has been a hotly debated topic 
with evidence supporting a cardiovascular advantage for use, as well as no benefit 
against cardiovascular disease or even an increased risk of negative outcomes. These 
discrepant findings and the inability to adequately explain their existence underscores 
the knowledge gap that exists concerning our understanding of how estrogens work 
in the body; how ageing impacts their effects; and how these sex hormones respond 
to stressors. 

(c) Mechanisms of HRT 

The three known estrogen receptors—α (ERα), β (ERβ), and G protein-coupled 
estrogen receptor 1 (GPER)—are expressed in numerous cell types. Depending 
on their distribution and level of expression they can induce and initiate different 
cascades and actions. The beneficial effects of estrogens seen on the vascular system 
are mainly due to an ERα mediated response [118, 119]. The activation of vascular 
ERα releases arterial vasodilatation actors and modulates the inflammatory response 
through genomic mechanisms [120]. In fact, with the hormonal changes occurring 
with menopause, it is believed that there is a shift toward a higher expression of ERβ 
which is associated with higher inflammation and endothelial dysfunction, possibly 
explaining the negative results of clinical trials when HRT was applied well after 
menopause. 

Several studies have shown the beneficial effects of estrogens in downregu-
lating vascular inflammation through the decrease of cytokines, intracellular adhe-
sion molecules (VCAM-1 and ICAM-1), and the accumulation of leucocytes in the 
endothelium [94, 121–123]. In addition, the estrogen-dependent decrease in TNF-α 
and IL-1β in different cell types has been proposed as a driving force behind the anti-
inflammatory and vasculo-protective actions [94, 124]. Some studies have, on the 
contrary, shown an increase in inflammatory cytokines as a result of estrogen excess 
[125]. However, it seems that this connection is only consolidated in the context of 
auto-immune diseases such rheumatoid arthritis and atherosclerosis [126]. 

Other effects of estrogen deficiency have highlighted their role as antioxidants. 
Estrogen loss leads to increased production of reactive oxygen species which 
promotes LDL oxidation [127]. LDL oxidation is a key step in the process of 
atherosclerosis by inducing the formation of foam cells on blood vessel walls. This 
disease is driven by an immune-mediated inflammation and increased production 
of proinflammatory cytokines, both of which damage vascular endothelium [128]. 
The endothelial damage arising from inflammation and oxidative stress leads to a
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decrease in endothelial-derived nitric oxide production, which impairs vascular func-
tion. The introduction of exogenous estrogens can prevent the oxidation of LDL and 
reduce endothelial damage [127, 129]. 

The balance between ERα and ERβ signaling is a crucial factor in maintaining 
the regulation of inflammation, oxidative stress, and other potentially damaging 
processes which contribute to cardiovascular disease. Most of the beneficial effects 
of estrogens on the cardiovascular system are mediated through ERα which promotes 
vasodilation and reduces platelet aggregation. By contrast, ERβ activation is highly 
expressed in conditions such as oxidative stress, hypoxia, and inflammation, and 
restrains the beneficial effects of estrogen through ERα activation [130]. Of some 
note is the recent finding that in a mouse model of menopause the responsiveness 
of cardiac estrogen receptors is significantly altered during the perimenopausal tran-
sition [83]. These findings support the concept that estrogen replacement therapy 
has time-dependent benefits and risks, and that the remodelling of organ systems 
with menopause creates a fundamentally different physiology whose regulation by 
estrogens may be altered. The idea that a simple replacement of a complex group of 
hormones with a relatively static delivery system in an altered physiological environ-
ment ignores the complexity and diversity of estrogen regulation and the profound 
changes associated with menopause. 

Women’s Health Education 

Following prescribed treatment plans and implementing lifestyle modifications to 
reduce risk is highly correlated with understanding cardiovascular disease [131]. A 
number of cardiovascular organizations and societies have undertaken public educa-
tion campaigns to increase awareness of cardiovascular disease in women. These 
initiatives have been tremendously successful in making both women and men aware 
of the cardiovascular disease risks faced by women; the unique symptoms that may 
occur in women with cardiovascular disease; and empowering women to advocate 
for appropriate care [132]. 

Despite the success of public education campaigns, there remain significant 
knowledge gaps in both the general public and amongst healthcare practitioners 
concerning cardiovascular disease and women. In 2013, the Canadian Women’s Heart 
Health Centre (CWHHC) surveyed Canadian women to determine their knowledge 
and understanding of heart health [133]. The CWHHC found 75% of women had 
low to medium level knowledge of cardiovascular disease and risk factors. A greater 
understanding of cardiovascular disease was associated with a university education 
and higher household income. Of some concern were the findings that those whose 
knowledge of cardiovascular disease was lowest, tended to have the greatest overes-
timation of their understanding, and that 60% of women deemed to be at high risk 
for cardiovascular disease described their risk as low or moderate. On the positive 
side, women who were over 55 and most likely to be postmenopausal were the most 
likely to discuss heart disease risks and prevention with their healthcare providers.
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More recent studies and surveys conducted in other countries have reported similar 
results concerning public understanding of cardiovascular disease in women [132, 
134]. Thus, while the efforts of research societies and medical organizations have 
dramatically improved awareness of cardiovascular disease in women, there remains 
a significant deficiency in public education. 

A similarly concerning knowledge deficiency has been identified among health-
care professionals. A 2004 survey found 70% of medical school trainees received no 
formal education or training on sex or gender-based medicine [135]. A more recent 
review of medical school curriculum in Canada shows that the problem persists, 
as evidenced by a general lack of material on women’s health or sex differences 
[136]. The lack of education and training on women’s health has resulted in a lack of 
confidence among healthcare professionals when it comes to treating women [137]. 
Only 39% of primary healthcare providers recognized cardiovascular disease as a 
top health concern for women, and less than half of primary care physicians and 
cardiologists felt well prepared to manage cardiovascular disease in women [132]. 

Path Forward 

Menopause presents a complex and intricate series of biological stressors on a 
women’s cardiovascular system (Fig. 10.1). The addition of sociological issues which 
complicate treatment creates an environment ripe for cardiovascular risk. Despite 
the bleak picture, there are several opportunities to advance and improve women’s 
cardiovascular health, specifically by targeting the challenges posed by menopause.

Discovery and preclinical research have advanced our understanding of the role 
estrogens play in the body and how their loss impacts health and disease. The emer-
gence of a new animal model of menopause to create and study the transitional 
perimenopausal phase offers an important opportunity to recapitulate the hormonal 
changes that characterizes menopause [138]. The more physiologically accurate 
model will allow for an investigation of the Timing Theory—the idea that menopause 
creates distinct windows of risk and that HRT may be most effective when applied 
within distinct phases. Studies using this model have already shown that cardiovas-
cular changes occur during the perimenopausal period, and have identified potential 
targets to mitigate risk [83, 139]. 

The initial public education campaigns by professional societies and advocacy 
groups should be lauded for their success in improving knowledge about the risk of 
cardiovascular disease faced by women. However, there remain knowledge gaps in 
both the public and healthcare professional groups that require a new approach. In 
an effort to improve healthcare training and correct the inequity of treatment that 
negatively impacts women, the Canadian Women’s Heart Health Alliance developed 
an accredited physician education program that specifically deals with women and 
cardiovascular disease [140]. The women’s heart health curriculum targets physician 
specialists in internal medicine and cardiology; nurses; medical trainees; cardiac 
rehabilitation specialists; and women at risk for cardiovascular disease. A survey
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Fig. 10.1 Cardiovascular risk in postmenopausal women. a The decline in ovarian function 
throughout the perimenopausal phase presents a stress to the cardiovascular system that is driven 
largely by the punctuated decline in estrogens. b Systemic challenges including changes in adipose 
patterning, vascular dysfunction, inflammation, and oxidative stress cause damage and dysfunc-
tion across the cardiovascular system. Social inequities including unequal access to timely and 
guideline-driven medical care exacerbates biological risk. c The application of treatments according 
to recommended guidelines improves outcomes for postmenopausal women with cardiovascular 
disease. Public and professional education programs whose content is based on preclinical and clin-
ical research dedicated to understanding women’s cardiovascular physiology including the changes 
produced by menopause are critical for improved care and prevention strategies. Research into 
the mechanisms of HRT may reshape its delivery or advance alterative therapies that mitigate 
cardiovascular disease risk after menopause. Figure created with BioRender.com

found most healthcare professionals are willing to pursue additional training to 
address their knowledge gaps concerning sex and cardiovascular disease, which 
bodes well for these educational initiatives. 

The concerning results of the WHI and other studies which found no cardiovas-
cular benefits of HRT were a stark reminder of how little is known about estro-
gens, their role in cardiovascular physiology, and their potential as therapeutic 
tools. Preclinical research investigating the physiological changes that occur during 
menopause coupled with studies designed to understand the fundamental role of 
estrogens in regulating cardiovascular function could be used to re-design HRT. The 
use of specific estrogen receptor agonists/antagonists for more precise prophylactic 
treatment would limit unwanted side effects and increase effectiveness. Identifying 
the lowest effective dose and the best route of treatment would also limit side effects 
and provide the most impactful interventions.
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Women make up slightly more than half the global population and on average 
spend nearly one-third of their lives in menopause. The cardiovascular risk posed 
by this phase of life is significant and profoundly impacts quality of life as well 
as life expectancy. Addressing the unique challenges of women’s cardiovascular 
health demands a focused and significant investment of time and resources. Without 
a dedicated undertaking women will continue to receive substandard care. These 
costs are both economic and social, and reach beyond the women directly affected 
by cardiovascular disease to profoundly impact the societies in which they live. 
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