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Sex hormones and sex chromosomes cause sex differences in 
the development of cardiovascular diseases

Arthur P. Arnold, Lisa A. Cassis, Mansoureh Eghbali, Karen Reue, and Kathryn Sandberg
Department of Integrative Biology & Physiology, University of California, Los Angeles CA (A.P.A.); 
Department of Pharmacology and Nutritional Sciences, University of Kentucky College of 
Medicine, Lexington KY (L.A.C.); Department of Anesthesiology (M.E.) and Department of 
Human Genetics (K.R.), David Geffen School of Medicine at UCLA, Los Angeles CA; and 
Department of Medicine, Georgetown University Medical Center, Washington DC (K.S.)

Abstract

This review summarizes recent evidence concerning hormonal and sex chromosome effects in 

obesity, atherosclerosis, aneurysms, ischemia/reperfusion injury, and hypertension. Cardiovascular 

diseases (CVD) occur and progress differently in the two sexes, because biological factors 

differing between the sexes have sex-specific protective and harmful effects. By comparing the 

two sexes directly, and breaking down sex into its component parts, one can discover sex-biasing 

protective mechanisms that might be targeted in the clinic. Gonadal hormones, especially 

estrogens and androgens, have long been found to account for some sex differences in CVD, and 

molecular mechanisms mediating these effects have recently been elucidated. More recently the 

inherent sexual inequalities in effects of sex chromosome genes have also been implicated as 

contributors in animal models of CVDs, especially a deleterious effect of the second X 

chromosome found in females but not in males. Hormonal and sex chromosome mechanisms 

interact in the sex-specific control of certain diseases, sometimes by opposing the action of the 

other.
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Introduction: The importance of studying sex differences in cardiovascular 

diseases

Cardiovascular diseases (CVDs) manifest differently in men and women.1, 2 The overall 

lifetime risk of cardiovascular disease is similar in the two sexes, but men develop 

cardiovascular disease earlier than women (Figure 1).3, 4 At age 55, the lifetime risk of a 

first incident coronary heart disease is higher in men than women, but the risk of first 

incident cerebrovascular disease or heart failure is higher in women than men.3 These sex 

differences suggest that biomedical principles, learned from the study of males, may not 

apply equally to females. CVDs should be studied in both sexes. However, separate study of 

both sexes is not enough. Rather, the two sexes must be directly compared, with the purpose 

of finding factors that cause sex differences and therefore prevent or alleviate disease in one 

sex more than the other. The present review summarizes limited evidence about the causes 

of sex differences in CVDs in humans, and recent investigations of rodent models in which 

causal factors can be isolated and studied in a more controlled manner. Although there is no 

expectation that mice and other model organisms are equivalent to humans, studies of 

diverse organisms, which are similar to and different from humans, is the main strategy for 

formulating basic biological concepts that guide our understanding of human physiology. In 

the present case, studies of mice have recently uncovered new ideas that have yet to be 

applied to humans. Investigation of animals offers two distinct advantages. The first is the 

ability to independently manipulate diverse sex factors (those that cause sex differences in 

physiology and disease, including hormones and numerous specific sex chromosome genes) 

to judge their separate effects, as well as their interactions. The second advantage is the 

ability to discover downstream molecular mechanisms controlled by sex factors, which 

might be targets for therapy. The ideas presented here include an emerging field of research 
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based on study of animals. The new ideas will require validation and application to humans, 

to achieve better understanding of human physiology and disease.

Conceptual framework

Although sex differences in CVDs are caused in part by environmental or social differences 

between men and women (e.g., occupational hazards, habits, social stresses),5–7 we focus 

here on biological factors that are important and tractable for study in animal models.

Where do sex differences start? At the moment of conception, XX and XY zygotes differ 

only in their sex chromosomes. Thus, all sex differences arise from the inherent sexual 

inequality of these two chromosomes.8 We list here four classes (two Y-linked and two X-

linked) of sex chromosome mechanisms that could conceivably cause sex differences in 

phenotype:

(1) Y chromosome effects

(a) Gonadal effects—The most important sex-differentiating effect is caused by the Y-

linked gene Sry, which acts within gonadal primordia to cause differentiation of testes in 

males.9 Genes that are present in both sexes cause differentiation of ovaries unless Sry is 

present, so Sry expression is the root cause of sex differences in the type of gonads. The 

differentiation of testes rather than ovaries establishes a lifelong difference in the levels of 

gonadal hormones, especially testosterone, estradiol, and progesterone, which act directly on 

cardiovascular and other tissues to make them function differently in the two sexes. Some 

effects of testosterone (or its metabolite 17β-estradiol) are permanent (“organizational” 

effects), for example the hormone-induced male pattern of differentiation of the genitals or 

brain. Others are reversible (“activational” effects) and may last only as long as the hormone 

is present.10

(b) Non-gonadal effects—Y chromosome genes act outside of the gonads to have male-

specific effects. For example, Sry is expressed in the brain and other tissues, especially in 

catecholaminergic cells and neurons, where its effects may include effects on 

hypertension.11–13 Studies of XY mice with different versions of the Y chromosome show 

remarkable differences in the severity of autoimmune disease.14 Effects of the Y 

chromosome must be specific to males, but the implied sex difference could be compensated 

for by other factors in females. These effects have so far been infrequently studied because 

historically it has been difficult to target the Y chromosome, or manipulate it without also 

changing gonadal hormone levels. Moreover, this chromosome encodes relatively few genes, 

and except for Sry, none has been specifically implicated yet in sex differences in 

physiology.

(2) X chromosome effects

(a) X gene dosage—Most X chromosome genes do not show large sex differences in 

their level of expression, because one X chromosome is transcriptionally silenced in XX 

adult somatic cells. Thus, most X genes are expressed about equally from the single active X 

chromosome in both XX and XY cells. Accordingly, concepts of sexual differentiation have 
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long ignored X chromosome genes as potential inherent causes of sex differences in 

phenotype. However, some genes escape inactivation and are expressed from each X 

chromosome so that they have higher levels in XX than XY cells.15–18 Among these are a 

set of X chromosome genes known to be highly dosage sensitive,19 implying that one vs. 
two doses of the genes are expected to cause phenotypic differences. In mice and humans, 

the X escapees include two histone demethylases, Kdm5c and Kdm6a, which are likely to 

have widespread effects on autosomal gene expression. Other X escapees also have 

fundamental effects on cell function, and include the translation initiation factor Eif2s3x and 

RNA helicase Ddx3x, which is involved in transcriptional regulation, pre-mRNA splicing, 

mRNA export, cellular signaling, and viral replication. The X escapees are candidates for 

causing sex differences in CVD, but none has been specifically implicated to date.

(b) X gene imprinting—XY cells receive a maternal imprint on X genes, but XX cells 

receive imprints from both parents. The inherent imbalance in parental imprinting is a 

potential cause of sex differences in expression of specific X genes that affect CVD 

phenotypes. To date, this difference in imprinting has not been specifically implicated as the 

cause of any sex difference in phenotype, possibly because this class of genes is not widely 

studied, and proving their role in sexual differentiation is experimentally complex.

In addition to the effects listed here, there may be non-genic effects (i.e., not requiring gene 

expression) of the X or Y chromosomes that alter the epigenetic status of the autosomes. 

These mechanisms are speculative and are discussed elsewhere.20

Mouse models to discriminate hormonal and sex chromosome effects that 

cause sex differences

In recent years, a major goal has been to distinguish sex differences caused by gonadal 

hormones vs. sex chromosome complement (XX vs. XY). Hormonal effects are most often 

detected by manipulating hormone levels, synthesis, or action to find which hormones 

account for sex differences.21 Detecting non-gonadal effects of sex chromosome 

complement involves manipulating the number of X and Y chromosomes, holding gonadal 

hormones as constant as possible. The most frequently used model is the Four Core 

Genotypes mouse model (FCG).22 In this model Sry is a transgene on chromosome 3, and is 

not present on the Y chromosome, so that XX and XY mice can each have either testes (with 

Sry, XXM or XYM) or ovaries (without Sry, XXF or XYF) (Figure 2). This model can 

discriminate between sex differences determined by gonadal type (XXM and XYM differ 

from XXF and XYF) vs. those determined by the effects of sex chromosomes (XXF and 

XXM differ from XYF and XYM).

Once a sex difference is found to be caused by a sex chromosome effect, the next step is to 

figure out if the effect is caused by the X or Y chromosome, using the XY* mouse model 

(Figure 2). The Y* chromosome has a variant pseudoautosomal region that recombines 

abnormally with the X chromosome, producing mice with unusual complements of sex 

chromosomes. For example, some progeny have a fusion of an X and Y chromosome 

whereas others lack most of one X chromosome.23, 24 The progeny are the near-equivalents 

of XO, XX, XY, and XXY. This model allows detecting an effect of one vs. two X 
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chromosomes, by comparing XO vs. XX (gonadal females), or XY vs. XXY (gonadal 

males). One can also detect an effect of the Y chromosome by comparing XO vs. XY, and 

XX vs. XXY.25 Localizing the effect to the X or Y chromosome then leads to studies of 

candidate X or Y genes that might cause the sex chromosome effect.

Previous reviews discuss methods and interpretation of these models, including methods to 

avoid hormonal confounds of sex chromosome complement.22, 26 Below we review studies 

of gonadal hormone and sex chromosome influences on obesity, atherosclerosis, aneurysms, 

cardiac ischemia/reperfusion, and hypertension.

Obesity

Many CVDs are associated with obesity. Men and women differ in the development of 

obesity, and the manifestation of obesity-related conditions such as hyperlipidemia, insulin 

resistance, and type 2 diabetes. Men generally have greater body weight than women, but the 

proportion of body weight as fat is greater in women.27–29 In the mouse, males also have 

greater body weight, but the degree of body fat is dependent on diet and strain. In some 

strains, a high fat diet leads to similar adiposity, whereas in others one sex has greater 

adiposity than the other.30, 31 Multiple mechanisms contribute to sex differences in fat 

storage, including ability to expand different anatomic depots (e.g., greater subcutaneous fat 

storage in women), or ability to mobilize fat stores (e.g., greater capacity for adipose tissue 

lipolysis in men).27–29 Additional sex differences include greater insulin sensitivity and 

higher adiponectin and leptin levels in women and female mice, and lower dietary fatty acid 

oxidation and greater circulating triglyceride levels in men.30, 32 Some of the metabolic 

differences between men and women are reduced after menopause, possibly caused by the 

decline in ovarian hormones.33 However, hormonal differences cannot fully account for all 

differences between men and women in lipid metabolism.34

Genome-wide genetic studies in humans have identified genetic loci that influence body 

mass index and/or waist-hip-ratio specifically in one sex, or to a different extent in the two 

sexes. These include loci on the autosomes as well as on the X chromosome.35, 36 In the 

mouse, numerous genetic loci with differential effects in males and females have been 

described, including several loci on chromosome X.30, 37 The mechanisms underlying sex-

specific effects of genetic polymorphisms on obesity merit further study.

The use of experimental models such as the FCG and XY* mice (Figure 2) have informed us 

about genetic and hormonal mechanisms underlying sex differences in obesity.17 In gonad-

intact FCG mice, male mice (with testes, either XX or XY) have greater body weight than 

female mice (with ovaries, XX and XY) (Figure 3A). In addition, XX mice weigh more that 

XY mice of the same gonadal sex. After gonadectomy (GDX) of adult mice, male-female 

sex differences are reduced, indicating that acute effects of gonadal hormones contribute to 

male-female differences in body weight. Weeks or months after GDX, however, the body 

weight of XX mice increases more than that of XY mice, and XX mice eventually have 

nearly twice as much body fat.17 These results suggest that the presence of two X 

chromosomes, and/or the absence of the Y chromosome, leads to enhanced body fat. The 

XY* model resolves this question in favor of the X chromosome dose. Mice with two X 
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chromosomes (XX or XXY) have greater body weight than mice with one X chromosome 

(XY or XO)(Figure 3B).17 XX mice after GDX also have accelerated weight gain on a high 

fat diet, with increased food intake, relative to XY, during the light phase of the diurnal 

cycle, but with no differences in energy expenditure or locomotor activity.17, 38 XX mice 

also develop more profound fatty liver, greater evidence of insulin resistance, and higher 

circulating cholesterol levels than XY mice when stressed with fat- or cholesterol-enriched 

diets.17, 38 Thus, the number of X chromosomes has a substantial effect on obesity and 

related morbidities.

Localizing the sex chromosome effect to the X chromosome opens the door to identifying 

novel X-linked molecular determinants of sex differences in obesity. A leading hypothesis 

suggests a contribution from X escapee genes, which are expressed at higher levels in XX 

compared to XY tissues.17 Testing this hypothesis further will involve assessing the effects 

on obesity when expression levels of individual X escapee genes are modulated in a 

controlled manner.

Atherosclerosis

Among all cardiovascular diseases, coronary artery disease is the leading cause of death. 

Over two centuries ago, clinicians began to report sex differences in the prevalence of angina 

pectoris.39 In general, women have a delay in the development of atherosclerosis compared 

to men, with both sexes increasing in incidence with age.40 A recent meta-analysis suggests 

that increased total serum cholesterol is a significant risk factor for coronary artery disease 

in both sexes, with a small, but significantly stronger effect in men compared to women.41 

Women have higher HDL cholesterol levels and lower bile acid and cholesterol synthesis 

than men throughout adult life.42 Although sex differences in lipoprotein levels persist after 

menopause, endogenous sex hormone levels influence lipoprotein levels. For example, post-

menopausal women have higher LDL cholesterol than premenopausal women or men of the 

same age.43–45 Furthermore, ovariectomy increases LDL cholesterol levels.46 Among 

individuals, the level of plasma estrone correlates with HDL cholesterol levels, and 

correlates inversely with total cholesterol.47, 48

Testosterone may influence atherosclerosis in both sexes. In postmenopausal women of the 

Atherosclerosis Risk in Communities Study who were not taking hormone therapy, the level 

of sex hormone binding globulin (SHBG), which binds approximately 60% of circulating 

testosterone, correlated with a more favorable lipid profile (lower total and LDL cholesterol, 

higher HDL cholesterol). Thus, relative androgen excess during menopause, rather than loss 

of estrogen, may adversely affect lipid status of women.49 Conversely, testosterone has been 

suggested to protect males from atherosclerosis.50–53 Males with higher circulating 

testosterone concentrations had higher HDL cholesterol levels.54,55 In studies tracking 

serum lipids and lipoproteins from childhood to adulthood, levels of HDL cholesterol 

dropped in boys, but were not changed in girls after puberty.56, 57 These results suggest 

effects of endogenous testosterone during development to regulate HDL cholesterol. 

Moreover, the decline in testosterone levels with age58 is associated with age-dependent 

increases in atherosclerosis in males,59–61 although other age-related factors could be causal. 

Serum SHBG concentrations correlate inversely with atherosclerosis in men.62, 63 These 
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studies offer tantalizing suggestions that endogenous androgens may have opposite or 

divergent effects in males and females, but further research is needed.

Even more controversial than these effects of endogenous sex hormones are the effects of 

exogenous sex hormone therapy on coronary artery disease. In women with established 

coronary artery disease, administration of combined conjugated equine estrogen plus 

medroxyprogesterone acetate therapy increases the risk of heart disease events at one year.64 

In the large Women’s Health Initiative, continuous treatment with conjugated equine 

estrogen plus medroxyprogesterone acetate resulted in significantly increased risk of 

coronary artery events and stroke.65, 66 Finally, in women with hysterectomies administered 

unopposed estrogen (specifically, oral conjugated equine estrogen, 0.625 mg/d) for the 

prevention of chronic postmenopausal conditions, there were no benefits on coronary heart 

disease, with an increased risk for venous thromboembolism and stroke.67 It is important to 

note that the number of risk factors present in the study population and other differences in 

study design (e.g., use of statins) may have influenced the cardiovascular outcomes of these 

studies. Recent results from the Early versus Late Intervention Trial with Estradiol (ELITE) 

highlights the potential importance of timing of initiation of 17β-estradiol therapy relative to 

menopause.68 Oral 17β-estradiol therapy was associated with less progression of subclinical 

atherosclerosis when therapy was initiated within 6 years after menopause, but not when 

therapy was initiated 10 or more years after menopause. These differential effects of 

estradiol therapy might be related to changes in estrogen receptor (ER) expression in pivotal 

target tissues such as the vasculature. Current guidelines continue to caution against use of 

postmenopausal hormone therapy to prevent cardiovascular events in women. However, 

given the conflicting conclusions reached from these various studies, an understanding of 

cardiovascular risk in women requires further research on hormone treatment in terms of 

type and delivery method of estrogen and progesterone, as well as the timing and duration of 

treatment.

Inbred mouse strains are valuable for varying sex and other variables when genetic 

background is held constant. Mice and humans differ in lipid profile, with mice carrying the 

majority of blood cholesterol in HDL particles, whereas humans have much greater levels of 

LDL cholesterol.69 These species differences can be diminished by using mice with elevated 

LDL or VLDL cholesterol levels caused by genetic manipulations (e.g., LDL receptor (Ldlr) 
or apolipoprotein E (ApoE) deficiency) or diet.69, 70 Sex differences in atherosclerotic 

lesions have been examined in mouse models. In apoE-deficient mice, some reports describe 

larger aortic root lesions in female compared to male mice (for example,71, 72), but others 

suggest that this is true only in younger mice, with older apoE-deficient mice show lesions 

of similar size and composition.73 Mouse models have demonstrated a relatively consistent 

protective effect of estrogens to reduce atherosclerosis.74 In Ldlr-deficient and apoE-

deficient female mice, ovariectomy increases atherosclerosis, which is reversed by 

administration of 17β-estradiol.75–77 Interestingly, protective effects of estradiol are 

independent of changes in plasma cholesterol and do not occur in mice lacking ERα 
globally or in endothelial cells.78, 79, 80 Estradiol may be protective because of its effects to 

increase endothelial nitric oxide,81, 82 prostacyclin,83, 84 and macrophage cholesterol 

efflux85, and to reduce macrophage inflammation86–88 and smooth muscle cell 
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proliferation.89, 89, 90 Nevertheless, a great deal more information is needed to understand 

estrogen effects on lesion development, progression and regression.

Similar to exogenous estrogen, there is considerable controversy over the benefits of 

testosterone replacement therapy for aging males.91 In 2015, the US Food and Drug 

Administration (FDA) issued a caution regarding use of testosterone products in aging males 

based on increased risk of heart attack and stroke. The caution was based on a review of five 

retrospective cohort studies and two meta-analyses of controlled testosterone trials. 

Although results were not entirely consistent across these studies, the FDA concluded that 

there was sufficient concern that testosterone administration may increase adverse 

cardiovascular outcomes. To date, however, there have been no randomized controlled trials 

to evaluate cardiovascular outcomes with testosterone use.

Studies of animal models of atherosclerosis indicate that testosterone regulates levels of 

apolipoprotein B-containing lipoproteins92, HDL-cholesterol93, 94, vascular cell adhesion 

molecule-1,95 foam cell formation96 and vascular calcification97. However, some of these 

studies were performed in genetically manipulated mice (e.g., ApoE-deficient mice) with 

lower HDL cholesterol, raising concern about their applicability to testosterone regulation of 

these lipoproteins in humans.

In addition to sex hormones, sex chromosomes have been linked to the regulation of serum 

lipid profiles and coronary artery disease. Polysomy of the Y chromosome (primarily 47, 

XYY karyotype) is associated with increased cardiovascular mortality.98 Europeans with a 

common inherited haplotype of the Y chromosome have a 50% increased risk of coronary 

artery disease that is associated with an altered immune response.99 In contrast, women with 

monosomy X (Turner syndrome) have an atherogenic lipid profile (increased LDL 

cholesterol level and particle size)100 and exhibit an increased risk for ischemic heart 

disease.101 Most sex chromosome aneuploidy conditions (e.g., XO, XXY) in humans, 

however, involve concomitant changes in gonadal hormone levels, making it difficult to 

separate sex chromosome and hormonal effects. Studies in the FCG mouse model have 

revealed both gonadal sex and sex chromosome contributions to the regulation of serum lipid 

profiles, with particularly robust effects of the X chromosome dosage on HDL cholesterol 

levels.38 Further studies will be required to determine the mechanisms by which sex 

chromosome complement influences lipid profiles and coronary artery risk.

Aneurysms

Sex is the largest non-modifiable risk factor for abdominal aortic aneurysms (AAAs), with 

males having 4–10 fold increased risk of AAA development.102, 103 This pronounced sex 

difference has resulted in current screening guidelines for AAA diagnosis that only apply to 

males.104, 105 The lack of screening in women is a serious concern. Although the prevalence 

of AAAs is much lower in women, the rate of expansion and propensity to rupture is more 

aggressive in females.106, 107, 108 Recent studies estimate that AAA deaths in women (45% 

of all prevalent cases) are higher than would be expected based on an overall lower 

incidence of AAA in females.109 Regardless, there are no effective therapies that slow the 
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progression of AAAs in either sex, much less therapies that address potential sex differences 

in AAA growth mechanisms.

Studies of animal models have increased understanding of mechanisms, mostly hormonal, 

underlying sex differences in AAAs. In general, endogenous and exogenous estrogens have 

protective effects on experimentally induced AAAs, with results differing dependent on the 

model under study. In elastase-induced AAAs, ERα expression in aorta is greater in females 

than males,110 and estrogen synthesis in ovaries and non-ovarian tissues contributes to 

protection of female mice.111 When AAAs are induced by infusion of angiotensin II (AngII) 

in female ApoE-deficient mice, ovariectomy has no effect on AAAs,94 but treatment of 

males with estrogen attenuates AAA development.112 Moreover, administration of 

exogenous 17β-estradiol to ovariectomized females abolishes progressive increases in 

abdominal aortic diameter and AAA size.113 Collectively, these results support a potential 

effect of exogenous estrogens to reduce experimental AAA expansion.

Testosterone has also been implicated as a contributor to experimental AAA formation and 

progression in male and female mice. In the AngII model of AAAs, castration of male mice 

markedly reduces AAA formation, which is restored by administration of 

dihydrotestosterone.94, 114 These effects are attributed to testosterone’s effect to increase 

expression of abdominal aortic type 1a angiotensin receptor.114 Notably, whereas female 

hypercholesterolemic mice are resistant to AngII-induced AAAs, adult Ldlr−/− female mice 

previously treated with testosterone as neonates are highly susceptible to AngII-induced 

AAAs even though they have low levels of testosterone in adulthood.115 Finally, castration 

of adult male ApoE−/− mice, after an AAA has formed from AngII infusion, halts 

progressive aortic dilations caused by continued AngII infusions.116 Although evidence 

from animal models suggests a clear role for testosterone to promote AAAs, there is little 

known regarding a role for endogenous or exogenous testosterone on human AAAs.

The interesting dichotomy between males and females in the duration of testosterone 

exposure required to increase AAA susceptibility suggests that other mechanisms, 

potentially sex chromosomes, contribute to sex differences in AngII-induced AAAs. This 

idea is supported by a recent comparison of Ldlr−/− XX female vs. XY female mice from the 

FCG model infused with AngII to induce AAA formation.117 XY females had much greater 

AAA formation than XX females, an effect that was independent of ovarian hormone levels, 

and exacerbated by treatment with androgens. As in other measures of CVDs, both sex 

chromosome complement and gonadal hormones interact to affect disease outcomes. In this 

case, a male complement of sex chromosomes (XY) and male gonadal hormones may 

synergize in their effects to cause sex differences.

Cardiac Ischemia/Reperfusion Injury

Women prior to menopause have lower risk of ischemic heart disease than age-matched 

men.118 The lower incidence of coronary artery disease in women during reproductive age is 

believed to be caused in part by ovarian hormones because loss of ovaries in young women 

increases coronary artery disease.119 Similarly, when mice receive ischemia/reperfusion 

(I/R) injury to mimic heart attack, infarct size in ovariectomized mice is larger than in 
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gonadally intact mice.120 Among the gonadal sex hormones, estradiol is most convincingly 

reported to be protective in animal studies of myocardial I/R injury.121 Estradiol pre-

treatment reduces the infarct size in ovariectomized mice122 as well as in male mice 

subjected to in vivo I/R injury.123

If estrogens were the only factors accounting sex differences in ischemic heart disease in 

humans, one might expect an increase of disease after menopause in women because of the 

reduction in plasma estrogens, and that estrogenic hormone replacement therapy might help 

prevent heart disease. The Women’s Health Initiative study, however, failed to find that 

hormone replacement therapy reduced the risk of ischemic heart disease of postmenopausal 

women.64, 65 Moreover, a recent large population-based prospective study found only a 

minor increase in the risk of ischemic heart disease after menopause at age 55–65. Indeed, 

the risk of ischemic heart disease increases in both men and women with age until the age of 

65–69 and more rapidly up to 95, and the sex difference in incidence persists throughout life 

with perhaps a modest reduction in the size of the sex difference after 85.124,125 This pattern 

suggests that ovarian hormones do not alone account for the sex differences, and we should 

look for factors in males that make them different from females, and/or other factors in 

females that contribute to their incidence of disease. Recent studies of gondectomized mice 

with altered sex chromosomes (FCG and XY* models, Figure 2) found sex differences in 

I/R caused by the number and type of sex chromosomes.18 GDX adult mice with two X 

chromosomes (XX or XXY) have ~50% larger infarct size, compared to mice with one X 

chromosome (XY or XO). The presence vs. absence of the Y chromosome had no effect, so 

Y genes do not contribute to the sex difference in I/R injury under these conditions. Thus, 

the presence of a second X chromosome has deleterious effects both on adiposity17 

(reviewed above) and on I/R injury. However, the effects on I/R injury are not secondary to 

greater adiposity because they exist before the effects on adiposity are evident.126 Again, as 

for effects on adiposity, the X escapee genes are top candidates for causing these effects 

because of their higher expressed dose in mice with two X chromosomes.

The X chromosome effect in mice seems paradoxical because it goes in the “wrong” 

direction to explain the reduced susceptibility of women to I/R injury. In GDX female mice, 

the second X chromosome promotes rather than prevents injury. This observation 

nevertheless has potential clinical significance in humans because female-specific factors 

(e.g., estrogens and the second X chromosome) may interact with one another such that the 

protective effect of estradiol is mitigated by the presence of a second X chromosome. I/R 

disease occurs mostly in older women, when estrogen levels are low. Thus, women may be 

protected by estrogens early in life, but after menopause they may be more susceptible to I/R 

injury especially because of the deleterious effects of the second X chromosome. These 

ideas, stemming from animal research, will be easier to test in humans once the X gene(s) 

causing the effect have been discovered in mice.

Hypertension

According to the World Health Organization, hypertension is a major cause of 

cardiovascular disease leading to death throughout the world.127 The onset of hypertension 

occurs earlier in men than women in diverse human populations. The finding of male 
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susceptibility and female resilience is mirrored in the vast majority of animal models of 

hypertension, regardless of whether it is induced or genetic.128

Many studies suggest that estradiol is a major factor in female resilience to developing 

hypertension. The prevalence of hypertension is greater in women with ovarian hormone 

deficiency (e.g., premature ovarian failure or ovariectomy prior to menopause) as well as in 

postmenopausal women compared to age-matched premenopausal women. Furthermore, 

animal studies show that blood pressure is increased in females that are ovariectomized or 

lack ERα.128

Animal models of testosterone deficiency (e.g., castration) suggest that the presence of 

testosterone can contribute to male susceptibility to hypertension, and anabolic steroid use in 

men is associated with increased blood pressure. However, the prevalence of hypertension is 

greater in men with clinically low testosterone levels.128 Thus, more investigation into the 

effects of sex steroids in men is necessary to gain a clearer understanding of their role.

One exciting area of sex difference research in hypertension involves the immune system. 

Whereas male mice have higher blood pressure than females after AngII infusion, this sex 

difference disappears in mice deficient in T-cells.129, 130 Adoptive transfer of male T-cells 

into T-cell deficient mice exacerbates hypertension in male but not female recipient mice, 

indicating that the sex of the host plays a key role in resilience and susceptibility to immune 

modulation of hypertension.129 Furthermore, T-cell modulation of blood pressure depends 

on the sex of the donor because adoptive transfer of male but not female T-cells can 

exacerbate the degree of AngII-induced hypertension in the male host.130

Experiments using FCG mice have enabled dissection of the role of the sex chromosomes 

from the gonadal hormones. The magnitude of hypertension induced by AngII infusion is 

greater in GDX XX mice compared to the XY, regardless of whether the mice were born 

with ovaries or testes.131 Further studies using this model suggest that females with intact 

ovaries are protected from hypertension due to vasodilatory mechanisms mediated by 

endothelium-derived hyperpolarizing factors and the AngII receptor. Although endothelium-

derived hyperpolarizing factors only require estradiol, AngII-receptor-mediated vasodilation 

requires both estradiol and the XX sex chromosome complement.132 Thus, ovarian 

hormones and sex chromosomes appear to have complex effects on susceptibility to 

hypertension, similar to I/R injury.

Although the risk of CVD increases with higher blood pressures in both sexes, the risk of 

developing CVD is greater in men than women at equivalent age and blood pressure (Figure 

4).133, 134 Understanding why men are at greater risk or why women are at lower risk may 

lead to the development of novel therapeutics that would be beneficial for treating or 

preventing CVD in both men and women. Most animal studies of hypertension-associated 

CVD including ischemic heart disease, stroke, heart failure, atrial fibrillation and cardiac 

sudden death have been conducted in males. In the few that have directly compared markers 

of CVD end organ damage between males and females, most show that males exhibit greater 

injury than females.
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For those studies that investigated the cause of the sex differences, estradiol was shown to be 

a major contributor to female protection. For example, in a study of endothelial damage in 

the spontaneously hypertensive rat, estradiol protected the vasculature by increasing the 

generation of the vasodilator nitric oxide in the endothelium, and reduced superoxide anion 

concentrations by inhibiting AngII-receptor-mediated production of superoxide anion via 

NAD(P)H oxidase.135 No studies to date have rigorously examined the cause of sex 

differences in the direct relationship between blood pressure and magnitude of injury in 

models of CVD or in the mechanisms underlying these sex differences. Thus, we do not 

understand why the risk of developing CVD is far greater in men than women at equivalent 

blood pressures.

Conclusion: The future of sex differences in CVD

The studies summarized here reveal pervasive sex differences in CVDs, and document 

diverse mechanisms that contribute to sex differences in CVD. To understand the 

mechanisms underlying sex differences, the biological variable of sex must be broken down 

into its component parts. At the outset, we listed four categories of sex-biasing mechanisms: 

gonadal (hormone-mediated) effects of Sry, non-gonadal effects of Y genes, X gene dosage, 

and imprinting of X genes. There is strong support that sex differences are created by some 

of these mechanisms, especially effects of gonadal hormones, but others are known (sex 

chromosome effects) but have not yet been rigorously explained by dosage or imprinting 

effects of specific X or Y genes. The vast majority of studies, in humans and animal models, 

has focused on the role of gonadal hormones. As reviewed within specific sections above, 

estrogens are the most frequently studied factors, and have protective effects in all types of 

CVDs discussed here. The relative dearth of studies of androgens points to an important area 

for further research. The potential importance of sex chromosome complement, especially X 

chromosome number, has only recently been discovered in research on mice. However, the 

X genes involved, and their sites and mechanisms of action, are completely unknown. 

Moreover, hormonal and sex chromosome mechanisms clearly influence the same disease 

outcomes, sometimes in opposite directions,136 but the mechanistic nature of this interaction 

is completely unstudied. Finally, the sex-biased protective mechanisms of sex hormones and 

sex chromosome genes, discovered by manipulating specific sex-biasing factors in animal 

research, have yet to be fully translated to the clinic. Evidence suggests already that the 

effectiveness of specific drug therapies may depend on sex or levels of sex-biasing factors 

such as estrogens.137 We anticipate a rich series of studies in the near future that will make 

progress on these exciting questions.
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Abbreviations

AAA abdominal aortic aneurysm

AngII Angiotensin-II

ApoE apolipoprotein

AAA abdominal aortic aneurysm

CVD cardiovascular disease

ERα estrogen receptor alpha

FCG Four Core Genotypes mouse model

FDA US Food and Drug Administration

GDX gonadectomized

HDL high-density lipoprotein

I/R ischemia/reperfusion

LDL low-density lipoprotein

Ldlr LDL receptor

SHBG steroid hormone-binding globulin

Sry Sex determining region on the Y chromosome, the testis-determining gene

XXF XX mouse that developed ovaries

XXM XX mouse that developed testes

XYF XY mouse that developed ovaries

XYM XY mouse that developed testes

XY* Male mouse with mutant Y* chromosome, father of XY* model mice
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Highlights

– Study of sex differences in cardiovascular physiology and disease in mice 

allows one to break down biological sex into its component parts, so that 

harmful or protective effects of hormones and sex chromosome genes can be 

identified.

– In mice, estrogens are generally protective in various models of 

cardiovascular and associated diseases.

– XX and XY animals differ in cardiovascular physiology and disease, 

independent of the type of gonadal hormones.

– The biological factors protecting one sex from disease, more than the other, 

may potentially be targeted in novel therapies.
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Figure 1. 
Incidence of cardiovascular disease in men and women as a function of age. Data on the 

incidence of cardiovascular disease defined as coronary heart disease, heart failure, stroke 

and intermittent claudication in women (white bars) and men (black bars) from 45 to 94 

years of age. Data are derived from the Framingham Heart Study as reported by the National 

Heart, Lung and Blood Institute138 and adapted from reference4 with permission of the 

publisher.
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Figure 2. 
Two mouse models for measuring sex chromosome effects. A, In the Four Core Genotypes 

(FCG) model, the testis determining gene (Sry) is removed from Y chromosome to make the 

“Y–” chromosome, and an Sry transgene is inserted into chromosome 3. XY– mice have 

ovaries and are called XY females (XYF) here. Mice with an Sry transgene have testes and 

are called males, XXM or XYM. B, The XY* model is useful for figuring out whether a 

difference between XX and XY is due to effects of the X chromosome or Y chromosome. It 

compares groups that differ in the number of X chromosomes (female mice with XX or XO 

and male mice with XY or XXY) or compares mice that differ in the presence/absence of Y 

chromosome (XO vs. XY and XX vs. XXY), to determine which causes XX vs. XY 

differences. Adapted from18
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Figure 3. 
Summary of effects of gonadal hormones and sex chromosome complement on body weight 

and adiposity in FCG and XY* mice. A, Male mice (with testes) weigh more than female 

mice (with ovaries). XX mice also weigh more than XY mice, although the magnitude of 

effect is less than that due to gonads.17 Four weeks after gonadectomy (GDX), all four 

genotypes reach a similar weight. Thereafter XX mice weigh more than XY mice, whether 

they originally had ovaries or testes. B, In XY* mice, males weigh more than females when 

gonads are intact, irrespective of sex chromosome complement. After GDX, the effect of 

gonadal hormones is abolished, and mice with two X chromosomes (XXY, XX) weigh more 

than mice with one X chromosome (XY, XO).17
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Figure 4. 
Cardiovascular disease risk in middle aged men and women as a function of blood pressure. 

Shown are data from the Framingham Heart Study and adapted from reference134 with 

permission of the publisher on estimated ten year rates of cardiovascular disease risk defined 

as a composite of coronary heart disease, cerebrovascular events, peripheral artery disease, 

and heart failure in normotensive (systolic blood pressure: 120–129 mm Hg) and pre-

hypertensive (systolic blood pressure: 130–139 mm Hg) women (white bar) and men (black 

bar) 50 to 54 years of age who were non-smokers and did not have diabetes.
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