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Abstract

Earlier research has presumed that the male and female biology is similar in most organs 

except the reproductive system, leading to major misconceptions in research interpretations 

and clinical implications, with serious disorders being overlooked or misdiagnosed. Careful 

research has now identified sex differences in the cardiovascular, renal, endocrine, gastrointestinal, 

immune, nervous, and musculoskeletal systems. Also, several cardiovascular, immunological, and 

neurological disorders have shown differences in prevalence and severity between males and 

females. Genetic variations in the sex chromosomes have been implicated in several disorders 

at young age and before puberty. The levels of the gonadal hormones estrogen, progesterone 

and testosterone and their receptors play a role in the sex differences between adult males 

and premenopausal women. Hormonal deficiencies and cell senescence have been implicated 

in differences between postmenopausal and premenopausal women. Specifically, cardiovascular 

disorders are more common in adult men vs premenopausal women, but the trend is reversed with 

age with the incidence being greater in postmenopausal women than age-matched men. Gender-

specific disorders in females such as polycystic ovary syndrome, hypertension-in-pregnancy and 

gestational diabetes have attained further research recognition. Other gender-related research areas 
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include menopausal hormone therapy, the “Estrogen Paradox” in pulmonary arterial hypertension 

being more predominant but less severe in young females, and how testosterone may cause 

deleterious effects in the kidney while having vasodilator effects in the coronary circulation. This 

has prompted the National Institutes of Health (NIH) initiative to consider sex as a biological 

variable in research. The NIH and other funding agencies have provided resources to establish 

state-of-the-art centers for women health and sex differences in biology and disease in several 

academic institutions. Scientific societies and journals have taken similar steps to organize 

specialized conferences and publish special issues on gender-based research. These combined 

efforts should promote research to enhance our understanding of the sex differences in biological 

systems beyond just the reproductive system, and provide better guidance and pharmacological 

tools for the management of various clinical disorders in a gender-specific manner.
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1. Introduction

In earlier research before the 1980s, there was a general assumption that the male and female 

physiology is largely similar in most organs except the reproductive system. This assumption 

has led to major research misinterpretations and undesirable clinical implications. In 

research, most experiments were performed in male or female animals or both sexes as 

it was presumed that sex would not affect the results. In effect, the Methods section in 

many of earlier research reports would indicate that animals of either sex or both sexes were 

used. Also, clinically, some serious disorders were overlooked or misdiagnosed because 

of gender-based presumptions. For example, early symptoms of angina and myocardial 

infarction (MI) in women were often misinterpreted as fibromyalgia or psychological stress 

as they did not present with the typical chest pain and referred pain in the left shoulder and 

small finger observed in men. Also, many female-specific disorders did not receive adequate 
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research recognition or funding. For instance, preeclampsia, a major hypertensive disorder 

of pregnancy, has been known in the maternal wards for centuries, but only recently received 

the appropriate research consideration and resources.

Careful research has now identified sex differences in the cardiovascular, renal, pulmonary, 

endocrine, gastrointestinal, immune, nervous, and musculoskeletal systems. This has 

prompted the National Institutes of Health (NIH) and other health and scientific 

organizations to emphasize the importance of studying sex differences in biology and 

disease. The purpose of this review is to highlight the sex differences in biological processes 

and clinical disorders, and to recognize some of the efforts of researchers, funding agencies, 

and scientific societies to enhance gender-based research. The review will first discuss 

the cardiovascular system as it has shown marked sex differences and major effects of 

sex hormones. We will follow with some gender-related controversies in cardiovascular 

research including menopausal hormone therapy (MHT) and the effects of progesterone 

and testosterone. We will briefly describe sex differences in other biological systems and 

draw attention to specific disorders in females that warrant further research. The review will 

then highlight the NIH initiative to consider sex as a biological variable in research, and 

provide some recommendations for scientific societies and journals to enhance gender-based 

research. In this context, it is important to define the terms sex and gender. The term “Sex” 

refers to a genetically-determined state throughout the animal kingdom, mediated principally 

by the X and Y chromosomes and reinforced by the gonadal steroid hormones. In other 

words, “Sex” refers to the reproductive phenotype as male, female or intersex assigned at 

birth based on the appearance of the external genitalia and, if necessary, by assessment of 

the chromosomes and gonads. Therefore, sex differences involve biologic factors including 

genetic and epigenetic factors and sex hormones [1, 2]. The term “Gender”, on the other 

hand, refers to a psycho-social state unique to humans. In other words, “Gender” refers 

to one’s internal sense of gender and how it fits into societal categories as man, woman, 

or nonbinary person. Therefore, gender differences involve psycho-social factors and may 

change over time [3, 4]. Throughout the review we will describe data in men, premenopausal 

women (Pre-MW) and postmenopausal women (Post-MW), followed by data in male and 

female animal models, and different cells and molecules.

2. Gender-based research and sex differences in cardiovascular disease

Cardiovascular diseases (CVD) such as hypertension (HTN) and coronary artery disease 

(CAD) are some of the most common and costly diseases. In adults (30–50 years old), 

the incidence of CVD is greater in men vs women, suggesting vascular benefits of 

estrogen (E2) [5–7]. Among women, the risk of CVD increases with age in Post-MW vs 

Pre-MW, likely due to decreased plasma E2 levels. E2 is the predominant sex hormone 

in women, affecting the development/function of the female reproductive system. E2 is 

also used as a contraceptive, and as a component of MHT for hot flushes, night sweats 

and vaginal dryness [8]. E2 receptors (ERs) have been identified in the cytosol and 

nucleus of endothelial cells (ECs) and vascular smooth muscle cells (VSMCs) (Fig. 1). The 

interaction of E2 with cytosolic/nuclear ERs stimulates genomic effects that affect vascular 

cell growth and proliferation. E2 also interacts with plasmalemmal ERs to induce non-

genomic vascular effects [5, 9]. E2-induced vascular beneficial effects include modification 
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of circulating lipoproteins, inhibition of lipoprotein oxidation, attenuation of atherosclerotic 

lesions, modulation of homocysteine, changes in blood coagulation, inhibition of vascular 

accumulation of collagen, and modulation of vascular tone [7, 10].

2.1 Sex differences in vascular tone

Vascular tone is the degree of constriction of a blood vessel relative to its maximal diameter 

in the dilated state. Vascular tone is influenced by the combined activities of ECs and 

VSMCs as well as a balance between vasoconstrictors such as norepinephrine, angiotensin II 

(Ang II), vasopressin and 5-hydroxytryptamine, and vasodilators such as nitric oxide (NO), 

prostacyclin (PGI2) and bradykinin. Factors that impact vascular tone can be either extrinsic 

or intrinsic. Extrinsic factors originating from outside the vessel regulate vascular resistance 

and arterial pressure while intrinsic factors originating from the vessel itself allow small 

microvessels to respond to changes in intraluminal pressure and regulate regional blood 

flow to an organ [11]. Active myogenic tone originating from VSMCs is Ca2+-dependent 

and is regulated by mechanosensitive cation channels [12, 13]. Passive intrinsic response is 

Ca2+-independent and involves structural proteins and remodeling enzymes.

Sex differences in vascular tone have been described in several vascular beds in human and 

animal models [7, 14]. For example, the α-adrenergic agonist norepinephrine causes less 

forearm vasoconstriction in women than in men. Oxidized low-density lipoprotein enhances 

5-hydroxytryptamine-induced contraction to a greater extent in coronary arteries from male 

than female pigs. Also, contraction in response to norepinephrine or phenylephrine is greater 

in the aorta of male than female rats [14]. Of note, the pressor response to vasopressin 

infusion in vivo is greater in male than female rat, although vasopressin-induced contraction 

in isolated rat aorta is almost twice in females vs males, likely due to tachyphylactic effects 

ex vivo [14]. Vascular contraction in response to phenylephrine is not different in the aorta 

of castrated vs intact male rats, but enhanced in ovariectomized (OVX) vs intact females, 

suggesting that the sex differences in vascular tone are related to E2 levels and ERs in the 

vasculature [7].

2.2 Estrogen receptors in the vasculature

E2 binds ERs with high affinity and specificity. ERα, ERβ and several ER variants have 

been described [15, 16]. E2 diffuses through the plasma membrane and complexes with 

cytosolic/nuclear ER, which binds to chromatin and promotes transcription of genes with 

specific ER-responsive regulatory element [17] (Fig. 1). E2 also binds to plasmalemmal 

ER to induce rapid non-genomic effects [5, 18, 19]. ERα knock-out (KO), ERβ KO and 

ERα/ERβ double KO mice survive, but show reproductive malfunction [20]. ERα and 

ERβ have been identified not only in the female reproductive organs, but also in the 

heart, blood vessels, lungs, brain, hypothalamus, and bones, causing multiple effects in 

the cardiovascular, immune, nervous, and musculoskeletal system [21, 22]. ERα and ERβ 
have been detected in ECs and VSMCs [23, 24]. There is a strong association between ER 

number and normal EC function [25]. Upon binding to E2, plasmalemmal ERα or ERβ 
largely form homodimers, but could also form ERα/ERβ heterodimers [26]. ERα and ERβ 
are expressed in VSMCs of human coronary artery, iliac artery, aorta, and saphenous vein, 

with greater density in females vs males [27]. In rats, ERα is found in the uterine artery, and 
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ERβ is abundant in the aorta, tail and uterine arteries [28]. ERα could mediate the protective 

effects of E2 against vascular injury [29], but ERβ is more predominantly expressed than 

ERα in all wall layers of human coronary arteries and most avidly in the media and 

VSMCs [30]. ERβ mRNA expression is upregulated following aortic balloon injury in rats. 

In transfected HeLa cells stimulated with E2, ERα is a stronger transactivator than ERβ at 

low ER concentrations, but at higher concentrations, ERα activity self-suppresses, and ERβ 
becomes the stronger transactivator [27]. GPER or GPR30 is a 7-transmembrane G protein-

coupled ER that binds E2 and mediates some of its rapid non-genomic effects [31]. GPER is 

widely distributed in the brain, peripheral tissues and human mammary artery and saphenous 

vein [32], and has been localized in the plasma membrane and endoplasmic reticulum [31, 

33]. Adult female mice display lower blood pressure (BP) and pulse wave velocity (indicator 

of arterial stiffness) than adult males, and the female carotids are more distensible and show 

greater acetylcholine (ACh)-induced relaxation than male carotids. Interestingly, GPER 

deletion eliminates the sex differences in pulse wave velocity, BP and arterial stiffness 

in adult mice, and is associated with endothelial dysfunction in females., suggesting that 

nongenomic E2 signaling through GPER could impact the vascular phenotype differently in 

females vs males [34].

2.3 Effects of E2 on ECs

The interaction of E2 with cytosolic/nuclear receptors trigger a host of genomic effects 

involving phosphorylation of mitogen-activated protein kinase (MAPK) and promoting 

EC proliferation [35]. E2 also alters several signaling pathways in ECs causing non-

genomic effects and vasodilation. Acute administration of E2 in healthy Post-MW 

promoted endothelium-dependent flow-mediated vasodilation, and potentiated the forearm 

vasodilation induced by ACh [36]. Also, acute administration of E2 in dogs and in isolated 

rat and rabbit hearts lowers coronary vascular resistance and enhances blood flow [37]. 

In the aorta of spontaneously hypertensive rat (SHR), endothelium-dependent relaxation 

is greater in females vs males [38, 39]. E2 promotes vasodilation by increasing the 

synthesis, release and bioactivity of relaxing factors such as NO, PGI2 and endothelium-

derived hyperpolarizing factor (EDHF), as well as decreasing contracting factors such as 

endothelin-1 (ET-1) and thromboxane A2 (TXA2) [40].

NO is a major vasodilator produced from the transformation of L-arginine to L-citrulline 

by neuronal NO synthase (nNOS, NOS I), inducible iNOS (NOS II), and endothelial eNOS 

(NOS III) [41]. While eNOS is Ca2+-dependent and rapidly regulates vascular tone, iNOS 

is Ca2+-independent and involved in long term regulation of vascular function. Total NO 

production is greater in Pre-MW vs men [42]. Small arteries isolated from healthy Post-MW 

not receiving MHT show impaired EC function, which is improved when the vessels are 

treated with E2 [43]. Pretreatment of human coronary ECs with E2 increases both basal and 

stimulated NO release [7]. In OVX female guinea pigs, E2 replacement increases endothelial 

NO production and enhances the sensitivity of coronary arteries to vasodilators [44]. Also, 

endothelial NO release is greater in female vs male rat arteries, largely due to differences in 

E2 levels [38, 45].
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The effects of E2 on endothelial NO production involves ER-mediated activation of both 

genomic and non-genomic effects. E2 activation of nuclear ERs causes upregulation of 

eNOS [25, 45] (Fig. 1). E2 increases eNOS mRNA expression in cultured human coronary 

ECs [46], and prevent destabilization of eNOS mRNA by tumor necrosis factor-α (TNFα) 

[47]. E2 also regulates NOS activity through interaction with EC plasmalemmal ERs and 

activation of non-genomic pathways [45, 48]. Under basal conditions eNOS is firmly 

attached to the scaffolding protein caveolin in the plasma membrane caveolae. Like other 

vasodilators such as ACh and bradykinin, E2/ER activation in ECs causes increases in 

cytosolic free Ca2+ concentration ([Ca2+]c), and initial intracellular translocation of eNOS 

away from caveolin. E2 also activates MAPK and protein kinase B/Akt which promote 

phosphorylation and translocation of cytosolic eNOS back to the plasma membrane where 

it undergoes myristoylation/palmitoylation and full activation [49]. In support of E2 non-

genomic effects, membrane-impermeant E2 bind ERs at the cell surface and stimulate 

NO release from human ECs [50]. E2 administration in OVX female mice causes rapid 

dilation of elastic and muscular arteries through ER-mediated NO production [51]. In human 

ECs, E2 stimulates eNOS independent of cytosolic Ca2+ mobilization [52], likely through 

eNOS phosphorylation by MAPK or Akt [50, 53] In ovine ECs, E2 causes activation of 

MAPK and eNOS, which are blocked by MAPK inhibition [54]. Also, E2 induces eNOS 

phosphorylation through the phosphatidylinositol-3 (PI3)-kinase-Akt pathway and thereby 

reduces its [Ca2+]c requirement for activation [55]. Human umbilical vein ECs (HUVECs) 

express both ERα and ERβ [23]. ERα gene transfer into bovine aortic ECs induces eNOS 

gene expression [56]. The acute response of eNOS to E2 was reconstituted in COS-7 cells 

co-transfected with wild-type ERα and eNOS [54]. Selective ERα agonists ameliorate EC 

dysfunction in blood vessels of OVX female SHR [57]. Also, basal NO production was 

increased in thoracic aorta of ERβ KO mice and abolished in ERα KO mice, suggesting 

that ERα, but not ERβ, mediates the beneficial effect of E2 on basal NO production 

[58]. However, overexpression of ERβ in COS-7 cells enhances E2-induced eNOS activity 

and ERβ association to plasma membrane caveolae independent of ERα, supporting ERβ-

mediated eNOS activation [59]. Other studies suggest that E2-induced vasodilation and 

activation of MAPK or PI3-kinase are absent in ERα and ERβ double-KO mice [51].

E2 could promote NO activity through antioxidant effects. Superoxide anion (O2
−) levels 

are greater in the aorta of male vs female rats [60]. In OVX female rats, increases in BP 

are associated with increased plasma lipoperoxides and free radicals and lower levels of 

antioxidants and, and E2 replacement decreases free radicals and increases the levels of 

nitrites/nitrates [61]. Also, E2 inhibits NADPH oxidase expression and the generation of 

reactive oxygen species (ROS) and peroxynitrite (ONOO−) in HUVECs [62] and enhances 

NO bioactivity in bovine aortic ECs [63]. E2 also reduces the expression of Ang II type 

1 receptor in ECs, and thereby prevents Ang II-induced increases in NADPH oxidase 

expression, oxidative stress, and ONOO− formation [64]. E2 through activation of ERs in the 

mitochondria could also regulate mitochondria-encoded genes and decrease mitochondrial 

O2
− production and oxidative stress [10].

PGI2 is an endothelium-derived relaxing factor produced from the metabolism of 

arachidonic acid by cyclooxygenase-1 (COX-1) and COX-2. Studies suggest a role 

of COX-2 in the rapid E2-induced enhancement of cholinergic vasodilation in the 
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cutaneous vasculature of Post-MW [65]. Arteries from OVX female monkeys with induced 

atherosclerosis show reduced PGI2 levels that are inversely related to plaque size, and 

treatment of the arteries with E2 increases PGI2 production [66]. E2 stimulates urinary 

excretion of PGI2 metabolites in ERβ but not ERα KO mice, supporting a role for ERα 
in PGI2 production [67]. E2 upregulates COX-1 expression and promotes PGI2 synthesis 

in HUVECs and fetal ovine pulmonary artery ECs [45, 68], partly through rapid activation 

of ERβ-mediated Ca2+-dependent pathway [69]. However, the COX inhibitor indomethacin 

does not affect E2-induced relaxation in rabbit coronary artery, suggesting a little role of 

prostanoids in E2-induced coronary vasodilation [70]. E2 may initiate a cross-talk between 

NOS and COX such that an increase in NO-mediated vasodilation would decrease COX-

mediated vascular relaxation [71].

The greater endothelium-dependent relaxation in females vs males could also involve 

EDHF and activation of K+ channels [39]. ACh-induced hyperpolarization and relaxation 

of mesenteric arteries are reduced in male and OVX female vs intact female rats, and the 

differences are eliminated by the K+ channel blockers apamin and charybdotoxin. Also, 

E2 replacement improves ACh-induced vascular hyperpolarization and relaxation in OVX 

female rats [72, 73].

The sex differences in vascular tone may also involve endothelium-derived contracting 

factors such as ET-1 and TXA2. ET-1 interacts with ETAR and ETB2R in VSM to induce 

contraction, and with ETB1R in ECs to induce vascular relaxation. Acute intracoronary 

administration of E2 decreases ET-1 levels in coronary sinus plasma of Post-MW with 

CAD [74]. ET-1 release from ECs along with vascular tone and BP are reduced in female 

vs male SHR rats [39, 75]. ET-1 causes greater contraction in mesenteric arteries of male 

vs female DOCA-salt hypertensive rats, likely due to differences in ETBR [76]. ET-1 and 

ETB2R mRNA expression and the vasoconstriction induced by the ETBR agonist IRL-1620 

are greater in mesenteric arteries of OVX vs intact females, and these increases are reversed 

in E2-replaced OVX females, supporting that E2 attenuates ET-1 and ETB2R expression 

[77]. Also, aortic strips from male rats exposed to trauma-hemorrhage show increases in 

ET-1 induced contraction, and treatment with E2 and the ERβ agonist diarylpropionitrile 

(DPN) counteracts the vascular contraction [78]. E2 also inhibits basal and serum, TNFα, 

transforming growth factor β1, Ang II, and thrombin-induced ET-1 release in ECs [79, 80]. 

The release of COX-derived vasoconstricting prostanoids such as TXA2 is also greater in 

male vs female SHR [39].

2.4 Effects of E2 on VSMCs

Although E2 enhances EC growth through nuclear ERs and genomic pathways, it inhibits 

VSMC proliferation through inhibition of MAPK [81] or activation of protein phosphatases 

[82] (Fig. 1). NO inhibits VSMC proliferation, and E2-induced NO production contributes 

to VSMC growth inhibition. E2 also stimulates cyclic adenosine monophosphate (cAMP) 

and adenosine production which can regulate VSMC growth [83]. The different effects of E2 

on growth of ECs vs VSMCs could be related to the ER subtype or the E2 response element 

in the promoters of various genes.
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E2 also causes rapid relaxation of endothelium-denuded rabbit and porcine coronary 

arteries, suggesting endothelium-independent effects on plasmalemmal ERs in VSMCs 

[84, 85]. The vasodilator effects of E2 vary with the vascular bed, estrous cycle, and 

exposure to E2. For example, in rats, E2-induced vasodilation is the largest in the tail and 

mesenteric arteries from females at the pro-estrous stage. Also, E2 causes less microvascular 

relaxation in E2-replaced vs nonreplaced OVX rats, suggesting that chronic E2 exposure 

downregulates ERs [86]. Importantly, the rapid vascular effects of E2 in ex vivo studies are 

observed at micromolar concentrations, which are several-fold higher than the physiological 

picomolar plasma levels in vivo. This is likely because E2 is lipophilic and the E2 tissue 

levels may exceed the plasma levels. Also, the responses of large conduit vessels such as 

the aorta or left anterior descending coronary artery generally require higher concentrations 

of sex hormones to produce vasodilation, while similar vasodilatory effects are seen in 

microvascular preparations at much lower concentrations. It is likely the greater structural 

complexity of the large vessels with their several layers of VSMCs and collagens that 

require much higher concentrations of sex hormones to produce an effect.

VSMC contraction is triggered by increases in [Ca2+]c due to Ca2+ release from the 

sarcoplasmic reticulum and Ca2+ entry from the extracellular space [87]. Activation of 

myosin light chain (MLC) kinase and Rho-kinase (ROCK) as well as inhibition of MLC 

phosphatase also contribute to VSMC contraction. Also, the interaction of vasoconstrictors 

with their receptors increases the production of diacylglycerol which activates protein kinase 

C (PKC) and increases the myofilament force sensitivity to [Ca2+]c [88]. In isolated VSMCs, 

the resting cell length is longer and basal [Ca2+]c is less in female vs male rats, and in 

E2-replaced vs non-replaced OVX females, suggesting sex differences and marked effects of 

E2 on the Ca2+ handling mechanisms [87].

In VSMCs incubated in Ca2+-free solution, phenylephrine or caffeine causes cell contraction 

and transient increase in [Ca2+]c that are not different between intact and gonadectomized 

male and female rats, suggesting that the Ca2+ release mechanism is not involved [87]. 

However, in VSMCs incubated in Ca2+-containing solution the maintained [Ca2+]c induced 

by phenylephrine or high KCl is greater in intact male and OVX female vs intact female or 

E2-replaced OVX female rats, suggesting sex differences in the Ca2+ entry mechanism of 

VSMC contraction [87]. In support, the expression of the L-type Ca2+ channel is increased 

in cardiac muscle of ER-deficient mice and in coronary VSMCs of male vs female swine 

[89, 90]. Also, E2 inhibits the maintained PGF2α and TXA2 induced VSM contraction, 

Ca2+ influx and [Ca2+]c, supporting inhibition of Ca2+ entry mechanisms [84, 91]. E2 

could activate BKCa channel in coronary VSMCs, causing hyperpolarization and inhibition 

of Ca2+ entry through voltage-gated channels [92]. Also, E2 directly blocks Ca2+ channel 

activity in cultured A7r5 and aortic VSMCs [93]. E2 also inhibits vascular contraction, Ca2+ 

influx and [Ca2+]c in isolated vessels and VSMCs stimulated by high KCl (which prevents 

K+ efflux through K+ channels), supporting direct inhibition of Ca2+ channels [84, 91]. 

E2 may also decrease [Ca2+]c by stimulating Ca2+ extrusion via plasmalemmal Ca2+ pump 

[94]. However, the rate of decay of caffeine- and carbachol-induced contraction and [Ca2+]c 

transient in VSMCs incubated in Ca2+-free solution, an indicative of Ca2+ extrusion, is not 

affected by E2 [84, 87].
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Studies have also examined whether the sex differences in vascular contraction involve PKC 

and ROCK. PKC activation by phorbol esters causes greater contraction in the aorta of male 

vs female rats [95]. Phenylephrine and phorbol ester-induced activation/translocation of α- 

and δ-PKC from the cytosolic to the particulate fraction are greater in male vs female rats 

and in OVX vs intact or E2-replaced OVX females, suggesting E2 related sex differences 

in PKC activity [95]. ROCK inhibits MLC phosphatase and enhances VSM sensitivity to 

[Ca2+]c. ROCK is upregulated in CVD and coronary vasospasm. The vasodilator response 

to ROCK inhibitor Y-27632 is reduced in male and OVX female rats and restored in 

E2-replaced OVX females. E2 also decreases ROCK mRNA expression in human coronary 

VSMCs [96]. MLC kinase, tyrosine kinases and MLC phosphatase also regulate VSMC 

contraction, and whether the expression/activity of these protein kinases/phosphatases is 

affected by gender or E2 levels should be examined.

3. Unexplained, paradoxical, and under-investigated vascular effects of 

sex hormones

While gender-based research has highlighted important sex differences in the cardiovascular 

system and CVD, some of the observations remain controversial, and several questions 

regarding the effects of E2 vs other sex hormones on the vascular system remain 

unanswered. Some questions center on the vascular benefits of MHT, the E2 paradox in 

pulmonary arterial hypertension (PAH) and the vascular effects of progesterone (P4) and 

testosterone (T3).

3.1 Does menopausal hormone therapy (MHT) confer vascular benefits?

E2 is commonly used as a contraceptive and as a component of MHT for hot flushes, 

night sweats and vaginal dryness [8]. Since E2 promotes vasodilation and modulates VSM 

Ca2+ channels, MHT was also proposed as a pharmacological approach to decrease the 

severity of certain forms of HTN and CVD. Earlier observational studies such as the Nurses’ 

Health Study (NHS) in the 1970s showed reduced risk of cardiovascular events in Post-MW 

using oral E2 [6, 97]. Also, a meta-analysis of observational studies showed that MHT was 

associated with 33% reduction in fatal CVD [8]. A study in 337 women undergoing elective 

coronary angioplasty showed that MHT users had fewer cardiovascular events (12% vs 35%) 

and better survival (93% vs 75%) than nonusers [98]. However, in these studies participants 

were not well-randomized, women who took MHT might have been healthier than those 

who did not (“healthy user” bias), and different MHT preparations were used for different 

periods of time. Of note, randomized clinical trials (RCTs) such as the Women’s Health 

Initiative (WHI) and Heart and Estrogen/progestin Replacement Study (HERS) showed no 

cardiovascular benefits and even increased risk for cerebrovascular events with MHT [99–

101]. Clinical studies also raised concerns about possible relationship between MHT and 

the risk of venous thromboembolism (VTE) [102, 103]. Also, ~35% increase in the risk 

of cerebral ischemia and stroke has been associated with MHT in the NHS [104], WHI 

[105] and the Women’s Estrogen for Stroke Trial (WEST) [106]. Although E2 may reduce 

some vascular risk factors, it may promote proinflammatory effects on neurons and increase 

sensitivity to ischemia by modulating the excitatory effects of glutamate or the inhibitory 

effects of γ-aminobutyric acid [106].
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MHT failure to elicit vascular benefits in RCTs could be related to the biosynthesis and 

levels of natural estrogens and their metabolites, and age-related changes in ER subtypes, 

variants, polymorphisms, tissue distribution, and post-ER signaling in ECs, VSMCs and 

extracellular matrix (ECM). MHT failure could also be due to the design of RCTs, the 

subjects’ age, pre-existing CVD, timing of MHT, the hormone environment and interaction 

with other hormones such as P4 and T3.

The outcome of MHT in Post-MW could be affected by the type of estrogen used. 

Natural estrogens include estrone (E1), estradiol (E2) and estriol (E3). Conjugated equine 

estrogen (CEE) is a common form of MHT derived from urine of pregnant mares that 

was approved by the FDA for treatment of menopausal symptoms. CEE contains saturated 

estrogens e.g. E1, 17β-E2 and 17α-E2, and unsaturated estrogens e.g. equilin. Because of 

low bioavailability of oral estrogens and their first-pass metabolism, synthetic estrogens 

such as diethylstilbestrol, esterified E2, and ethinyl-E2 may provide cardiovascular benefits. 

In Post-MW, treatment with esterified E2 showed lower risk of ischemic stroke and MI, 

and no increase in VTE risk compared to CEE [102]. Phytoestrogens such as flavonoids, 

isoflavonoids, stillbenes and lignans bind ERs and produce estrogenic effects. Food 

containing phytoestrogens such as soybeans, red clover, wheat grains, and peas is consumed 

in large quantities in cultures with lower rate of menopausal symptoms, osteoporosis, 

cancer, and CVD particularly in Japan, China, and Southeast Asia. However, phytoestrogens 

have not been tested for their estrogenic effects in well-designed RCTs. Selective estrogen 

receptor modulators (SERMs) such as raloxifene, tamoxifen, toremifene, and idoxifene are 

non-steroidal molecules that bind ERs with a wide range of activity from purely estrogenic, 

purely anti-estrogenic, to partial estrogenic. SERMs reduce the levels of total cholesterol, 

LDL-c, triglycerides, fibrinogen and the cytokines interleukin-6 (IL-6) and TMFα. The 

Raloxifene Use for The Heart (RUTH) trial showed that raloxifene treatment for a median 

of 5.6 years reduced the risk of invasive breast cancer in Post-MW with CVD but did not 

affect the risk of primary coronary events, while increasing the risk of fatal stroke and VTE 

[107]. As in WHI, the advanced age of the participants could have affected the estrogenic 

response. Also, the Multiple Outcomes of Raloxifene Evaluation (MORE) study showed that 

raloxifene therapy for 4 years did not affect the risk of cardiovascular events in the overall 

cohort, but increased the risk of VTE and did not alter the risk of stroke [108]. Selective ER 

agonists have also been developed. Propylpyrazole trisphenol (PPT) is 400-fold more potent 

on ERα than ERβ and has been shown to increases flow-mediated relaxation in mesenteric 

microvessels of female mice [109]. Diarylpropionitrile (DPN) is a potent ERβ agonist with 

a 30- to 70-fold selectivity over ERα that causes rapid NO-dependent vasodilation [41]. 

G1 is a selective GPER agonist. Further research is needed to develop specific estrogenic 

compounds with high ER and cardiovascular selectivity in Post-MW.

The adverse effects of MHT observed in RCTs may be related to the relatively high dose 

of estrogens used. Estrogens are highly lipophilic, and their circulating levels may not 

reflect their levels in the vascular wall. Also, E2 regulates fat mass, adipose deposition 

and metabolism, and E2 deficiency in Post-MW could increase visceral fat. Adipose tissue 

has P450 aromatase activity, which converts androstenedione into E1, and increases E1 

levels in aging Post-MW with obesity. Also, adipose tissue secretes inflammatory cytokines 

such as IL-6 and TNFα, that could affect vascular ERs and their signaling pathways. 
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Estrogens are also extensively bound to plasma proteins particularly globulin, and the 

hormone pharmacokinetics and volume of distribution may change in Post-MW with liver 

and kidney disease. Thus, a dose of E2 that seems to be normal in Pre-MW could produce 

supraphysiological levels in Post-MW, and lead to side-effects [40]. In effect, the Women’s 

Health, Osteoporosis, Progestin, Estrogen (Women’s HOPE) trial showed improved benefit/

risk ratio of lower-dose CEE for prevention of bone loss, relief of vaginal atrophy and 

vasomotor symptoms, and reduction in endometrial bleeding [110].

The route of administration could be a factor in successful MHT. Estrogen can be 

administered orally, or as percutaneous gel, transdermal patch or subcutaneous implant. 

Transdermal E2 avoids exaggerated peaks in plasma E2 levels that occur during oral 

administration, undergoes a rate of conversion to E1 that is similar to that during the 

menstrual cycle, and may have less adverse effects than oral preparations [111]. Also, 

oral E2 may increase C-reactive protein (CRP) levels in the vascular wall [112], while 

transdermal E2 increases brachial artery flow-mediated vasodilation without affecting CRP 

levels in healthy Post-MW [113]. The route of administration of MHT should be an active 

area of research to identify treatment modalities with the least adverse effects.

The failure of vascular benefits of MHT to materialize in RCTs is likely linked to age-

related changes in ER distribution, integrity, and post-ER signaling pathways as well as 

structural changes in the vasculature. ER genes are located on separate chromosomes; ESR1 
is on chromosome 6q(25.1) and encodes ERα, while ESR2 is on chromosome 14q(23–24.1) 

and encodes ERβ [114]. Polymorphisms in ERα at positions c.454–397 T>C (PvuII) and 

c.454–351 A>G (XbaI) have been associated with the severity of CAD in Post-MW [115]. 

On the other hand, HDL and apolipoprotein A-1 levels, forearm blood flow, brachial artery 

diameter, and endothelium-dependent dilation are greater in Post-MW with the recessive 

ERα IVS1–397 polymorphism C/C genotype vs the dominant phenotype [116]. Also, a 

2 times greater increase in HDL levels was found in Post-MW with the ERα IVSI-401 

polymorphism C/C genotype vs control women with CAD who were being treated with E2 

alone or E2+progestin [117]. ER isoforms or splice variants have been described, and their 

biological functions remain an important area for research [22]. Also, ERβ expression is 

regulated by methylation of CpG islands in the ERβ gene promoter, and may represent an 

epigenetic mechanism of vascular aging and atherosclerosis [118].

Although E2 levels decrease with age in Post-MW, little is known about age-related changes 

in ER subtypes, distribution, and function in blood vessels. In other tissues. ERα is detected 

in the retina of young women, but not in men or Post-MW. Experimental data suggest that 

ER expression is not different in the aorta of aging vs adult OVX SHR [119]. ERβ mRNA is 

decreased in specific regions of the brain of old vs young and middle-aged female rats and 

is not altered by E2 treatment. Aging may also affect the subcellular distribution of ERα in 

the nucleus and cytoplasm of mouse cholinergic neurons [120]. Further elucidation of the 

changes in E2-ER interactions with age should help in the design of selective estrogenic 

drugs for aging women.

In general, women live longer than men, with life expectancy at 76.6 years for men and 

82.2 years for women [121], although women are frailer and have worse health at the end of 
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life. While men still perform better on physical function examinations, women outlive men. 

The survival benefit in females is also seen in nonhuman mammals [122]. However, the 

cardiovascular system deteriorates with age and the responsiveness of the vasculature to E2 

are altered by age-related EC senescence and dysfunction, VSMC proliferation, and vascular 

remodeling, inflammation, and atherosclerosis. With age, NO production decreases and 

ET-1 production increases, which promotes VSMC proliferation and favors a procoagulant 

state. Aging also affects the blood vessel architecture and mechanical properties. Elastin 

fibers determine the mechanical strength of the vessels at lower pressures and collagen 

fibers bear most of the strength at higher pressures. During vascular aging, there is 

progressive arterial stiffening and arteriosclerosis due to decreased elastin/collagen ratio. 

E2 could affect vascular ECM proteins and remodeling through modulation of matrix 

metalloproteinases (MMPs). At low doses, E2 inhibits MMPs and decreases collagen 

deposition, whereas high E2 doses activate MMPs and promote vascular lesion formation 

and plaque destabilization. In cultured human coronary artery and umbilical artery VSMCs 

increasing E2 from physiological to supraphysiological levels increases MMP-2 levels, 

supporting different effects of low and high E2 doses on vascular integrity [123]. MMP-

induced ECM degradation within the atherosclerotic plaque also affects plaque instability, 

and changes in the levels of MMP-2, -9 and -10 in Post-MW receiving MHT may contribute 

to the risk of cardiovascular events [124].

Because of the age-related vascular changes, the time of initiation of MHT could be critical 

in determining the vascular outcome [125]. The mean age of menopause in the United States 

(U.S.) is 51 years, which corresponds to the age of women in the NHS receiving MHT 

for menopausal symptoms [126]. Women who participated in NHS were 30 to 55 years of 

age, and ~80% of participants initiated MHT within 2 years of menopause [104]. On the 

other hand, women in HERS were on average 67 years of age and had been postmenopausal 

for many years at the time of enrollment [125]. Likewise, the participants in WHI were 

older (50–79 years) with only 10% of the participants between 50 and 54 years and 20% 

between 54 and 59 years. Even younger healthy participants (aged 50 to 59) in WHI had 

been menopausal ~6 years before enrollment [6]. Because atherosclerosis progresses with 

age, many of the women in WHI likely had subclinical atherosclerosis. The timing of MHT 

was considered in the Kronos Early Estrogen Prevention Study (KEEPS) and Early vs Late 

Intervention Trial with Estradiol (ELITE) to evaluate the effects of MHT on progression of 

atherosclerosis in early menopausal women [126]. In KEEPS, women were randomized to 

daily low dose oral CEE or weekly transdermal E2, both in combination with cyclic oral 

micronized P4 or placebo for 12 days/month. Participants were 42–58 years of age and 6 to 

36 months postmenopausal with E2 levels <40 pg/mL [126]. He ELITE study randomized 

643 women, < 6 years or > 10 years postmenopausal, to receive oral E2 for 2 to 5 years to 

test for differences between early and late initiation of MHT. The results from these have 

helped to address the benefits of MHT timing, and low dose, and the differences between 

oral and transdermal E2 [40].

The pre-existing cardiovascular condition could also affect the outcome of MHT in Post-

MW. One criticism of HERS was that the participants had CVD at baseline [126]. Also, 

while WHI was designed as a primary prevention RCT in “healthy” women, 36% of 

the women assigned MHT had HTN, 49% were smokers, 4.4% had diabetes, 34% were 
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obese, and 13% being treated for hypercholesterolemia, suggesting an active atherosclerotic 

process. Arteries of Post-MW have some degree of atherosclerosis that could impede the 

vasodilator effects of E2. The Cardiovascular Health Study in women older than 65 years 

of age showed positive association between MHT and flow-mediated vasodilation only in 

healthy Post-MW, but had no effect on brachial artery blood flow in women older than 80 

years or with CVD or multiple cardiovascular risk factors [117]. Also, In OVX cynomolgus 

monkeys fed an atherosclerotic diet, early CEE administration simultaneously with the 

atherosclerotic diet caused a 70% reduction in coronary artery plaque size. A delay in 

hormone therapy until after the development of moderate atherosclerosis resulted in only 

50% protection. In primates who received CEE after being on atherosclerotic diet for 2 

years, no protection was observed [127]. Similarly, in OVX female rats with carotid artery 

balloon injury, administration of E2 resulted in inhibition of intimal hyperplasia, and VSMC 

proliferation when given on the day of injury, 15 minutes before, and continuing 3 days 

after injury, but did not show beneficial effects when administered 7 days after balloon 

injury [128]. Thus, proper timing of initiation of MHT may prevent or delay the progression 

of atherosclerosis and CVD. Around the time of menopause, women still have relatively 

healthy arteries, allowing a “window” for MHT to produce vascular benefits. However, 

as arterial disease increases with time after menopause, the diseased arteries become less 

responsive to the beneficial effects of E2.

3.2 The “Estrogen Paradox” in pulmonary arterial hypertension (PAH)

PAH is a progressive disease involving impaired pulmonary vascular structure and function, 

and causing right ventricular failure that is ultimately fatal [129, 130]. PAH can be 

idiopathic, familial, or associated with other cardiovascular disorders, and its underlying 

pathology involves pulmonary vasoconstriction, progressive fibro-proliferative remodeling 

of the pulmonary arterioles, as well as inflammation, thrombosis, and right ventricular 

hypertrophy and failure. Although only a small percentage of patients have demonstrable 

pulmonary vasoconstriction when they undergo cardiac catheterization, the mainstay of 

current pharmacologic therapies includes vasodilators such as the phosphodiesterase-5 

(PDE-5) inhibitor sildenafil and the ET-1 receptor antagonist bosentan [131]. While many 

vasodilators also have anti-proliferative effects on VSMCs, current vasodilator therapies are 

not universally successful in altering PAH progression and improving survival. Therefore, 

novel approaches that directly target pulmonary vessel wall pathology are needed to reverse 

the established pathology in PAH.

PAH affects all age groups and both genders. There is a striking preponderance of young 

females affected by heritable PAH, but among patients with PAH, women show better 

prognosis and right ventricular function and higher survival rates compared with men 

(the E2 Paradox) [132]. The preponderance of PAH in females is intriguing because it is 

opposite of the preponderance of systemic CVD in males. Attempts have been made to 

define the role of sex steroids in pulmonary vascular disease, but significant knowledge 

gaps exist. One study showed that sex hormone depletion in castrated male and OVX 

female rats did not alter pulmonary artery reactivity to acute hypoxia [133]. However, E2 

is a pulmonary vasodilator that increases endothelial NO production [134] and promotes 

PGI2 synthesis in ovine pulmonary artery ECs [68, 69]. Also, the E2 active metabolite 
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2-methoxy-E2 shows anti-proliferative effects in VSMCs [135]. Interestingly, 2-methoxy-E2 

is as efficacious as sildenafil and bosentan in ameliorating monocrotaline (MCT)-induced 

PAH in male and female rats [136, 137]. Also, 2-methoxy-E2 when combined with either 

sildenafil or bosentan confers additional protection and improves survival in MCT rat model. 

Importantly, these pharmacological interventions were initiated 12 days after administering 

MCT and establishing pulmonary vascular remodeling, supporting effective reversal of 

established PAH. 2-methoxy-E2 likely exerts anti-proliferative and anti-inflammatory 

actions in the pulmonary vasculature and the lung, making it important to further examine its 

effects and other E2 metabolites in PAH.

3.3 Vascular effects of progesterone (P4)

P4 is a steroid hormone produced by the female ovary and adrenal cortex, and by the 

placenta during pregnancy. P4 receptors (PRα and PRβ) have been identified in ECs and 

VSMCs of human, primates, rabbit, rat, and mouse [7, 138, 139]. While the effects of 

P4 often require previous E2 priming in the reproductive system, P4 could have separate 

effects or modify the effects of E2 in the cardiovascular system. Similar to E2, P4 has anti-

atherosclerotic effects, decreases LDL-c, and increases HDL-c [140]. Intravenous infusion 

of P4 in pigs induces endothelium-dependent coronary vasodilation through release of NO 

[140]. Also, chronic administration of P4 upregulates eNOS in ovine uterine artery ECs 

[141]. P4 also stimulates endothelium-dependent NO-mediated relaxation in ovine uterine 

artery and rat aorta [142]. Additionally, P4 rapidly activates COX and increases PGI2 

production. P4 and combined E2/P4 inhibit serum- and Ang II-stimulated ET-1 release 

from bovine aortic ECs [79]. P4 via PRβ inhibits VSMC proliferation and facilitates the 

inhibitory effects of E2, likely through inhibition of MAPK [79, 143]. Also, P4 causes 

endothelium-independent relaxation of primate, porcine, rabbit and rat coronary arteries 

[84]. P4 also rapidly decreases Ca2+ influx and [Ca2+]c in porcine and rabbit coronary artery 

VSM [84, 91]. Furthermore, P4 inhibits phorbol ester-induced VSMC contraction and PKC 

activation and translocation in VSM likely through increasing cAMP levels [144].

However, P4 produces less vasorelaxation than E2, and may even antagonize the 

vasoprotective effects of E2. P4 counteracts the stimulatory effects of E2 on NO production 

and vascular relaxation in canine and porcine coronary artery [145]. Also, P4 antagonizes 

the antioxidant effect of E2, and enhances NADPH oxidase activity and production of ROS 

in OVX mice [146]. P4 could also promote vasoconstriction by upregulating vascular AT1R 

[147]. P4 may also diminish E2-induced anti-inflammatory effects and its attenuation of 

ischemic brain injury [40].

P4 could modify the vascular effects of E2 in MHT. Medroxy-P4 acetate (MPA) antagonizes 

the inhibitory effects of CEE on coronary atherosclerosis, and may attenuate E2-induced 

NO production in Post-MW [148]. A study comparing the effect of sequential E2/progestin 

treatment cycle, two weeks with E2 alone followed by two weeks with E2/norethisterone 

acetate (NETA), in Post-MW showed increased excretion of cGMP in both phases, but found 

an increase in PGI2 metabolite during the E2 phase, and an increase of TXA2 metabolite 

during the E2/NETA phase [149]. Another study showed an increase in TXA2 metabolites 

with oral but not transdermal E2/MPA after 12 months [150]. Also, treatment of human 
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female coronary artery ECs with MPA or NETA enhances E2-induced reduction of MMP-1, 

an action that could affect plaque stability. However, CEE alone or CEE+MPA increased 

MMP-9 levels after 4 weeks in Post-MW with established CAD [148]. These complex 

interactions of E2 and P4 on the vasculature highlight the need to determine the benefits vs 

risk of combined E2/P4 in postmenopausal CVD.

Drospirenone (DRSP) is an 17α-spironolactone derivative with similar affinity to PR 

and pharmacodynamics as natural P4. DRSP is used in combination with ethinyl-E2 

as oral contraceptive and in combination with E2 as MHT. Of note, DRSP has anti-

mineralocorticoid effects that counteract the salt-retaining actions of E2 and greater anti-

androgenic effects than P4. E2/DRSP lowers BP in hypertensive Post-MW, particularly 

when administered in combination with angiotensin-converting enzyme inhibitors and 

angiotensin receptor blockers [151]. Angeliq, an MHT composed of DRSP/E2, reduced 

carotid intima–media thickness and vertigo/dizziness in Post-MW possibly through its anti-

androgenic and anti-mineralocorticoid effects [152].

In women with intact uterus, P4 is given with E2 to reduce the risk of endometrial cancer. 

The negative findings of HERS and one arm of WHI may have been caused by concomitant 

use of MPA, as evidenced by increased stroke risk in women taking CEE+MPA vs women 

never using MHT. Also, in Postmenopausal Estrogen/Progestin Interventions (PEPI) trial, 

CEE caused beneficial effects on LDL and HDL levels that were attenuated by MPA [6]. 

However, other studies did not find any attenuation of CEE-induced vasodilation by MPA or 

micronized P4 [153]. Also, NHS showed a similar risk reduction for CAD among women 

taking CEE alone or CEE+MPA [104].

In cynomolgus monkeys, E2 or E2+P4 had similar anti-atherosclerotic effects. However, 

these vascular protective effects were lost in monkeys administered CEE+MPA vs CEE 

alone [154]. Also, in aging postmenopausal cynomolgus monkeys MPA abrogates the 

vascular benefits of E2 [155]. Furthermore, ACh caused vasoconstriction in E2-deprived 

monkeys not receiving MHT, and the vasodilatory response was restored in monkeys treated 

with E2 alone, but by only 50% during co-administration of MPA [155]. Also, MPA 

abrogated the ability of E2 to attenuate balloon injury-induced intimal thickening in rat 

model [156]. However, in rabbits, the anti-atherosclerotic actions of CEE or E2 were not 

prevented by MPA or other progestins [6]. Thus, whether MPA is responsible for the lack of 

vascular protective actions of MHT in RCTs needs to be further examined.

3.4 Vascular effects of testosterone (T3)

In men, androgens such as T3 maintain masculine secondary sexual characteristics. 

In women, androgens are important for maintaining bone mass, secondary sexual 

characteristics and libido [40]. Androgens are produced in the testis, adrenal glands, 

and ovaries. Normally, 10% of circulating T3 is irreversibly converted by 5-α-reductase 

in peripheral tissues such as the liver, prostate, genital skin and hair follicles into 

dihydrotestosterone (DHT3), with higher binding affinity to androgen receptor. T3 is also 

aromatized to E1 or E2 mainly in adipose tissue.
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During the female reproductive years, ~25% of circulating T3 originates from the ovaries, 

25% from the adrenal glands and 50% from conversion of peripheral androstenedione. 

Serum T3 levels are markedly lower in women than in men. Like E2, serum T3 levels 

decrease with age from 1.0 to 1.5 nmol/L in Pre-MW to 0.3–0.5 nmol/L in Post-MW [157, 

158]. However, serial measurements of sex hormones in Post-MW for 10 years showed 

age-related increase in serum T3 and androstenedione and decrease in E2 and DHT3 

[159]. Other studies showed that serum T3 decreased immediately after menopause, but 

then increased with age, reaching Pre-MW levels at 70–79 years of age. In women with 

surgical menopause, serum T3 levels did not increase with age, but were 40–50% lower than 

in women with natural menopause, suggesting that natural postmenopause is a relatively 

hyperandrogenic state [157].

Androgen receptors have been identified in ECs and VSMCs. The androgen receptor levels 

are lower in aortic VSMCs from female vs male rats [160]. In primates VSMCs, androgen 

receptor expression is upregulated by combined E2+T3 while E2 alone had minimal effect, 

suggesting a collaborative action of E2 and T3 on androgen receptor expression [161].

Some studies suggest that T3 causes deleterious effects in the kidney and could promote 

cardiovascular-renal disease in males. The increased cardiovascular-renal disease in Post-

MW could be related to increased T3/E2 ratio secondary to the decreased ovarian function 

and E2 production. Because men have higher BP and develop CVD at an earlier age 

than women, it is thought that androgens promote CVD in men. Although serum T3 

levels are lower in men with chronic CVD than in healthy men, the decreased androgen 

synthesis may be a compensatory mechanism in response to CVD. Of note, BP is higher 

in male vs female SHR, reduced in castrated males to levels observed in females, and 

increased in OVX females treated with T3, suggesting a role of increased T3/E2 ratio in 

promoting HTN post-menopause [157]. Some studies suggest that T3 enhances vascular 

contraction either by inhibiting endothelium-dependent relaxation or by directly stimulating 

VSM contraction [161]. For example, pretreatment of porcine coronary artery with T3 

impairs bradykinin-induced endothelium-dependent vascular relaxation and NO production 

[162]. T3 also enhances TXA2-induced coronary vasoconstriction in guinea pigs. Also, the 

androgen receptor antagonist flutamide causes relaxation of rat vessels [163].

However, some studies suggest beneficial cardiovascular effects of T3 through modulating 

lipid metabolism, stimulating hepatic lipoprotein lipase activity and reducing serum 

triglycerides and atherogenic lipids [180]. In men, low circulating T3 is positively correlated 

with risk factors for CAD [164]. In a study of middle-aged women (50–59 years) T3 was 

positively associated with low LDL and high HDL levels in all women, and women with 

CVD had lower T3 levels [165]. T3 may also promote coronary vasodilation in young 

men, and the increased risk for angina and MI in older men may be related to decreased 

T3 levels. Interestingly, in men with established CVD, intracoronary administration of T3 

increases coronary blood flow within minutes and rapidly improves myocardial ischemia 

[166]. In healthy Post-MW, plasma T3 levels positively correlate with brachial artery 

flow-mediated vasodilation, suggesting protective effects on ECs [167]. Epidemiology 

studies have shown that low T3 levels are associated with more atherosclerosis, CAD, and 

cardiovascular events. Also, emerging studies suggest that T3 may alter the course of heart 
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failure, angina, and myocardial ischemia. However, treating hypogonadism in aging men has 

produced discrepant effects and cardiovascular events [168]. The T3 Trials (TTrials) were 

a coordinated set of seven placebo-controlled, double-blind trials in 788 men with a mean 

age of 72 years to determine the efficacy of increasing T3 levels in older men with low T3. 

In the Cardiovascular Trial, T3 increased the coronary artery noncalcified plaque volume 

as assessed by computed tomographic angiography. Although T3 was not associated with 

more cardiovascular or prostate adverse events than placebo, a much larger, prospective, 

long-term studies of T3 replacement, with primary endpoints of adverse cardiovascular 

events including MI, stroke, and cardiovascular death as well as prostate cancer, are needed 

to determine whether T3 increases cardiovascular or prostate risk [169]. In effect, the Food 

and Drug Administration recently announced additional restrictions on T3 replacement 

therapy labeling and called for further studies to determine its cardiac safety [168].

Nevertheless, experimental studies have supported T3 effects on vascular function. T3 

induces relaxation of rabbit and rat aorta, and canine, porcine and rabbit coronary artery 

[84, 170]. T3 may also promote endothelium-dependent vascular relaxation [171, 172]. 

Intracoronary administration of T3 in canine induces vasodilation and NO release [171]. 

T3-induced vascular relaxation is reduced by K+ channel blockers, suggesting a role of 

voltage-dependent (delayed-rectifier) K+ channel [170]. In SHR aorta, T3 may release 

EDHF and activate voltage-dependent and BKCa channels, but a significant component of 

tT3-induced vasorelaxation in both WKY and SHR is endothelium-independent and may 

involve ATP-sensitive K+ channels in VSMCs [173]. In VSMCs, some studies suggest 

that androgens stimulate VSMC proliferation, while other studies show androgen-induced 

inhibition [161, 174]. In human umbilical VSMCs, DHT3 modulate cell proliferation in 

a dose-dependent manner, with low concentrations stimulating while high concentrations 

inhibiting [3H]thymidine incorporation [174]. Also, a significant portion of T3-induced 

vascular relaxation appears to be endothelium-independent. T3 and DHT3, which cannot 

be aromatized to E2, cause relaxation of porcine coronary artery and decrease VSMC 

[Ca2+]c by inhibiting Ca2+ entry from the extracellular space [84, 91, 170]. In porcine 

coronary artery, T3 causes greater inhibition of PGF2α-induced contraction than KCl-

induced contraction [84], suggesting additional effects on contraction mechanisms activated 

by PGF2α such as PKC.

In addition to E2 and P4, androgens may play a role in determining the cardiovascular 

risk in Post-MW. Studies suggest that the relationship between circulating free E2, free 

T3, and sex hormone-binding globulin (SHBG) may be more predictive of changes in 

carotid intimal thickening than the levels of any of these hormones alone. Also, conversion 

of T3 to E2 may contribute to the regulation of circulation in men, and administration 

of an aromatase inhibitor to young men results in a decrease in EC vasodilator function. 

Additionally, circulating levels of E2 and T3 may not reflect those at the tissue level, 

as both aromatase and 5-α-reductase are found in various tissues including blood vessels 

[175]. Steroid hormone metabolism is a complex process that allows inter-conversion of 

sex hormones precursors and metabolites. With the growing use of steroid metabolism 

inhibitors, including aromatase and 5-α-reductase inhibitors, e.g. in women with history of 

breast cancer, cardiovascular side effects are predicted [40].
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Conditions associated with hormone imbalance could provide insights into the effects of the 

hormone environment on cardiovascular function. Polycystic Ovary Syndrome (PCOS) is 

characterized by polycystic ovaries, amenorrhea, hirsutism, anovulatory infertility, elevated 

androgens and estrogens, as well as obesity, insulin resistance, and abnormal lipid 

metabolism. In PCOS, both insulin and luteinizing hormone stimulate androgen production 

from ovarian theca cells, leading to elevated levels of T3 and androstenedione. Because 

women with PCOS are overweight or obese, elevated androgen levels and conversion of 

androgens to E1 in adipose tissue by aromatase may contribute to increased E1 levels. 

Although women with PCOS have risk factors for CVD including low HDL-c, elevated 

BMI, high BP, hypertriglyceridemia, and high fasting glucose levels, a retrospective study 

from the United Kingdom failed to show increased cardiovascular morbidity or mortality 

in PCOS women [176]. Importantly, Post-MW and women with PCOS have similar sex 

hormone profiles, including lack of P4, E1 being the major estrogen, and relative increase in 

androgens. Further studies in PCOS women and animal models could provide insights into 

the role of other sex hormones in modulating the vascular effects of E2.

4. Sex differences in other biological systems and clinical disorders

Sex differences have also been identified in other biological systems including the renal, 

gastrointestinal, endocrine, nervous, musculoskeletal, and immune systems (Fig. 2). Also, 

sex differences in the prevalence of clinical disorders of these systems have been recognized 

(Fig. 3).

4.1 Sex differences in renal system and kidney disease

Clinical and experimental data demonstrate sex differences in renal anatomy, physiology, 

and susceptibility to injury and disease. For instance, the renal mass and the size of renal 

cortex and proximal tubules are greater in males than females. Also, the male kidney shows 

greater vasodilation, proximal sodium (Na) transport, Na+–Pi cotransporter 2, aquaporin 

1, solute carrier family 22 member 6, and urine protein excretion. In contrast, the female 

kidney shows greater total vascular resistance per glomerulus, phosphorylation of sodium-

hydrogen exchanger 3 (NaH3), Na+/Cl− cotransporter (NCC), ENaC (α- and γ-subunits), 

sodium–glucose cotransporter 2 (SGLT2), and solute carrier family 22 member 8 and 19 

[177].

The sex differences in renal anatomy and physiology may affect the incidence of renal 

injury and progression of kidney disease. Females have an increased prevalence of kidney 

stone disease, especially in adolescence. Quality of life is also more adversely affected 

by kidney stone events among females who are also more likely to develop sepsis after 

endourological surgery [178]. Sexual dimorphism is also evident in the development of 

ischemic and nephrotoxic acute kidney injury (AKI). Although the female sex is often cited 

as an independent risk factor for AKI, especially when associated with cardiac surgery, 

rhabdomyolysis, and nephrotoxic substances [179], some studies suggest that female sex 

hormones play a protective role [180, 181]. Also, experimental studies consistently show 

that the female sex protects against renal injury in animal models of ischemic AKI [179]. 

Other studies suggests that male hormones may be detrimental in renal ischemia-reperfusion 
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injury [180, 181], and that men, especially in old age and with low estimated glomerular 

filtration rate (eGFR), are at a higher risk for AKI [182]. The disparities between studies 

highlight the need for research on the impact of sex hormones on AKI.

Population-based studies indicate that chronic kidney disease (CKD) epidemiology differs 

by sex, affecting more women than men (Fig. 3). The effects of longer life expectancy 

on the natural decline of GFR with age, as well as potential overdiagnosis of CKD 

through the inappropriate use of GFR equations, may in part be responsible for the 

greater prevalence of CKD in women. While women have an increased incidence of CKD 

and are ~30% more likely to have pre-dialysis CKD, they are less likely than men to 

progress to End-Stage Kidney Disease [183, 184]. Women are also less likely to have a 

decline in eGFR of 50% and have a lower risk of death. Possible explanations for this 

discrepancy include that women may have slower progression of CKD, are more likely to 

die prior to starting dialysis, and are more likely to opt for conservative care rather than 

proceed with invasive surgery, kidney transplant or dialysis. The protective effects of E2 in 

women and/or the damaging effects of T3, together with unhealthier lifestyles, might cause 

kidney function to decline faster in men than in women. E2 may have nephro-protective 

effects as it reduces glomerulosclerosis and ischemia-reperfusion injury in animal models. 

Dissimilarities between the sexes are also apparent in the outcomes of CKD. In patients 

with predialysis CKD, mortality is higher in men than women; however, this difference 

disappears for patients on renal replacement therapy [185]. Importantly, women and men 

should not have the same thresholds for CKD diagnosis and staging as women have smaller 

kidneys and fewer nephrons, and consequently different impact of a declining GFR on 

morbidity and mortality. In effect, men have a higher rate of all cause and cardiovascular-

renal mortality, increased risk of CKD progression, and a steeper decline in eGFR [186]. 

The gender disparity is also observed in the progression of membranous nephropathy, 

immunoglobin A nephropathy, and polycystic kidney disease. The sex differences in renal 

disease progression may also involve differences in glomerular structure and hemodynamics, 

diet, levels/activity of cytokines and hormones, and/or direct effects of sex hormones on 

kidney cells [187]. In animal models of renal disease, the levels of T3 may explain the worse 

course in males vs females [157].

E2 can be protective during acute infectious processes. Administration of E2 attenuates 

glomerulosclerosis and tubulointerstitial fibrosis and limits the progression of chronic 

kidney damage in aging Dahl salt sensitive rat [188] In contrast, T3 has pro-fibrotic and pro-

apoptotic properties by promoting the activity and sensitivity of renal cells to TNF-α, and 

may worsen the symptoms of an acute inflammatory process through its immunosuppressive 

effects in males, as opposed to females who show a more robust immune response to severe 

infection [189].

4.2 Sex differences in microbiome, and gastrointestinal and metabolic disorders

Sex differences have been reported in the gastrointestinal and metabolic systems. The gut 

microbiome stabilizes after 3 years of age. However, sexual dimorphisms and correlations 

between E2, P4 and T3 levels and gut microbiota composition have been observed in both 

human and animal studies [190, 191]. In mice, the female gut microbiota more closely 
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resembles that of prepubescent males, or castrated males, rather than age-matched males 

[192, 193]. Also, the diversity of gut microbiota differs between sexes, with male mice 

having a lower species richness and evenness compared to females [194]. The differences 

in the male and female gut microbiota affects various metabolic processes leading to sex 

differences in dysbiosis and the protection or susceptibility to various gastrointestinal and 

metabolic disorders [193, 195].

Dyspepsia is characterized as difficult digestion with symptoms ranging from heartburn to 

nausea and vomiting, with prevalence between 20% to 25% in Western countries [196]. 

Among 5,931 adults in the U.S., United Kingdom and Canada, an overall questionnaire-

based prevalence of dyspepsia showed a women to men ratio of 11:7. For individuals older 

than 65 years, the prevalence of dyspepsia was similar in men and women [197]. Females 

are also more likely to have dysmotility-like symptoms than men, and among individuals 

with functional dyspepsia women complained more of upper abdominal pain than men. 

This may be related to E2 direct or indirect actions on immune, endocrine, and neuronal 

pathways and the motor and sensory functions of the gastrointestinal tract as well as the gut 

microbiota. E2 also affects visceral pain and gastric motility, suggesting that the female sex 

could be a risk factor of functional dyspepsia [198].

Irritable bowel syndrome (IBS) is one of the most common functional gastrointestinal 

disorders, characterized by abdominal pain and abnormal bowel habits with no detectable 

organic disease. In Western countries including the U.S., IBS is twice as prevalent in women 

vs men [199]. In the U.S. Householder Survey of functional gastrointestinal disorders, 

14.5% of women and 7.7% of men had IBS symptoms [200]. Also, among IBS patients, 

women are more likely to have severe symptoms, fatigue, coexistent stress sensitivity, 

anxiety disorders, depression, and lower quality of life than men, [197]. Compared with 

control subjects, IBS patients are 3-fold more likely to have anxiety, which is more common 

in women than men. The sex differences in the incidence of IBS could be related to dietary 

factors, and the effects of E2 on stress, anxiety, depression, and the brain-gut axis. E2 

can affect GI motility and sensitivity directly via activation of ERs located throughout 

the brain-gut axis, and indirectly via modulation of other receptor systems [201]. A more 

gender-oriented approach in medical care would improve understanding of the heterogeneity 

of patients with IBS and provide different treatment strategies in men vs women.

Obesity is defined as the excessive accumulation of body fat and is associated with an 

increased risk of major health problems including diabetes, CVD, and stroke. There are clear 

sexual dimorphisms in the epidemiology, pathophysiology and sequelae of obesity and its 

associated metabolic disorders, with females often better protected compared to males. This 

protection has been attributed to E2 levels, differences in fat distribution, composition of 

gut microbiota, and the intestinal immune system [202]. Women have more subcutaneous 

fat (‘gynoid’ pattern), primarily in the gluteofemoral region, while men have more visceral 

fat (‘android’ pattern) predominantly in the abdominal area [203, 204]. Sexual disparity has 

also been reported in models of obesity. Male mice on a high fat diet are at a higher risk of 

developing a pro-inflammatory profile (visceral inflammation, glucose intolerance, insulin 

resistance and hyperinsulinemia) than their female counterparts [205, 206].
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4.3 Sex differences in endocrine disorders and transgender medicine

Sex differences have been observed in the regulation of glucose levels energy homeostasis, 

and the utilization of carbohydrates and lipids as fuel sources. At rest and during the post-

absorptive state, women are more likely to incorporate non-esterified fatty acids (NEFAs) 

into triacylglycerols, thus promoting fat storage, whereas men are more prone to produce 

energy through plasma NEFA oxidation. Metabolic adaptation during exercise also differs 

between sexes as women preferentially oxidize lipids while men use carbohydrates as the 

main fuel source [207].

Compared to men, women have lower skeletal muscle mass, higher adipose tissue mass, 

more circulating free fatty acids, and higher intramyocellular lipid content, all factors that 

could promote insulin resistance. However, in individuals with normal blood glucose levels, 

insulin sensitivity as assessed by oral glucose insulin sensitivity index is higher in women 

vs men, even after adjustment for age and BMI. Hyperinsulinemic-euglycemic clamp studies 

confirm that healthy women are more sensitive to insulin and less prone to free fatty 

acids-induced insulin resistance than men when matched for physical fitness. This is due 

to enhanced glucose uptake by skeletal muscle in women [208]. Sex differences in muscle 

characteristics have also been observed, with a higher proportion of type 1 fibers and 

capillary density in women, which both favor enhanced insulin action. Women are also 

protected from NEFA-induced insulin resistance and, thus, more resistant to lipotoxicity, 

especially in skeletal muscle [209]. In mice, E2 confers protection against insulin resistance 

through activation of ERα in insulin-sensitive tissues [210].

Among Caucasians, type-1 diabetes (T1D) is more predominant in males vs females. In 

Sweden, the prevalence of T1D is 16.4/100000 in males and 8.8/100000 in females [211]. 

Among females, the pubertal period is associated with a decreased incidence of T1D in 

girls who retain stronger residual β-cell function than boys, but more diabetic women are 

diagnosed after the age of menopause, suggesting protective effects of female gonadal 

hormones against T1D [212]. A similar trend is seen in the prevalence of type-2 diabetes 

(T2D). Males are more likely to develop obesity, insulin resistance and hyperglycemia 

than females in response to nutritional challenges. The US National Health and Nutrition 

Examination Survey reported a higher prevalence of diabetes among men vs women (13% 

vs 11% for the 2013–2016 period, in adults aged 20–79 years) [213]. Global estimates from 

the International Diabetes Federation also indicate sex differences in worldwide diabetes 

prevalence in adult populations (9.1% in men vs 8.4% in women) [214]. The peak in 

diabetes prevalence occurs earlier in men (65–69 years of age) than in women (70–79 

years of age). Sex steroids may contribute to sex differences in diabetes susceptibility. The 

protective role of E2 in women is evidenced by the deleterious impact of menopause on 

body composition and glucose homeostasis, leading to metabolic disorders. In support, early 

menopause and premature ovarian insufficiency are associated with an increased risk of 

T2D, while E2-based MHT is associated with 21–35% reduction in diabetes incidence in 

Post-MW [214].

The adrenal cortex plays pivotal roles in the maintenance of blood volume, responsiveness 

to stress and the development of gender characteristics. Gender differences of human adrenal 

cortex occur from the developing stage, in which female subjects had more activated stem 
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cells with higher renewal capacity resulting in gender divergence in the structure and 

function of cortical zonation in the human adrenal. Pre-MW have lower BP with lower renin 

levels and angiotensin-converting enzyme (ACE) activities than age-matched men. Also, 

the hypothalamic-pituitary-adrenal (HPA) axis is more activated in females than males, 

which could contribute to gender differences in coping with stressful events. E2 suppresses 

the renin-angiotensin system but activate HPA axis, whereas T3 had opposite effects. 

Adrenocortical disorders also occur more frequently in females with more pronounced 

adrenocortical hormonal abnormalities possibly due to their overactivated Wnt and PRK 

signaling pathways and abundant activated adrenocortical stem cells in the female adrenal 

glands [215]. Cushing’s disease is caused by a corticotroph pituitary adenoma that secretes 

adrenocorticotropic hormone (ACTH), resulting in chronic overproduction of cortisol by the 

adrenal glands. This chronic hypercortisolism is associated with many metabolic disorders 

such as central obesity, diabetes, dyslipidemia and HTN [216]. Cushing’s disease occurs 

up to five times more often in females, but male patients with Cushing’s syndrome 

have a relatively higher risk of an ectopic ACTH-secreting tumor [217]. Men, compared 

with women, present higher urinary free cortisol values and ACTH values. In regard 

to diagnostic tests, men present a lower ACTH response to desmopressin (DDAVP) 

stimulation. The pituitary tumor itself is less easily visualized by pituitary MRI in males 

vs females. Furthermore, some complications of disease are more frequent or severe in 

men, in particular hypokalemia, hypercoagulable state, HTN, dyslipidemia, and osteoporosis 

at lumbar spine with higher risk for vertebral fractures [218]. Thus, while there is an 

increased prevalence of Cushing’s disease in females, the prognosis for males and females 

is markedly different with male patients experiencing a more severe clinical presentation, 

higher ACTH, and higher cortisol levels [219].. Although males and females with ACTH-

dependent Cushing’s syndrome present different clinical patterns, they may not require 

different sex-based diagnostic strategies or treatment given the similar surgical outcome 

[217].

Thyroid hormones play a critical role in the functioning of the adult brain, and thyroid 

diseases impair both mood and cognition. The prevalence of thyroid disease increases with 

age and is much higher in females than males. Subclinical hypothyroidism is observed in up 

to 20% of Post-MW. Females also have higher rates of thyroid autoimmunity. Individuals at 

risk for thyroid disease, such as adult females, may have had less ability to compensate for 

additional challenges to thyroid metabolism, including lithium treatment [220]. This is likely 

related to the autoimmune nature of many thyroid disorders, and as the female sex steroids 

affect the immune system, women have a higher prevalence of autoimmune thyroid disease 

[221].

Changes in the endocrine system, with consequent effects on kidney health, metabolic 

disorders and manifestation of disease are not well understood in transgender men, women, 

and nonbinary individuals. Transgender individuals commonly receive gender-affirming 

hormone therapy to align their outward appearance with their gender. Recent attention to 

the differences in fundamental renal and metabolic parameters has shown that transgender 

individuals may manifest different levels of these biomarkers when compared with their 

cisgender counterparts [222]. There also appears to be striking differences in the effects 
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of T3 in genetic males vs transgender (female to male) men in terms of cardiovascular 

function, kidney health and metabolic disorders, making it important to further examine the 

sex hormone ambience/levels and their differential effects on various biological processes in 

these populations.

4.4 Sex differences in the immune system, inflammatory cells, cytokines and allergy

Sex differences have been observed in the immune system and the likelihood of atopic 

disorders. In general, females have stronger innate and adaptive (humoral and cellular) 

immune responses compared with males due to multiple biologic factors including genetic 

and epigenetic factors and sex hormones [4, 223]. Sex hormones have different effects on 

T-helper (Th) cells. E2 and P4 enhance type 2 and suppress type 1 T-helper cells, whereas 

T3 suppresses type 2 responses and shows an inconsistent pattern for type 1 responses. Also, 

the X-chromosome may play a role as it encodes some of the genes associated with the 

immune responses resulting in a lower level of viral load and less inflammation in women 

when compared to men. Additionally, after infection with viral agents, women produce 

lower levels of IL-6 compared to men, which is associated with better longevity [224, 225].

In childhood, the risk of being allergic is greater for boys; however, from adolescence 

onwards women have a clear disadvantage regarding atopic disorders. There is a 60:40 ratio 

for female to male patients of severe food allergy. Also, among patients with anaphylaxis, 

females predominate with more than 60% of the documented cases [226].

Asthma is another atopic disorder with differing prevalence and severity in males vs females 

through various ages (Fig. 4). During childhood, boys have an increased prevalence of 

asthma compared to girls (11.9% vs. 7.5%), and boys are twice as likely as girls to be 

hospitalized for an asthma exacerbation. However, during adolescence there is a decline 

in asthma prevalence and morbidity in males concurrent with an increase in females. By 

adulthood, women have increased asthma prevalence compared to men (9.6% vs 6.3%), and 

women are three times more likely than men to be hospitalized for an asthma-related event. 

By the time of menopause, there is a decrease in asthma prevalence, and the age-adjusted 

risk of asthma decreases in Post-MW vs Pre-MW. The differing risks can be attributed 

to fluctuations in sex hormone levels during puberty, the menstrual cycle and pregnancy 

and their role in asthma pathogenesis. In support, experimental studies have shown that E2 

increases Th2-mediated airways inflammation. Yet in the ECRHS II trial, women going 

through menopause had decreased lung function and had increased asthma symptoms 

compared with Pre-MW patients [227, 228], making it important to further examine the 

connection between E2 and asthma pathogenesis

The sex differences in the immune system have also been observed within the COVID-19 

data, showing that males have a higher rate of respiratory intubation, longer hospital stay, 

and higher death rate than females. The Center for Disease Control (CDC) reported that 

54% of COVID deaths were men. In a meta-analysis of 3,111,714 global cases, the odds of 

death were higher in male vs female patients (Odds ratio = 1.4; 95% confidence interval = 

1.31, 1.47) [229]. The sex disparity in COVID-19 could be related to the profession type, 

behavior, and underlying health conditions. Also, female patients have a higher macrophage 

and neutrophil activity as well as antibody production and response. Immune cells are also 

Bernstein et al. Page 23

Biochem Pharmacol. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



more active in women than in men, with greater stimulation of toll-like receptor-7 and 

interferon production. The association of X-chromosome in women with the biallelic higher 

expression of immunomodulatory genes may explain their stronger immune response. On 

the other hand, some Y-chromosome linked genes that are overexpressed in men could lead 

to the higher viral load and hyperinflammatory response. Also, E2 attenuates the production 

of pro-inflammatory cytokines IL-6 and IL-12 and thereby prevents the cytokine storm 

syndrome associated with COVID-19 [230]. On the other hand, T3 could be involved in the 

progression of COVID-19 through the activation of cytokine storm [231].

ACE2 is a key component in the pathogenesis of COVID-19, and may offer an additional 

explanation of the sex disparities in the susceptibility and progression of related pulmonary 

disease. Studies showed higher ACE2 expression in the kidneys of male vs female patients 

[232]. due, in part, to the presence of E2 in the ovarian hormone milieu, and not to the 

T3 milieu or to differences in sex chromosome dosage (2X versus 1X; 0Y versus 1Y). 

Experimental studies confirmed higher activity of ACE2 in the mouse male vs female kidney 

and adipose tissue. Also, E2 treatment decreases ACE2 mRNA expression in differentiated 

airway epithelial NHBE cells [233]. The regulation of renal ACE2 by E2 could have major 

implications on women health with the changes in sex hormones during puberty, pregnancy 

and menopause [234] However, it remains unclear whether ACE2 expression differs in the 

lungs of male vs female patients [232].

4.5 Sex differences in brain function, pain, and addiction

Sex differences in the nervous system have gained substantial research interest. The rates of 

stress sensitivity, anxiety disorders, and depression are higher in women vs men [235–237]. 

However, the net effects of E2 on anxiety could depend on the ER subtype. ERα has a 

generally anxiogenic effect, ERβ has a generally anxiolytic effect, and GPER both increases 

and decreases anxiety-like behavior [238]. In addition to gender disparities in mood and 

anxiety disorders, evidence also suggests sex difference in brain function, pain perception, 

and addiction [239].

Alzheimer’s disease (AD) is an age-related disease characterized by memory loss, dementia, 

and steady deterioration in cognitive function, and is one of the leading causes of morbidity 

in the elderly. Around 5 million people in the U.S. have AD. The AD brain is characterized 

neuropathologically by diffuse and neuritic extracellular amyloid plaques often circled by 

dystrophic neurites and intracellular neurofibrillary tangles [240]. Genetically modified 

animal models have enhanced our knowledge about the influence of E2/ER signaling in the 

brain on neurological and behavioral regulations. E2 facilitates higher cognitive functions by 

inducing spinogenesis and synaptogenesis and promotes ER-mediated signaling pathways in 

the prefrontal cortex and hippocampus [241]. In the brain, E2/GPER1 signaling facilitates 

neuroprotection, social behaviors and cognition [242]. Additionally, E2 is an important 

regulator of the blood-brain barrier (BBB) permeability, leading to BBB protection before 

menopause, and increased BBB permeability with the decline in E2 levels in aging 

women [243], Studies of sex-related pathophysiological mechanisms of AD risk have 

implicated the menopause transition and E2 deficiency in Post-MW (Fig. 4). In addition 

to reproductive senescence, many symptoms of menopausal transition are neurological, 
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including disruption of E2-regulated systems such as thermoregulation, sleep, and circadian 

rhythms, as well as depression and impairment in multiple cognitive domains. During 

menopausal transition, the E2 network may uncouple from the brain bioenergetic system, 

resulting in hypometabolic state and neurological dysfunction. In the brain, the reduction of 

molecular pathways mediated by ERs favors the progression of AD in post-MW [244]. In 

support, brain images demonstrate that 40–60 year old perimenopausal and Post-MW exhibit 

an AD-endophenotype characterized by decreased metabolic activity and increased brain 

amyloid-β deposition as compared to Pre-MW and age-matched men [245]. In the age group 

65–69 years 0.7% of women and 0.6% of men suffer from AD with increasing frequencies 

to 14.2% and 8.8% in individuals aged 85–89 years [246]. The progressive increases in 

prevalence of AD in aging women compared with men could be related to their longer 

lifespan and stronger immune response. It is possible that the amyloid plaques are part of 

the brain’s immune system to fight infections, and because women have a stronger immune 

response, they develop more plaques [243, 247]

Sex differences have also been observed in the perception and prevalence of pain [248]. 

Chronic pain is a major burden on the society and is more prevalent and severe in females. 

Chronic pain is linked to persistent alterations in the peripheral and the central nervous 

system. One of the main peripheral pain transducers are the transient receptor potential 

channels (TRP), also known as thermoTRP channels, which participate in the perception of 

hot and cold external stimuli. The TRP vanilloid 1 (TRPV1), TRPA1 and TRPM8 channels 

function not only as thermosensors but also as regulators of acute and chronic pain, and they 

are differently modulated by male and female sex hormones, thus contributing to the sex 

differences in chronic pain [249].

Sex hormones influence pain sensitivity, and the pain threshold/tolerance in women vary 

with the stage of the menstrual cycle [250]. E2 affects brain function through modulation 

of several targets, including TRPV1 and P2X purinoceptor 3 (P2X3), two important 

nociceptive receptors. E2 may upregulate TRPV1 expression resulting in pro-nociceptive 

effect. However, E2 could alleviate pain by downregulating nerve growth factor-activated 

pathways or inhibiting P2X3 receptors and ATP-signaling. Understanding the E2-dependent 

regulation of nociceptive receptors would provide insight into the mechanisms of sex 

difference in pain perception [251].

Somatic symptom disorder is characterized as excessive anxiety towards persistent 

symptoms that do not have an identifiable physical origin. Fibromyalgia syndrome is 

a stress-related illness characterized by widespread musculoskeletal pain, fatigue, poor 

sleep, and tenderness on palpation at multiple sites (tender points). The majority of 

fibromyalgia patients seeking medical care are women, and only about 10% of patients 

are men [252]. Women have more common fatigue, morning fatigue, “hurt all over” pain, 

a greater total number of symptoms, and a greater number of tender points [253]. Gender 

differences have also been reported in related disorders such as tension headache, migraine, 

temporomandibular disorder, chronic fatigue syndrome, and IBS [254]. Imaging studies 

of the brain have shown differences between men and women in the spatial pattern and 

intensity of response to acute pain. Among rodents, females are more sensitive than males to 

noxious stimuli and have lower levels of stress-induced analgesia [255].
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There is also evidence of sex-based differences in the likelihood and prognosis of addiction 

and substance use disorders [256]. Addiction is a major socioeconomical and health 

problem, with 15–20% of the U.S. population most at-risk. A widely held dogma in 

the preclinical addiction field is that females are more vulnerable than males to drug 

craving and relapse. Preclinical studies suggest sex differences in reinstatement and 

incubation of cocaine seeking but not for reinstatement or incubation of methamphetamine 

or opioid seeking [257]. In rodents, repeated psychostimulant exposure enhances incentive 

sensitization to a greater extent in females than males. E2 increases females’ motivation 

to attain psychostimulants and enhances the value of drug related cues, which ultimately 

increases their susceptibility towards spontaneous relapse [258]. However, clinical studies 

do not support the notion that women are more vulnerable to psychostimulant and opioid 

craving and relapse [257]. In general, males still consume more alcohol and experience and 

cause more alcohol-related injuries and deaths than females do, but the gaps are narrowing 

[259]. Alcohol-associated liver disease is becoming increasingly prevalent throughout the 

U.S. Although alcohol-associated liver disease was believed to affect men more often than 

women, the gap between the sexes is narrowing, and women could develop liver disease 

with lesser alcohol exposure and suffer worse disease as compared with men [260].

There are sex differences in all stages of addiction including acquisition, escalation, 

maintenance, withdrawal and relapse. During acquisition women experience more 

pleasurable responses to drugs than men do and are more likely to self-medicate. On the 

other hand, men take drugs and engage in risky behaviors to be part of the group more 

than women do. Among those at risk of addiction, escalation of use of drugs and alcohol 

is more rapid in women than in men. For maintenance, females stabilize at higher doses 

of drug than do males, leading to greater side effects in women. In females there is the 

tendency to experience the shift in loss of voluntary control of drug intake to compulsive 

drug intake to the point of addiction more rapidly. During withdrawal, female smokers show 

increased negative effects and greater stress response, while men exhibit greater symptoms 

of withdrawal from alcohol. Also, women are more likely to relapse than men and do so 

more sporadically. The sex differences in addiction could be related to the effects of E2 

on dopaminergic function and sensory processing in the dorsolateral striatum, as the acute 

subjective effects of drugs of abuse vary with the level of E2 over the female menstrual 

cycle. Differences in socioeconomic factors and the reward system can also be involved 

[261].

5. Gender-specific disorders in females that have received recent 

research consideration

The increased awareness of sex differences in biological systems and diseases has led to 

increased interest in women’s health. Researchers have shown more interest in studying 

gender-specific disorders in females such as PCOS and their influence on other systems 

and the general health of afflicted females. Studies have sought further understanding of 

the relationships between infertility and in vitro fertilization and the link to parity, ectopic 

pregnancy, placental disruption, and preterm delivery. Important studies have also examined 
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the mechanisms underlying pregnancy-related disorders such as gestational diabetes and 

hypertension-in-pregnancy (HTN-Preg).

In contrast with the slight decrease in BP during normal pregnancy, some women may 

show HTN-Preg in one of four forms: chronic HTN that predates pregnancy, preeclampsia 

(PE)-eclampsia, chronic HTN with superimposed PE, and non-proteinuric gestational HTN 

[262]. PE is a major complication affecting 5–8% of pregnancies in the U.S. and ~8 

million pregnancies worldwide [263]. PE is characterized by new-onset HTN-Preg at or 

after 20 wk of gestation and frequently near term, with or without proteinuria [264, 265]. 

PE could progress to eclampsia, with severe HTN, cerebral edema, seizures, and maternal 

death, accounting for 15–20% of maternal mortality [266]. PE is also often associated 

with fetal intrauterine growth restriction, accounting for 10–15% of preterm pregnancy 

and small-for-gestational-age birth weight [267]. PE may also be a part of hemolysis, 

elevated liver enzymes, and low platelet count (HELLP) syndrome [268]. However, the 

pathophysiological mechanisms of PE are unclear. Predisposing genetic and environmental 

factors could cause placental maladaptations leading to defective placentation, apoptosis of 

invasive cytotrophoblasts, inadequate expansive remodeling of the spiral arteries, reduced 

uteroplacental perfusion pressure, and placental ischemia. Placental ischemia promotes the 

release of bioactive factors into the maternal circulation, causing an imbalance between 

antiangiogenic soluble fms-like tyrosine kinase-1 and soluble endoglin and proangiogenic 

vascular endothelial growth factor, placental growth factor, and transforming growth factor-

β. Placental ischemia also stimulates the release of proinflammatory cytokines, hypoxia-

inducible factor, ROS, and AT1R agonistic autoantibodies. These circulating factors target 

vascular ECs, causing generalized endotheliosis in the systemic, renal, cerebral, and hepatic 

vessels, leading to decreases in endothelium-derived vasodilators such as NO, PGI2 and 

EDHF, and increases in vasoconstrictors such as ET-1 and TXA2. The bioactive factors 

also target VSMCs and enhance the mechanisms of vascular contraction, including [Ca2+]c, 

PKC, and ROCK. The bioactive factors could also target MMPs and ECM causing 

inadequate vascular remodeling, increased arterial stiffening, and further increases in 

vascular resistance and HTN. As therapeutic options are limited, further understanding of 

the underlying vascular mechanisms and molecular targets should help design new tools for 

the detection and management of HTN-Preg and PE [269].

6. In-uetro developmental programming and origins of adult diseases

Early-life exposures to suboptimal environmental factors, including intrauterine growth 

restriction due to maternal malnutrition or pregnancy disorders such as PE could lead to 

in utero developmental programming and increased incidence of adulthood disease such as 

HTN, kidney disease, metabolic disorders and diabetes [270]. Mounting evidence suggests 

differences in the growth and metabolism of male and female fetuses. Sexual dimorphism 

in the response to pre-conception or early-life exposures could contribute to known sex 

differences in susceptibility to poor metabolic health in adulthood [271]. Exposure to 

states of both under- and over-nutrition during early life predisposes both sexes to develop 

metabolic disease. Females are particularly susceptible to develop increased adiposity and 

disrupted glucose homeostasis as a result of exposure to in utero undernutrition or high 

sugar environments, respectively. The male placenta is particularly vulnerable to damage by 
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adverse nutritional state, and this may underlie some of the metabolic phenotypes observed 

in adulthood [272].

There are also sex differences in vulnerability to prenatal stress [273]. Compared to females, 

male fetuses are larger by the second trimester of pregnancy (based on ultrasound data) [274, 

275], show a more pro-inflammatory immune response across gestation, and are at a higher 

risk of infection leading to preterm birth and other pregnancy complications [276, 277]. 

This in turn may contribute to sex differences in early susceptibility to childhood conditions 

including neurodevelopmental disorders [278, 279]. More males are diagnosed with autism 

spectrum disorder than females. Genes on the sex chromosomes and differential regulation 

by sex steroid hormones and their receptors especially ERβ may promote maternal immune 

activation and induce transcription and subsequent inflammation in myeloid-lineage cells 

that contribute to the etiology of autism [280]. On the other hand, throughout life, females 

remain at lower risk of infection, but are more likely than males to develop adult-onset 

autoimmune diseases [281].

7. Recommendations to further promote gender-based research

Gender-based research can be enriched by joint efforts from funding agencies, scientific 

societies, researchers, and journals. The NIH has taken several steps to advance research 

into sex differences. The NIH initiative to consider sex as a biological variable in research 

requires that all grant applications should include studies in both male and female animals 

or human subjects, and identify any sex differences in the research outcome. The NIH also 

issues periodic request for applications (RFAs) for grants that focus on sex differences. 

Additionally, the NIH provides supplemental funds to already awarded grants if they add 

a research component that specifically addresses sex differences. Importantly, the NIH has 

provided resources to help establish state-of-the-art Centers for Women Health and Centers 

for Studying Sex Differences in major US teaching hospitals and academic institutions 

The NIH and other funding agencies should continue to encourage gender-based research, 

periodically initiate RFAs on sex differences, and help in establishing and maintaining 

centers for women health and research on sex differences.

The scientific societies should enhance the career of both male and female scientists and 

provide them with equal opportunities to achieve prominent positions in the societies’ 

councils and presidents, who have considerable influence in shaping the direction of 

the societies. Scientific conferences should include sessions on sex differences. Also, 

specialized conferences on sex differences could provide a venue for new trends in gender-

related pathobiology and medicine.

The excellent research work from investigators in various fields have identified sex 

differences in multiple biological systems and disorders. Researchers are encouraged to 

conduct studies on both sexes to further identify the genetic, cellular, and molecular 

mechanisms underlying sex differences in biology and disease.

Scientific journals can support and highlight gender-based research by periodically 

organizing a special issue on gender differences in biology and medicine. The journal may 
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initiate a call for papers on gender differences, and when receiving a positive response, 

perhaps consider including a new category in the journal submission categories under 

gender-based research. Also, the journal classification terms should include specific terms 

such as gender medicine, sex differences, and sex hormones. Following the NIH guidelines 

for grant proposals, the journal instructions to the authors may include a question in the 

checklist asking if the authors considered sex as a biological variable and justify their 

reasoning if they did not do so. The journal may also request that the authors include a 

statement regarding studies of gender differences in the article text. For the appointment of 

new editors and editorial board members, the publication record and evidence of previous 

service and review for the journals are paramount, but adequate representation of both 

females and males on the editorial board should be considered. The editors and reviewers 

could also highlight articles addressing gender-based research particularly from female 

authors through editorials, commentaries, or editor’s pick/choice.

8. Conclusions and perspectives

Gender-based research has identified sex differences not only in the reproductive system 

but also in the cardiovascular, renal, gastrointestinal, endocrine, immune, nervous and 

musculoskeletal systems. Epidemiological and clinical studies have also shown sex 

differences in the incidence and severity of cardiovascular, renal, immunological and 

neurological disorders in males vs females and in Post-MW vs Pre-MW. The sex differences 

could be related to the influence of the sex X- and Y-chromosome on the expression 

of various genes. Changes in the sex hormones E2, P4 and T3 during puberty, in adult 

males and females, and with age could also play a role. Gender-based research has 

shown that CVD is more common in adult males and post-MW vs Pre-MW, and earlier 

observational clinical studies have suggested potential benefits of MHT. Additionally, 

gender-based research has demonstrated sex differences in cardiovascular function, and 

supported beneficial genomic and nongenomic effects of E2 on specific ERs leading 

to vasodilation, decreased VSMC proliferation and reduced vascular remodeling. On the 

contrary, RCTs have shown little benefits of MHT, and some studies suggested that it 

may increase the risk of VTE and stroke. However, the final chapter on MHT has not yet 

been written. Careful evaluation of estrogens, route of administration, dose and timing, as 

well as consideration of age-related changes in the ER subtype, distribution, sensitivity and 

signaling, the preexisting health conditions and the potential interactions with other sex 

hormones and metabolites could improve the cardiovascular benefits of MHT. The use of 

natural vs synthetic E2, phytoestrogens, specific ER agonists, selective estrogen-receptor 

modulators (SERMs) and other estrogenic compounds should be further evaluated in Post-

MW. As newer forms of MHT become available, and if used at the proper dose, route of 

administration and timing depending on the subjects’ age and preexisting cardiovascular 

condition, the vascular effects of E2 could be translated into beneficial outcomes of MHT 

in post-menopausal CVD. The sex differences and the effects of E2 and MHT in the 

renal, gastrointestinal, endocrine, immune, nervous and musculoskeletal systems and related 

clinical disorders should also be further assessed in more detailed experimental studies 

as well as randomized clinical trials. Gender-based research should also further examine 

the effects of other sex hormones including P4 in females and T3 in males as well as 
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gender-specific disorders in females such as polycystic ovary syndrome, the E2 paradox in 

PAH, HTN-Preg and gestational diabetes. Gender-based research can be further enhanced 

by combined efforts from the funding agencies that could provide resources to establish 

and maintain state-of-the-art centers for women health and sex differences in biology 

and disease in all academic institutions and teaching hospitals. Investigators, scientific 

societies and journals can also contribute by conducting and highlighting gender-based 

research, and participating in specialized conferences and journals’ special issues on sex 

differences. These collective efforts should enhance our understanding of the genetic and 

hormonal under-pinning of sex differences in the biological systems and provide better 

pharmacological tools for management of gender-related disorders.

Acknowledgements

This work was supported by grants from National Heart, Lung, and Blood Institute (R56HL147889, 
R01HL147889-A1).

List of Abbreviations:

ACE angiotensin converting enzyme

ACh acetycholine

ACTH adrenocorticotropic hormone

AD Alzheimer’s disease
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EDHF endothelium-derived hyperpolarizing factor

eGFR estimated glomerular filtration rate

ELITE Early versus Late Intervention Trial with Estradiol

eNOS endothelial nitric oxide synthase

ER estrogen receptor

ET-1 endothelin-1

GPR30 GPER, G protein-coupled receptor 30

HERS Heart and Estrogen/progestin Replacement Study

HTN hypertension

HTN-Preg hypertension-in-pregnancy

HUVECs human umbilical vein ECs

IBS irritable bowel syndrome

IL-6 interleukin-6

KEEPS Kronos Early Estrogen Prevention Study

KO knock-out

MAPK mitogen-activated protein kinase

MCT monocrotaline

MHT menopausal hormone therapy

MI myocardial infarction

MMP matrix metalloproteinase

MLC myosin light chain

MPA medroxyprogesterone acetate

NEFAs non-esterified fatty acids

NETA norethisterone acetate

NIH National Institutes of Health

Na sodium

NO nitric oxide

NHS Nurses’ Health Study
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ONOO− peroxynitrite

OVX ovariectomized

P4 progesterone

PAH pulmonary arterial hypertension

PE preeclampsia

PCOS polycystic ovary syndrome

PGI2 prostacyclin

PKC protein kinase C

Pre-MW premenopausal women

Post-MW postmenopausal women

RCT randomized clinical trial

ROCK Rho-kinase

SERMs selective estrogen receptor modulators

SHR spontaneously hypertensive rat

T2D type-2 diabetes

T3 testosterone

TNFα tumor necrosis factor-α

TRP transient receptor potential

TXA2 thromboxane A2

U.S. United States

VSMC vascular smooth muscle cell

VTE venous thrombo-embolism

WHI Women’s Health Initiative
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Fig. 1. 
Genomic and nongenomic estrogen (E2)/estrogen receptor (ER) mediated pathways 

in endothelial cells (ECs) and vascular smooth muscle cells (VSMC). In ECs, 

E2 binds to cytosolic/nuclear ERα and ERβ and stimulates genomic pathways 

involving MAPK activation, gene transcription, EC growth and eNOS expression. E2 

also binds plasmalemmal ERα, ERβ and GPER in ECs and activates nongenomic 

pathways and phospholipase C (PLC) to produce inositol 1,4,5-triphosphate (IP3) and 

diacylglycerol (DAG). IP3 releases Ca2+ from the endoplasmic reticulum (ER) to form 

a complex with calmodulin (CAM) and initiate eNOS activation. E2 also activates 

phosphatidylinositol 3-kinase (PI3K) to transform phosphatidylinositol-4,5-bisphosphate 

(PIP2) into phosphatidylinositol 3,4,5-trisphosphate (PIP3) and activate Akt. ER-mediated 

activation of MAPK/Akt causes phosphorylation and full activation of eNOS, which 

transforms L-arginine to L-citrulline and produces NO. NO diffuses to VSMC, activates 

guanylate cyclase (GC) to form cyclic guanosine monophosphate (cGMP), which decreases 

[Ca2+]c by stimulating plasmalemmal Ca2+ extrusion pump (PMCA) and sarcoplasmic 

reticulum (SR) Ca2+ uptake pump (SERCA), and decreases the actin-myosin myofilaments 

force sensitivity to [Ca2+]c leading to VSM relaxation. E2 also inhibits NADPH and 

peroxynitrite (ONOO−) formation thus promoting antioxidant effects that prevent NO 

inactivation. E2 also activates cyclooxygenases (COX) to produce prostacyclin (PGI2) which 

binds PGI2 receptor in VSMC, activates adenylate cyclase (AC) to form cyclic adenosine 

monophosphate (cAMP), which similar to cGMP decreases [Ca2+]c and myofilament force 

sensitivity to Ca2+ leading to VSM relaxation. E2 also increases endothelium-derived 

hyperpolarizing factor (EDHF), causing activation of VSM K+ channels, hyperpolarization, 
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inhibition of Ca2+ influx through Ca2+ channels and VSM relaxation. In VSM, E2 binds 

cytosolic/nuclear ERα and ERβ to activate genomic pathway, and inhibit MAPK, gene 

transcription and VSMC proliferation. Also, in VSM, a vasoconstrictor agonist such as 

ET-1, TXA2 or Ang II activates its specific receptor (R) to stimulate PLC and generate IP3 

and DAG. IP3 stimulates Ca2+ release from SR. Agonists also stimulate Ca2+ entry through 

Ca2+ channels. Ca2+ binds CAM to activate myosin light chain kinase (MLCK), causing 

MLC phosphorylation, actin-myosin interaction and VSM contraction. DAG activates PKC 

to phosphorylate calponin (CaP) or activate MAPK kinase (MEK) and MAPK cascade, 

leading to phosphorylation of caldesmon (CaD) and increased myofilament sensitivity to 

[Ca2+]c. E2 binds plasmalemmal ERα, ERβ and GPER to activate non-genomic pathways 

and inhibit agonist-activated mechanisms of VSM contraction including PKC, MAPK and 

ROCK [Ca2+]c sensitization pathways. Dashed lines indicate inhibition.

Bernstein et al. Page 49

Biochem Pharmacol. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Sex differences in representative biological processes in adult males and females. Sex 

differences have been observed in the central nervous system (CNS), cardiovascular system 

(CVS), the immune response in the spleen, lymph nodes and T-helper cells, the kidneys and 

various ion transport mechanisms, and the metabolic system including the gastrointestinal 

tract, liver and pancreas. The sex differences have been attributed to genetic differences in 

the XX and XY chromosomes, and the levels of the sex hormones E2, P4 and T3. FFA, 

free fatty acids; Na/Cl, sodium chloride cotransporter, Na/H3 sodium/hydrogen exchanger 

3; Na/Pi, sodium/phosphate cotransporter, SGL2, sodium-glucose cotransporter 2; NEFAs, 

non-esterified fatty acids
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Fig. 3. 
Sex differences in representative clinical disorders. Sex differences are observed in the 

prevalence of anxiety [237], depression (lifetime, U.S., 1990–1992) [236], substance use 

disorders (adults, Sweden, 2003–2004) [282], asthma (adults ~40, worldwide, 2018) [227], 

hypertension (adults ~40, U.S., 2007–2012) [283, 284], myocardial infarction (U.S., 1993), 

stroke (lifetime, worldwide, 2015) [285, 286], dyspepsia (adults, U.S., Canada, United 

Kingdom 2018) [197], irritable bowel syndrome (householders, U.S., 1990) [200], diabetes 

(adults 20–79, U.S., 2013–2016) [213], chronic kidney disease (U.S., 2015–2016) [287], and 

arthritis (U.S., 2013–2015) [288].
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Fig. 4. 
Changes in the sex differences in the prevalence of representative clinical disorders with age. 

Sex differences are reversed with age in the prevalence of hypertension (U.S., 2007–2012) 

[283, 284] (A) and asthma (worldwide, 2018) [227] (B), and further exaggerated with age 

in the prevalence of Alzheimer’s disease and other dementias (worldwide, 1990–2016) [289] 

(C).
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