
Review Article

J Vasc Res 2022;59:1–15

Microvessel Density: Integrating Sex-Based 
Differences and Elevated Cardiovascular Risks in 
Metabolic Syndrome

Angelina Wong     Shu Qing Chen     Brayden D. Halvorson     Jefferson C. Frisbee 

Department of Medical Biophysics, Schulich School of Medicine and Dentistry, University of Western Ontario, 
London, ON, Canada

Received: May 17, 2021
Accepted: July 28, 2021
Published online: September 14, 2021

Correspondence to: 
Jefferson C. Frisbee, jfrisbee @ uwo.ca

© 2021 S. Karger AG, Baselkarger@karger.com
www.karger.com/jvr

DOI: 10.1159/000518787

Keywords
Metaboloic syndrome · Microvessel density · Sex differences · 
Cardiovascular risk

Abstract
Metabolic syndrome (MetS) is a complex pathological state 
consisting of metabolic risk factors such as hypertension, in-
sulin resistance, and obesity. The interconnectivity of cellular 
pathways within various biological systems suggests that 
each individual component of MetS may share common 
pathological sources. Additionally, MetS is closely associated 
with vasculopathy, including a reduction in microvessel den-
sity (MVD) (rarefaction) and elevated risk for various cardio-
vascular diseases. Microvascular impairments may contrib-
ute to perfusion-demand mismatch, where local metabolic 
needs are insufficiently met due to the lack of nutrient and 
oxygen supply, thus creating pathological positive-feed-
back loops and furthering the progression of disease. Sexual 
dimorphism is evident in these underlying cellular mecha-
nisms, which places males and females at different levels of 
risk for cardiovascular disease and acute ischemic events. Es-
trogen exhibits protective effects on the endothelium of pre-
menopausal women, while androgens may be antagonistic 

to cardiovascular health. This review examines MetS and its 
influences on MVD, as well as sex differences relating to the 
components of MetS and cardiovascular risk profiles. Finally, 
translational relevance and interventions are discussed in 
the context of these sex-based differences.

© 2021 S. Karger AG, Basel

Introduction

Microvessels are a distinctive subclass within the cir-
culatory system, generally characterized by vessel diam-
eters being <150 μm – this typically includes arterioles, 
capillaries, and venules [1]. However, modern definitions 
place a heavier emphasis on vessel function, rather than 
structure. The distinction of microvessels is therefore de-
pendent on an isolated vessel’s ability to respond to 
changes in internal pressure. Thus, most arterioles with 
intact myogenic responses are considered microvessels 
[2]. This definition also extends to smaller arteries, even 
if their diameter is above the traditional threshold. For the 
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purposes of addressing microvascular remodeling, the 
term “microvessel” will be used to describe vessels <20 
µm in diameter, which includes distal arterioles, capillar-
ies, and proximal venules.

Gas and nutrient exchange, occurring at the microvas-
cular level, is responsible for ensuring homeostasis and 
adequate tissue oxygenation [3] with arterioles, capillar-
ies, and venules each playing a different role. Arterioles 
primarily regulate perfusion and convective transport of 
substrates, capillaries facilitate the majority of exchange 
through diffusive transport, and venules act as collecting 
vessels [3]. Perfusion regulation is conducted by a delicate 
balance of mechanisms namely concentration gradients 
and blood flow velocity, which dictate the net flux of sol-
utes at the capillary-tissue boundary [4]. Concentration 
gradients play a large role in flux relating to diffusive 
transport with higher gradients leading to increased flux, 
while blood flow velocity is associated to convective 
transport [5]. Substrate flux into the tissue is largely de-
pendent on local metabolic demand and possible down-
stream metabolite effects [4]. Physiological or anatomical 
changes to microvessels may lead to impaired tissue per-
fusion characterized by increased tissue oxygenation het-
erogeneity and insufficient perfusion-demand matching.

Microvessel Rarefaction

Microvessel density (MVD) is defined as the number 
of microvessels per unit tissue volume or, more common-
ly, per tissue cross-sectional area [3]. A reduction in MVD 
is termed microvascular rarefaction and often precedes 
diagnosable symptoms related to specific cardiovascular 
diseases. In particular, rarefaction is closely associated 
with cases of moderate hypertension and type 2 diabetes 
mellitus (T2DM). The obese Zucker rat, a hyperphagic 
model for metabolic syndrome (MetS), has displayed 
skeletal muscle rarefaction of up to 20–25% when com-
pared to the control model of age- and sex-matched lean 
Zucker rats [6]. Microvascular rarefaction is often found 
in multiple tissue types after initial onset due to the mi-
gratory nature of endothelial inflammation [7]. This is 
evident in the cerebral cortex tissue of obese Zucker rats, 
where a 20% rarefaction compared to control developed 
in parallel with rarefaction in the skeletal muscle [6]. The 
results from this study suggest that a reduced bioavail-
ability of the vasodilator nitric oxide (NO) corresponds 
to rarefaction and may be an underlying mechanistic con-
tributor to this vascular outcome in metabolic dysfunc-
tion [8]. Other vasodilator factors such as the endotheli-

um-derived hyperpolarizing factor may also play a sig-
nificant role in maintaining the vascular tone [9].

Clinical research in hypertensive patients have found 
that individuals with primary hypertension exhibit mi-
crovessel rarefaction in cutaneous tissue, whereas previ-
ous theories mainly focused on decreases in arteriolar di-
ameter [10]. The observed rarefaction typically occurs 
first as a structural abnormality, suggesting that vessel 
rarefaction is likely to be a contributor to hypertension, 
rather than an outcome – although it is certainly possible 
that these operate in a feedback manner. This is further 
exemplified in animal model studies, where antihyper-
tensive medications were seen to attenuate microvascular 
rarefaction when given prior to hypertension develop-
ment [11]. Impairment of pro-angiogenic endothelial 
progenitor cells has been suggested as a contributing fac-
tor for hypertensive-associated rarefaction and may be-
come a target for therapeutic intervention [12].

Rarefaction can be classified as functional (vessel re-
ceives little to no flow) or structural/anatomical (vessel 
physically deteriorates until it becomes anatomically ab-
sent) [13]. With functional rarefaction, nonperfused ves-
sels at rest still have the potential to participate in perfu-
sion when responding to increased metabolic demands. 
In comparison to anatomical rarefaction, functional rar-
efaction allows for flexibility and adjustment to increased 
demands, which may be a key factor in cardiovascular 
fitness and endurance [14].

The relatively permanent loss of functional vessels as-
sociated with structural rarefaction reduces the upper lim-
it of metabolic demand that a tissue can sustain. In condi-
tions of increased demand, remaining functional vessels 
may be over perfused to compensate for lost vessels, sub-
jecting them to increased pressures in relation to Darcy’s 
law of flow [5]. Mathematical models have suggested that 
rarefaction of arterioles can increase peripheral resistance 
by approximately 20% in the vascular bed [15]. However, 
actual rarefaction in vivo may be larger if overperfusion 
activates a myogenic contraction response [15], where ves-
sels actively constrict in response to elevated blood pres-
sure. Decreases in functional microvessels decrease the 
overall efficiency of oxygen and nutrient delivery, resulting 
in unmet metabolic demands for certain local tissue beds. 
Organs are then insufficient in functional units, increasing 
the risk of hypoxia as it can be seen in cases of hypertensive 
end-organ damage and diabetic limb amputations.

Increased heterogeneous perfusion from microvascular 
rarefaction also limits the delivery and thus the function of 
most signaling molecules – including insulin. Microvascu-
lar rarefaction is linked to insulin resistance due to the in-
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terdependency between insulin signaling, glucose uptake, 
and distribution of pro-angiogenic factors [15]. A key pro-
angiogenic factor is the vascular endothelial growth factor 
(VEGF), which plays a critical role in angiogenesis and vas-
cular development. Both animal and human studies assess-
ing insulin sensitivity found increased levels of VEGF in 
diabetic models [16], while another study found that VEGF-
knockout mice exhibited up to 60% rarefaction within skel-
etal muscle [17]. This demonstrates the critical role VEGF 
plays in preventing or reversing rarefaction, which is often 
associated with insulin resistance. Overall decreases in per-
fusion associated with severe rarefaction will also impair 
delivery of VEGF, further inhibiting angiogenesis. In such 
cases, functional vessels are continuously being lost, while 
the formation of new vessels is being impaired, resulting in 
additional net loss of functional units.

Although microvessel remodeling can indicate on-
coming disease, there is considerable uncertainty given 
the variance in vessels dependent on species, sex, organ 
type, genetic predisposition, and experimental condi-
tions. Additionally, most in vivo tissue beds do not con-
form to simple models where all vessel units share the 
same properties and behavior of perfusion. Models may 
also overlook angiogenesis, where new vessels are created 
through pro-angiogenic factors, which alter net perfusion 
and vessel pathways. The heterogeneous and complicated 
nature of pressure-flow regulation can increase the risk of 
developing rarefaction, making it difficult to predict with 
quantitative modeling [18].

Metabolic Syndrome

MetS is closely associated with the progression of mi-
crovascular rarefaction [7]. A diagnosis of this multi-
pathological state relies on the combined presences of its 
individual components. Although many definitions of 
MetS exist, the most clinically used was proposed by the 
National Cholesterol Education Program’s Adult Treat-
ment Panel III (NCEP ATP III) [19]. NCEP ATP III iden-
tified 6 components of MetS: hypertension, insulin resis-
tance, abdominal obesity, atherogenic dyslipidemia, a 
proinflammatory state, and a prothrombotic state (Fig. 1). 
For comparison, the American Heart Association has de-
fined ideal cardiovascular health based on 4 measure-
ments: body mass index (BMI), untreated total choles-
terol, untreated blood pressure, and untreated fasting 
glucose. For an ideal nonsmoking individual, the follow-
ing measurements indicate good health: BMI <25 kg/m2, 
untreated total cholesterol <200 mg/dL, untreated blood 

pressure <120/<80 mm Hg, and untreated fasting glucose 
<100 mg/dL [20].

The interconnecting cellular mechanisms and path-
ways responsible for such symptoms suggest that they 
may be contingent on one another [21], and their co-oc-
currences can indicate an increased risk for various car-
diovascular diseases and T2DM. For instance, peripheral 
vascular disease is correlated with each individual com-
ponent of MetS, yet a patient’s risk for developing periph-
eral vascular disease is substantially higher when they are 
experiencing MetS [22].

Insulin resistance is often regarded as the direct con-
tributing pathophysiology to MetS and its components 
[23]. Insulin is typically secreted by beta cells within the 
pancreas and regulates blood glucose levels by promoting 
glucose uptake through 3 pathways: (1) binding to gluco-
receptors on endothelial cells which leads to vasodilation 
and increased blood flow, (2) moving glucose into the in-
terstitial space through an insulin receptor-dependent 
process, and (3) promoting the movement of glucose 
transporters to the cell surface membrane [24].

Insulin resistance is associated with elevated levels of 
excess fatty acids due to increased lipolysis and inflam-
mation [25]. For example, elevated nonesterified fatty ac-
ids concentrations in obesity are thought to arise from 
increased adipose tissue (AT) mass. The process of fatty 
acid mobilization from AT – normally suppressed by in-
sulin – becomes insulin resistant itself, further increasing 

Fig. 1. Definition of MetS according to the NCEP ATP III, identi-
fying 6 components that include hypertension, insulin resistance, 
abdominal obesity, atherogenic dyslipidemia, a proinflammatory 
state, and a prothrombotic state. MetS, metabolic syndrome; 
NCEP ATP III, National Cholesterol Education Program’s Adult 
Treatment Panel III.
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lipolysis and potentially leading to a vicious cycle [25]. To 
compensate, insulin secretion is upregulated to maintain 
blood glucose levels, which stunts glycogenesis and glu-
cose transport in skeletal muscle. This reduces the effec-
tiveness and sensitivity of insulin signaling pathways, re-
sulting in elevated bloodstream insulin levels. Insulin 
sensitivity is also influenced by hormones such as gluca-
gon and catecholamines, which play key roles in its meta-
bolic pathways [25]. In insulin-resistant models, high lev-
els of glucagon promote glycogenolysis and gluconeogen-
esis, while high levels of catecholamines are expected to 
promote lipolysis (Fig. 2). The manifestation of insulin 
resistance is also believed to occur at the cellular level via 
post-receptor defects in insulin signaling. Suggested 
mechanisms include downregulation/dysfunction in the 
phosphorylation of the insulin receptor or GLUT4 func-
tion and recruitment; however, the insulin resistance 
pathways in humans still lack clarity [26].

Proinflammatory and prothrombotic states seen in 
MetS suggest that inflammation may be a key pathophys-

iology. Inflammation is associated with obesity and 
shares overlapping pathways used to govern metabolic 
and immune functions [27]. In obesity and other meta-
bolic dysfunctions, the body undergoes a process called 
metaflammation, a chronic and global low-grade state of 
inflammation. In obese patients, nutrient and metabolic 
surplus causes increased macrophage levels, excess cyto-
kines, and irregularities in the signaling pathways of AT, 
all of which are predicted to play a role in microvessel 
rarefaction. This effect is further exacerbated by the re-
lease of plasminogen activator inhibitor-1 (PAI-1) and 
adiponectin as elevated levels of PAI-1 contribute to the 
prothrombotic state by hypofibrinolysis [27]. Decreased 
activation of the fibrinolytic system at sites of injury or 
inflammation results in insufficient removal of unwant-
ed fibrin in a thrombus, influencing the development of 
atherosclerotic lesions [28]. Increased levels of PAI-1 
may predispose patients to formation of atherosclerotic 
plaques that are prone to rupture and decreased cell mi-
gration [27].

Fig. 2. In normal states, glucagon and insulin help to regulate blood glucose levels via the glucagon and insulin 
pathways. However, in insulin-resistant models, beta cell dysfunction in the pancreas leads to increased levels of 
glucagon and decreased levels of insulin. The high glucagon levels stimulate additional breakdown of glycogen 
into glucose. Combined with decreased expression of GLUT4 protein and increased inflammatory mediators, a 
positive cycle of hyperglycemia ensues. TNF-α, tumor necrosis factor-alpha.
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Tumor necrosis factor-alpha is a proinflammatory 
cytokine that is released to activate inflammatory signals 
and is an inhibitor for insulin activity, thus playing a 
critical role in insulin-mediated microvessel rarefaction. 
Clinical trials have demonstrated that excess tumor ne-
crosis factor-alpha leads to decreased insulin sensitivity 
and glucose homeostasis, accumulating to insulin resis-
tance over time [29]. Insulin resistance has been shown 
to affect the microvasculature, which contributes to 
common clinical symptoms such as the tingling or 
numbing sensations in the limbs. Under normal condi-
tions, elevated levels of insulin will increase the capillary 
density available for perfusion in order to increase ac-
cessible tissue surface area for glucose metabolism – this 

response is blunted in patients with insulin resistance 
[30].

The capillary permeability-surface (PS) area product is 
used to describe the capacity of a substance to reach in-
terstitial fluid, which is dependent on the permeability, 
recruitment, and surface area of capillaries. PS values for 
blood glucose can help determine the relationship be-
tween insulin resistance and MVD – the higher the PS 
values, the greater the density. A recent investigation of 
muscle capillary permeability showed an expected in-
crease in PS for glucose and glucose uptake after an oral 
glucose load, yet this response was absent in insulin-re-
sistant patients [31]. On a cellular level, reduced PS scores 
can be attributed to changes in metabolic mechanisms, 

Fig. 3. The effects of cellular physiology on a pathophysiology viewpoint and a clinical viewpoint. Green-colored 
cellular changes cause protective effects at the pathophysiology level, while red-colored cellular changes cause 
antagonistic effects at the pathophysiology level. Different contributions of protective and antagonistic effects 
may accumulate to clinical conditions clustering to components of MetS. MetS, metabolic syndrome; NO, nitric 
oxide.



Wong/Chen/Halvorson/FrisbeeJ Vasc Res 2022;59:1–156
DOI: 10.1159/000518787

such as a reduction in NO bioavailability. Other potential 
theories include decreased levels of vasodilators, in-
creased activity of vasoconstrictors (including endothelin 
[ET] or angiotensin-II), heightened response to alpha-
adrenergic signaling, and increased reactive oxygen spe-
cies (ROS) through activation of inflammatory pathways 
[32, 33].

On a cellular level, hypertension suggests increased 
peripheral resistance which may be a result of reduced 
NO-dependent vasodilation – caused by high levels of 
ROS; reduced NO bioavailability is a key outcome to mi-
crovessel rarefaction. In a proinflammatory state, ROS 
are produced in endothelial cells, smooth muscle cells, 
and inflammatory cells within the arterial wall, effective-
ly reducing NO bioavailability, which prolongs vasocon-
striction. Over time, this constricted state may lead to mi-
crovascular rarefaction, potentially reducing glucose up-
take and causing insulin resistance [34].

Thus, the influences of insulin resistance on the micro-
vasculature are difficult to separate from the effects of hy-
pertension. Capillary density and vasodilatation are 
strongly correlated to insulin sensitivity but also inversely 
related to blood pressure, suggesting that hypertension 

and insulin resistance may collaboratively impact MVD 
[35]. The dissociation between obesity and primary insu-
lin resistance in MetS patients is also difficult. An in-
creased level of proinflammatory cytokines and ROS is 
linked with lipolysis, a progenitor of the insulin resistance 
pathway and may be related to hyperglycemia [36]. This 
outlines how interconnected the various components of 
MetS are at a cellular level in terms of metabolic processes.

Sex Differences

As mentioned previously, a distinctive characteristic 
associated with MetS is structural and histological remod-
eling of the microcirculation, including changes such as 
vascular smooth muscle atrophy, endothelial dysfunction, 
and decreased MVD. Hypertension is associated with ap-
proximately 10–30% rarefaction in skeletal muscle, with 
varying degrees of rarefaction occurring in other organs 
such as the renal and cerebral tissues [37]. However, a 
noteworthy point is that large proportions of translation-
al and clinical research concerning MetS are performed 
exclusively on males. Sex is often controlled in these stud-

Fig. 4. Hormone levels with age as a proportion to maximum levels during adulthood. Estrogen and progesterone 
levels pertain to adult females, and testosterone levels pertain to adult males.



Sex, Cardiovascular Disease Risk, and 
Microvessel Density

7J Vasc Res 2022;59:1–15
DOI: 10.1159/000518787

ies, and the preference for males may be an issue of ex-
perimental and economical practicality as females can be 
more variable due to hormonal cycles. Additionally, pre-
vious research suggests that female sex hormones exert a 
protective effect on vasculopathy, which introduces a larg-
er variance when comparing male to female parameters 
[19]. Yet, findings based on male-only samples are still 
applied to both sexes without consideration of sex-depen-
dent differences. These sexual dimorphisms and their ef-
fects on vascular health are dependent on both sex hor-
mones and other biological causes. However, the focus of 
this review is on the implications of sex hormones, pri-
marily estrogen, progesterone, and testosterone, on MVD 
in the setting of health and metabolic disease (Fig. 3).

Estrogen
Estrogen is the primary female sex hormone that ap-

pears in 3 bioidentical forms: estrone, estradiol, and es-
triol. Like other steroids, estrogen is highly lipid-soluble, 
allowing it to be readily diffusive in various cellular inter-
actions [38]. Estrogen acts on both nuclear and extranu-
clear receptors such as estrogen receptor alpha (ERα), 
ERβ, and G-protein-coupled estrogen receptors [39]. In 
premenopausal women, estrogen is largely produced in 
the ovaries, corpus luteum, and placenta, with organs 
such as the liver, heart, skin, and brain, producing small-
er amounts [40]. Often overlooked, AT is a key site for the 
peripheral production and metabolism of estrogens in 
women [41]. As primary estrogen production occurs in 
the reproductive organs, estrogen levels can change dras-
tically throughout a woman’s life, with estradiol levels of 
an average of 40 pg/mL before menopause – to <18 pg/

mL after menopause. Larger fluctuations can occur dur-
ing the menstrual cycle and pregnancy/childbirth, where 
estradiol levels range from 30 to 400 pg/mL and 200 to 
7,000 pg/mL, respectively [42]. These fluctuations in es-
tradiol levels are used to promote receptor mediated up-
take of low-density lipoprotein (LDL) cholesterol for pla-
cental steroid production, increasing uteroplacental 
blood flow and preparing the breast for lactation [43]. 
When menopause occurs, the ovaries decrease estradiol 
production while adrenal glands continue estrone syn-
thesis; this causes estrone levels to remain unchanged, yet 
plasma estradiol levels fall significantly (Fig.  4). When 
these hormonal changes stabilize near the end of meno-
pause, a general decrease in estrogen level and expression 
of estrogen receptors is observed. During pre-meno-
pause, receptors such as G-protein-coupled estrogen re-
ceptors are widely expressed in diverse cell types, helping 
to regulate metabolism [39]. However, in postmeno-
pause, Park et al. [44] concluded that there was an overall 
decrease in ERα and ERβ expression in abdominal and 
femoral subcutaneous AT. In conjunction with decreas-
ing estrogen levels, changes in receptor expression can 
promote metabolic changes, subjecting women in the lat-
ter half of their life to a higher risk for cardiovascular dis-
ease and obesity.

Recent research has established that premenopausal 
women exhibit more resistance against hypertension 
than other cardiovascular diseases, thereby also increas-
ing resistance against associated rarefaction [45]. In mod-
el of hypertension, male Sprague-Dawley rats displayed 
significant rarefaction in the gastrocnemius muscle when 
compared to that of their female counterparts, [46]. Al-

Fig. 5. Estrogen exhibits protective effects 
on the endothelium, promoting NO bio-
availability and vasodilation. Specifically, 
estradiol is a regulator of VEGF and other 
pro-angiogenic growth factors. NO, nitric 
oxide; VEGF, the vascular endothelial 
growth factor; eNOS, nitric oxide synthase.
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though females are not entirely protected against hyper-
tension, both human and animal studies have found that 
hypertension in females occur later and to a lesser degree, 
when compared to their male counterparts [3]. Other re-
search studied female rats with ovaries and ovariecto-
mized female rats with hormone replacements and found 
that both have more dilated arterioles than male rats or 
ovariectomized female rats without hormone therapy 
[47]. These results elucidate estrogen’s regulatory effects 
on vascular tone through estrogen receptors within the 
endothelium and smooth muscle layers of vessels. By in-
teracting with these receptors, estrogen promotes the re-
lease of strong vasodilator agents such as NO [48]. 
Chakraparti et al. [49] reviewed the endothelial NO syn-
thase (eNOS) activity induced by exogenous estradiol on 
ERα. Estrogen’s effects on increasing NO bioavailability 
are also associated with increased dilation and an anti-
inflammatory, antioxidant, antiapoptotic, and pro-an-
giogenic environment (Fig. 5) [50]. Although the specific 
mechanisms underlying rarefaction are not understood, 
it is well established that estrogen levels directly contrib-
ute to the extent of rarefaction in the tissue. Postmeno-
pausal women are more at risk for developing heart dis-
eases involving the microvasculature due to their decreas-
ing estrogen levels. Without high levels of estrogen, ERα 
and ERβ ligand binding is unable to upregulate transcrip-
tion of VEGF and stimulate angiogenesis [51].

Blood volume, heart rate, stroke volume, and cardiac 
output are all known to increase during pregnancy, yet 
there is a significant decline in vascular resistance. A likely 
explanation for this seemingly contradictory relationship 
is the radically elevated levels of estrogen during pregnan-
cy, potentially increasing estrogen’s vasoprotective effects 
[52]. Other studies have yielded similar findings, suggest-
ing that endogenous estrogen in premenopausal females is 
very likely to have protective effects when intact [3].

However, this protective mechanism dissipates in fe-
males after menopause occurs, and postmenopausal 
women display similar cardiovascular risk profiles to that 
of age-matched men [19]. Animal studies have found that 
females may have other inherent cardiovascular advan-
tages on top of the protective mechanisms provided by 
estrogen. Even after ovariectomy, females were still pro-
tected against renal vasoconstriction and glomerular scle-
rosis. This suggests that protective mechanisms other 
than estrogen exist in females [53].

Progesterone
Along with estrogen, progesterone is a sex hormone 

that naturally occurs as progestin in both females and 

males but in higher levels among females. It is synthesized 
by the ovaries in females and in the testes and adrenal 
cortex in males. Although there is less circulating proges-
terone within the male body, its functions may be equally 
important to that of females [54]. Progesterone elicits its 
effects by binding to the progesterone receptor (PR) and 
other associated response elements, to activate an intri-
cate intracellular signaling pathway and induce genomic 
or nongenomic responses [55]. As previously discussed, 
menopause in addition to a decline of estrogen levels, 
there is a simultaneous decline in progesterone which 
may contribute to the associated increased risk of cardio-
vascular and metabolic disease [54]. Data from many 
studies have demonstrated that the positive correlation 
between ERα and PR expression continues during post-
menopause, resulting in a decreased expression of both 
ERα and PR [56].

Some studies have demonstrated that progesterone 
may exhibit an antagonistic effect against estrogen. For 
instance, progesterone can inhibit estrogen’s beneficial 
effects on bone structure by decreasing serum levels of 
1,25-dihydroxyvitamin D [57]. However, progesterone’s 
inhibitory effects on estrogen may be crucial in maintain-
ing hormonal balance and homeostasis. For example, in 
the absence of progesterone, estrogen can overstimulate 
uterine lining growth, increasing the risk of endometrial 
cancer [58]. Progesterone combats this by inducing en-
dometrium shedding during each menstrual cycle and 
theoretically prolongs the premenopausal years in fe-
males. The mechanism of how progesterone and estrogen 
coexist and regulate each other is not clearly known, but 
it is evident that they are both essential [58]. Therefore, 
most hormone therapies combine estrogen with proges-
terone to reduce the risks of disrupting this balance.

With regards to vascular health, studies on progester-
one have yielded contradictory findings. Progestin is be-
lieved to induce both vascular smooth muscle relaxation 
and contraction. A study on in vitro-isolated dog coro-
nary artery rings found that progesterone attenuates es-
trogen-induced responses in the endothelium, inducing 
vascular constriction [59]. However, another study con-
cerning ovariectomized monkeys showed that progester-
one could play a similar vasorelaxant role to estradiol-
17β. In this study, the ovariectomized monkeys displayed 
hyperactive vascular muscle cells with increased Ca2+ and 
protein kinase C levels, both of which were suppressed 
when the monkeys received estrogen or progesterone 
[53]. This suggests that progesterone, similarly to estro-
gen, may induce vasodilation. Studies have demonstrated 
that progesterone enhances functional recovery after an 
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ischemic stroke by increasing the number of newly gener-
ated neurons in the infarct region. However, this proges-
terone therapy has no impact on MVD [60].

Androgens
Testosterone is the primary androgen that exists in 2 

different forms: an active free form which binds to andro-
gen receptors (ARs) and an inactive form that cannot 
bind to ARs until activated. The AR initiates a diverse 
range of biological actions that play roles in the develop-
ment and maintenance of various biological systems [61]. 
Although testosterone and ARs are expressed in both sex-
es, males have much higher circulating testosterone in 
comparison to females [62]. When referring to testoster-
one, it is usually the total testosterone or sum of both ac-
tive and inactive forms that are involved. Testosterone 
levels peak in adulthood (around age 30) and steadily de-
cline by 1–2% every year after this peak [63]. In males, a 
small amount of circulating testosterone is converted into 
estradiol, which also decreases with age in proportion 
with testosterone. Thus, metabolic changes attributed to 
testosterone deficiency might be partly or entirely due to 
the accompanying decline in estradiol (Fig. 4) [64].

There are contradictory findings, perhaps due to the 
presence of active and inactive forms of testosterone, 
demonstrating how testosterone levels may impact risk 
levels for cardiovascular diseases [65, 66]. Thus, the exact 
mechanisms of how testosterone deficiency may affect 
cardiovascular health remain unknown. One hypothesis 
is that testosterone bioavailability can reduce the risk as-
sociated with insulin resistance and obesity. Studies have 
reported that patients with high levels of bioavailable tes-
tosterone displayed less risk for major cardiovascular 
events and coronary heart disease, while men with lower 
testosterone levels were associated with increased adipos-
ity and a higher risk of T2DM [67]. This is further sup-
ported by studies relating diabetic male patients with 
their relatively low testosterone levels when compared to 
their nondiabetic peers [68]. Decreased levels of the sex 
hormone binding globulin, responsible for transporta-
tion of sex hormones, are also prevalent in diabetic men 
[69, 70]. Previous studies have suggested that castration 
reduces endothelial cell numbers and the endothelial cell 
proliferation rate in the rat prostate and can be normal-
ized by testosterone treatment. This study indicates that 
the vasculature could be regulated by androgens [71]. Us-
ing castrated rats, Franck-Lissbrant et al. [72] demon-
strated that the lack of testosterone resulted in an involu-
tion of the vasculature in the prostate tissue. Although 
MVD was not directly measured, epithelial cell weights 

and blood flow was significantly reduced, suggesting a 
marked drop in vascular density [72].

Unsurprisingly, lower levels of testosterone are also as-
sociated with obesity. Ohlsson et al. [67] conducted a 
study on 2,416 men which demonstrated that the average 
BMI of the subjects with high levels of total testosterone 
was lower (24.9 compared to 28.1) than subjects with low-
er levels of total testosterone. Furthermore, higher levels 
of testosterone have been shown to increase lipolysis and 
decrease fat accumulation in visceral AT, lowering BMI 
index values. The production of testosterone is triggered 
by insulin levels in the bloodstream but the exact interac-
tions between testosterone level and obesity are largely 
unknown [73]. Castration of male rats has been found to 
exhibit vasoprotective effects, indicating that the pres-
ence of androgens may be more detrimental than the ab-
sence of estrogen in terms of risk for cardiovascular dis-
ease [74].

Other Sex Hormones
Other sex hormones such as luteinizing hormone (LH) 

and follicle-stimulating hormone (FSH) can also impact 
an individual’s risk for MetS and cardiovascular diseases. 
Studies have found that there is a 30–40% decrease in LH 
and FSH levels between the ages 50 and 75 [75]. Coupled 
with a decreased response to GnRH, levels of LH and FSH 
continue to decrease postmenopause. As a result, any el-
evated changes in LH postmenopause may be used as a 
clinical indicator. Recent research has revealed that high 
LH levels are positively associated with established dia-
betic kidney disease among Chinese men and postmeno-
pausal women [76]. Before menopause, elevated LH lev-
els are also associated with increases angiogenic potential. 
During female ovulation, the surge in LH levels promotes 
angiogenesis in the luteinizing follicle, allowing the blood 
vessels to dilate and increase blood flow to the follicle 
[77]. However, the impact of LH and FSH on vascular 
function and remodeling is not clearly understood due to 
the complex nature of these sex hormones and still needs 
to be further explored.

Discrepancy in Risk Factor Profiles
Although the extent of estrogen’s protective effects are 

not yet clear, and it is still unknown how low testosterone 
is related to cardiovascular fitness, there is a clear discrep-
ancy in cardiovascular risk factor profiles due to sex. On 
average, premenopausal women have lower blood pres-
sure than their male counterparts, regardless of ethnicity 
[78]. Many studies have found that hypertension preva-
lence is lower in premenopausal women, and this is like-
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ly accredited to both the higher concentration and intact 
protective effects of estrogen associated with younger fe-
males [79, 80]. This is further exemplified as menopausal 
women begin to have comparable blood pressure profiles 
to males, during a time when estrogen production de-
creases significantly [81]. When given estrogen therapy, 
some postmenopausal women experienced a decreased 
risk for coronary artery disease (CAD). Other studies 
have shown that hormonal therapy with menopausal 
women only lowered their blood pressures slightly, sug-
gesting that hypertension is better correlated to an in-
crease of androgens rather than the decreased estrogen 
experienced by men [78].

Androgens may increase blood pressure through the 
renin-angiotensin system as the promotion of oxidative 
stress and reduction of NO production increases vaso-
constriction while decreasing vasodilation [82]. Sex-spe-
cific phenotypes arise prior to sexual maturity, even in the 
absence of sex hormones, and this sex-specific gene ex-
pression in cells may explain why hormone therapy can 
have limited effectiveness. Androgens also upregulate 
thromboxane receptors and macrophage formation, 
placing males at a higher risk for atherosclerosis [83]. 
Therefore, women with the intact sex protection mecha-
nisms of estrogen are unlikely to experience hypertension 
or risk for hypertension to the same extent as males, even 
if other genetic and lifestyle factors are similar.

Dimorphisms Explained: Mechanisms and Pathways 
at the Cellular Level
Estrogen’s atheroprotective effects may be due to the 

presence of its receptors found in vascular smooth muscle 
cells; binding of estrogen with these receptors stimulates 
the release of NO from the endothelium, effectively in-
creasing vessel diameter [84]. Other studies support this, 
finding direct correlations of estrogen to increased over-
all NO production, possibly explaining why myogenic 
constriction is experienced to lesser degrees in females 
[85]. Sexual dimorphism within the NO production sys-
tem is particularly evident in renal hemodynamics as the 
kidney is responsible for producing NO synthase (NOS) 
and consequently NO. Estrogen has upregulatory effects 
for NOS and NO at both genomic and cellular levels. 
With age, the presence of NO synthase (NOS) inhibitors 
increases, limiting NO bioavailability. The combination 
of increased NOS inhibitor activity with decreasing levels 
of estrogen may contribute to a reduced NO production 
in postmenopausal women [86, 87].

Estrogen also exhibits properties relating to inhibiting 
atherosclerosis [88]. For example, estrogen inhibits ex-

pression of VCAM-1, E-selectin, and ICAM-1 on the en-
dothelial surface, which prevents monocyte adherence to 
vessel walls. Studies have demonstrated that estrogen is 
associated with decreased levels of LDL cholesterol and 
increased levels of high-density cholesterol (HDL) and 
triglycerides [48]. Additionally, estrogen may also inhib-
it expression of proinflammatory and mitogenic cyto-
kines, preventing deposition of atherosclerotic plaque 
[89, 90]. Pressure-induced myogenic constriction of arte-
rioles is experienced differently between males and fe-
males, and estrogen’s resilience against atherosclerosis 
may partly account for the greater compliance in female 
vessels [48].

Another clear example of sexual dimorphism can be 
seen in the ET system. ET-1 is described as a potent vaso-
constrictor, and males tend to have higher plasma ET-1 
concentrations. Studies have found that testosterone in-
creases ET-1 concentrations, while estrogen and proges-
terone do the opposite. Males also have greater ET-1/ETA 
receptor activation, while females have greater ET-1/ETB 
receptor activation. Although ETA and ETB are both G 
protein-coupled receptors found on vascular smooth 
muscle cells, ETA promotes vasoconstriction, inflamma-
tion, and oxidative stress, while ETB promotes NO pro-
duction and vasodilation. The ET system plays a larger 
role during pregnancy, when ETB activity is stimulated 
by the pregnancy hormone relaxin, increased estrogen, 
VEGF, and placental growth factors. Dysfunctional ET 
activity during pregnancy has been linked to preeclamp-
sia, solidifying the effects of ET’s on blood pressure regu-
lation [91].

Translational Relevance

A recent study of MetS on the elderly population dem-
onstrated that males and females differed significantly in 
prevalence for all MetS components. Notably, females ex-
perienced increased prevalence of abdominal obesity and 
low HDL cholesterol levels, while males were more prone 
to both high blood pressure and blood sugar levels [92]. 
It is important to note that this study was done exclusive-
ly on 66-year-old subjects, when the large majority of fe-
male subjects have experienced menopause. Pre-meno-
pausal women generally accumulate less abdominal vis-
ceral fat than men [93], which reinstates the significant 
vasoprotective effects of female sex hormones when in-
tact. As mentioned in previous sections, the vasoprotec-
tive effects of estrogen may also play a role in resistance 
against rarefaction [83]. These findings suggest that sex 
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differences should be considered to optimize treatment 
and prevention plans for MetS and its components. Con-
sidering the interconnected nature of MetS, alleviating 
any single component may be vital in improving the 
prognoses of other components. If interventions and 
treatment can be more personalized to each patient, the 
core pathophysiology experienced by that individual can 
be targeted. Recognition and further understanding of 
sex differences is crucial for increasing the efficiency of 
treatment in clinical settings.

Interventions
Dietary Interventions
Studies have shown that sex may play a protective role 

against high-sugar diets. When comparing female rats 
that were fed on a control versus high-fructose diet, there 
was no significant difference in blood pressure. Contrary 
to their male counterparts, the female rats did not develop 
hypertriglyceridemia or insulin resistance on a high car-
bohydrate diet. However, when male rats were fed a high-
fructose diet, the effects of insulin were blunted, suggest-
ing that high-sugar diets may be more detrimental to 
males [94]. Insulin exhibited no effect on vascular smooth 
muscle contraction in female rats but was found to reduce 
contraction in control male rats. This suggests that insu-
lin treatments may be more effective in males, relative to 
female counterparts.

Other studies have suggested that high-sodium diets 
may account for hypertension more in women than men. 
Low-sodium interventions decreased blood pressure sig-
nificantly more in women, especially those with higher 
baseline pressures and older age [95]. This suggests that 
sodium interventions are most appropriate for aging fe-
males with moderate hypertension. In contrast to the pre-
vious study, females may benefit more from reducing so-
dium intake, while males may benefit more from reduc-
ing sugars.

Exercise Interventions
In conjunction with dietary interventions, men and 

women also demonstrate different cellular responses to 
exercise. In men, more myocardial glucose is used to sup-
port metabolic demands, while more fatty acids are used 
in women [96]. Additionally, women are more resistant 
to exercise fatigability for isometric tasks, suggesting 
greater endurance than men; however, men demonstrate 
greater strengths involved in dynamic tasks [97]. Studies 
regarding weight loss interventions have found that al-
though both sexes will experience weight loss, men lose 
relatively more weight than women with the same diet 

and exercise prescription [98]. When combined with ca-
loric restrictions, 30–45 min of moderate exercise for 4–5 
days per week resulted in men losing significantly more 
weight [99]. Relative to dietary interventions, exercise in-
terventions exhibited lesser degrees of sexual discrepancy 
in decreasing mild hypertension [100]. These findings 
suggest that exercise regimens are most effective when 
combined with dietary interventions, and with current 
treatment plans, men may experience a greater benefit 
with lifestyle changes. Nonetheless, many studies consis-
tently find that exercise promotes the release of VEGF 
and other pro-angiogenic factors, regardless of sex [101]. 
This upregulation may induce angiogenesis in skeletal 
muscle, increasing MVD and overall circulation.

Hormone Replacement Therapy
Hormone-based therapy is an emerging field of thera-

peutics for combatting cardiovascular complications. 
Varying doses of estrogen are often recommended to 
some premenopausal women as a preventative measure 
against future menopausal symptoms. Specifically, estro-
gen therapy is believed to reduce the risk of cardiovascu-
lar disease, breast cancer, impaired cognition, and osteo-
porosis [48]. Estrogen therapy has been demonstrated to 
significantly reduce body weight, BMI, visceral fat, apelin, 
and lipid profiles in ovariectomized rats [102]. Further-
more, several studies have reported that estrogen therapy 
decreases serum levels of both total and LDL cholesterol, 
while raising HDL and triglycerides, primarily by influ-
encing the expression of hepatic apoprotein genes [48]. 
These results suggest that estradiol replacement therapy 
may help attenuate certain components of MetS.

However, over the last few years, observational studies 
have suggested that hormone-based therapy increases the 
risk for both deep vein thrombosis and embolism [103]. 
Studies have shown a two to fourfold increased risk for 
venous thromboembolic events in women taking estro-
gens [104]. On the other hand, recent research in male-
to-female transitions indicates that long-term estrogen 
therapy appears to improve overall vascular function – 
indicating that lesser amounts of estrogen therapy may be 
beneficial to males. This suggests that the vasoprotective 
effects of estrogen attributed to endothelium-derived NO 
may be sex-independent [105].

In recent years, testosterone replacement therapy has 
been steadily increasing, but the relationship between cir-
culating testosterone and various aspects of cardiovascu-
lar health still lacks clarity. A study examining the rela-
tionship between heart angina and testosterone therapy 
found that administering testosterone improved myocar-
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dial ischemia in male patients with CAD by inducing ar-
terial vasodilation. Both acute and chronic testosterone 
therapy showed improvements of myocardial ischemia, 
and there were no significant differences between intra-
venous or transdermal formulation of testosterone [106]. 
Other studies are aligned with these results, where intra-
coronary infusion of testosterone was found to dilate cor-
onary arteries in men with CAD [107]. Other experimen-
tal studies suggest that the most probable mechanism by 
which testosterone acts on vascular smooth muscle cells 
is via modulation of non-ATP-sensitive potassium ion 
channels, calcium-activated potassium ion channels, 
voltage-sensitive potassium ion channels, and finally L-
type calcium ion channels [108].

Testosterone replacement therapy has also shown po-
tential in improving glycemic control. Several authors 
have demonstrated that testosterone therapy in diabetic 
men may help with decreasing fasting plasma glucose and 
homeostatic insulin resistance [109]. A common encoun-
ter in testosterone therapy involves an increase in hemo-
globin levels, with the most recent meta-analysis study 
reporting a significant increase in hemoglobin and hema-
tocrit levels, without significant risk for increased cardio-
vascular events [110].

Conclusions

The need for more sex-specific pathophysiologic anal-
ysis in focused studies on therapies such as exercise toler-
ance, endothelial function, and inflammatory response is 
more prominent now than ever. Translational and clini-
cal research should continue to assess the potential use of 
hormone therapy in men and women in relation to car-

diovascular risk profiles, while monitoring both short-
term and long-term outcomes. The efficacy in various 
lifestyle interventions should also be further studied in 
conjunction with hormone status and/or therapy. Great-
er attention to individualized medicine is a crucial step 
for optimizing healthcare strategies. Our review demon-
strates the urgent need for a better understanding of sex-
related factors regarding MetS, its individual compo-
nents, and interventions.
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