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Abstract: Premenopausal women generally exhibit lower blood pressure and a lower prevalence
of hypertension than men of the same age, but these differences reverse postmenopause due to
estrogen withdrawal. Sexual dimorphism has been described in different components of kidney
physiology and pathophysiology, including the renin–angiotensin–aldosterone system, endothelin
system, and tubular transporters. This review explores the sex-specific differences in kidney function
and blood pressure regulation. Understanding these differences provides insights into potential
therapeutic targets for managing hypertension and kidney diseases, considering the patient’s sex and
hormonal status.
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1. Introduction

Women live longer, experience a slower age-related decline in glomerular filtration
rate (GFR), and are less prone to various kidney diseases [1]. One factor contributing to
these differences may be the higher blood pressure observed in men. Starting at puberty,
men develop higher blood pressure compared to women [2–5]. This trend reverses after
menopause, when women’s blood pressure increases more rapidly and may eventually
equal or surpass that of age-matched men [6]. Studies in both humans and animals indicate
a higher prevalence and incidence of hypertension in males than females [5]. Consequently,
higher blood pressure in men is associated with faster age-dependent decline in GFR, a
more rapid progression of chronic kidney disease, and an increased risk of cardiovascular
disease [7,8]. Interestingly, men with hypotestosteronemia or hyperestrogenemia exhibit a
reduced incidence of coronary disease [9].

Animal models of hypertension, including spontaneously hypertensive rats (SHRs),
deoxycorticosterone acetate (DOCA)-salt, and chronic angiotensin (Ang II) infusion, demonstrate
that females are more resistant to blood pressure increases compared to males [10]. The
correlation between these sex-specific blood pressure changes and hormonal alterations
suggests that sex hormones might play a role in regulating blood pressure. Moreover,
considering the kidney’s crucial role in blood pressure regulation, it is plausible that
differences in blood pressure between the sexes are influenced not only by systemic sex
hormones but also by kidney-specific hormonal actions. This review aims to explore the
potential mechanisms underlying these phenomena. For this narrative review, PubMed was
searched for publication using the term ‘gender differences’ or ‘androgens’, ‘sex hormones’,
‘sexual dimorphism’ and ‘kidney disease’ or ‘hypertension’, and hormonal influences. Of
the articles that were found those published in languages other than English were deleted.
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Emphasis was placed on original works involving both humans (Table 1) and animals
(Table 2).

Table 1. Important human studies on sexual dimorphism in kidney disease and hypertension.

Study Population Key Findings

Messerli, F.H. et al. [11] Male and female patients with
hypertension

Found that men have higher blood pressure compared
to women starting at puberty, with this trend reversing
after menopause.

van Kesteren, P.J.M [12] M—>F and F→M transexuals

Male-to-female transsexuals exhibit lower ET levels after
estrogen supplementation, whereas testosterone
treatment in female-to-male transsexuals leads to an
increase in ET levels.

Phillips, G.B. et al. [9] Men with coronary artery disease Found an association of hypotestosteronemia with
coronary artery disease in men.

Christakou, C.D. et al. [13] Women with polycystic ovary syndrome
Discussed the role of androgen excess on metabolic
aberrations and cardiovascular risk in women with
PCOS.

Chen, W. et al. [14] Men and women without hypertension at
baseline

Suggested that the endothelial NO synthase gene may
contribute to the predisposition of females for
hypertension

Curtis, J.J. et al. [15] Hypertensive patients undergoing renal
transplantation

Found remission of essential hypertension after renal
transplantation.

Zapater P. et al. [16] Men and women with hypertension
Found that women had lower blood pressure and
angiotensin converting enzyme (ACE) activities than
men

Ruggenenti P. et al. [17] Men and women with hypertension Found that men exhibit a lower response to ACE
inhibitor treatment

Cho, S.B. et al. [18] GWAS Indicated a sex-specific genetic susceptibility to
hypertension

Song, S. et al. [19] Men and women without hypertension at
baseline

Found that a diet rich in grains and legumes is inversely
associated with the risk of hypertension in Korean
women

Kang, Y. et al. [20] Men and women without hypertension at
baseline

Found that frequent fried food consumption is
associated with hypertension in Korean women

Table 2. Sex-specific findings in various animal models of hypertension.

Animal Model Sex-Specific Findings References

Spontaneously Hypertensive Rats (SHRs) Testosterone mediates hypertension via AR; flutamide decreases blood
pressure [21–25]

Deoxycorticosterone Acetate
(DOCA)-Salt Rats

Higher blood pressure elevation in males; Endothelin B (ETB) receptor
knockout abolishes blood pressure differences [26]

Ren2 Gene-Expressing Rats Flutamide lowers blood pressure and reduces organ damage [27]

Orchidectomized Sprague Dawley Rats Testosterone increases ENaC expression; castration decreases blood
pressure [28,29]

Ovariectomized Rats Salt-independent hypertension in DS rats post-ovariectomy [30,31]

Angiotensin II (Ang II)-Infused Mice Blood pressure increase in females with male kidney; Angiotensing 1
receptor (AT1R) and endothelin 1 (ET-1) mRNA differences [32]

High-Fat Diet (HFD)-Induced
Hypertension

HFD induces hypertension in males; losartan prevents this; and females
resistant due to Ang (1–7) [33]
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2. Sex and Hypertension

Sexual dimorphism in hypertension has been observed in both human and laboratory
animal studies, indicating that sex hormones significantly influence blood pressure regula-
tion and related pathophysiological outcomes. For instance, studies on Wistar rats have
shown that testosterone supplementation increases blood pressure in both male and female
Wistar rats, an effect that can be blocked by the androgen receptor (AR) blocker flutamide,
suggesting a direct role of AR in mediating hypertension [34]. Furthermore, in SHRs and
in the renal wrap model, testosterone has been found to exacerbate hypertension, while
flutamide effectively reduces blood pressure, highlighting the AR pathway’s involvement
in salt-induced hypertension [21–23,35,36]. In murine ren2 gene-expressing rats, the admin-
istration of flutamide not only lowered blood pressure but also reduced organ damage,
emphasizing the potential therapeutic benefits of AR blockade [24]. Prenatal exposure to
testosterone cypionate in female rats resulted in elevated blood pressure and increased AR
expression in the heart, suggesting that the early hormonal environment can have lasting
effects on cardiovascular health [25]. Additionally, castration studies in various rodent mod-
els demonstrated a reduction in blood pressure, which could be reversed by testosterone
supplementation, further underlining the role of testosterone in hypertension [21,27,37–40].
Interestingly, the impact of ovariectomy on blood pressure presents a contrast; while it
does not affect blood pressure in female rodents, it leads to salt-independent hypertension
in Dahl salt-sensitive (DS) rats [41,42]. This indicates a protective role of estrogens against
hypertension, shedding light on the complex interplay between sex hormones and blood
pressure regulation.

Sex hormones also influence the susceptibility to kidney damage. In a study, castrated
rats on an 8% NaCl diet exhibited lower blood pressure, decreased albuminuria, plasma
renin activity, and angiotensin concentrations, along with increased sodium excretion
and creatinine clearance compared to controls. Testosterone supplementation reversed
these effects [43]. Castration of young rats prevented the development of renal injury
and hypertension. In 18-month-old male SHRs castrated at 8 months, blood pressure
significantly reduced, glomerular injury was nearly absent, and GFR improved compared to
their intact counterparts [30]. Male mice are more susceptible to ischemia/reperfusion (I/R)
injury, with castration providing a protective effect [31]. Conversely, female sex hormones
are believed to play a protective role in preventing renal injury [44–47]. Testosterone
exacerbates glomerular injury in female Sprague Dawley rats, although the injury was still
much milder than in the untreated male group [48].

While testosterone has some detrimental effects, it also has beneficial functions, par-
ticularly in males. Testosterone supplements in obese men improve insulin resistance,
reduce body fat, and improve lipid profiles, without increasing blood pressure [49]. Low
androgen levels in men are associated with various chronic diseases such as CKD, cancer,
atherosclerosis, cardiovascular disease, sarcopenia, and osteoporosis [50–52]. However,
it remains unclear whether the reduction in androgens is the cause or the result of these
diseases [53]. Testosterone supplementation in male obese Zucker rats reduces metabolic
syndrome symptoms but increases blood pressure [54]. In women, increased androgen
levels lead to obesity and cardiovascular disease, and testosterone supplementation in a rat
model of polycystic kidney disease increases cholesterol, leptin, and insulin levels while
reducing glucose tolerance [13,55].

3. Kidney and Blood Pressure

Kidney dysfunction plays a critical role in the development and maintenance of hyper-
tension, as shown by transplant studies in both humans and animals. Transplanting kidneys
from prehypertensive individuals into normotensive recipients often leads to hypertension
in the latter, indicating that blood pressure “follows” the kidney [56,57]. Similarly, kidneys
from donors with a family history of hypertension significantly increase the recipient’s risk
of hypertension compared to kidneys from donors without such a history [58]. Conversely,
transplanting a kidney from a normotensive donor can normalize blood pressure in hyper-
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tensive patients [15]. Animal studies support this relationship. For instance, transplanting
a kidney from SHRs to normotensive Wistar rats induces hypertension in the recipient.
Transplanting a kidney from a normotensive to a hypertensive rat decreases the recipient’s
blood pressure [59].

Sex hormones profoundly influence kidney function, affecting the organ’s structure,
metabolic processes, and its ability to secrete and reabsorb substances. These hormones
modulate the pharmacokinetic and toxicological responses to various compounds, largely
due to hormonal regulation of specific kidney enzymes, ion channels, and membrane
transport proteins [60–63]. Androgens are produced within the kidney, and ARs are
found in different kidney tubule segments. Alterations in tubule transporter activity,
driven by androgens, can result in sodium retention, which may lead to an increase in
blood pressure [43,64–68]. This effect aligns with evidence showing that salt-induced
hypertension is gender-dependent and the pressure–natriuresis response—the process
by which the kidneys excrete sodium in response to blood pressure changes—is distinct
between sexes. Specifically, females can excrete equivalent amounts of sodium at lower
blood pressure compared to males, which is a difference observed in both humans and
animal models [21,22,41,69–71]. Postmenopausal women become more susceptible to
salt-sensitive hypertension and exhibit a more rapid progression of kidney diseases than
premenopausal women, underscoring the critical role of the androgen–estrogen balance
in blood pressure regulation [11,72,73]. Furthermore, androgens mediate hypertension
through the sympathetic nervous system. Denervation prevents androgen-mediated blood
pressure increase in hyperandrogenemic female rats (sympathetic nervous system) [74].

A transplantation study of Ang II-infused mice found that mean arterial pressure
(MAP) increased significantly in female mice receiving a male kidney compared to female
mice with a female kidney transplant. Male recipients of a female kidney had reduced
MAP compared to the control group. Extrarenal regulation mechanisms also seem to
influence the kidney, as angiotensin 1 receptor (AT1R) mRNA levels in the female-to-male
transplantation group were increased by 50% compared to female-to-female mice, whereas
AT1R levels in the male-to-female group were decreased compared to male-to-male mice.
Additionally, endothelin-1 (ET-1) mRNA expression in female-to-male kidneys increased
five-fold compared to the female-to-female group [75].

4. Endothelins

Endothelins (ETs), a group of endogenous peptides, mediate their actions through
G protein-coupled receptors—endothelin A (ETA), endothelin B (ETB), and endothelin C
(ETC). These peptides include endothelin 1 (ET-1), which is the more potent, endothelin 2
(ET-2), and endothelin 3 (ET-3). These receptors are distributed across various cell types
within the cardiovascular system and kidneys, with ETA predominantly present on smooth
muscle cells and ETB receptors located on endothelial and renal epithelial cells [76]. ET-
2 and ET-2 are less studied and there are no data regarding a differential role in blood
pressure regulation between sexes.

ET-1 exerts a wide range of biological effects in the kidney, including vasoconstriction
of most renal vessels, mesangial cell contraction, enhancement of glomerular cell prolifera-
tion, induction of oxidative stress, expression of pro-inflammatory factors, and reduction
of medullary blood flow through activation of ETA receptors. Conversely, activating renal
ETB receptors induces vasodilation and inhibits Na+ and water reabsorption, resulting
in subsequent natriuresis and diuresis [32,77,78]. The natriuretic effects of endothelin
are primarily mediated via the ETB receptor by inhibiting Na+ reabsorption in the thick
ascending limb and the collecting duct, or through vasodilation of vessels in the medulla
during high salt intake, which enhances natriuresis and diuresis [32,79]. ETB receptors also
influence vascular reactive oxygen species production and kidney nitric oxide synthase
(NOS) activity, and they are involved in endothelin clearance, leading to its internalization
and degradation. Collectively, ET-1 appears to have paradoxical effects on blood pressure
regulation by promoting hypertension through vasoconstriction and relative hypotension
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through increased water and salt excretion [32,79,80]. Thus, the ET–ETB receptor pathway
is generally seen as vasodilative and antihypertensive, in contrast to the prohypertensive
ET–ETA pathway [81–83].

Sexual dimorphism in the ET-1 pathway is evident at various biological levels, includ-
ing differences in plasma or tissue concentrations of ET-1, its production rates, receptor
expression, physiological effects, and responses to receptor antagonists [58]. Evidence
shows that plasma ET-1 levels are notably higher in men than in age-matched women.
Moreover, in human aortic endothelial cells, ET-1 mRNA increases after stimulation with
testosterone [84]. In contrast, estrogen appears to reduce ET-1 levels and prevent endothelin-
mediated blood pressure elevation [85–89]. These differences seem to be hormonally regu-
lated, as male-to-female transsexuals show lower ET levels after estrogen supplementation,
while testosterone treatment in female-to-male transsexuals leads to an increase [12,78,90].
However, this hypothesis is challenged by findings that plasma ET-1 levels in males with
hypogonadism are elevated, with a tendency to decrease after testosterone administra-
tion [91]. Furthermore, the contribution of ETB receptors to resting vascular tone differs
between genders, with ETB receptors mediating tonic vasoconstriction in men, whereas in
women, they mediate tonic vasodilation [92,93].

Deleting ET-1 or ETB receptor expression in collecting duct cells leads to salt retention
and hypertension in mice [81]. The higher blood pressure elevation in male rats in the
DOCA-salt model is presumably ETB receptor-mediated, as an ETB receptor knockout
abolishes the blood pressure differences between the sexes [94]. Angiotensin II, whether
stimulated exogenously or by a low-salt diet, inhibits ETB receptor function in male rats
but to a much lesser degree in females [95]. Furthermore, acute infusion of an ETB agonist
directly into the renal medulla enhances sodium and water excretion in both male and
female rats. However, infusion of ET-1 only produces natriuresis in female rats, suggesting
an altered functional distribution of ET receptors within the kidney [77]. This hypothesis
is also supported by the different distribution of ET-1 receptors in the inner medullary
collecting ducts of male and female rats, with females exhibiting fewer ETA receptors
and an additional ETA-dependent natriuresis pathway potentially involving other cell
types, such as the vasa recta, the thick ascending limb, or renomedullary interstitial cells.
This excess of ETA receptors in males may inhibit ETB-mediated natriuresis [26]. This
is supported by experiments in mice in which knocking out ET-1 and the ETB receptor
led to salt retention and hypertension, whereas the knockout of the ETA receptor had no
effect [96–98].

Female rats have alternative natriuretic mechanisms. Studies show effective salt
excretion in ETB-deficient females, suggesting a prominent ET-independent salt excretion
mechanism in females [99]. ETB-deficient female rats demonstrate higher medullary blood
flow and enhanced diuresis and natriuresis following ET-1 infusion into the medulla,
responses that are absent in male rats and diminished after ovariectomy [100,101]. The
natriuretic response in male and ovariectomized female rats is diminished after ETA and
ETB receptor blockade, highlighting a potential role for estrogens in this context [102]. Male
ETB receptor-deficient rats on a normal salt diet also exhibit higher blood pressure and
lower medullary NO activity than females. A high-salt diet further reduces NO plasma
concentration and increases blood pressure, effects that are prevented by orchidectomy
and reversed by testosterone supplementation [103]. Androgens in combination with a
high-salt diet increase renal vascular resistance in male rats, whereas estradiol prevents
salt-sensitive hypertension by enhancing NO production [104,105]. Conversely, female ETB
receptor-deficient rats develop more severe hypertension on a high-salt diet than males,
and gonadectomy increases the responsiveness of the afferent arteriole to ETB-induced
vasoconstriction in females, but not males, indicating that female sex hormones may inhibit
ETB-mediated vasoconstriction in the renal microcirculation [104,106].

ET-1 also contributes to kidney damage by increasing glomerular permeability for
albumin and inducing glomerular oxidative stress, further exacerbated by high salt intake;
these mechanisms are primarily ETA-mediated [107–109]. Nitric oxide (NO) production



Int. J. Mol. Sci. 2024, 25, 8637 6 of 17

and pressure–natriuresis are decreased in mice with an ET-1 knockout in the collecting
duct, suggesting that these processes are mediated by androgens, as ET-1 transgenic mice
exhibit less renal injury post-castration [110,111]. Male DOCA-salt rats exhibit more severe
kidney damage than females, but blocking the ETA receptor attenuates this damage in both
sexes [90]. Studies shows higher renal ET-1 expression correlates with more severe kidney
damage in male hypertensive rats. Estrogens seem to protect the kidney by lowering
endothelin levels, as indicated by increased renal ET-1 expression and exacerbated renal
injury after ovariectomy [112]. Estradiol suppresses kidney ET-1 production, which helps
preventing acute kidney injury and other damage [113,114]. Male rats are more susceptible
to renal ischemia/reperfusion injury, as male uninephrectomized rats had an 8% survival
rate after 50 min of ischemia/reperfusion compared to 75% in females [31]. Orchidectomy
reduces kidney damage and improves survival, with higher ET-1 mRNA expression in
males than females supporting this hypothesis [31,111].

Overall, these findings illustrate complex interactions between sex hormones, en-
dothelin receptors, and their effects on renal physiology and blood pressure regulation,
highlighting distinct differences in the pathophysiological responses between males and
females. ET-1 expression, as well as renal damage markers, are higher in male than female
hypertensive rats [90,115].

5. Tubule Transporters

Ion transporters across different segments of the kidney tubule exhibit sexual dimor-
phism, being partially modulated by androgens [66,67,116,117]. Sexual dimorphism in Na+
handling and androgen-dependent salt sensitivity have been reported [21,40,41,68,118,119].
Research by Veiras et al. demonstrated a sex-specific expression pattern of tubular ion
transporters that results in more efficient sodium excretion in females [120]. Additionally,
studies have noted an increase in Na+ excretion in the absence of testosterone [43]. The
physiological consequences of increased Na+ reabsorption in the renal tubule are signifi-
cant, not only in terms of blood pressure regulation but also in metabolic terms. Enhanced
Na+ reabsorption increases oxygen consumption and promotes the production of free
radicals within the kidney [28,121–123]. This increased oxidative stress can contribute to
renal damage and exacerbate conditions such as hypertension, highlighting the complex
interactions between ion transport, hormonal regulation, and kidney health.

5.1. Epithelial Sodium Channel (ENaC)

The epithelial sodium channel (ENaC) is one of the key salt transporters in the distal
renal tubule. ENaC plays a pivotal role in sodium and fluid reabsorption in the renal
tubule, influencing blood pressure regulation. Testosterone has been shown to increase the
expression of the alpha subunit of ENaC (αENaC) through the AR in both rat models and
the human renal cell line HKC-8 [29]. Treatment with testosterone propionate in orchidec-
tomized Sprague Dawley rats upregulates the expression of all three units of ENaC in the
kidney, an effect that is reversed by the administration of both flutamide and finasteride,
suggesting the involvement of a 5-hydroxytestosterone-dependent pathway [124]. Other
studies have reported an increase in renal ENaC expression in ovariectomized female
Wistar rats and SHRs following dihydroxytestosterone administration [125]. In contrast,
orchiectomy increases all three ENaC subunits’ expression in kidneys of male Wistar rats
and SHRs [126].

Aldosterone, whose synthesis is also influenced by testosterone, further enhances
ENaC expression in the kidney [127–129]. This relationship underscores a potential mech-
anism whereby testosterone increases blood pressure by promoting sodium retention
through the upregulation of ENaC via the activation of the renin angiotensin system (RAS)
pathway. Moreover, there are indications that ENaC regulation is also influenced by estra-
diol [130–133], suggesting a complex interplay between sex hormones and renal sodium
handling that impacts blood pressure regulation.
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5.2. Sodium–Hydrogen Exchanger 3 (NHE3)

NHE3, located in the proximal tubule brush border membrane, plays a crucial role
in sodium reabsorption and acid–base balance. Expression and activity of NHE3 was
found to increase after an androgen-mediated upregulation of renal Ang II expression. This
hormonal interaction leads to enhanced Na+ and fluid reabsorption, subsequently raising
blood pressure [28,134]. The activity of the Na/H exchanger in the brush border membrane
vesicles (BBMVs) is also stimulated by androgens, showing higher expression levels in
males compared to females. Castration has been shown to decrease this activity, whereas
testosterone supplementation reverses this effect, demonstrating the androgen dependency
of this transporter system [135]. In male mice, castration leads to a decrease in Na/H+
exchanger expression, which is regulated by Ang II, further underscoring the interplay
between androgens and renal hormonal pathways in regulating these transporters [135].

5.3. Aquaporins

Supplementation with testosterone of ovariectomized Wistar rats increased the expres-
sion of several aquaporins (AQ): AQ1, AQ2, AQ4, and AQ7, whereas AQ3 was downregu-
lated. The effects of testosterone were context-dependent; under normotensive conditions,
AQ3 expression decreased, but under hypertensive conditions, it increased. Expression of
AQ6 has also been shown to be increased by testosterone treatment under hypertensive
conditions [136,137]. Further research supports these findings, showing that testosterone
also increased blood pressure and similarly affected aquaporin expression in male Sprague
Dawley rats, increasing levels of AQ1, AQ2, AQ4, AQ6, and AQ7, while simultaneously
decreasing AQ3 [138]. On the other hand, estradiol, a key estrogen hormone, appears to
inhibit AQ2 expression in the collecting duct, underscoring a potential contrasting role
of estrogens in this regulatory pathway [139]. This interaction highlights the complex
hormonal regulation of aquaporins, which plays a crucial role in the body’s fluid balance
and blood pressure management.

6. Renin–Angiotensin–Aldosterone System

Sex hormones play a significant role in regulating the renin–angiotensin system (RAS).
Androgens increase the expression of several components of the RAS [53]. They stimulate
the synthesis of angiotensinogen, with studies showing that castrated male rats have a
60% lower Ang II mRNA levels compared to controls [140,141]. Additionally, testosterone
upregulates angiotensinogen levels in the kidneys of male SHRs and Sprague Dawley and
DS rats [140,142,143]. Furthermore, there is a linear correlation between testosterone activity
and plasma renin activity, with males showing higher plasma renin activity compared
to females [144,145]. Testosterone treatment of ovariectomized rats results in increased
plasma renin activity, while castration decreases it [140]. Acute testosterone treatment also
increases plasma aldosterone levels [146].

Studies in SHRs have shown that testosterone promotes hypertension development
via an androgen receptor-mediated mechanism that stimulates the systemic RAS. The
final effector in the RAS, angiotensin II, promotes Na+ and water retention in the proximal
tubule, contributing to higher blood pressure in males [147]. Ang II causes a greater increase
in blood pressure in normotensive males than females (rats and mice) [148–150]. However,
there is also a report that Ang II infusion had a similar effect on blood pressure in men
and women on a controlled Na+ and protein diet [151,152]. The contribution of the RAS to
gender-specific blood pressure differences could not be confirmed in aged heterozygous
Ren-2 transgenic rats [42]. A possible explanation is the loss of the protective effect of
estrogens in aged females as estrogen levels decline after menopause.

Besides the systemic RAS, the intrarenal RAS is a key component of blood pres-
sure regulation, and sex steroids can modulate the expression of intrarenal RAS compo-
nents [151–154]. The intrarenal RAS is more activated in males than in females and is
downregulated after castration in DS rats and SHRs [128,143,155]. Androgens increase
kidney angiotensinogen (AGT) levels significantly but have only a slight effect on liver
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AGT levels [140]. Angiotensinogen mRNA decreases in castrated male rats in the kidney
and to a much lesser extent in the liver. Testosterone-treated castrates have the same
angiotensinogen levels as the controls [140].

In contrast to androgens, estrogens induce the expression of non-classic RAS compo-
nents that have a blood-pressure-lowering effect (Figure 1) [156,157]. This aligns with the
observation that female normotensive rats have a higher Ace2 and Masr gene expression
than males [158,159]. Treatment with estrogen also decreases aldosterone production by
upregulating the AT2R and downregulating the AT1R expression [160], thereby shifting
the RAS towards blood-pressure-lowering pathways. Gupte et al. showed that estro-
gen protects female rats from hypertension by reducing the formation of Ang II in favor
of Ang (1–7) in a high-fat diet (HFD) model [161]. Studies by another group revealed
that estradiol downregulates the AT1R and ACE in the kidney, adrenal vasculature, and
brain in female normotensive rats, thereby shifting the RAS towards non-canonical path-
ways [162]. It is also known that the AT2R is upregulated in female kidney of mice and
rats, especially at high Ang II levels, and that females have a lower renal AT1R/AT2R
ratio than males [33,163]. Ovariectomy, on the other hand, reduces the AT2R and upregu-
lates the AT1R expression in SHRs [42]. This effect is reversed by estrogen administration.
Castration of Sprague Dawley rats increases AT2R mRNA expression, which could be
reversed by testosterone administration [164]. AT2R also reduces the sensitivity of the
tubulo-glomerular feedback mechanism (regulator of GFR) only in females [165].
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It also seems that there are some sex-specific differences regarding the response to
treatment with the specific components of the RAS pathway. For example, treatment
with angiotensin receptor blockers in women with congestive heart failure provides better
survival rates than treatment with ACE inhibitors [16,166]. Interestingly, angiotensin
receptor blockers reduce proteinuria in females more efficiently than in men [155]. Women
also have a more rapid response to the AT1R antagonist irbesartan [151]. ACE inhibitors
also reduce proteinuria in females more effectively than in males; however, blood pressure
reduction by these agents seems to be similar in both genders [17,167,168].

Metabolites of arachidonic acid play a crucial role in kidney function and blood pres-
sure regulation [169,170]. It has been shown that androgens can alter the metabolism of
arachidonic acid in the renal cortex [169]. Androgen mediates production of
20-hydroxyeicosatetraenoic acid (20-HETE), an eicosanoid metabolite of arachidonic acid,
which has varying effects depending on its site of expression. When 20-HETE is expressed
in the renal vasculature, it promotes vasoconstriction and hypertension. Conversely, if
expressed in the kidney tubule, it prevents sodium reabsorption, leading to higher natriure-
sis and lower blood pressure [171]. Testosterone increases the expression of the 20-HETE
synthase Cyp4a12a in kidney of mice on a 129S6 background.
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7. Sex-Specific Genetic Susceptibilities in Hypertension: Insights from GWAS

Even though several studies have reported both common and rare variants with a
significant genome-wide association to hypertension [172–176], only a recent one identified
genetic loci that have differential susceptibility to hypertension and blood pressure based
on sex [18]. They demonstrate sex-specific genetic susceptibilities to hypertension. One
notable finding is the rs11066015 variant of the ACAD10 gene, which showed exome-wide
significance in males but not in sex-combined analyses. This variant, common in Asian
populations, influences hypertension potentially through mitochondrial oxidative stress
pathways. Furthermore, the HECTD4 gene variants, rs11066280 and rs2074356, displayed
male-specific genetic significance, possibly linked to their role in the ubiquitin system
and androgen receptor promotion. Similarly, the rs671 variant of the ALDH2 gene was
associated with hypertension predominantly in men, likely due to its function in reducing
oxidative stress. These sex-specific genetic effects suggest that hormonal differences may
modulate these genetic pathways, contributing to the differential risk of hypertension
between males and females.

8. Sex-Specific Nutraceutical Approaches

Evidence suggests that women and men may respond differently to dietary interven-
tions due to sex hormones [177,178]. However, few controlled studies have assessed sex
differences in cardiovascular response to specific diets [179]. For example, adherence to a
Mediterranean diet (MedDiet) has been shown to significantly lower cardiovascular disease
(CVD) risk more in women than in men [179]. Regarding hypertension, epidemiological
data indicate that whole grains and legumes reduce hypertension risk in women, but not in
men, even after controlling for confounders [19]. In the Korean National Health and Nutri-
tion Examination Survey, women who frequently consumed fried foods (≥2 times/week)
had a 2.4-fold higher risk of hypertension compared to those who rarely consumed fried
foods, a significant association not seen in men [20]. Additionally, reductions in blood pres-
sure with diets low in sodium, and those supplemented with potassium or dark chocolate,
were greater in women than in men [14]. A healthy diet was more effective in alleviating
hypertension risk factors in women than in men [180].

Overall, the existing literature underscores the importance of investigating sex-related
differences in dietary responses. Such research could lead to individualized dietary recom-
mendations, improving health outcomes for both men and women.

9. Conclusions

This review highlights the significant impact of androgens on kidney function and
blood pressure regulation, emphasizing the sex-specific differences mediated by these
hormones (Figure 2). Understanding these mechanisms provides insights into potential
therapeutic targets for managing hypertension and kidney diseases, considering the pa-
tient’s sex and hormonal status. Future research should focus on elucidating the precise
molecular interactions and long-term impacts of sex hormones on renal and cardiovascular
health, paving the way for more personalized treatment strategies.
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Micek, V.; et al. Sex-dependent expression of water channel AQP1 along the rat nephron. Am. J. Physiol. Renal. Physiol. 2015, 308,
F809–F821. [CrossRef] [PubMed]

148. Ebrahimian, T.; He, Y.; Schiffrin, E.L.; Touyz, R.M. Differential regulation of thioredoxin and NAD(P)H oxidase by angiotensin II
in male and female mice. J. Hypertens. 2007, 25, 1263–1271. [CrossRef]

149. Tatchum-Talom, R.; Eyster, K.M.; Martin, D.S. Sexual dimorphism in angiotensin II-induced hypertension and vascular alterations.
Can. J. Physiol. Pharmacol. 2005, 83, 413–422. [CrossRef]

150. Xue, B.; Pamidimukkala, J.; Hay, M. Sex differences in the development of angiotensin II-induced hypertension in conscious mice.
Am. J. Physiol. Heart. Circ. Physiol. 2005, 288, H2177–H2184. [CrossRef]

151. Sartori-Valinotti, J.C.; Iliescu, R.; Yanes, L.L.; Dorsett-Martin, W.; Reckelhoff, J.F. Sex differences in the pressor response to
angiotensin II when the endogenous renin-angiotensin system is blocked. Hypertension 2008, 51, 1170–1176. [CrossRef] [PubMed]

152. Miller, J.A.; Anacta, L.A.; Cattran, D.C. Impact of gender on the renal response to angiotensin II. Kidney Int. 1999, 55, 278–285.
[CrossRef]

153. Howard, C.G.; Mitchell, K.D. Renal functional responses to selective intrarenal renin inhibition in Cyp1a1-Ren2 transgenic rats
with ANG II-dependent malignant hypertension. Am. J. Physiol. Renal. Physiol. 2012, 302, F52–F59. [CrossRef]

154. Machnik, A.; Neuhofer, W.; Jantsch, J.; Dahlmann, A.; Tammela, T.; Machura, K.; Park, J.-K.; Beck, F.-X.; Müller, D.N.; Derer, W.;
et al. Macrophages regulate salt-dependent volume and blood pressure by a vascular endothelial growth factor-C-dependent
buffering mechanism. Nat. Med. 2009, 15, 545–552. [CrossRef] [PubMed]

155. Rands, V.F.; Seth, D.M.; Kobori, H.; Prieto, M.C. Sexual dimorphism in urinary angiotensinogen excretion during chronic
angiotensin II-salt hypertension. Gend. Med. 2012, 9, 207–218. [CrossRef]

156. Ji, H.; Menini, S.; Zheng, W.; Pesce, C.; Wu, X.; Sandberg, K. Role of angiotensin-converting enzyme 2 and angiotensin(1-7) in
17beta-oestradiol regulation of renal pathology in renal wrap hypertension in rats. Exp. Physiol. 2008, 93, 648–657. [CrossRef]

157. Brosnihan, K.B.; Li, P.; Ganten, D.; Ferrario, C.M. Estrogen protects transgenic hypertensive rats by shifting the vasoconstrictor-
vasodilator balance of RAS. Am. J. Physiol. 1997, 273, R1908–R1915. [CrossRef]

158. Sampson, A.K.; Moritz, K.M.; Denton, K.M. Postnatal ontogeny of angiotensin receptors and ACE2 in male and female rats. Gend.
Med. 2012, 9, 21–32. [CrossRef]

159. Sampson, A.K.; Moritz, K.M.; Jones, E.S.; Flower, R.L.; Widdop, R.E.; Denton, K.M. Enhanced angiotensin II type 2 receptor
mechanisms mediate decreases in arterial pressure attributable to chronic low-dose angiotensin II in female rats. Hypertension
2008, 52, 666–671. [CrossRef] [PubMed]

160. Baiardi, G.; Macova, M.; Armando, I.; Ando, H.; Tyurmin, D.; Saavedra, J.M. Estrogen upregulates renal angiotensin II AT1 and
AT2 receptors in the rat. Regul. Pept. 2005, 124, 7–17. [CrossRef]

161. Dean, S.A.; Tan, J.; O’Brien, E.R.; Leenen, F.H. 17beta-estradiol downregulates tissue angiotensin-converting enzyme and ANG II
type 1 receptor in female rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2005, 288, R759–R766. [CrossRef] [PubMed]

162. Hilliard, L.M.; Sampson, A.K.; Brown, R.D.; Denton, K.M. The “his and hers” of the renin-angiotensin system. Curr. Hypertens.
Rep. 2013, 15, 71–79. [CrossRef]

163. Abadir, P.M.; Carey, R.M.; Siragy, H.M. Angiotensin AT2 receptors directly stimulate renal nitric oxide in bradykinin B2-receptor-
null mice. Hypertension 2003, 42, 600–604. [CrossRef] [PubMed]

164. Brown, R.D.; Hilliard, L.M.; Head, G.A.; Jones, E.S.; Widdop, R.E.; Denton, K.M. Sex differences in the pressor and tubuloglomeru-
lar feedback response to angiotensin II. Hypertension 2012, 59, 129–135. [CrossRef]

165. Os, I.; Franco, V.; Kjeldsen, S.E.; Manhem, K.; Devereux, R.B.; Gerdts, E.; Hille, D.A.; Lyle, P.A.; Okin, P.M.; Dahlof, B.; et al. Effects
of losartan in women with hypertension and left ventricular hypertrophy: Results from the Losartan Intervention for Endpoint
Reduction in Hypertension Study. Hypertension 2008, 51, 1103–1108. [CrossRef] [PubMed]

166. Hudson, M.; Rahme, E.; Behlouli, H.; Sheppard, R.; Pilote, L. Sex differences in the effectiveness of angiotensin receptor blockers
and angiotensin converting enzyme inhibitors in patients with congestive heart failure--a population study. Eur. J. Heart Fail.
2007, 9, 602–609. [CrossRef] [PubMed]

167. Reckelhoff, J.F.; Zhang, H.; Srivastava, K. Gender differences in development of hypertension in spontaneously hypertensive rats:
Role of the renin-angiotensin system. Hypertension 2000, 35, 480–483. [CrossRef]

168. Nakagawa, K.; Marji, J.S.; Schwartzman, M.L.; Waterman, M.R.; Capdevila, J.H. Androgen-mediated induction of the kidney
arachidonate hydroxylases is associated with the development of hypertension. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2003,
284, R1055–R1062. [CrossRef] [PubMed]

https://doi.org/10.1152/ajprenal.90389.2008
https://doi.org/10.1159/000119417
https://www.ncbi.nlm.nih.gov/pubmed/18319594
https://doi.org/10.1016/S0026-0495(99)90123-3
https://doi.org/10.1152/ajprenal.00368.2014
https://www.ncbi.nlm.nih.gov/pubmed/25656365
https://doi.org/10.1097/HJH.0b013e3280acac60
https://doi.org/10.1139/y05-012
https://doi.org/10.1152/ajpheart.00969.2004
https://doi.org/10.1161/HYPERTENSIONAHA.107.106922
https://www.ncbi.nlm.nih.gov/pubmed/18259017
https://doi.org/10.1046/j.1523-1755.1999.00260.x
https://doi.org/10.1152/ajprenal.00187.2011
https://doi.org/10.1038/nm.1960
https://www.ncbi.nlm.nih.gov/pubmed/19412173
https://doi.org/10.1016/j.genm.2012.06.001
https://doi.org/10.1113/expphysiol.2007.041392
https://doi.org/10.1152/ajpregu.1997.273.6.R1908
https://doi.org/10.1016/j.genm.2011.12.003
https://doi.org/10.1161/HYPERTENSIONAHA.108.114058
https://www.ncbi.nlm.nih.gov/pubmed/18711010
https://doi.org/10.1016/j.regpep.2004.06.021
https://doi.org/10.1152/ajpregu.00595.2004
https://www.ncbi.nlm.nih.gov/pubmed/15550614
https://doi.org/10.1007/s11906-012-0319-y
https://doi.org/10.1161/01.HYP.0000090323.58122.5C
https://www.ncbi.nlm.nih.gov/pubmed/12953015
https://doi.org/10.1161/HYPERTENSIONAHA.111.178715
https://doi.org/10.1161/HYPERTENSIONAHA.107.105296
https://www.ncbi.nlm.nih.gov/pubmed/18259029
https://doi.org/10.1016/j.ejheart.2007.02.001
https://www.ncbi.nlm.nih.gov/pubmed/17383932
https://doi.org/10.1161/01.HYP.35.1.480
https://doi.org/10.1152/ajpregu.00459.2002
https://www.ncbi.nlm.nih.gov/pubmed/12531784


Int. J. Mol. Sci. 2024, 25, 8637 17 of 17

169. Maier, K.G.; Roman, R.J. Cytochrome P450 metabolites of arachidonic acid in the control of renal function. Curr. Opin. Nephrol.
Hypertens. 2001, 10, 81–87. [CrossRef]

170. Wu, C.C.; Schwartzman, M.L. The role of 20-HETE in androgen-mediated hypertension. Prostaglandins Other Lipid Mediat. 2011,
96, 45–53. [CrossRef]

171. Cheema, M.U.; Irsik, D.L.; Wang, Y.; Miller-Little, W.; Hyndman, K.A.; Marks, E.S.; Frøkiær, J.; Boesen, E.I.; Norregaard, R.
Estradiol regulates AQP2 expression in the collecting duct: A novel inhibitory role for estrogen receptor alpha. Am. J. Physiol.
Renal. Physiol. 2015, 309, F305–F317. [CrossRef] [PubMed]

172. O’Donald, P. “Haldane’s dilemma” and the rate of natural selection. Nature 1969, 221, 815–817. [CrossRef] [PubMed]
173. Tran, N.T.; Aslibekyan, S.; Tiwari, H.K.; Zhi, D.; Sung, Y.J.; Hunt, S.C.; Rao, D.C.; Broeckel, U.; Judd, S.E.; Muntner, P.; et al. PCSK9

variation and association with blood pressure in African Americans: Preliminary findings from the HyperGEN and REGARDS
studies. Front. Genet. 2015, 6, 136. [CrossRef] [PubMed]

174. Ohlsson, T.; Lindgren, A.; Engström, G.; Jern, C.; Melander, O. A stop-codon of the phosphodiesterase 11A gene is associated
with elevated blood pressure and measures of obesity. J. Hypertens. 2016, 34, 445–451. [CrossRef] [PubMed]

175. Kim, Y.; Han, B.G.; KoGES Group. Cohort Profile: The Korean Genome and Epidemiology Study (KoGES) Consortium. Int. J.
Epidemiol. 2017, 46, e20. [CrossRef] [PubMed]

176. Yasukochi, Y.; Sakuma, J.; Takeuchi, I.; Kato, K.; Oguri, M.; Fujimaki, T.; Horibe, H.; Yamada, Y. Longitudinal exome-wide
association study to identify genetic susceptibility loci for hypertension in a Japanese population. Exp. Mol. Med. 2017, 49, e409.
[CrossRef] [PubMed]

177. Knopp, R.H.; Paramsothy, P.; Retzlaff, B.M.; Fish, B.; Walden, C.; Dowdy, A.; Tsunehara, C.; Aikawa, K.; Cheung, M.C. Gender
differences in lipoprotein metabolism and dietary response: Basis in hormonal differences and implications for cardiovascular
disease. Curr. Atheroscler. Rep. 2005, 7, 472–479. [CrossRef]

178. Lapointe, A.; Balk, E.M.; Lichtenstein, A.H. Gender differences in plasma lipid response to dietary fat. Nutr. Rev. 2006, 64, 234–249.
[CrossRef] [PubMed]

179. Chrysohoou, C.; Panagiotakos, D.B.; Pitsavos, C.; Kokkinos, P.; Marinakis, N.; Stefanadis, C.; Toutouzas, P.K. Gender differences
on the risk evaluation of acute coronary syndromes: The CARDIO2000 study. Prev. Cardiol. 2003, 6, 71–77. [CrossRef]

180. Abramson, B.L.; Melvin, R.G. Cardiovascular risk in women: Focus on hypertension. Can. J. Cardiol. 2014, 30, 553–559. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1097/00041552-200101000-00013
https://doi.org/10.1016/j.prostaglandins.2011.06.006
https://doi.org/10.1152/ajprenal.00685.2014
https://www.ncbi.nlm.nih.gov/pubmed/26062878
https://doi.org/10.1038/221815a0
https://www.ncbi.nlm.nih.gov/pubmed/5765051
https://doi.org/10.3389/fgene.2015.00136
https://www.ncbi.nlm.nih.gov/pubmed/25904937
https://doi.org/10.1097/HJH.0000000000000821
https://www.ncbi.nlm.nih.gov/pubmed/26820475
https://doi.org/10.1093/ije/dyv316
https://www.ncbi.nlm.nih.gov/pubmed/27085081
https://doi.org/10.1038/emm.2017.209
https://www.ncbi.nlm.nih.gov/pubmed/29217820
https://doi.org/10.1007/s11883-005-0065-6
https://doi.org/10.1111/j.1753-4887.2006.tb00206.x
https://www.ncbi.nlm.nih.gov/pubmed/16770944
https://doi.org/10.1111/j.1520-037X.2003.01609.x
https://doi.org/10.1016/j.cjca.2014.02.014

	Introduction 
	Sex and Hypertension 
	Kidney and Blood Pressure 
	Endothelins 
	Tubule Transporters 
	Epithelial Sodium Channel (ENaC) 
	Sodium–Hydrogen Exchanger 3 (NHE3) 
	Aquaporins 

	Renin–Angiotensin–Aldosterone System 
	Sex-Specific Genetic Susceptibilities in Hypertension: Insights from GWAS 
	Sex-Specific Nutraceutical Approaches 
	Conclusions 
	References

