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ABSTRACT

Menopause is a complex biological transition characterized by permanent cessation of ovarian function and
progressive estrogen deficiency, resulting in profound cardiovascular, metabolic, neuroendocrine, and vascular
alterations. Among these consequences, postmenopausal hypertension has emerged as a major cardiovascular
disorder and an important contributor to morbidity and mortality in aging women. The pathophysiology is
multifactorial and involves endothelial dysfunction, arterial stiffness, oxidative stress, chronic low-grade
inflammation, activation of the renin—angiotensin—aldosterone system, sympathetic nervous system overactivity,
mitochondrial dysfunction, metabolic syndrome, and vascular remodeling. These interconnected mechanisms
accelerate vascular aging and increase susceptibility to coronary artery disease, stroke, heart failure with preserved
ejection fraction, chronic kidney disease, and cognitive decline. Menopausal hormone therapy (MHT) remains the
most effective treatment for vasomotor symptoms and genitourinary syndrome of menopause; however, its
cardiovascular effects are influenced by age at initiation, timing relative to menopause onset, route of
administration, hormonal formulation, and baseline cardiovascular risk profile. Contemporary evidence supports
individualized and risk-stratified use of MHT, particularly in symptomatic women younger than 60 years or within
10 years of menopause onset. Recent advances in menopause neurobiology have identified hypothalamic
neurokinin pathways as central mediators of vasomotor symptoms, leading to the development of novel non-
hormonal therapies such as neurokinin receptor antagonists. In addition, phytoestrogens, microbiome-based
approaches, pharmacogenomics, artificial intelligence-assisted risk prediction, and precision medicine strategies
are emerging as promising future directions in menopause management.

KEYWORDS: Menopause, Postmenopausal hypertension, Menopausal hormone therapy, Endothelial dysfunction,
Estrogen deficiency, Neurokinin receptor antagonists.

INTRODUCTION

Menopause represents a universal physiological
transition characterized by permanent cessation of
menstruation secondary to ovarian follicular depletion
and progressive decline in ovarian steroidogenesis.

Clinically,  natural  menopause is  diagnosed
retrospectively after 12 consecutive months of
amenorrhea in  the absence of pathological,

pharmacological, or physiological causes. The average
age of menopause is approximately 50-51 vyears
globally, although substantial ethnic, genetic, nutritional,
environmental, and socioeconomic variability exists.™"

With increasing life expectancy, women now spend
nearly one-third of their lifespan in the postmenopausal
state, resulting in growing attention toward menopause-
associated cardiovascular and metabolic disorders.

Cardiovascular disease remains the leading cause of
mortality among women worldwide. During reproductive
life, women generally exhibit lower blood pressure,
improved endothelial function, reduced arterial stiffness,
and lower cardiovascular risk compared with age-
matched men. This relative cardioprotection is largely
attributed to the vasodilatory, antioxidant, anti-
inflammatory, and metabolic effects of endogenous
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estrogens. Estrogen promotes nitric oxide-mediated
vasodilation, suppresses oxidative stress, modulates lipid
metabolism, attenuates inflammatory signaling, and
improves vascular endothelial function.®! However, this
cardiovascular advantage progressively diminishes
during the menopausal transition and declines
significantly after menopause.

Postmenopausal hypertension is now recognized as a
distinct cardiovascular phenotype characterized by
isolated systolic hypertension, arterial stiffness,
endothelial dysfunction, salt sensitivity, autonomic
dysregulation, and enhanced  susceptibility to
hypertension-mediated  target-organ damage. The
pathophysiology is multifactorial and involves estrogen
deficiency, vascular aging, oxidative stress, chronic
inflammation, activation of the renin-angiotensin—
aldosterone system (RAAS), sympathetic nervous system
overactivity, metabolic syndrome, and vascular
remodeling.!

These mechanisms collectively accelerate atherosclerosis
and cardiovascular aging.

The clinical implications are substantial. Postmenopausal
hypertension is associated with coronary artery disease,
stroke, heart failure with preserved ejection fraction
(HFpEF), chronic kidney disease, peripheral arterial
disease, cognitive decline, and vascular dementia.
Women frequently demonstrate unique cardiovascular
phenotypes including  coronary  microvascular
dysfunction and HFpEF, conditions strongly linked with
arterial stiffness and endothelial dysfunction.

Menopausal hormone therapy (MHT), previously termed
hormone replacement therapy, remains the most effective
treatment for vasomotor symptoms and prevention of
menopause-related bone loss. However, publication of
the Women’s Health Initiative (WHI) trial significantly
altered global prescribing practices because of concerns
regarding venous thromboembolism, stroke, coronary
artery disease, and breast cancer.’! Subsequent
reanalyses introduced the “timing hypothesis,”
suggesting that cardiovascular outcomes depend strongly
on age at initiation, time since menopause, and baseline
vascular health.

Recent advances in menopause neurobiology have
identified the role of hypothalamic kisspeptin/neurokinin
B/dynorphin (KNDy) neurons in vasomotor symptom
generation. This discovery has led to development of
neurokinin receptor antagonists such as fezolinetant and
elinzanetant as effective non-hormonal therapeutic

options.lel  Simultaneously, increasing attention has
focused on phytoestrogens and precision medicine
approaches aimed at individualized menopause
management.

This review discusses the epidemiology, molecular
pathophysiology, cardiovascular implications,

pharmacological management, and future precision
medicine approaches in postmenopausal hypertension
and menopause therapeutics.
Epidemiology and Clinical Burden of
Postmenopausal Hypertension

Hypertension is among the most important modifiable
cardiovascular risk factors worldwide and contributes
substantially to global morbidity and mortality. In
women, the epidemiology of hypertension follows a
distinct life-course pattern. During early adulthood, men
generally demonstrate higher blood pressure levels than
women. However, this sex difference progressively
narrows during the menopausal transition and reverses
after menopause, when women exhibit a steeper rise in
systolic blood pressure and eventually surpass men in
hypertension prevalence.[7-10]

Large  epidemiological  studies indicate  that
approximately 41% of postmenopausal women develop
hypertension, while more than 75% of women older than
60 years are hypertensive in several populations.8-10]
This burden is expected to rise further because more than
one billion women globally are projected to be
postmenopausal by 2030.M

The menopausal transition itself appears to
independently influence blood pressure regulation
beyond chronological aging alone. Women in late
menopausal transition stages often exhibit significantly
higher systolic and diastolic blood pressure compared
with women in early transition phases. Premature
menopause and surgical menopause are associated with
even greater cardiovascular risk because abrupt estrogen
deprivation accelerates endothelial dysfunction, arterial
stiffness, and metabolic abnormalities.*?

Postmenopausal hypertension differs from hypertension
observed in younger women. It is frequently
characterized by

Increased arterial stiffness

Isolated systolic hypertension

Widened pulse pressure

Salt sensitivity

Endothelial dysfunction

Greater blood pressure variability

Enhanced vascular remodeling

These alterations contribute to increased risk of coronary
artery disease, stroke, chronic kidney disease, HFpEF,
%e]zripheral arterial disease, and cognitive impairment.™**

Metabolic syndrome further intensifies cardiovascular
burden in postmenopausal women. Estrogen deficiency
promotes  central  adiposity, insulin  resistance,
dyslipidemia, chronic inflammation, and oxidative stress.
Consequently, cardiometabolic risk rises substantially
after menopause, particularly in South Asian populations
where visceral adiposity and diabetes frequently occur at
lower body mass index thresholds.[16]
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Vasomotor ~ symptoms also  possess  important
cardiovascular implications. Hot flushes and night sweats
affect nearly 80% of menopausal women and are
increasingly associated with endothelial dysfunction,
carotid intima-media thickening, coronary artery
calcification, arterial ~stiffness, and inflammatory
activation.[17] Severe vasomotor symptoms may therefore
serve as early markers of vascular dysfunction.

Molecular
Hypertension
Neuroendocrine Basis of Cardiovascular Dysfunction
Menopause is fundamentally a neuroendocrine process
involving dysregulation of the hypothalamic—pituitary—
ovarian axis. Estrogen exerts extensive cardiovascular
effects through estrogen receptor alpha (ERa), estrogen
receptor beta (ERP), and G protein-coupled estrogen
receptor (GPER), which are distributed throughout
vascular endothelium, vascular smooth  muscle,
myocardium, kidneys, adipose tissue, and autonomic
centers of the central nervous system.

Pathophysiology of Postmenopausal

Estrogen signaling occurs via genomic and non-genomic
pathways. Genomic pathways regulate transcription of
genes involved in nitric oxide synthesis, antioxidant
defense, mitochondrial function, and inflammatory
signaling. Non-genomic pathways activate PI3K/Akt
signaling, MAP kinase pathways, calcium signaling, and
endothelial nitric oxide synthase (eNOS) activation,
thereby producing rapid vasodilatory effects.[18-19]

Following menopause, estrogen deficiency disrupts these
protective mechanisms and promotes endothelial
dysfunction, vascular inflammation, neurohormonal
activation, and arterial remodeling.

Endothelial Dysfunction

Endothelial dysfunction represents one of the earliest
molecular abnormalities in postmenopausal
hypertension. Under physiological conditions, estrogen
stimulates endothelial nitric oxide synthase and enhances
nitric oxide bioavailability. Nitric oxide promotes
vasodilation, inhibits platelet aggregation, suppresses
leukocyte adhesion, and attenuates vascular smooth
muscle proliferation.[20]

After menopause, reduced estrogen levels lead to
diminished nitric oxide synthesis and increased
endothelin-1 activity. Oxidative stress further inactivates
nitric oxide through peroxynitrite formation, thereby
establishing a cycle of endothelial injury and impaired
vasodilation.

Endothelin-Mediated Vascular Dysfunction
Endothelin-1 is among the most potent endogenous
vasoconstrictors.  Estrogen  deficiency  enhances
endothelin  synthesis and vascular sensitivity to
endothelin signaling. Activation of endothelin receptors
promotes

e Vasoconstriction

Smooth muscle proliferation

Fibrosis

Oxidative stress

e  Vascular remodeling

Endothelin additionally interacts synergistically with
RAAS and sympathetic Pathways, thereby amplifying
hypertension progression. ¢+

Renin—-Angiotensin—Aldosterone System Activation
The renin-angiotensin-aldosterone system plays a
central role in postmenopausal vascular dysfunction.
Estrogen  normally  suppresses  several RAAS
components; consequently, menopause results in
increased plasma renin activity, elevated angiotensin 1l
levels, and enhanced aldosterone secretion.!
Angiotensin 1l promotes

e Vasoconstriction

e Sodium retention

e  Oxidative stress

e Inflammation

e  Vascular smooth muscle hypertrophy
e Fibrosis

Aldosterone  contributes  further to  endothelial
dysfunction, arterial stiffness, myocardial fibrosis, and
sympathetic activation.**2®!

Oxidative Stress and Mitochondrial Dysfunction
Oxidative stress is a major contributor to vascular aging
after menopause. Estrogen possesses intrinsic antioxidant
effects and regulates endogenous antioxidant enzymes.
Estrogen deficiency therefore leads to increased reactive
oxygen species generation and impaired antioxidant
defenses.[27]

Major vascular consequences include

Lipid oxidation

Endothelial injury

Vascular inflammation

Collagen deposition

Elastin fragmentation

Arterial calcification

Mitochondrial ~ dysfunction  additionally
endothelial senescence and impaired vascular repair.

promotes
[28]

Sympathetic Nervous System Overactivity
Estrogen modulates autonomic balance by suppressing
sympathetic outflow and enhancing parasympathetic

activity. Menopause therefore results in increased
sympathetic tone, elevated norepinephrine release,
impaired  baroreceptor  sensitivity, and enhanced

vasoconstriction.[29]

Persistent sympathetic overactivity contributes to
Increased systemic vascular resistance

Elevated heart rate

RAAS activation

Arterial stiffness

Left ventricular hypertrophy

Vasomotor symptoms and sleep disturbance may further
intensify autonomic dysregulation. 301
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Obesity, Insulin  Resistance, and Metabolic
Dysfunction

Menopause promotes redistribution of adipose tissue
toward a visceral pattern strongly associated with insulin
resistance and inflammation. Visceral adipose tissue acts
as an endocrine organ producing leptin, resistin, TNF-a,

IL-6, and angiotensinogen.F**32

These adipokines promote

Endothelial dysfunction

Sympathetic activation

Oxidative stress

RAAS activation

Sodium retention

Chronic inflammation

Obstructive sleep apnea, increasingly prevalent in obese
postmenopausal women, further worsens sympathetic
activation and endothelial injury.!**!

Avrterial Stiffness and Vascular Remodeling

Arterial stiffness is a hallmark of postmenopausal
vascular aging. Structural vascular alterations include:

o Elastin fragmentation

e Collagen accumulation

e  Extracellular matrix remodeling

e Vascular calcification

These changes increase pulse wave velocity and systolic
blood  pressure,  producing isolated  systolic
hypertension. 34!

Important markers of arterial stiffness include

e  Pulse wave velocity

e  Augmentation index

e Central systolic blood pressure

e  Pulse pressure

Arterial stiffness contributes significantly to HFpEF,
stroke, chronic kidney disease, and cognitive decline.*®!

Inflammatory  Mechanisms in
Hypertension

Menopause is increasingly recognized as a chronic low-
grade inflammatory state. Estrogen normally suppresses
inflammatory  signaling pathways and cytokine
production.  Following  menopause, inflammatory
mediators including TNF-a, IL-6, IL-1pB, and C-reactive
protein become elevated.%4%

These inflammatory pathways contribute to

e Endothelial injury

Vascular fibrosis

Oxidative stress

Arterial stiffness

Atherosclerosis

Activated macrophages infiltrate vascular tissues and

Postmenopausal

Inflammation is also closely linked with insulin
resistance and metabolic syndrome, creating a self-
perpetuating cycle of cardiometabolic dysfunction.[*!

Neurokinin Pathways and VVasomotor Symptoms

A major advance in menopause neurobiology has been
the discovery of hypothalamic KNDy neurons co-
expressing kisspeptin, neurokinin B, and dynorphin.
These  neurons  regulate  thermoregulation  and
gonadotropin-releasing hormone secretion.

Estrogen withdrawal increases neurokinin B signaling,
destabilizes hypothalamic thermoregulation, narrows the
thermoneutral zone, and triggers hot flushes and night
sweats. 5

This mechanistic understanding has led to development
of neurokinin receptor antagonists as targeted non-
hormonal therapies.

Cardiovascular Consequences of Postmenopausal
Hypertension

Coronary Artery Disease

Endothelial dysfunction, inflammation, oxidative stress,

and arterial  remodeling  accelerate  coronary
atherosclerosis in postmenopausal women. Women
frequently ~ demonstrate  coronary  microvascular
dysfunction and diffuse atherosclerotic disease.!*"*"!
Stroke

Hypertension substantially increases ischemic and
hemorrhagic stroke risk after menopause. Chronic

endothelial dysfunction and arterial stiffness impair
cerebral autoregulation and microvascular integrity.[59]

Heart Failure with Preserved Ejection Fraction
HFpEF is particularly common among hypertensive
postmenopausal women. The pathophysiology involves:
Diastolic dysfunction

Myocardial fibrosis

Endothelial dysfunction

Vascular stiffness

Microvascular inflammation

Chronic hypertension increases left ventricular afterload
and promotes concentric hypertrophy.!®%

Chronic Kidney Disease

Hypertension progressively damages renal
microvasculature and contributes to nephrosclerosis,
sodium retention, and worsening RAAS activation. !

Cognitive Decline and Dementia
Vascular dysfunction, oxidative stress, inflammation,
and cerebral hypoperfusion contribute significantly to

release cytokines, matrix metalloproteinases, and cognitive impairment and  vascular dementia in
reactive oxygen species, thereby accelerating vascular postmenopausal women. !

remodeling and plaque formation.! "
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Pharmacotherapy of Menopausal Hormone Therapy
Historical Evolution of MHT

Estrogen therapy was historically prescribed not only for
symptom control but also for prevention of osteoporosis
and cardiovascular disease. However, publication of the
WHI trial dramatically altered perceptions regarding
MHT safety because of increased risks of wvenous
thromboembolism, stroke, and breast cancer.!

Subsequent analyses revealed that many WHI
participants were older women with established vascular
disease and delayed initiation of therapy. These findings
led to development of the “timing hypothesis,”
suggesting that cardiovascular outcomes depend on
timing of MHT initiation relative to menopause onset.?”

Principles of Modern MHT

Current guidelines recommend MHT primarily for

e  Moderate-to-severe vasomotor symptoms

e  Genitourinary syndrome of menopause

e Prevention of early postmenopausal bone loss

MHT is generally most appropriate in symptomatic
women younger than 60 years or within 10 years of
menopause onset.!*¢5"]

Important considerations include
Age

Cardiovascular risk

Breast cancer risk

Venous thromboembolism risk
Presence of uterus

Metabolic profile

Patient preference

Estrogen Therapy

Estrogen-only therapy is reserved mainly for women
following hysterectomy because unopposed estrogen
increases endometrial cancer risk.[*!

Common preparations include

e  Oral estradiol

Conjugated equine estrogen
Transdermal estradiol patches
Estradiol gels

Vaginal estrogen preparations

Combined Estrogen—Progestogen Therapy

Women with an intact uterus require progestogen
addition to prevent endometrial hyperplasia. Combined
regimens may be

e Continuous combined

e Sequential cyclic

Micronized progesterone and dydrogesterone appear
metabolically favorable compared with older synthetic
progestins.[">7

Oral Versus Transdermal Estrogen
Oral estrogen undergoes first-pass hepatic metabolism
and increases synthesis of clotting factors and

inflammatory proteins. Consequently, oral formulations
are associated with higher thrombotic risk.’*"

Transdermal estradiol bypasses hepatic first-pass
metabolism and exerts less effect on coagulation
pathways, triglycerides, and inflammatory markers. It is
increasingly preferred in  women with obesity,
hypertension, diabetes mellitus, migraine, or elevated
VTE risk.

Cardiovascular Effects of MHT

Potential beneficial vascular effects include

Enhanced nitric oxide production

Improved endothelial function

Reduced vascular inflammation

Improved lipid profile

Better arterial compliance

However, thrombotic risk depends strongly on route of
administration, age at initiation, and baseline
cardiovascular status.!”"®

Breast Cancer Risk

Breast cancer risk varies according to:

e Duration of therapy

Estrogen formulation

Type of progestogen

e Dose

Route of administration

Combined  estrogen—progestogen therapy appears
associated with greater breast cancer risk than estrogen-
only therapy.!"

Contraindications to Systemic MHT
Systemic MHT is generally contraindicated in
e  Breast cancer

Estrogen-dependent malignancy

Active liver disease

Previous venous thromboembolism
Active stroke or myocardial infarction
Known thrombophilia

Non-Hormonal Pharmacotherapy

SSRIs and SNRIs

Selective serotonin reuptake inhibitors and serotonin—
norepinephrine reuptake inhibitors are widely used for
vasomotor symptoms. Agents include

Paroxetine

Venlafaxine

Desvenlafaxine

Escitalopram

Citalopram

These drugs modulate hypothalamic serotonergic and
noradrenergic E)athways involved in
thermoregulation. 8%

Gabapentin

Gabapentin is particularly effective for nocturnal hot
flushes and sleep disturbance. Common adverse effects
include dizziness, somnolence, and fatigue.
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Clonidine

Clonidine modestly reduces vasomotor symptoms but is
limited by adverse effects such as hypotension, dry
mouth, and sedation.

Oxybutynin
Oxybutynin has demonstrated efficacy for vasomotor
symptoms,  particularly ~ when  urinary  urgency
coexists.®

Neurokinin Receptor Antagonists

Fezolinetant

Fezolinetant is a selective NK3 receptor antagonist
approved for moderate-to-severe vasomotor symptoms.
Clinical trials demonstrated significant reduction in hot
flush frequency and severity with improvement in sleep
quality and quality of life.[5#]

Elinzanetant

Elinzanetant is a dual NK1/NK3 receptor antagonist
currently under advanced investigation and represents an
important  future direction in  mechanism-based
menopause pharmacotherapy.®®!

Phytoestrogens and Alternative Therapies
Phytoestrogens are plant-derived compounds with
estrogen-like biological activity. Major classes include

o Isoflavones

e Lignans

e Coumestans

o  Stilbenes

Their actions depend on estrogen receptor affinity, dose,
tissue distribution, microbiome composition, and

endogenous estrogen levels.!®-#%

Isoflavones

Genistein and daidzein are the most extensively studied
isoflavones.

Potential benefits include

e Improved endothelial function

Reduction in oxidative stress

Improved arterial compliance

Modest lipid improvement

Bone-protective effects

However, clinical responses vary substantially because
only 30-50% of individuals are capable of converting
daidzein into equol, a more potent metabolite.[96.97]

Lignans
Flaxseed-derived lignans possess antioxidant and mild
lipid-lowering effects. Some studies suggest modest

improvement in arterial stiffness and vasomotor
symptoms.[#8:%]

Resveratrol

Resveratrol  exerts antioxidant, anti-inflammatory,

endothelial, mitochondrial, and neuroprotective effects
through activation of SIRT1 signaling pathways.!*”

Although phytoestrogens may provide mild-to-moderate
symptom improvement, they are generally less effective
than conventional MHT.1%!

Precision Medicine and Future Directions

Menopause management is increasingly shifting toward
individualized precision medicine. Women differ
substantially in

Vasomotor symptom severity

Cardiovascular risk

Bone loss rate

Breast cancer susceptibility

Metabolic profile

Therapeutic response

Precision medicine aims to tailor therapy according to
genetics,  biomarkers,  microbiome  composition,
cardiovascular risk, and patient preference.['%)

Cardiovascular and Thrombotic Risk Stratification
Future menopause management may involve

e Coronary artery calcium scoring

Endothelial biomarkers

Pharmacogenomic testing

Thrombophilia screening

Al-guided cardiovascular prediction models

Women with elevated thrombotic risk may benefit from
transdermal estrogen or non-hormonal therapies.

Microbiome and Menopause

The gut microbiome influences estrogen metabolism and
phytoestrogen response. Future approaches may
incorporate microbiome profiling and personalized
probiotic interventions.[**”!

Avrtificial Intelligence

Al-based systems may eventually integrate

e Hormonal biomarkers

Genetic profile

Cardiovascular imaging

Lifestyle data

Wearable-device information

These approaches may help predict MHT response and
adverse-event risk.

Emerging Therapeutic Agents

Promising future therapies include

e Neurokinin receptor antagonists

Estetrol

Tissue-selective estrogen complexes

Selective estrogen receptor modulators
Gene-targeted therapies

Long-term safety and cardiovascular outcome data
remain necessary.*%51%!
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Antihypertensive  Therapy in  Postmenopausal
Women
Principles of Antihypertensive Management in

Postmenopausal Hypertension

Management of postmenopausal hypertension requires a
comprehensive and individualized therapeutic approach
because the pathophysiology differs substantially from
hypertension observed in younger women and men.
Postmenopausal women commonly exhibit isolated
systolic hypertension, arterial stiffness, endothelial
dysfunction, salt sensitivity, sympathetic nervous system
overactivity, obesity-related metabolic dysfunction, and
activation of the renin-angiotensin—aldosterone system
(RAAS). Consequently, antihypertensive therapy should
not only reduce blood pressure but also target the
underlying vascular and metabolic abnormalities
contributing to cardiovascular risk.**!

Lifestyle modification remains the foundation of therapy
and should accompany pharmacological treatment in all
patients. Important interventions include:

e Dietary sodium restriction

e  Weight reduction

e Regular aerobic exercise

Resistance training

Smoking cessation

Moderation of alcohol intake

Optimization of sleep quality

Management of stress and depression

The Dietary Approaches to Stop Hypertension (DASH)
diet has demonstrated beneficial effects on blood
pressure, endothelial function, insulin resistance, and
cardiovascular risk. Salt restriction is particularly
important because many postmenopausal women exhibit
salt-sensitive hypertension due to altered renal sodium
handling and enhanced aldosterone activity."?

Current hypertension guidelines generally recommend
treatment targets similar to those used in the general
population;  however, therapeutic  selection in
postmenopausal women should consider arterial
stiffness, metabolic profile, cardiovascular disease,
chronic kidney disease, osteoporosis risk, and
menopausal symptoms.***!

Renin-Angiotensin—Aldosterone System Inhibitors
Angiotensin-Converting Enzyme Inhibitors
Angiotensin-converting enzyme (ACE) inhibitors are
among the most important antihypertensive agents in
postmenopausal women because RAAS activation plays

a central role in menopause-associated vascular
dysfunction. ACE inhibitors reduce angiotensin 1l
formation, improve endothelial function, decrease

oxidative stress, and attenuate vascular remodeling.™*"

Potential benefits include
e Improved arterial compliance
e Reduction in vascular inflammation

e Decreased left ventricular hypertrophy
e Renal protection
e Reduction in proteinuria

ACE inhibitors may be
postmenopausal women with:

e Diabetes mellitus

Chronic kidney disease
Heart failure

Left ventricular dysfunction
Metabolic syndrome

particularly useful in

Commonly used ACE inhibitors include
e Ramipril
e  Enalapril
e Perindopril
e  Lisinopril
Adverse  effects
hypotension, renal
angioedema.l**®

include  cough,
dysfunction,

hyperkalemia,
and  rarely

Angiotensin Receptor Blockers

Angiotensin  receptor  blockers  (ARBs) inhibit
angiotensin Il type 1 receptor signaling and provide
many vascular benefits similar to ACE inhibitors while
avoiding bradykinin-mediated cough.

ARBs improve endothelial function, reduce oxidative
stress, decrease arterial stiffness, and attenuate vascular
inflammation.116 They are particularly valuable in
women with obesity, insulin resistance, or metabolic
syndrome because some ARBs demonstrate favorable
metabolic effects.

Commonly used ARBs include

Losartan

Telmisartan

Valsartan

Olmesartan

e Candesartan

Telmisartan may provide additional metabolic benefits
because of partial peroxisome proliferator-activated
receptor-gamma (PPAR-y) agonist activity.!"!

Mineralocorticoid Receptor Antagonists
Aldosterone contributes significantly to arterial stiffness,
endothelial dysfunction, myocardial fibrosis, and salt-
sensitive hypertension in postmenopausal women.
Consequently, mineralocorticoid receptor antagonists
may provide important therapeutic benefit.

Spironolactone and eplerenone reduce sodium retention,
improve vascular stiffness, and attenuate myocardial
fibrosis. These drugs are especially useful in

e Resistant hypertension

e  Primary aldosteronism

e Heart failure with preserved ejection fraction

e  Obesity-associated hypertension
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Spironolactone may additionally improve endothelial
function and reduce vascular inflammation.™® However,
hyperkalemia and renal dysfunction require careful
monitoring.

Calcium Channel Blockers

Calcium channel blockers (CCBs) are highly effective in
postmenopausal women because arterial stiffness and
isolated systolic hypertension are prominent features of
menopause-associated vascular aging.

Dihydropyridine calcium channel blockers produce
potent vasodilation and effectively reduce systolic blood

pressure.'** Commonly used agents include
e Amlodipine
o Nifedipine

e Felodipine

Potential benefits include

e Reduction in arterial stiffness

e Improvement in coronary perfusion

Reduction in stroke risk

Effective control of isolated systolic hypertension

CCBs are especially useful in older postmenopausal
women with widened pulse pressure and vascular
stiffness.

Adverse effects include peripheral edema, headache,
flushing, and gingival hyperplasia.

Thiazide and Thiazide-Like Diuretics

Thiazide  diuretics remain  important  first-line
antihypertensive agents, particularly in salt-sensitive
hypertension. Postmenopausal women often demonstrate
enhanced sodium retention because of RAAS activation
and altered renal sodium handling.

Common agents include

e Hydrochlorothiazide

e  Chlorthalidone

e Indapamide

Chlorthalidone and indapamide may provide superior
cardiovascular protection compared with
hydrochlorothiazide because of longer duration of action
and greater reduction in arterial stiffness.[**”!

Thiazide therapy may additionally reduce urinary
calcium excretion and contribute modestly to
preservation of bone mineral density, which may be
beneficial in postmenopausal women at risk of
osteoporosis.

However, metabolic adverse effects such as
Hypokalemia

Hyponatremia

Hyperuricemia

Hyperglycemia

Dyslipidemia

must be considered carefully, especially in women with
metabolic syndrome or diabetes mellitus.

Beta-Adrenergic Blockers

Beta-blockers reduce sympathetic nervous system
activity and may be useful in postmenopausal women
with:

e Coronary artery disease

Tachyarrhythmias

Heart failure

Anxiety-associated sympathetic activation

Migraine

However, beta-blockers are generally less effective for
isolated systolic hypertension and arterial stiffness
compared with RAAS inhibitors and calcium channel
blockers.!*?!

Traditional beta-blockers such as atenolol may worsen
insulin resistance and fatigue. In contrast, vasodilatory
beta-blockers such as nebivolol and carvedilol possess
more favorable metabolic and endothelial effects.

Nebivolol additionally enhances nitric oxide release and
may improve endothelial function.[*??

Combination Therapy

Many postmenopausal women require combination
antihypertensive therapy because hypertension is often
multifactorial and associated with arterial stiffhess,
obesity, and metabolic dysfunction.

Preferred combinations include

e ACE inhibitor or ARB + calcium channel blocker

e ACE inhibitor or ARB + thiazide diuretic

e Calcium channel blocker + thiazide diuretic
Combination therapy improves blood pressure control
while targeting complementary pathophysiological
mechanisms.

Menopausal Hormone Therapy and Blood Pressure
The relationship between menopausal hormone therapy
and blood pressure remains complex. Estrogen may
improve endothelial function, nitric oxide bioavailability,
arterial compliance, and vascular reactivity. However,
blood pressure effects vary according to

Route of administration

e  Estrogen formulation

e Progestogen type

e Baseline cardiovascular status

Oral estrogen may increase hepatic angiotensinogen
synthesis because of first-pass hepatic metabolism and
may therefore increase blood pressure in some
women." In contrast, transdermal estradiol bypasses
hepatic metabolism and generally exerts neutral or
modestly favorable blood pressure effects.

Drospirenone-containing MHT  formulations may
provide additional blood pressure benefit because
drospirenone possesses anti-mineralocorticoid
activity. 2!
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MHT should not be prescribed solely for treatment of
hypertension; however, appropriately  selected
symptomatic women receiving MHT may experience
modest improvement in vascular function.

Resistant Hypertension in Postmenopausal Women
Resistant hypertension is increasingly common in
postmenopausal women because of obesity, obstructive
sleep apnea, arterial stiffness, chronic kidney disease,
and aldosterone excess.

Important secondary contributors include

e  Primary aldosteronism

Obstructive sleep apnea

Chronic kidney disease

Medication non-adherence

Excess dietary sodium

Sympathetic overactivity

Evaluation should include assessment for secondary
causes and target-organ damage.'®! Mineralocorticoid
receptor antagonists are particularly effective in resistant
hypertension associated with aldosterone-mediated
vascular dysfunction.

Cardiovascular Risk Reduction
Pressure Control

Management of postmenopausal hypertension should
extend beyond blood pressure reduction alone and
include comprehensive cardiovascular risk modification.

Important components include

e Lipid management

Diabetes control

Weight management

Physical activity

Smoking cessation

Sleep optimization

e Treatment of depression and anxiety

Statins, antidiabetic therapy, exercise programs, and
lifestyle interventions significantly reduce long-term
cardiovascular risk and improve endothelial function.?%!

Beyond Blood

Future Directions in Antihypertensive Therapy

Future therapeutic approaches may increasingly
incorporate precision medicine strategies including
Biomarker-guided therapy

Pharmacogenomics

Al-guided cardiovascular risk prediction

Endothelial function assessment

Microbiome-based interventions

Emerging therapies targeting inflammation, oxidative
stress, endothelial dysfunction, and vascular aging may
further  improve  cardiovascular  outcomes in
postmenopausal women.[*?"!

CONCLUSION

Postmenopausal hypertension represents a unique and
complex cardiovascular phenotype arising from the
interaction of reproductive aging, neuroendocrine
dysregulation,  vascular  remodeling, metabolic

dysfunction, inflammation, and autonomic imbalance.
Estrogen deficiency plays a pivotal role in the
development of endothelial dysfunction, oxidative stress,
arterial stiffness, activation of the renin-angiotensin—
aldosterone system, sympathetic overactivity, and
chronic inflammatory signaling, all of which contribute
to accelerated cardiovascular aging and increased risk of
adverse  cardiovascular  outcomes.  Consequently,
postmenopausal ~women  demonstrate  increased
susceptibility to coronary artery disease, stroke, heart
failure with preserved ejection fraction, chronic kidney
disease, and cognitive impairment.

Modern management of postmenopausal hypertension
requires a comprehensive and individualized approach
integrating lifestyle modification, cardiovascular risk
reduction, antihypertensive therapy, and symptom-
directed menopause management. Menopausal hormone
therapy remains the gold standard for treatment of
vasomotor symptoms and genitourinary syndrome of
menopause, but its use should be guided by careful
assessment of age, time since menopause, thrombotic
risk, breast cancer risk, and overall cardiovascular
profile. Transdermal estrogen formulations,
metabolically favorable progestogens, and individualized
treatment selection have improved the safety profile of
contemporary MHT. Simultaneously, non-hormonal
therapies including SSRIs, SNRIs, gabapentin, and
especially  neurokinin  receptor antagonists have
expanded therapeutic options for women who are
unsuitable for hormonal therapy.

Emerging advances in  molecular  medicine,
pharmacogenomics, microbiome research, endothelial
biomarkers, cardiovascular imaging, and artificial
intelligence are expected to transform future menopause
care toward precision medicine-based individualized
therapy. Future research should focus on long-term
cardiovascular outcomes of newer hormonal and non-
hormonal agents, optimization of risk-stratified
therapeutic algorithms, and development of targeted
interventions addressing vascular aging and endothelial
dysfunction. A deeper understanding of menopause-
associated cardiovascular biology will be essential for
improving long-term cardiovascular, metabolic, and
quality-of-life outcomes in postmenopausal women.
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