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Abstract

Endocrine hypertension (HT) includes a group of secondary hypertensive disorders caused by hormonal
excess, primarily primary aldosteronism (PA), pheochromocytoma and paraganglioma (PPGL), and Cushing
syndrome (CS). Although relatively uncommon, these conditions confer a disproportionately high
cardiovascular risk that extends beyond blood pressure elevation. Aldosterone, catecholamines, and
cortisol each induce myocardial fibrosis, oxidative stress, and endothelial dysfunction, leading to left
ventricular hypertrophy (LVH), arrhythmias, and heart failure. In PA, chronic aldosterone excess activates
mineralocorticoid receptors in cardiac and vascular tissues, promoting collagen deposition, diastolic
dysfunction, and atrial fibrillation (AF) that may regress after adrenalectomy or pharmacologic blockade.
PPGL causes episodic catecholamine surges resulting in $-adrenergic overstimulation, calcium overload,
and microvascular ischemia, producing reversible or sometimes persistent catecholamine-induced
cardiotoxicity. CS induces concentric hypertrophy, metabolic derangements, and vascular injury through
prolonged glucocorticoid exposure, with cardiovascular recovery often incomplete after biochemical
remission. Despite distinct hormonal origins, these disorders share convergent mechanisms, including
fibroblast activation, mitochondrial injury, and maladaptive remodeling, that define endocrine
cardiomyopathy. Early detection and targeted hormonal treatment can reverse much of the cardiac and
vascular damage, whereas delayed recognition leads to irreversible fibrosis and persistent diastolic
dysfunction. Recognition of these hormone-specific mechanisms is crucial for clinicians to anticipate,
manage, and prevent these deleterious cardiovascular effects. Advances in molecular genetics, cardiac
imaging, and biomarker research are improving our understanding of genotype-phenotype relationships
and long-term reversibility of injury. Endocrine HT should therefore be recognized as a systemic
cardiovascular disorder in which hormonal excess functions as a primary pathogenic driver; timely
diagnosis and multidisciplinary care remain key to reducing morbidity and mortality.
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Introduction

Endocrine hypertension (HT) represents a distinct and clinically significant form of secondary HT in which
excessive hormonal secretion leads to persistent blood pressure elevation and direct cardiovascular injury.
Among its causes, primary aldosteronism (PA), pheochromocytoma and paraganglioma (PPGL), and
Cushing syndrome (CS) are the most relevant due to their well-established associations with structural and
functional cardiac abnormalities [1]. Although uncommon compared to essential HT, these conditions are
crucial to identify because the resulting cardiovascular damage often exceeds that expected from elevated
blood pressure alone.

PA is now recognized as the most frequent endocrine cause of HT, occurring in approximately 5-10%
of all hypertensive patients and up to 20% of those with resistant HT [2, 3]. Aldosterone excess contributes
not only to volume expansion and hypokalemia but also to myocardial fibrosis and diastolic dysfunction
through mineralocorticoid receptor activation within the heart and vasculature [3, 4]. Patients with PA
exhibit higher rates of atrial fibrillation (AF), left ventricular hypertrophy (LVH), and heart failure
compared with patients with essential HT of similar severity [5].

PPGLs are catecholamine-producing neuroendocrine tumors arising from chromaffin cells of the
adrenal medulla or extra-adrenal paraganglia. They cause episodic or sustained sympathetic activation
through excessive secretion of epinephrine, norepinephrine, or dopamine. Surges in circulating
catecholamines can precipitate severe HT, arrhythmias, and cardiomyopathy, often mimicking acute
coronary syndromes [6]. The cardiovascular manifestations are typically reversible once the tumor is
removed, but delayed recognition can result in irreversible structural damage.

CS, though less common, exemplifies the cardiovascular toxicity of chronic cortisol excess. Cortisol
stimulates mineralocorticoid receptors, increases vascular sensitivity to catecholamines, and promotes
insulin resistance and central obesity, creating a high-risk metabolic and hemodynamic profile [7]. Even
after biochemical remission, many patients demonstrate residual cardiac remodeling, suggesting that
prolonged exposure produces partially irreversible effects.

Despite differing hormonal origins, these disorders converge on shared mechanisms, oxidative stress,
endothelial dysfunction, and myocardial fibrosis that ultimately drive adverse cardiac remodeling.
Recognizing these mechanisms underscores the importance of distinguishing endocrine HT from essential
HT, as its pathogenesis and outcomes differ profoundly [8]. Population-based data indicate that
cardiovascular morbidity and mortality are consistently higher in endocrine HT than in essential HT of
comparable blood pressure levels. In PA, meta-analyses report two- to threefold higher risks of AF, stroke,
coronary artery disease, and heart failure compared with essential HT. Similarly, CS confers a two- to
threefold increase in all-cause mortality that may persist despite biochemical remission [8, 9].

This review aims to synthesize current evidence on the cardiac effects of PA, PPGL, and CS, focusing on
pathophysiologic mechanisms, clinical manifestations, and the cardiovascular consequences of hormonal
excess. By integrating experimental and clinical data, this article seeks to clarify how these distinct
endocrine disorders contribute to myocardial injury and to highlight the importance of early recognition
and mechanistic understanding in improving cardiovascular outcomes. A comprehensive overview of
endocrine forms of HT can be found in the reference textbook Endocrine Hypertension, which provides
detailed descriptions of hormonal mechanisms and clinical presentations [10]. The main endocrine causes
of HT and their characteristic hormonal profiles are summarized in Table 1.
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Table 1. Major endocrine causes of HT and their hormonal profiles.

Disorder Principal hormone Source Mechanism of HT Biochemical Ref. No.
findings
Primary aldosteronism Aldosterone Adrenal cortex  Sodium retention, 1 Aldosterone, | [1-4, 8]
(zona potassium loss, renin, 1 ARR
glomerulosa) plasma volume
expansion
Pheochromocytoma/Paraganglioma Catecholamines Adrenal a/B-Adrenergic 1 [6, 23-28]
(epinephrine, medulla/extra-  overstimulation Plasma/Urinary
norepinephrine, adrenal metanephrines
dopamine) paraganglia
CS Cortisol Adrenal cortex  Mineralocorticoid 1 Cortisol, loss  [41-44]
(zona receptor activation, of diurnal
fasciculata) insulin resistance rhythm

ARR: aldosterone-to-renin ratio; HT: hypertension; CS: Cushing syndrome.

Cardiovascular effects of PA

PA is defined by autonomous overproduction of aldosterone, most often due to an aldosterone-producing
adenoma or bilateral adrenal hyperplasia. Beyond its renal effects on sodium retention and potassium
excretion, excessive aldosterone exerts direct actions on the heart and vasculature that substantially
increase cardiovascular morbidity and mortality. Evidence from both experimental and clinical studies has
established that PA represents not merely a cause of secondary HT but an independent cardiovascular
disease characterized by distinct structural and functional cardiac changes [3, 11].

Structural myocardial remodeling

Aldosterone activates mineralocorticoid receptors in cardiomyocytes, fibroblasts, and vascular smooth
muscle cells. This activation triggers oxidative stress, inflammatory cytokine release, and fibrogenic
signaling pathways [12, 13]. These effects promote myocardial collagen deposition and hypertrophy,
resulting in increased left ventricular stiffness and diastolic dysfunction. Importantly, these processes occur
even when blood pressure is comparable to that in essential HT, confirming that aldosterone excess itself
has direct myocardial toxicity [14].

Clinical studies have consistently shown that patients with PA have greater left ventricular mass and
thicker interventricular septa than those with essential HT. Meta-analyses confirm that these changes
persist after adjusting for confounders such as age, duration of HT, and systolic pressure [8]. Cardiac
magnetic resonance (CMR) imaging further revealed diffuse interstitial fibrosis in PA, which correlated with
reduced left ventricular compliance and impaired strain parameters. These findings demonstrate that
structural myocardial remodeling in PA is a hormone-driven process rather than purely a hemodynamic
consequence.

Electrical remodeling and arrhythmias

Aldosterone also contributes to atrial remodeling and arrhythmogenesis. Elevated plasma aldosterone
levels shorten atrial action potential duration, enhance fibroblast proliferation, and create a substrate for
reentry circuits. Epidemiologic data indicate a two- to threefold higher prevalence of AF in PA compared
with essential HT [15, 16]. Hypokalemia further destabilizes membrane potentials and amplifies this
proarrhythmic effect. Surgical or medical correction of aldosterone excess markedly reduces new-onset AF,
confirming a causal link between hyperaldosteronism and atrial disease [17].

In the ventricles, similar fibrotic and electrical alterations lead to impaired relaxation, prolonged QT
(interval between Q and T waves on electrocardiogram) intervals, and increased vulnerability to
ventricular arrhythmias. Hypokalemia and myocardial fibrosis act synergistically to impair repolarization
reserve, predisposing to potentially fatal arrhythmias. Cohort data indicate that patients with PA
experience higher rates of heart failure and sudden cardiac death than matched hypertensive controls,
independent of blood pressure control [5].
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Vascular effects

Aldosterone-induced vascular injury plays an additional role in the cardiovascular phenotype of PA.
Activation of mineralocorticoid receptors in endothelial and vascular smooth muscle cells reduces nitric
oxide bioavailability, increases oxidative stress, and promotes perivascular inflammation. These
mechanisms lead to increased arterial stiffness, impaired flow-mediated dilation, and enhanced
atherogenesis [18]. As a result, PA patients exhibit higher carotid intima-media thickness and pulse-wave
velocity compared with essential HT, even after adjusting for pressure load.

Importantly, several longitudinal studies have demonstrated that both surgical adrenalectomy and
pharmacologic mineralocorticoid receptor blockade can partially reverse cardiac and vascular
abnormalities. Regression of LVH, improved diastolic function, and reduced AF burden have been observed
within months after treatment [15, 19]. The degree of reversal appears greater after adrenalectomy, likely
due to complete hormonal normalization, whereas partial suppression achieved by pharmacologic therapy
may not fully mitigate subclinical fibrosis [20]. However, aldosterone-related myocardial fibrosis is often
only partially reversible, and structural remodeling may persist even after long-term biochemical
remission. In addition, HT associated with PA frequently remains difficult to control or is only partially
reversible despite correction of hormonal excess.

Recent molecular discoveries have provided insight into disease heterogeneity within PA. Somatic
mutations in KCNJ5, CACNA1D, and ATP1A1 genes, identified in aldosterone-producing adenomas, alter
calcium signaling and steroidogenesis, contributing to variable aldosterone secretion and clinical severity.
Emerging data suggest that patients harboring specific mutations display differing degrees of cardiac
remodeling, implying a genotype-phenotype relationship that may ultimately influence cardiovascular risk
[3, 21]. An area of ongoing debate concerns the comparative cardiovascular benefits of adrenalectomy
versus long-term medical therapy. Evidence suggests that adrenalectomy achieves greater regression of
cardiac remodeling and lower arrhythmia incidence, whereas optimized mineralocorticoid receptor
antagonist (MRA) therapy may provide comparable outcomes in select patients, particularly those with
bilateral disease or high surgical risk [22, 23].

In summary, PA exerts profound cardiovascular effects through mechanisms independent of blood
pressure elevation. Excess aldosterone induces myocardial fibrosis, diastolic dysfunction, atrial and
ventricular arrhythmias, and vascular injury, all of which contribute to increased cardiovascular morbidity
and mortality. These alterations are at least partly reversible following correction of hormonal excess,
underscoring the importance of early detection and targeted treatment. Recognition of PA as a systemic
cardiovascular disorder rather than a purely adrenal disease has reshaped the understanding of secondary
HT and emphasized the need for comprehensive cardiovascular evaluation in affected patients. A
comparative overview of the cardiovascular manifestations across PA, pheochromocytoma/paraganglioma,
and CS is provided in Table 2.

Table 2. Cardiovascular manifestations of endocrine hypertension.

Features Primary aldosteronism Pheochromocytoma/Paraganglioma CS Ref. No.
Hypertension Sustained, often resistant Paroxysmal or sustained Sustained, moderate-to- [2, 6, 9,
pattern severe 41]
LV hypertrophy Common Variable Common [5, 8, 23,
45]
Systolic Rare Acute (Takotsubo-like) Present in advanced CS [24-28,
dysfunction 45]
Diastolic Frequent Common Frequent [3, 5, 46,
dysfunction 49]
Arrhythmias AF Ventricular and supraventricular QT prolongation, AF [14, 15,
29, 47]
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Table 2. Cardiovascular manifestations of endocrine hypertension. (continued)

Features Primary aldosteronism Pheochromocytoma/Paraganglioma CS Ref. No.
Cardiomyopathy Fibrotic, non-dilated Catecholamine-induced, reversible Concentric remodeling  [23, 25,
30, 45]
Vascular Endothelial dysfunction, Vasospasm, microvascular ischemia Atherosclerosis, [17, 23,
pathology arterial stiffness stiffness 48, 50]

AF: atrial fibrillation; CS: Cushing syndrome; LV: left ventricle. QT: interval between Q and T waves on electrocardiogram.

Cardiovascular effects of PPGL

PPGLs are catecholamine-producing neuroendocrine tumors arising from chromaffin cells of the adrenal
medulla or extra-adrenal sympathetic and parasympathetic ganglia. Although rare, they represent one of
the most dramatic causes of secondary HT due to episodic or sustained secretion of epinephrine,
norepinephrine, and dopamine. The cardiovascular manifestations of PPGL extend well beyond blood
pressure elevation, encompassing a wide spectrum of structural, electrical, and functional cardiac
abnormalities resulting from acute and chronic catecholamine excess [6, 24].

Structural myocardial remodeling

Excessive catecholamine release produces intense o- and -adrenergic receptor stimulation, leading to
marked vasoconstriction, tachycardia, and increased myocardial oxygen demand. Sustained exposure
causes direct myocardial toxicity mediated by oxidative stress, calcium overload, and mitochondrial
dysfunction [25]. The resulting histopathologic pattern, characterized by myofibrillar degeneration,
contraction band necrosis, and interstitial fibrosis, is considered the hallmark of catecholamine-induced
cardiomyopathy. These histopathologic findings correspond to the clinical spectrum of catecholamine-
induced cardiomyopathy, ranging from transient myocardial stunning to fulminant heart failure. These
lesions can develop even in the absence of coronary artery disease and are often reversible after tumor
removal, highlighting their functional rather than ischemic nature [26]. Recent studies have confirmed that
catecholamine-induced cardiomyopathy results from -adrenergic overstimulation, calcium overload,
oxidative stress, and mitochondrial injury, which together lead to reversible or, when prolonged,
irreversible myocardial damage [27, 28].

Clinically, PPGL can present with a broad range of cardiac manifestations. Some patients experience
transient myocardial ischemia, while others develop acute heart failure or cardiogenic shock. The condition
frequently mimics acute coronary syndrome, with elevated troponin levels and electrocardiographic
changes suggestive of infarction despite normal coronary angiography. Echocardiographic findings often
reveal global or segmental left ventricular dysfunction resembling Takotsubo (stress-induced)
cardiomyopathy. The catecholamine surge induces apical or midventricular ballooning through -
adrenergic overstimulation and direct cytotoxicity [29].

Electrical remodeling and arrhythmias

Arrhythmias are also common in PPGL and may be life-threatening. Excess catecholamines increase
automaticity, shorten repolarization, and precipitate both supraventricular and ventricular
tachyarrhythmias. QT interval prolongation, often observed in these patients, further predisposes them to
torsades de pointes. Sudden cardiac death may occur during hypertensive crises triggered by stress,
anesthesia, or certain medications that stimulate tumor secretion [30]. Early recognition and preoperative
adrenergic blockade are therefore essential to prevent catastrophic cardiovascular events. Catecholamine
excess prolongs the QT interval and induces afterdepolarizations, explaining the occurrence of polymorphic
ventricular tachycardia and sudden cardiac death reported in pheochromocytoma crises. Persistent fibrosis
may sustain arrhythmic risk even after biochemical remission [31, 32].

Chronic catecholamine exposure leads to structural remodeling and persistent diastolic dysfunction.
Even after tumor resection, some patients exhibit residual hypertrophy and fibrosis, likely reflecting long-
term subclinical injury. Imaging studies using CMR demonstrate increased extracellular volume and late
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gadolinium enhancement consistent with diffuse interstitial fibrosis. Histologic studies confirm that fibrosis
is mainly perivascular and patchy, corresponding to areas of contraction band necrosis [33].

The severity of cardiac involvement appears to correlate with tumor phenotype and catecholamine
profile. Norepinephrine-predominant tumors, typically of extra-adrenal origin, are associated with
sustained HT and concentric LVH, while epinephrine-dominant tumors are more likely to cause paroxysmal
crises and acute myocardial stunning. Dopamine-secreting paragangliomas may produce little or no HT but
still exert cardiotoxic effects through oxidative stress and endothelial injury [34]. Genetic background also
influences cardiovascular risk. Mutations in succinate dehydrogenase subunit B (SDHB) and other
mitochondrial genes are associated with higher catecholamine output and increased incidence of

cardiomyopathy compared with sporadic or succinate dehydrogenase subunit D (SDHD)-related cases [24,
35].

Vascular effects

Excess catecholamine exposure in PPGL produces profound vascular dysfunction. Continuous a-adrenergic
receptor stimulation causes intense vasoconstriction, increased systemic vascular resistance, and
endothelial injury. These effects impair nitric oxide bioavailability and promote oxidative stress, leading to
loss of vasodilatory capacity. Chronic exposure induces structural vascular remodeling characterized by
medial hypertrophy, perivascular fibrosis, and increased arterial stiffness. Repeated catecholamine surges
may also precipitate coronary vasospasm and microvascular ischemia, contributing to myocardial injury
even in the absence of epicardial coronary disease. Over time, this combination of endothelial dysfunction,
inflammation, and structural remodeling establishes a substrate for persistent HT and long-term
cardiovascular risk even after tumor removal [24]. In addition to macrovascular vasospasm, catecholamine-
driven microvascular dysfunction contributes to subendocardial ischemia and cardiomyocyte necrosis.
These microcirculatory disturbances are increasingly recognized as key contributors to stress-induced
cardiomyopathy associated with pheochromocytoma [36].

Following surgical removal of the tumor, most patients experience rapid normalization of blood
pressure and significant improvement in cardiac function within weeks to months. In cases with severe
preoperative cardiac dysfunction, there is often marked functional recovery; however, residual fibrosis and
persistent diastolic dysfunction may remain, particularly when diagnosis or treatment is delayed [37].
Long-term follow-up remains essential, as some patients may later develop heart failure with preserved
ejection fraction (EF) or recurrent arrhythmias even after achieving biochemical cure [38]. The persistence
of arrhythmic risk after biochemical cure remains an area of ongoing debate. Although cardiac function
usually normalizes, residual myocardial fibrosis and electrical remodeling may contribute to late
arrhythmogenic events in a subset of patients, underscoring the importance of continued rhythm
surveillance during long-term follow-up [39].

From a mechanistic standpoint, catecholamine excess acts through multiple pathways. B1-Adrenergic
overstimulation increases intracellular calcium and cyclic AMP, leading to myocyte necrosis and apoptosis.
Reactive oxygen species generated during catecholamine metabolism exacerbate mitochondrial injury,
while a-adrenergic-mediated vasoconstriction produces microvascular ischemia. The combination of these
factors disrupts myocardial energy homeostasis and promotes fibrosis. Inflammatory cytokine
upregulation further amplifies tissue damage, creating a self-perpetuating cycle of injury [25, 31].

In summary, PPGL causes diverse and potentially severe cardiac complications through catecholamine-
mediated toxic, metabolic, and microvascular mechanisms. Excessive 3-adrenergic stimulation leads to
calcium overload, oxidative stress, mitochondrial dysfunction, and microvascular ischemia, resulting in
reversible catecholamine-induced cardiomyopathy or Takotsubo-like myocardial stunning [40, 41]. Prompt
diagnosis, adequate preoperative adrenergic blockade, and timely surgical resection are critical to prevent
irreversible cardiac damage. Recognizing the cardiac manifestations of PPGL is essential, as they often
represent the first clinical clue to an otherwise occult endocrine tumor and carry major prognostic
implications.
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Cardiovascular effects of CS

CS is characterized by chronic exposure to excess glucocorticoids, either from endogenous overproduction
or exogenous administration. Endogenous CS most commonly results from an adrenocorticotropic
hormone (ACTH)-secreting pituitary adenoma, adrenal adenoma or carcinoma, or ectopic ACTH secretion.
Regardless of etiology, sustained cortisol excess induces profound cardiovascular and metabolic
disturbances that make CS one of the most lethal endocrine disorders if left untreated [42, 43]. The
cardiovascular phenotype of CS is distinguished by systemic HT, central obesity, insulin resistance,
dyslipidemia, endothelial dysfunction, and atherosclerosis, collectively creating a high-risk profile for
premature cardiovascular morbidity and mortality [44].

Cortisol affects the cardiovascular system through multiple interrelated mechanisms. At the molecular
level, glucocorticoids bind to both glucocorticoid and mineralocorticoid receptors, with the latter
contributing to sodium retention, plasma volume expansion, and increased systemic vascular resistance [4].
Cortisol also potentiates the vasoconstrictive effects of catecholamines and angiotensin Il by upregulating
adrenergic receptors and impairing nitric oxide bioavailability [45]. Endothelial dysfunction develops early,
marked by reduced vasodilatory capacity and increased oxidative stress. Chronic exposure further
promotes vascular remodeling and stiffness, explaining the high prevalence of HT in CS, reported in up to
80% of patients [9, 42].

Structural myocardial remodeling

At the myocardial level, prolonged glucocorticoid excess induces concentric LVH, interstitial fibrosis, and
diastolic dysfunction. Histologic analyses show mild or absent myocardial fibrosis in most patients,
indicating that glucocorticoid excess primarily causes hypertrophy rather than fibrotic remodeling. Unlike
aldosterone excess, glucocorticoid-related cardiac changes are largely reversible, and HT usually improves
after biochemical remission. CMR studies confirm increased left ventricular mass and reduced strain,
correlating with the duration and severity of hypercortisolism [9]. In experimental models, cortisol
exposure impairs calcium handling and mitochondrial function, contributing to contractile dysfunction and
decreased myocardial efficiency.

Beyond structural changes, CS profoundly alters metabolic and inflammatory homeostasis. Cortisol
enhances hepatic gluconeogenesis, decreases peripheral glucose uptake, and induces insulin resistance,
leading to hyperglycemia and diabetes mellitus in up to half of affected patients [44]. Dyslipidemia,
particularly elevated triglycerides and low high-density-lipoprotein (HDL) cholesterol, further accelerates
atherogenesis. These metabolic derangements, combined with endothelial injury, explain the increased
prevalence of coronary artery disease and stroke observed in Cushing cohorts [46]. Inflammatory
mediators, including interleukin-6 and tumor necrosis factor-alpha, remain elevated even after biochemical
remission, contributing to persistent vascular risk.

Electrical remodeling and arrhythmias

Atrial and ventricular arrhythmias have also been described in CS, likely related to myocardial fibrosis,
hypokalemia, and altered repolarization. Prolonged QT intervals and increased sympathetic activity have
been documented and may account for cases of sudden cardiac death reported in uncontrolled
hypercortisolism [47]. Although overt systolic dysfunction is uncommon, chronic diastolic impairment can
progress to heart failure with preserved EF if hypercortisolism persists.

Vascular effects

Chronic cortisol excess in CS profoundly alters vascular structure and function. Glucocorticoids enhance
vasoconstrictor sensitivity to catecholamines and angiotensin II while suppressing endothelial nitric oxide
synthase, leading to reduced nitric oxide bioavailability and endothelial dysfunction. Sustained exposure
promotes oxidative stress, inflammation, and vascular smooth muscle hypertrophy, resulting in increased
arterial stiffness and impaired flow-mediated dilation. Cortisol also accelerates atherogenesis by inducing
dyslipidemia, insulin resistance, and low-grade inflammation. Histopathologic studies demonstrate intimal
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thickening and perivascular collagen deposition, reflecting both metabolic and hemodynamic injury. Even
after biochemical remission, partial persistence of endothelial dysfunction and arterial stiffness has been
observed, indicating that prolonged hypercortisolism may cause irreversible vascular remodeling and
sustained cardiovascular risk [48].

Treatment of the underlying hypercortisolism, surgical, medical, or radiotherapeutic, leads to
significant cardiovascular improvement, but complete reversal of cardiac and vascular damage is not
always achieved, as many patients continue to exhibit residual diastolic dysfunction or features of
metabolic syndrome after biochemical remission. Several studies show regression of LVH and partial
normalization of endothelial function after remission; however, residual diastolic dysfunction and
metabolic abnormalities may persist for years [49, 50]. These findings indicate that cardiovascular injury in
CS is only partially reversible and emphasize the importance of early diagnosis and intervention before
irreversible structural remodeling occurs.

Subclinical or mild autonomous cortisol secretion, increasingly recognized in patients with adrenal
incidentalomas, also carries measurable cardiovascular risk. Even modest cortisol excess without overt
clinical features is associated with increased arterial stiffness, insulin resistance, and higher rates of
cardiovascular events compared with non-functioning adrenal tumors [51]. These data suggest a
continuum of cortisol-related cardiovascular toxicity extending from mild biochemical hypercortisolism to
overt CS. However, the management of subclinical CS remains an area of ongoing debate. While
adrenalectomy may improve metabolic and cardiovascular outcomes in selected patients with autonomous
cortisol secretion, many experts recommend conservative management and close follow-up for individuals
with mild biochemical abnormalities or elevated surgical risk. Current guidelines emphasize individualized
assessment based on the degree of cortisol autonomy and comorbid burden [52, 53].

Similar to subclinical CS, milder or subclinical variants of other endocrine causes of HT have also been
described. In PA, ‘nonclassic’ or normokalemic forms with intermittently elevated aldosterone-renin ratios
may contribute to subtle cardiac remodeling and endothelial dysfunction. Likewise, biochemically mild or
‘silent’ pheochromocytomas can induce transient HT, myocardial strain, or arrhythmic events through
intermittent catecholamine secretion. Recognition of these subclinical phenotypes is clinically relevant, as
even modest hormonal excess can predispose to cardiovascular remodeling and warrants closer
monitoring [54, 55].

In summary, chronic cortisol excess produces multifactorial cardiovascular injury involving
mineralocorticoid receptor activation, endothelial dysfunction, myocardial fibrosis, and profound metabolic
derangements. The persistence of cardiovascular risk after biochemical remission underscores the
irreversible nature of prolonged glucocorticoid exposure. Recognition of these mechanisms is essential for
comprehensive management and long-term follow-up of patients with CS, who remain vulnerable to
cardiovascular complications even after apparent endocrine cure. The key molecular and cellular

mechanisms through which hormonal excess leads to myocardial and vascular injury are summarized in
Table 3.

Table 3. Pathophysiologic mechanisms linking hormonal excess to cardiac injury.

Mechanistic pathway PA PPGL CS Common outcome Ref. No.
Mineralocorticoid receptor activation +++ - ++ Fibrosis, hypertrophy [3, 4, 11,12, 41]
B-Adrenergic overstimulation - +++ +/—  Myocyte necrosis, arrhythmia [23-28, 47]
Oxidative stress ++ +++ ++ Mitochondrial damage [11,12, 24, 30, 44]
Endothelial dysfunction ++ ++ +++  Arterial stiffness [17, 23, 48, 50]
Inflammation and cytokine activation ++ ++ +++ Fibrosis, remodeling [11,12, 24, 43, 46]

In CS, B-adrenergic overstimulation is primarily indirect, resulting from cortisol-induced upregulation of adrenergic receptors and
enhanced sympathetic sensitivity. —: denotes absence or negligible contribution; +/—: denotes weak or indirect involvement; +:
denotes mild involvement; ++: denotes moderate involvement; +++: denotes strong and well-established involvement. PA:
primary aldosteronism; PPGL: pheochromocytoma and paraganglioma; CS: Cushing syndrome.
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Diagnosis of endocrine HT

Accurate diagnosis and tailored management of endocrine HT are essential to prevent irreversible
cardiovascular damage. Because the cardiac manifestations of hormonal excess often precede overt
endocrine symptoms, clinicians must maintain a high index of suspicion in patients with resistant or
atypical HT, hypokalemia, or hypertensive crises accompanied by arrhythmia or heart failure [1, 8]. Early
biochemical screening and appropriate localization studies enable targeted therapy and significantly
improve cardiac outcomes.

The diagnostic approach should begin with recognition of clinical patterns suggestive of hormonal
etiology. In suspected PA, the plasma aldosterone-to-renin ratio (ARR) remains the cornerstone of
screening. Testing should be performed under standardized conditions, ideally after withdrawal of
interfering medications such as MRAs and diuretics. A high ARR, confirmed by suppression testing,
establishes biochemical evidence of autonomous aldosterone production [1]. Subsequent adrenal imaging
by computed tomography helps exclude large or malignant lesions, while adrenal venous sampling
distinguishes unilateral from bilateral disease, information critical for therapeutic planning [2].

For PPGL, biochemical confirmation relies on measurement of plasma-free or urinary fractionated
metanephrines, which provide the highest sensitivity for catecholamine-secreting tumors. Positive results
should prompt localization with cross-sectional imaging (computed tomography or magnetic resonance
imaging). Functional imaging with 1231-metaiodobenzylguanidine (MIBG) scintigraphy or positron
emission tomography (PET) using 18F-fluorodopa or 68Ga-DOTATATE further delineates tumor
distribution and metastatic potential [25]. Genetic testing is now recommended for all PPGL patients, as up
to 40% harbor germline mutations (SDHB, SDHD, VHL, RET, etc.) that influence prognosis and follow-up
strategies [6].

Evaluation for CS requires biochemical evidence of cortisol excess. Initial screening includes the 1 mg
overnight dexamethasone suppression test, late-night salivary cortisol, or 24-h urinary free cortisol
measurement [43]. Once hypercortisolism is confirmed, ACTH determination differentiates ACTH-
dependent from independent causes. Pituitary magnetic resonance imaging or adrenal computed
tomography is then used for localization. Because cardiovascular risk increases even in mild or subclinical
cortisol excess, clinicians should consider testing in patients with unexplained metabolic syndrome,
osteoporosis, or early-onset HT [42].

Recent advances in cardiac imaging have expanded the diagnostic assessment of endocrine HT beyond
conventional echocardiography. CMR with T1 mapping enables early detection of diffuse myocardial
fibrosis and tissue remodeling before overt systolic dysfunction develops. Speckle-tracking
echocardiography allows quantification of subclinical left ventricular strain abnormalities, providing a
sensitive marker of early myocardial involvement. Additionally, PET and hybrid imaging modalities can
identify microvascular dysfunction and metabolic alterations related to hormonal excess. Incorporating
these tools into routine evaluation may facilitate earlier recognition of reversible myocardial injury and
improve risk stratification in endocrine HT [56, 57].

Management and therapeutic strategies

Management strategies are guided by etiology, hormonal activity, and cardiovascular status. In PA,
treatment is determined by laterality: unilateral disease is treated with laparoscopic adrenalectomy, while
bilateral adrenal hyperplasia requires long-term medical therapy with MRAs such as spironolactone or
eplerenone. Early targeted therapy helps reverse LVH and reduce arrhythmic burden [19]. Beyond
traditional steroidal MRAs, newer non-steroidal agents such as finerenone and esaxerenone have shown
greater receptor selectivity and improved safety profiles with reduced incidence of hyperkalemia and
endocrine side effects. Recent trials suggest that these agents may attenuate myocardial fibrosis, reduce
LVH, and lower cardiovascular event rates in patients with PA or resistant HT. Although data remain
limited, their integration into therapeutic algorithms represents a promising step toward more targeted
cardiovascular protection in aldosterone-mediated disease [58-60].
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For PPGL, definitive therapy is surgical resection following meticulous preoperative preparation.
Adequate a-adrenergic blockade with agents like phenoxybenzamine or doxazosin is mandatory to prevent
intraoperative hypertensive crises; $-blockers are added only after a-blockade to control tachyarrhythmia.
Cardiac function should be reassessed postoperatively, as most patients demonstrate marked recovery of
ventricular performance [37].

In CS, surgical removal of the causative lesion, transsphenoidal resection for pituitary adenoma or
adrenalectomy for adrenal tumors, remains first-line treatment. When surgery is not feasible or
hypercortisolism persists, medical therapies such as steroidogenesis inhibitors (ketoconazole, metyrapone,
osilodrostat) or glucocorticoid receptor antagonists (mifepristone) are employed. Medical therapy with
steroidogenesis inhibitors may be used preoperatively to control hypercortisolism or in patients who are
not surgical candidates. In many patients, postoperative glucocorticoid replacement is also required until
hypothalamic-pituitary-adrenal axis recovery occurs. Blood pressure and metabolic parameters often
improve with cortisol normalization, though some degree of cardiac remodeling may remain [44]. Patients
with subclinical CS benefit from individualized management balancing surgical risk against cardiovascular
benefit.

Because the cardiovascular consequences of endocrine HT frequently persist even after biochemical
cure, comprehensive postoperative follow-up is essential. Serial echocardiography, ambulatory blood
pressure monitoring, and metabolic profiling allow detection of residual organ damage. Continued use of
renin-angiotensin-aldosterone system inhibitors or MRAs may be indicated in cases of incomplete
hormonal suppression or irreversible myocardial fibrosis [61]. In addition, lifelong screening for
recurrence or contralateral disease is required in both PA and PPGL, particularly in hereditary or bilateral
cases.

Optimal management requires close collaboration among endocrinologists, cardiologists, radiologists,
and surgeons. Such a multidisciplinary model ensures accurate diagnosis, safe perioperative care, and
systematic evaluation of cardiac recovery. The increasing integration of molecular diagnostics, minimally
invasive surgical techniques, and advanced imaging has markedly improved both survival and quality of life
in endocrine HT. However, gaps remain in understanding the long-term reversibility of cardiac injury and
in defining which patients benefit most from early surgical versus medical approaches. Future clinical trials
focusing on cardiovascular endpoints rather than biochemical remission alone will be key to optimizing
care and preventing residual heart disease in this high-risk population. An overview of treatment strategies
and their cardiovascular effects across the three disorders is presented in Table 4.

Table 4. Therapeutic strategies and cardiovascular outcomes.

Disorder Primary treatment Adjunctive Cardiac effects Reversibility Ref. No.
therapy after treatment
Primary aldosteronism Adrenalectomy MRA therapy | LV mass, | AF  Partial to [2, 18-22]
(unilateral)/MRA incidence near-complete

therapy (bilateral)
Pheochromocytoma/Paraganglioma Preoperative a/3- o-Blockade +  Recovery of EF,  Often marked, [23, 28, 30,

blockade + surgical [B-blockade resolution of but residual 36, 37]
resection preop cardiomyopathy fibrosis is
possible
CS Pre & post- Postoperative  Regression of Partial [41, 45, 48—
operative glucocorticoid  LVH, partial 50]
steroidogenesis replacement improvement in
inhibitors + surgical diastolic function
resection of the
source

AF: atrial fibrillation; EF: ejection fraction; LV: left ventricle; LVH: left ventricular hypertrophy; MRA: mineralocorticoid receptor
antagonist; CS: Cushing syndrome.
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Future perspectives

Endocrine HT provides a natural human model linking hormonal dysregulation with cardiovascular injury.
Although its molecular pathways are increasingly defined, major questions remain regarding the
determinants of irreversible myocardial damage and the mechanisms of incomplete recovery after
hormonal correction. Long-term observational studies show that despite normalization of blood pressure
and endocrine function, subtle abnormalities in diastolic relaxation, endothelial function, and arrhythmic
risk often persist. These findings emphasize the need for early recognition, continuous follow-up, and a
mechanistic understanding of endocrine-mediated cardiac remodeling [61].

Future research should prioritize biomarker discovery to detect subclinical cardiac injury before overt
structural changes occur. Circulating markers of fibrosis, oxidative stress, and mitochondrial dysfunction
could improve risk stratification and therapeutic monitoring. Similarly, advanced cardiac imaging, including
myocardial strain analysis and T1 mapping, may help identify reversible stages of endocrine
cardiomyopathy and assess treatment response. Integration of imaging biomarkers with hormonal and
genetic data could redefine disease classification and guide individualized care [62, 63].

At the molecular level, genomic and transcriptomic profiling of aldosterone-producing adenomas,
catecholamine-secreting tumors, and cortisol-producing lesions is expected to elucidate genotype-
phenotype relationships that influence cardiovascular outcomes. Understanding how specific mutations
alter hormonal output and myocardial susceptibility may lead to precision-targeted therapies that extend
beyond endocrine control to direct myocardial protection [64, 65].

Finally, interdisciplinary collaboration between endocrinology and cardiology will be critical.
Multicenter prospective trials focusing on cardiovascular endpoints, not only biochemical remission, are
needed to define long-term outcomes and optimize treatment timing. The convergence of molecular
medicine, advanced imaging, and hormonal therapeutics holds the potential to transform the management
of endocrine HT from reactive blood pressure control to proactive cardiovascular preservation [66, 67].

Conclusions

Endocrine forms of HT, including PA, PPGL, and CS, represent distinct but pathophysiologically convergent
causes of cardiovascular disease. Each disorder induces specific biochemical and structural abnormalities,
yet they share common pathways leading to myocardial remodeling, fibrosis, endothelial dysfunction, and
arrhythmogenesis. Collectively, they exemplify how hormonal excess acts as an independent and potent
determinant of cardiovascular morbidity and mortality, beyond the contribution of systemic blood pressure
itself. Across large cohort and registry studies, the risk of major adverse cardiovascular events and all-cause
mortality is roughly two- to fourfold higher in endocrine HT than in essential HT, underscoring its distinct
clinical impact.

Timely diagnosis and targeted treatment can significantly reverse structural and functional cardiac
alterations, particularly when initiated before irreversible fibrosis develops. Surgical or medical correction
of the hormonal source leads to substantial improvement in left ventricular mass, diastolic function, and
arrhythmic burden; however, delayed diagnosis or prolonged hormonal exposure often results in persistent
subclinical dysfunction and residual cardiovascular risk. Even after biochemical remission, continued
surveillance remains necessary to detect late complications such as heart failure with preserved EF or
recurrent arrhythmias.

Viewing endocrine HT as a primary cardiovascular disorder rather than merely a secondary form of HT
reframes its clinical importance. Its recognition underscores the need for routine endocrine evaluation in
resistant or atypical HT, disproportionate organ damage, or unexplained arrhythmia. Multidisciplinary
management, uniting endocrinology, cardiology, imaging, and molecular science, is essential to improve
early detection, optimize treatment strategies, and prevent irreversible cardiac injury.
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Ultimately, integrating mechanistic understanding with clinical practice will help translate hormonal
and molecular discoveries into tangible cardiovascular protection. Early identification and individualized
therapy offer the best chance to reduce morbidity, prevent heart failure progression, and improve long-
term survival in patients with endocrine HT.
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