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Abstract

Endocrine disorders are increasingly recognized as major contributors to secondary car-
diomyopathies, leading to profound alterations in cardiac structure and function. This com-
prehensive review synthesizes current evidence on the genetic basis of cardiomyopathies as-
sociated with endocrine conditions, including primary aldosteronism, Cushing’s syndrome,
pheochromocytoma/paraganglioma, acromegaly, thyroid disorders, hyperparathyroidism,
and diabetic cardiomyopathy. We examine the contribution of somatic and germline muta-
tions, genetic polymorphisms, shared molecular pathways transforming growth factor-3
(TGF-B)/SMAD (TGF-/SMAD signaling, the renin—angiotensin-aldosterone system, ox-
idative stress, and calcium handling), sarcomeric gene modifiers, ion channel variants,
and epigenetic mechanisms to disease pathogenesis. We propose a conceptual framework
distinguishing three major categories of genetic involvement: (i) variants causing the
primary endocrinopathys; (ii) genetic modifiers of myocardial susceptibility under condi-
tions of hormonal excess; and (iii) direct pleiotropic effects, whereby single gene variants
independently cause both endocrine and cardiac phenotypes. In addition, we discuss
genotype—phenotype correlations, ethnic and population differences in genetic suscep-
tibility, the emerging role of polygenic risk scores, and precision medicine approaches.
Overall, this review provides an integrated perspective on the complex genetic architecture
of endocrine-related cardiomyopathies and outlines practical considerations for genetic
testing aimed at improving patient management and clinical outcomes.

Keywords: cardiomyopathy; endocrinopathy; genetics; primary aldosteronism; Cushing’s
syndrome; pheochromocytoma; acromegaly; thyroid disorders; diabetic cardiomyopathy;
precision medicine; polygenic risk scores; epigenetics; pleiotropy

1. Introduction

Endocrine disorders are increasingly recognized as major contributors to secondary
cardiomyopathies, leading to substantial alterations in cardiac structure and function
through complex hormonal and metabolic pathways [1,2]. Conditions such as primary
aldosteronism (PA), Cushing’s syndrome (CS), pheochromocytoma (PHEO), acromegaly,
thyroid dysfunction, and hyperparathyroidism can induce a broad spectrum of cardiac
abnormalities, ranging from myocardial hypertrophy and fibrosis to heart failure and
malignant arrhythmias [3,4].

Early histopathological studies using endomyocardial biopsy (EMB) provided fun-
damental insights into these processes, demonstrating characteristic myocardial changes,
including vacuolar degeneration and cardiomyocyte swelling in primary aldosteronism,
myofibrillolysis and hypertrophy in Cushing’s syndrome, and contraction band necrosis
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in pheochromocytoma [5]. These observations highlighted the direct cardiotoxic effects
of hormonal dysregulation and emphasized the need for more precise diagnostic and
therapeutic strategies.

The genetic architecture of cardiomyopathies spans a continuum from rare, highly
penetrant monogenic variants to intermediate-effect alleles and cumulative polygenic
risk. Clinical expression is further shaped by gene-environment and gene-lifestyle
interactions [6]. Advances in genomic technologies, particularly next-generation sequenc-
ing, have greatly expanded the identification of susceptibility genes and molecular path-
ways involved in these disorders [7,8]. Consistent with this, the pronounced interindividual
variability in cardiac involvement beyond hormonal excess underscores the importance of
underlying genetic predisposition.

To provide conceptual clarity, we propose a framework distinguishing three major
categories of genetic involvement in endocrine cardiomyopathies (Table 1): (i) variants
responsible for the primary endocrinopathy, which secondarily affect the heart through
hormonal excess (e.g., KCNJ5 somatic mutations in aldosterone-producing adenomas);
(ii) genetic modifiers of myocardial susceptibility that influence the cardiac response to
hormonal stress without causing the endocrine disorder itself (e.g., ACE I/D polymorphism,
sarcomeric gene variants); and (iii) direct pleiotropic effects, whereby pathogenic variants
in a single gene independently cause both endocrine dysfunction and cardiomyopathy
through tissue-specific mechanisms (e.g., PRKARIA in Carney complex, mitochondrial
DNA mutations). This framework has important implications for genetic counseling,
surveillance strategies, and therapeutic decision-making.

Table 1. Conceptual framework: categories of genetic involvement in endocrine cardiomyopathies.

Category

Definition Examples Clinical Implications

(i) Variants causing
endocrinopathy

(ii) Genetic modifiers of

myocardial
susceptibility

(iii) Direct pleiotropic
effects

Somatic or germline mutations

Treating the endocrine

that cause the primary KCNJ5, CACNAID in APA; disorder may reverse
endocrine disorder; cardiac SDHx in PPGL; USP8 in cardiac chan e}s,' enotvpe
involvement is secondary to Cushing’s . 56 ENOYP
hormonal excess predicts surgical outcomes
Variants that do not cause the ACE I/D polymorphism; Explain interindividual

endocrine disorder but
modulate cardiac response to
hormonal stress

variability; may guide
surveillance intensity;
“two-hit” model

TGFBI1 variants; TTNtv;
sarcomeric gene variants

Single gene variants that PRKARIA (Carney Requires surveillance for
independently cause both complex); HFE both manifestations;
endocrine and cardiac (hemochromatosis); cardiac involvement may
phenotypes through mtDNA mutations; DMPK occur independently of
tissue-specific mechanisms (myotonic dystrophy) endocrine control

APA: aldosterone-producing adenoma; PPGL: pheochromocytoma/paraganglioma; TTNtv: titin-truncating
variants; mtDNA: mitochondrial DNA.

This review comprehensively synthesizes current evidence on the genetic basis and
genotype—phenotype correlations of endocrine-related cardiomyopathies, with particular
emphasis on shared molecular pathways, epigenetic regulation, and emerging precision
medicine approaches. A detailed understanding of this complex genetic architecture is
essential for improving diagnostic accuracy, enabling early intervention, guiding family
screening, and ultimately supporting the development of personalized therapeutic strate-
gies [9,10]. A schematic overview of the underlying mechanisms and their contribution to
cardiac phenotypic heterogeneity is presented in Figure 1.
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Hormonal excess leads to secondary cardiac dysfunction (A), genetic modifiers influence variable cardiac susceptibility (B), and direct
pleiotropy results in combined endocrine and cardiac disease (C).

Figure 1. Genetic and molecular framework of endocrine-related cardiomyopathies. Schematic
representation of three pathways: (A) hormonal excess leading to secondary cardiac dysfunction;
(B) genetic modifiers influencing myocardial susceptibility; and (C) direct genetic pleiotropy causing
independent endocrine and cardiac disease. The model illustrates the interaction of hormonal, genetic,
and epigenetic factors in determining cardiac phenotypic heterogeneity.

2. Literature Search Strategy

A comprehensive literature search was conducted to identify studies addressing the
genetic and molecular basis of cardiomyopathies associated with endocrine disorders. Elec-
tronic databases including PubMed /MEDLINE, Embase, Web of Science, and OMIM were
searched for articles published between January 2000 and December 2025. Seminal studies
published before 2000 were also included when they provided foundational mechanistic
or clinical insights not superseded by later evidence. Search terms included combinations
of “cardiomyopathy”, “genetics”, “mutation”, “variant”, “polymorphism”, “endocrine”,
“endocrinopathy”, and disease-specific terms such as “primary aldosteronism”, “Cushing’s
syndrome”, “pheochromocytoma”, “paraganglioma”, “acromegaly”, “thyroid disorders”,
“hyperparathyroidism”, and “diabetic cardiomyopathy”.

Inclusion criteria encompassed: (i) original research articles, systematic reviews, meta-
analyses, and clinical guidelines published in English; (ii) studies reporting genetic variants,
polymorphisms, or molecular mechanisms associated with cardiac manifestations in the
context of endocrine disorders; (iii) human studies, with selected animal or in vitro studies
included when providing essential mechanistic insights not available from human data.
Exclusion criteria included: (i) case reports with fewer than three subjects unless describing
novel genetic findings; (ii) conference abstracts without full-text availability; (iii) studies
focusing exclusively on endocrine or cardiac manifestations without addressing the genetic
interface between the two.

The initial search yielded 2847 records. After removal of duplicates (n = 612) and
screening of titles and abstracts, 428 full-text articles were assessed for eligibility. Of these,
198 studies met inclusion criteria and were incorporated into this review. Reference lists of
relevant articles were manually screened, identifying 34 additional pertinent studies. Given
the heterogeneity of study designs, populations, and outcome measures across endocrine
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conditions, a formal PRISMA-based systematic review was not pursued; rather, this work
represents a comprehensive narrative synthesis of the available evidence.

3. Primary Aldosteronism and Cushing’s Syndrome
3.1. Primary Aldosteronism

Primary aldosteronism (PA) is characterized by autonomous aldosterone hypersecre-
tion, often leading to hypertension and increased cardiovascular risk [11]. Genetic discover-
ies have transformed our understanding of adrenal physiology and pathology in PA, with
somatic mutations frequently identified in aldosterone-producing adenomas (APAs) [12,13].
Key genes implicated in PA include KCNJ5, CACNA1D, ATP1A1, ATP2B3, and CLCN2,
which are involved in ion channel function and aldosterone biosynthesis.

KCNJ5 mutations, affecting the G protein-activated inward rectifier potassium channel
Kir3.4, are present in approximately 40-70% of aldosterone-producing adenomas, with
marked population-specific variability [14,15]. These mutations alter channel selectivity,
allowing sodium influx that depolarizes zona glomerulosa cells and triggers calcium-
dependent aldosterone production [12]. In addition, germline variants in genes such as
CLCN2, KCNJ5, CACNA1H, and CACNAID have been associated with familial forms of
PA [16]. Overexpression of CYP11B2 (aldosterone synthase) is central to autonomous
aldosterone production in APAs, and transgenic mice overexpressing aldosterone synthase
develop cardiac fibrosis and hypertrophy [17,18].

Patients with KCNJ5-mutated APAs typically present at younger ages, are more fre-
quently female, and exhibit larger tumor size with higher aldosterone levels compared
to those with wild-type tumors or other mutations [19,20]. Importantly, KCNJ5 mutation
status appears to influence cardiovascular remodeling: patients with KCNJ5-mutated APAs
show more pronounced left ventricular hypertrophy at diagnosis but also demonstrate
greater regression of cardiac mass following adrenalectomy [19,21].

Additional APA-associated mutations have been identified in CACNAID (encoding
the L-type calcium channel Cav1.3), ATP1A1 (Na*/K*-ATPase «1 subunit), and ATP2B3
(plasma membrane CaZ*-ATPase) [13,22]. These mutations are associated with distinct
clinical phenotypes, with CACNA1D mutations typically linked to smaller adenomas and
male predominance, whereas ATP1AI and ATP2B3 mutations are more frequently observed
in cortisol-co-secreting adenomas [22].

3.2. Cushing’s Syndrome

Cushing’s syndrome (CS) results from chronic glucocorticoid excess and has profound
effects on cardiac morphology and function, frequently leading to myocardial hypertrophy,
interstitial fibrosis, and myofibrillolysis. Cardiovascular complications represent a major
cause of morbidity and mortality in CS, with an increased risk of heart failure, arrhythmias,
and thromboembolic events [23,24].

Landmark endomyocardial biopsy studies by Frustaci and colleagues demonstrated
distinctive myofibrillolysis in patients with hypercortisolism, together with marked acti-
vation of protein degradation pathways. In particular, atrogin-1 mRNA expression was
increased more than 28-fold compared with controls and normalized following surgical
cure, in parallel with significant improvement in ventricular function. These changes were
accompanied by a reduction in cardiomyocyte diameter (from 28.7 to 15.7 um), myocar-
dial fibrosis (from 11.5% to 3.1%), and myofibrillolysis area (from 61% to 22%) following
adrenalectomy [25,26].

The genetic basis of Cushing’s syndrome varies according to disease etiology. ACTH-
secreting pituitary adenomas frequently harbor somatic mutations in USP8, a deubiquiti-
nase that enhances EGFR signaling and promotes corticotroph tumorigenesis [27]. Bilateral
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macronodular adrenal hyperplasia is commonly associated with germline mutations in
ARMCS, identified in up to 50% of affected patients [28]. In contrast, primary pigmented
nodular adrenocortical disease is caused by inactivating mutations in PRKARIA and occurs
as part of the Carney complex [29]. Notably, PRKAR1A mutations exemplify direct genetic
pleiotropy: the same pathogenic variant causes both the endocrine phenotype (nodular
adrenocortical disease with cortisol excess) and cardiac manifestations (cardiac myxomas,
arrhythmias) through PKA pathway dysregulation in different tissues, rather than one
being a consequence of the other [29]. The main genetic alterations, molecular mechanisms,
and associated cardiac phenotypes observed in primary aldosteronism and Cushing’s

syndrome are summarized in Table 2.

Table 2. Genes Associated with Cardiac Manifestations in Primary Aldosteronism and
Cushing’s Syndrome.
Gene Protein/Function Cardiac Effects Clinical Significance References
40-70% of APA; younger
. . Marked LVH, highly age, female
KCNJ5 Kir3.4 potassium reversible after predominance, [12,14,15,19-21]
channel )
adrenalectomy favorable cardiac
recovery
CACNA1D Cav1.3 calcium channel Moderate'LVH, 1ncr'ez?s.ed Smaller adenp mas, male [13,22]
arrhythmia susceptibility predominance
Variable remodeling Frequently
ATP1A1 Na+/K+-ATPase alphal  secondary to aldosterone cortisol-co-secreting [22]
excess adenomas
. Less common APA
ATP2B3 Plasma membrane Aldos"cerone—medllated subtype with distinct [22]
Ca2+-ATPase cardiac remodeling .
molecular profile
. LVH and diastolic Familial primary
CLEN2 CIC-2 chloride channel dysfunction (limited data) aldosteronism [16]
Myocardial fibrosis and Final effector of
CYP11B2 Aldosterone synthase y autonomous aldosterone [17,18]
hypertrophy )
production
. Carney complex;
PRKARIA PKA regulatory subunit Cardlqmyopathy and PPNAD; direct [29]
cardiac myxomas .
pleiotropy
L Cushing-related Corticotroph pituitary
usrs Deubiquitinase cardiomyopathy (indirect) adenomas 271
. Severe hypercortisolism- .
ARMCS Armadillo repeat associated cardiac Bilateral macronodular [25]

protein

damage

adrenal hyperplasia

APA: aldosterone-producing adenoma; LVH: left ventricular hypertrophy; PPNAD: primary pigmented nodular

adrenocortical disease.

4. Pheochromocytoma and Paraganglioma

Pheochromocytomas and paragangliomas (PPGL) represent a paradigm of hereditary
endocrine tumors, with approximately 40% of cases now recognized to harbor germline
susceptibility mutations [30,31]. Cardiovascular manifestations—including catecholamine-
induced cardiomyopathy, hypertensive crises, and malignant arrhythmias—are strongly
influenced by tumor genotype through determination of the catecholamine biochemical
phenotype. Catecholamine cardiomyopathy may present as Takotsubo-like syndrome,
dilated cardiomyopathy, or a myocarditis-like pattern characterized histologically by con-
traction band necrosis [32,33].
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Mutations in succinate dehydrogenase (SDH) subunit genes, particularly SDHB, de-
fine a clinically aggressive subset of PPGL. SDHB-mutated tumors typically produce
norepinephrine exclusively and are associated with a markedly increased risk of metastatic
disease, reported in up to 40-70% of cases across series [34,35]. The associated cardiovascu-
lar phenotype often includes dilated cardiomyopathy, attributed to chronic norepinephrine
excess leading to 3-adrenergic receptor downregulation, direct myocyte toxicity, mitochon-
drial dysfunction, and oxidative stress [36]. Early genetic diagnosis enables intensified
surveillance and timely therapeutic intervention.

In contrast, VHL and RET mutations are associated with predominantly norepinephrine-
and epinephrine-secreting tumors, respectively, but confer a substantially lower metastatic
risk [37]. VHL-related pheochromocytomas are typically diagnosed at younger ages, may
be bilateral, and rarely cause severe cardiomyopathy. RET mutations in MEN2 syndromes
are associated with epinephrine-predominant biochemical profiles. Additional PPGL
susceptibility genes include NF1, MAX, TMEM127, FH, and EPAS1/HIF2A [30,31,38].
Genotype—phenotype correlations, metastatic risk, and cardiovascular manifestations asso-
ciated with PPGL-related genetic variants are summarized in Table 3.

Table 3. Genotype-Phenotype Correlations in Hereditary Pheochromocytoma /Paraganglioma.

Catecholamine . Metastatic
Gene Syndrome Profile Cardiac Phenotype Risk References
. . Dilated o

SDHB PGL syndrome 4 Norepinephrine cardiomyopathy, severe 40-70% [34,35]

predominant forms (highest)

SDHD PGL syndrome 1 Dopfflmme :I: Usually ml}d or absent;  <5% (pz?te}'nal [30,31]

norepinephrine variable transmission)

SDHC PGL syndrome 3 Variable Usually mild or absent <5% [30,31]
VHL von Hippel-Lindau Norep;gle;hrme Usually absent or mild <5% [37]
RET MEN2A /MEN2B Epinephrine Stress-related <5% [37]

predominant cardiomyopathy (rare)
Neurofibromatosis Mixed . o
NF1 type 1 catecholamines Hypertensive LVH 5-10% [30,38]
Hereditar Catecholamine-

MAX vl Variable induced <10-15% [30,31]

paragang cardiomyopathy

PGL: paraganglioma; MEN: multiple endocrine neoplasia; LVH: left ventricular hypertrophy.

5. Direct Genetic Pleiotropy in Endocrine Cardiomyopathies

Beyond the classical paradigm where cardiac involvement results secondarily
from hormonal excess, an important subset of conditions demonstrates direct genetic
pleiotropy—where pathogenic variants in a single gene independently cause both en-
docrine and cardiac manifestations through tissue-specific effects. Recognition of this
mechanism has critical implications for patient management, as cardiac involvement may
develop or progress independently of endocrine disease control.

5.1. PRKAR1A and Carney Complex

Carney complex, caused by inactivating mutations in PRKARIA encoding the type
1A regulatory subunit of protein kinase A, exemplifies direct pleiotropy [29]. Cardiac
myxomas occur in approximately 30-60% of patients and represent primary cardiac tu-
mors rather than consequences of associated endocrine abnormalities (primary pigmented
nodular adrenocortical disease, acromegaly). The PKA pathway dysregulation affects both
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adrenocortical cells (causing cortisol excess) and cardiac tissue (promoting myxoma forma-
tion and arrhythmias) independently. Importantly, cardiac myxomas may develop even
after successful treatment of hypercortisolism, necessitating lifelong cardiac surveillance
regardless of endocrine disease status.

5.2. KCNJ5: Beyond Primary Aldosteronism

While somatic KCNJ5 mutations in aldosterone-producing adenomas cause secondary
cardiac effects through aldosterone excess, germline KCNJ5 mutations have direct car-
diac implications. KCNJ5 encodes the Kir3.4 potassium channel, and germline variants
underlie the LQT13 form of long QT syndrome, predisposing to ventricular arrhythmias
independently of any adrenal pathology [39]. This dual role—somatic mutations causing
primary aldosteronism with secondary cardiac effects, and germline mutations directly
causing cardiac arrhythmias—illustrates how the same gene can contribute to endocrine
cardiomyopathies through distinct mechanisms.

5.3. Hereditary Hemochromatosis

HFE gene mutations causing hereditary hemochromatosis lead to iron overload affect-
ing multiple organs independently. Cardiac manifestations include restrictive or dilated
cardiomyopathy and arrhythmias, while endocrine involvement encompasses diabetes
mellitus (“bronze diabetes”), hypogonadotropic hypogonadism, and hypothyroidism [40].
The cardiac and endocrine phenotypes both result from tissue iron deposition but develop
through parallel pathogenic mechanisms rather than one causing the other. Early phle-
botomy can prevent or reverse both manifestations, but progression in one organ system
does not necessarily predict involvement of others.

5.4. Mitochondrial Disorders

Mitochondrial DNA mutations and nuclear genes affecting mitochondrial function
cause multisystem disorders with independent cardiac and endocrine manifestations [41].
Maternally inherited diabetes and deafness (MIDD), caused by the m.3243A>G mutation
in MT-TL1, is associated with hypertrophic or dilated cardiomyopathy in 15-30% of pa-
tients. Kearns-Sayre syndrome (large-scale mtDNA deletions) combines cardiac conduction
defects with diabetes, hypoparathyroidism, and growth hormone deficiency. MELAS syn-
drome similarly affects both cardiac and endocrine tissues. The ubiquitous requirement
for mitochondrial function explains the multi-organ involvement, with both cardiac and
endocrine tissues being highly energy-dependent.

5.5. Myotonic Dystrophy

Myotonic dystrophy type 1, caused by CTG repeat expansion in DMPK, demonstrates
pleiotropic effects on cardiac and endocrine systems [42]. Cardiac manifestations include
conduction defects, arrhythmias, and cardiomyopathy, while endocrine involvement en-
compasses testicular failure, insulin resistance, and thyroid dysfunction. The RNA toxicity
mechanism affects multiple tissues independently through sequestration of RNA-binding
proteins. Cardiac complications are a leading cause of mortality and require surveillance
independent of endocrine management.

5.6. Friedreich Ataxia

Friedreich ataxia, caused by GAA repeat expansion in FXN leading to frataxin de-
ficiency, results in hypertrophic cardiomyopathy in >90% of patients alongside diabetes
mellitus in 10-30% [43]. Both manifestations result from mitochondrial iron accumula-
tion and oxidative stress affecting high-energy tissues independently. Cardiomyopathy
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progression does not correlate with diabetes control, emphasizing the need for parallel
management strategies.

The genetic conditions demonstrating direct pleiotropic effects on cardiac and en-
docrine systems are summarized in Table 4.

Table 4. Genetic Conditions with Direct Pleiotropic Cardiac and Endocrine Manifestations.

- Cardiac Endocrine . Clinical
Condition/Gene Manifestations Manifestations Mechanism Implications
Lifelong cardiac
Carney complex Cardiac myxomas, = PPNAD, acromegaly, dPI:r[: I:J?;%cli‘gr?}iln surveillance
(PRKAR1A) arrhythmias thyroid nodules ysregual regardless of
multiple tissues .
endocrine control
Diabetes Early phlebotomy
Hemochromatosis Restrictive/dilated hvbogona di,sm Tissue iron prevents both;
(HFE) CM, arrhythmias ypogonadism, deposition monitor
hypothyroidism .
independently
MIDD/MELAS HCM, DCM, Diabetes, short Mitochondrial =y o 1al inheritance;
(mtDNA) conduction defects stature, dysfunction in variable expressivity
hypoparathyroidism  high-energy tissues
Myotonic dystrophy ~ Conduction defects, T est1§ular faﬂure, RN.A tox1c1ty Carcyac death
. insulin resistance, affecting multiple leading cause;
(DMPK) arrhythmias, CM . . . .o
thyroid dysfunction tissues anticipation
Friedreich ataxia Frataxin deficiency, CM progression
HCM (>90%) Diabetes (10-30%) mitochondprial iron independent of

(FXN)

accumulation

diabetes control

CM: cardiomyopathy; HCM: hypertrophic cardiomyopathy; DCM: dilated cardiomyopathy; PPNAD: primary
pigmented nodular adrenocortical disease; MIDD: maternally inherited diabetes and deafness; MELAS: mitochon-
drial encephalomyopathy, lactic acidosis, and stroke-like episodes; mtDNA: mitochondrial DNA.

6. Thyroid, Parathyroid Disorders, and Acromegaly
6.1. Thyroid Hormone and Cardiac Function

Thyroid hormones exert profound effects on the cardiovascular system through both
genomic and non-genomic mechanisms [44,45]. Genomic actions involve binding of thyroid
hormone receptors (TRs) to thyroid hormone response elements in target genes, regulating
the expression of myosin heavy chain isoforms, SERCA2a, phospholamban, and multiple
cardiac ion channels. Non-genomic effects include rapid modulation of ion channel activity,
vascular tone, endothelial function, and mitochondrial metabolism.

Hyperthyroidism induces a hyperdynamic circulatory state characterized by increased
cardiac output, reduced systemic vascular resistance, tachycardia, and, in chronic cases,
high-output heart failure and thyrotoxic cardiomyopathy [46]. Atrial fibrillation occurs in
approximately 10-25% of patients with overt hyperthyroidism, with prevalence increasing
markedly with age and underlying structural heart disease [47]. In contrast, hypothy-
roidism is associated with bradycardia, increased systemic vascular resistance, impaired
diastolic relaxation, and accelerated atherosclerosis.

Genetic determinants of thyroid hormone signaling modulate interindividual suscep-
tibility to cardiac involvement. Mutations in thyroid hormone receptor genes (’'HRA and
THRB) cause resistance to thyroid hormone (RTH) syndromes with distinct cardiac pheno-
types [48]. Patients with RTHf frequently exhibit tachycardia and atrial fibrillation despite
elevated circulating thyroid hormone levels, reflecting preserved myocardial sensitivity
to triiodothyronine (T3) in the presence of pituitary resistance [48,49]. Population-based
analyses have demonstrated an increased risk of atrial fibrillation and heart failure in RTH(
compared with matched controls [49].
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Local cardiac thyroid hormone availability is further regulated by type 2 iodothy-
ronine deiodinase (DIO2), which converts thyroxine (T4) to T3 within target tissues. A
common DIO2 polymorphism (Thr92Ala, rs225014), present in approximately 12-36% of
the population depending on ethnicity, reduces enzymatic activity and intracellular T3
generation [50,51]. This variant has been associated with hypertension and increased pulse
pressure [52], adverse cardiac remodeling after myocardial infarction [53], and increased
susceptibility to thyrotoxic cardiomyopathy in Graves’ disease [54].

6.2. Hyperparathyroidism and Cardiac Involvement

Primary hyperparathyroidism (PHPT) is associated with increased cardiovascular
morbidity and mortality, with cardiac complications representing a major contributor
to reduced life expectancy [55,56]. Cardiovascular manifestations include left ventricu-
lar hypertrophy, diastolic dysfunction, valvular and vascular calcifications, conduction
abnormalities, and arrhythmias.

Left ventricular hypertrophy has been reported in up to 80% of patients with symp-
tomatic PHPT, independent of blood pressure levels, suggesting direct myocardial effects of
parathyroid hormone (PTH) [57,58]. PTH acts on cardiac PTHI1 receptors, activating protein
kinase A and C pathways, increasing intracellular calcium and triggering calcineurin—
NFAT-dependent hypertrophic signaling [59]. Hypercalcemia further contributes to car-
diovascular pathology through vascular calcification, QT interval shortening, and altered
myocardial contractility [60].

The genetic basis of PHPT includes MEN1 mutations in multiple endocrine neoplasia
type 1, CDC73 mutations in hyperparathyroidism—jaw tumor syndrome, CASR muta-
tions affecting calcium sensing, GCM2 mutations in familial isolated PHPT, and CDKN1B
mutations in MEN4 [61]. Importantly, regression of left ventricular hypertrophy and im-
provement of diastolic function occur after successful parathyroidectomy, supporting a
direct hormonal effect [62].

6.3. Acromegaly

Acromegaly is characterized by a specific cardiomyopathy with biventricular con-
centric hypertrophy, diastolic dysfunction, and, in advanced stages, systolic impairment
and heart failure [63-65]. Cardiovascular disease remains the leading cause of mortality,
accounting for approximately 60% of deaths. Acromegalic cardiomyopathy is present in
20-90% of patients at diagnosis, depending on disease duration and severity [66].

The cardiomyopathy progresses through a hyperkinetic phase, an intermediate hy-
pertrophic phase, and a late dilated phase. Growth hormone (GH) and insulin-like
growth factor-1 (IGF-1) promote myocardial hypertrophy via PI3K/Akt, MAPK/ERK,
and JAK2/STATS5 signaling pathways [67].

Genetic predisposition accounts for approximately 5% of acromegaly cases. AIP
mutations explain 15-20% of familial isolated pituitary adenomas and are associated with
younger age at onset and aggressive disease [68]. Somatic GNAS mutations occur in 30—40%
of sporadic somatotropinomas [69]. Early biochemical control prevents or reverses cardiac
abnormalities [70].

7. Diabetic Cardiomyopathy

Diabetic cardiomyopathy is a distinct myocardial disorder occurring independently
of coronary artery disease, hypertension, and valvular disease [71,72]. Its prevalence is
estimated at 10-15% in carefully selected diabetic populations and increases with disease
duration and glycemic burden.
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Pathophysiology involves lipotoxicity, glucotoxicity, oxidative stress, inflammation,
impaired calcium handling, mitochondrial dysfunction, microvascular disease, and my-
ocardial fibrosis [73].

The TCF7L2 gene represents the strongest genetic risk factor for type 2 diabetes,
with the rs7903146 variant conferring approximately a 1.4-fold increased diabetes risk
per allele [74,75]. Beyond diabetes susceptibility, TCF7L2 variants are independently
associated with coronary artery disease and heart failure, suggesting direct cardiovascular
effects through modulation of Wnt signaling [76]. Monogenic diabetes forms (MODY),
particularly HNF1A, HNF4A, and GCK, show variable cardiac involvement [77]. Finally,
sodium-glucose cotransporter-2 (SGLT2) inhibitors have demonstrated robust reductions
in heart failure hospitalization [78].

8. Shared Genetic Pathways Across Endocrine Cardiomyopathies

Despite diverse hormonal triggers, endocrine-related cardiomyopathies converge on
common molecular pathways that promote cardiac remodeling, fibrosis, and electrical insta-
bility. Identification of these shared mechanisms has important translational implications,
as therapeutic strategies targeting these pathways may provide benefit across multiple
endocrine disorders [79].

8.1. TGF-Beta/SMAD Signaling

The transforming growth factor-f3 (TGF-f3)/SMAD signaling pathway is a central medi-
ator of myocardial fibrosis across several endocrine cardiomyopathies [80,81]. TGF-31 acti-
vates cardiac fibroblasts, stimulates extracellular matrix deposition, and promotes fibroblast-
to-myofibroblast transdifferentiation through phosphorylation and nuclear translocation of
SMAD2/3 [81].

In primary aldosteronism, aldosterone enhances TGF-{31 signaling via mineralocor-
ticoid receptor activation and reactive oxygen species generation. In diabetic cardiomy-
opathy, hyperglycemia induces TGF-f31 through advanced glycation end-products and
protein kinase C activation. In Cushing’s syndrome, chronic glucocorticoid excess activates
TGF-f signaling in cardiac tissue, contributing to progressive myocardial fibrosis. Genetic
polymorphisms in TGFB1, including —509C>T and +869T>C, influence TGF-f31 expres-
sion and may modulate individual susceptibility to fibrotic remodeling across endocrine
conditions [80-82].

8.2. Renin—-Angiotensin—Aldosterone System

The renin-angiotensin—-aldosterone system (RAAS) represents another convergent
pathway with established genetic modifiers influencing cardiac remodeling [83]. The
angiotensin-converting enzyme (ACE) insertion/deletion (I/D) polymorphism, particularly
the D allele, is associated with increased ACE activity. In primary aldosteronism, the DD
genotype correlates with more severe left ventricular hypertrophy independent of blood
pressure levels [84].

Additional variants, including the AGT M235T polymorphism and the AGTRI
A1166C variant, influence angiotensin II signaling and hypertrophic responses. The
CYP11B2 —344C>T polymorphism affects aldosterone synthase promoter activity and
contributes to interindividual variability in myocardial remodeling [83,84].

8.3. Oxidative Stress and Mitochondrial Dysfunction

Oxidative stress, mediated by NADPH oxidases (particularly NOX2 and NOX4) and
mitochondprial dysfunction, is a shared pathogenic mechanism across endocrine cardiomy-
opathies [80,81]. In pheochromocytoma, catecholamine auto-oxidation generates reac-
tive oxygen species that directly damage cardiomyocytes. In hyperthyroidism, increased
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metabolic demand enhances mitochondrial electron transport chain activity and reactive
oxygen species production. In diabetic cardiomyopathy, hyperglycemia promotes oxidative
stress through mitochondrial dysfunction, NADPH oxidase activation, and uncoupled
nitric oxide synthase [85-87].

Genetic variants in antioxidant defense pathways may modify susceptibility, including
SOD2 Alal6Val (mitochondrial import efficiency), CAT —262C>T (catalase expression), and
GPX1 Prol198Leu (glutathione peroxidase activity) [86,87].

8.4. Calcium Handling Abnormalities

Abnormal calcium handling represents a unifying mechanism underlying arrhyth-
mogenesis and contractile dysfunction across endocrine cardiomyopathies [88]. Variants
in RYR2 may predispose to catecholamine-triggered arrhythmias, particularly relevant in
pheochromocytoma where 3-adrenergic stimulation enhances ryanodine receptor opening.
PLN variants alter SERCAZ2a regulation and impair diastolic relaxation, while CACNAIC
variants affect L-type calcium channel function and excitation—contraction coupling. CASQ?2
variants disrupt sarcoplasmic reticulum calcium storage. The interaction between hormonal
excess and underlying calcium-handling gene variants may explain marked interindividual
variability in arrhythmic risk [88].

9. Genetic and Epigenetic Modifiers of Endocrine Cardiomyopathies
9.1. Sarcomeric Gene Modifiers

The marked phenotypic variability observed among patients with comparable en-
docrine disturbances suggests the presence of genetic modifiers influencing myocardial
vulnerability. Titin-truncating variants (TTNtv), present in approximately 20-25% of dilated
cardiomyopathy cases and in 1-3% of the general population, may remain clinically silent
but predispose to cardiac decompensation under metabolic or hormonal stress [89,90].

Patients harboring subclinical TTNtv may develop cardiomyopathy when exposed
to thyroid hormone excess, chronic catecholamine stimulation, glucocorticoid excess, or
metabolic derangements associated with diabetes. Similarly, variants in other sarcomeric
genes (MYH7, MYBPC3, TNNT?2) that are tolerated under basal conditions may become
pathogenic in the context of sustained endocrine stress. This “two-hit” model provides
a mechanistic explanation for the broad interindividual variability in cardiac phenotype
observed across endocrine cardiomyopathies [91].

9.2. MicroRNA Regulation

MicroRNAs (miRNAs) are key epigenetic regulators of cardiac gene expression, act-
ing through post-transcriptional repression or degradation of target mRNAs and orches-
trating complex regulatory networks involved in hypertrophy, fibrosis, and electrical
remodeling [92,93].

miR-133a is the most abundant cardiac-enriched miRNA and is consistently downreg-
ulated in diabetic cardiomyopathy across species [94,95]. miR-133a exerts cardioprotective
effects through inhibition of hypertrophic signaling (via RhoA, Cdc42, and WHSC2), sup-
pression of fibrosis by targeting connective tissue growth factor (CTGF) and TGF-1, and
regulation of DNA methylation through DNMT1 inhibition. Cardiac-specific overexpres-
sion of miR-133a in diabetic mouse models prevents myocardial remodeling, preserves
systolic function, and attenuates fibrosis [96], supporting its therapeutic potential.

miR-1 plays a central role in cardiac electrophysiology by regulating GJA1 (connexin-
43), KCNJ2 (Kir2.1), and calcium handling proteins, thereby modulating action potential
propagation and arrhythmia susceptibility [97]. Dysregulation of miR-1 in diabetic and
hyperthyroid hearts contributes to electrical instability.
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miR-21 is predominantly expressed in cardiac fibroblasts and promotes fibrosis
through activation of ERK-MAPK signaling by targeting Sproutyl, enhancing fibrob-
last survival and collagen synthesis [98,99]. In primary aldosteronism, aldosterone-
mediated upregulation of miR-21 contributes to mineralocorticoid-induced myocardial
fibrosis. Pharmacological inhibition of miR-21 has demonstrated antifibrotic effects in
preclinical models.

The miR-29 family (miR-29a/b/c) directly targets multiple extracellular matrix genes,
including COL1A1, COL1A2, COL3A1, FBN1, and ELN, and is suppressed by TGF-f3
signaling in diabetic cardiomyopathy, creating a feed-forward profibrotic loop [100]. miR-
208a/b, encoded within myosin heavy chain genes, regulates myosin isoform expression
and mediates thyroid hormone-dependent contractile remodeling [101].

9.3. DNA Methylation and Histone Modifications: An Integrated Framework

Beyond miRNA regulation, dynamic alterations in DNA methylation and histone
modifications contribute to endocrine cardiomyopathy pathogenesis [102]. These epigenetic
mechanisms operate across multiple endocrine conditions, creating a unifying framework
for understanding hormonal effects on cardiac gene expression.

In diabetic cardiomyopathy, hyperglycemia induces global and gene-specific methyla-
tion changes. Hypermethylation of cardioprotective gene promoters (SERCA2A, PGC-1«)
reduces their expression [103], while hypomethylation of inflammatory genes (IL-6, TNF-cx)
and profibrotic genes (CTGF, COL1A1) enhances their transcription. Importantly, these
epigenetic alterations persist despite subsequent glycemic normalization—a phenomenon
termed “metabolic memory”—which may explain why early intensive glycemic control
provides long-term cardiovascular benefits even after relaxation of glucose targets [104].

In primary aldosteronism, aldosterone induces epigenetic reprogramming of cardiac
fibroblasts through mineralocorticoid receptor-dependent mechanisms. DNA methylation
changes at profibrotic gene loci contribute to sustained fibroblast activation even after
aldosterone normalization. Histone modifications, particularly H3K4 methylation and
H3KO9 acetylation at fibrosis-related genes, are altered in aldosterone-exposed cardiac
tissue [105].

In Cushing’s syndrome, glucocorticoid-induced epigenetic changes affect cardiac
metabolism and protein turnover pathways. The glucocorticoid receptor recruits histone-
modifying enzymes to target gene promoters, and chronic exposure leads to sustained
chromatin remodeling that may not fully reverse after cortisol normalization [106].

Key mediators across endocrine conditions include: DNA methyltransferases (DNMT1,
DNMT3A, DNMT3B), which establish and maintain methylation patterns; TET demethy-
lases (TET1-3), which catalyze active demethylation; histone methyltransferases (SET7,
EZH2, G9a) and demethylases (LSD1, JMJD family); and histone acetyltransferases
(p300/CBP) and deacetylases (HDAC family) [107]. Histone deacetylase inhibitors have
demonstrated cardioprotective effects in experimental models of multiple endocrine car-
diomyopathies [108], suggesting therapeutic potential.

The clinical implications of epigenetic memory are substantial: (i) early aggressive
treatment of endocrine disorders may prevent irreversible epigenetic changes; (ii) per-
sistence of cardiac abnormalities after hormonal normalization may reflect established
epigenetic alterations; (iii) epigenetic biomarkers may help identify patients at risk for
incomplete cardiac recovery; and (iv) epigenetic-targeting therapies represent a novel
therapeutic avenue for endocrine cardiomyopathies.
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10. Ethnic and Population Differences

Substantial ethnic and population-specific differences exist in the genetic architecture
of endocrine cardiomyopathies, with important implications for diagnosis, risk stratifica-
tion, and implementation of precision medicine strategies [109,110]. Failure to account for
these differences may lead to underdiagnosis, misclassification of variants, and inequitable
access to targeted therapies.

10.1. Ethnic Differences in Primary Aldosteronism

Marked population differences are observed in the mutational landscape of aldosterone-
producing adenomas. KCNJ5 mutations occur in approximately 60-70% of APAs in
East Asian populations compared with 35-45% in European populations [111]. Clini-
cally, this translates into a higher prevalence of the classical KCNJ5 phenotype, charac-
terized by younger age at diagnosis, female predominance, larger adenomas, and higher
aldosterone secretion.

In contrast, CACNA1D mutation frequencies appear relatively consistent across popu-
lations, whereas ATP1A1 and ATP2B3 mutations are reported more frequently in European
cohorts [112]. These differences may influence population-specific screening strategies,
surgical decision-making, and expected postoperative cardiovascular recovery.

10.2. Ethnic Differences in Pheochromocytoma/Paraganglioma

Founder effects and population-specific variants are well documented in pheochromo-
cytoma and paraganglioma syndromes [113]. The SDHB c¢.72+1G>A splice-site mutation
represents a Dutch founder variant associated with aggressive disease, while SDHD D92Y
shows a strong founder effect in the Netherlands. Similarly, VHL type 2C clusters in
specific geographic regions due to founder effects, highlighting the importance of ancestry-
informed genetic counseling.

10.3. Disparities in Cardiomyopathy Genetic Testing

Genetic testing yield varies substantially by ancestry, reflecting historical biases in
genomic research datasets [114]. Detection rates for pathogenic cardiomyopathy vari-
ants are higher in individuals of European ancestry than in African ancestry popula-
tions, while variants of uncertain significance are two- to threefold more common in
underrepresented groups.

Landmark reclassification studies demonstrated that several variants initially labeled
pathogenic for hypertrophic cardiomyopathy were in fact benign population-specific
variants in African American cohorts [115]. These disparities are further amplified by
the disproportionate representation of European ancestry individuals in genome-wide
association studies.

11. Polygenic Risk Scores in Endocrine Cardiomyopathies
11.1. Principles of Polygenic Risk Scores

Polygenic risk scores aggregate the effects of numerous common genetic variants
identified through genome-wide association studies to estimate individual disease sus-
ceptibility [116,117]. Unlike monogenic testing, PRSs capture cumulative genetic risk and
may be particularly informative in endocrine cardiomyopathies characterized by marked
phenotypic variability.

11.2. Clinical Evidence and Validation

A recent American Heart Association scientific statement highlighted the indepen-
dent association of PRSs with cardiovascular outcomes and their incremental predictive
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value beyond traditional risk factors, while acknowledging current limitations in clinical
implementation [118]. In heart failure, validated PRSs demonstrate robust risk stratifica-
tion, with individuals in the highest genetic risk strata exhibiting substantially increased
incidence rates.

11.3. Application to Cardiomyopathies

In dilated cardiomyopathy, PRSs derived from large genome-wide association stud-
ies and cardiac magnetic resonance datasets discriminate cases from controls and cor-
relate with left ventricular structure and function [119,120]. The liability-threshold
model proposes that rare pathogenic variants and polygenic background jointly de-
termine disease expression [121]. Carriers of titin-truncating variants with high PRSs
exhibit markedly increased disease penetrance, a framework directly applicable to
endocrine cardiomyopathies.

11.4. Limitations and Future Directions

Current limitations include reduced PRS performance in non-European populations,
lack of randomized trials demonstrating clinical utility, and challenges related to clini-
cal integration. Future research priorities include development of multi-ancestry PRSs,
endocrine-specific risk models, and prospective trials of PRS-guided management.

12. Clinical Recommendations for Genetic Testing

Genetic testing in endocrine-related cardiomyopathies may be considered based on
clinical presentation, family history, and therapeutic implications. A condition-specific
approach is recommended, as summarized below (Table 5).

Table 5. Genetic Testing Recommendations by Endocrine Condition.

Condition Testing Indications Priority Genes Clinical Utility Specific .
Recommendations
PPGL ALL patients SDHx, VHL, RET, Metastatic risk; ifnla)aHiiJr:- ggsr;:gle
p NF1, MAX surveillance gmg; ¢
screening
Primary Early-onset, bilateral, = KCNJ5, CACNAID, Surgical planning; stif)rir;tllz tgiﬁgnog)r
Aldosteronism familial CLCN2 LV recovery & pecn
prognosis
., . Young onset, . ARMC5, MENI1, Syndrome diagnosis; PR RIA+: lifelong
Cushing’s Syndrome  bilateral, syndromic . cardiac echo for
PRKARIA screening
features myxomas
Pleiotropic Clinical suspicion; HFE, mtDNA, DMPK, Independent cardiac Carila;rrgl(;r;;tg;mg
Conditions family history FXN surveillance &

endocrine control

PPGL: pheochromocytoma/paraganglioma; LV: left ventricular; mtDNA: mitochondrial DNA.

For pheochromocytoma/paraganglioma, current guidelines recommend genetic test-
ing for ALL patients given the high rate of hereditary disease (approximately 40%) and
implications for surveillance and family screening [122]. Testing should include SDHx
genes (SDHA, SDHB, SDHC, SDHD, SDHAF2), VHL, RET, NF1, MAX, TMEM127, and FH.
SDHB-positive patients require intensified surveillance with annual whole-body imaging
given high metastatic risk.

For primary aldosteronism, genetic testing should be considered in: (i) early-onset
disease (<40 years); (ii) bilateral adrenal disease; (iii) family history of PA or early-onset
hypertension; (iv) familial hyperaldosteronism suspected. Priority genes include KCNJ5
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(somatic, for surgical planning), CLCN2, CACNA1H, and CACNA1D (germline, for fa-
milial forms). Somatic mutation status in surgical specimens may predict postoperative
cardiovascular recovery.

For Cushing’s syndrome, genetic testing indications include: (i) young onset;
(ii) bilateral adrenal disease; (iii) features suggesting syndromic disease (skin pigmen-
tation, myxomas). Consider PRKAR1A (Carney complex—requires cardiac surveillance for
myxomas), MEN1, ARMCS (bilateral macronodular hyperplasia).

For conditions with direct genetic pleiotropy (Carney complex, hemochromatosis,
mitochondrial disorders, myotonic dystrophy, Friedreich ataxia), genetic diagnosis has
immediate implications for cardiac surveillance regardless of endocrine disease status.
Cascade family screening is essential.

13. Precision Medicine and Therapeutic Implications

The integration of genetic information into clinical management enables more person-
alized treatment strategies. In primary aldosteronism, KCNJ5 mutation status may predict
response to adrenalectomy, with KCNJ5-positive patients showing greater improvement
in blood pressure control and left ventricular mass regression [123]. For pheochromocy-
toma/paraganglioma, genotype-directed surveillance protocols optimize screening inten-
sity based on tumor biology. SDHB mutation carriers require intensive surveillance with
annual imaging given high metastatic risk [124].

MicroRNA-based therapeutics represent a frontier in cardiovascular medicine. miR-
133a overexpression prevents diabetic cardiomyopathy in animal models, and clinical trials
of miRNA modulators are underway [125].

14. Knowledge Gaps and Future Research Directions

Despite significant advances in understanding the genetic basis of endocrine cardiomy-
opathies, important knowledge gaps remain that should guide future research priorities.

Long-term outcome studies are critically needed. Prospective studies must determine
whether genotype-based risk stratification improves cardiovascular outcomes in endocrine
disorders. Current evidence is largely observational, and randomized controlled trials
comparing genotype-guided versus standard management are essential to establish clinical
utility and inform reimbursement decisions.

Multi-ethnic cohorts are essential to address current disparities in genetic testing
utility. The overwhelming European bias in current genomic research limits the applica-
bility of findings to diverse populations. Large-scale studies enrolling participants from
African, Asian, Hispanic/Latino, and other ancestry groups are needed to develop ancestry-
appropriate reference databases, validate polygenic risk scores across populations, identify
population-specific variants and founder mutations, and ensure precision medicine benefits
extend to all populations.

Functional validation of variants of uncertain significance remains a major bottleneck.
Patient-derived induced pluripotent stem cell (iPSC) models enable functional testing
of variants in cardiomyocytes with the patient’s genetic background. CRISPR-based ap-
proaches allow systematic functional characterization of variants at scale. High-throughput
functional assays can generate evidence for variant reclassification.

Development of endocrine disease-specific polygenic risk scores represents an impor-
tant opportunity. Current cardiovascular PRSs were developed in general populations
and may not optimally predict risk in endocrine patient populations. Endocrine-specific
PRSs incorporating hormone-responsive genetic variants and tissue-specific effects could
improve risk prediction.
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Multi-omics integration combining transcriptomic, proteomic, metabolomic, and
epigenomic data with genomic information will provide comprehensive understanding of
disease mechanisms and enable network-based approaches to drug discovery and identify
new therapeutic targets.

15. Conclusions

The genetic basis of endocrine-related cardiomyopathies is increasingly recognized
as a key determinant of disease expression, severity, and therapeutic response. In this
review, we propose a conceptual framework distinguishing three major categories of ge-
netic involvement: variants causing the primary endocrinopathy with secondary cardiac
effects, genetic modifiers of myocardial susceptibility, and direct pleiotropic effects whereby
single gene variants independently drive both endocrine and cardiac phenotypes. This
framework has important implications for genetic counseling, surveillance strategies, and
clinical decision-making. Somatic mutations in hormone-producing tumors influence not
only endocrine phenotype but also cardiovascular outcomes, as exemplified by KCNJ5
in primary aldosteronism and SDHx in pheochromocytoma. Moreover, shared molecu-
lar pathways—including TGF-f3/SMAD signaling, renin—-angiotensin—aldosterone system
activation, oxidative stress, and abnormalities in calcium handling—represent potential
therapeutic targets that extend across specific endocrine diagnoses. Sarcomeric gene modi-
fiers and epigenetic mechanisms, particularly microRNAs and DNA methylation changes
contributing to metabolic memory, add further layers of complexity to phenotypic expres-
sion and help explain interindividual variability in disease severity. Recognition of direct
genetic pleiotropy in conditions such as Carney complex, hereditary hemochromatosis,
mitochondrial disorders, and myotonic dystrophy underscores that cardiac involvement
may progress independently of endocrine disease control, thereby necessitating lifelong
cardiac surveillance.

Ethnic differences in genetic architecture have important implications for genetic
testing strategies and emphasize the need for broader representation in genomic research.
Polygenic risk scores show promise for risk stratification but require further validation
across diverse populations.

Finally, the implementation of genetic testing in clinical practice is steadily advancing,
with established recommendations for pheochromocytoma/paraganglioma and evolving
guidance for other endocrine conditions. As precision medicine approaches continue to
mature, the integration of genetic, clinical, biochemical, and imaging data will enable
more refined risk stratification, more individualized treatment strategies, and ultimately
improved outcomes for patients with endocrine-related cardiomyopathies.
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