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Abstract

Obesity, sleep-disordered breathing (SDB), and epicardial adipose tissue (EAT) are increasingly
recognized as interconnected contributors to cardiometabolic and cardiovascular disease, although
they are often addressed as distinct clinical conditions. This narrative review aims to integrate current
evidence on the reciprocal pathophysiological interactions linking these entities and their
contribution to cardiovascular remodeling. A comprehensive literature search up to May 2025 was
performed, focusing on clinical, imaging, and mechanistic studies examining obesity, SDB, EAT, and
cardiovascular outcomes. Available data indicate that obesity promotes visceral and epicardial fat
expansion, systemic inflammation, and altered cardiopulmonary mechanics, thereby facilitating the
development of SDB. In turn, intermittent hypoxia and sympathetic activation associated with SDB
further aggravate adipose tissue dysfunction and inflammatory activation of EAT. As a metabolically
active fat depot in direct anatomical continuity with the myocardium and coronary arteries, EAT
contributes to myocardial fibrosis, atrial remodeling, diastolic dysfunction, and coronary
atherosclerosis through paracrine inflammatory and neurohumoral pathways. The convergence of
these mechanisms delineates a high-risk cardiometabolic phenotype associated with atrial
fibrillation, coronary artery disease, and heart failure with preserved ejection fraction. Recognizing
obesity, SDB, and EAT as components of an integrated cardiometabolic system may support
improved phenotypic stratification and inform more comprehensive approaches to residual
cardiovascular risk.

Keywords: cardiometabolic phenotype; epicardial adipose tissue; sleep-disordered breathing;
obesity; cardiovascular remodeling; inflammation

1. Introduction

Cardiovascular disease remains the leading cause of morbidity and mortality worldwide,
accounting for nearly 19 million deaths each year [1]. Despite substantial advances in preventive and
therapeutic strategies, a significant proportion of patients continues to experience adverse
cardiovascular events, highlighting the persistence of residual cardiovascular risk. Over recent
decades, the global burden of cardiometabolic disease has increased markedly, driven largely by the
rising prevalence of obesity and its metabolic consequences [2]. In parallel, obstructive sleep apnea
(OSA), the most common manifestation of sleep-disordered breathing (SDB), has emerged as a highly
prevalent condition, particularly among individuals with obesity and patients with heart failure with
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preserved ejection fraction (HFpEF) [3]. At the same time, advances in cardiovascular imaging have
facilitated the recognition of epicardial adipose tissue (EAT) as an active biological compartment
rather than a passive fat depot [4], with population-based data demonstrating a progressive increase
in EAT burden over recent decades in parallel with obesity rates [5].

These three conditions—obesity, SDB, and EAT —are increasingly understood as interconnected
components of a cardiometabolic continuum rather than isolated risk factors [6].

Each exerts independent effects on cardiovascular structure and function; however, their
coexistence appears to amplify myocardial injury, diastolic dysfunction, and arrhythmogenic
remodeling, accelerating the development of HFpEF, atrial fibrillation, and coronary artery disease
[7]. Importantly, these conditions contribute to mechanisms of cardiovascular risk that are not fully
addressed by conventional therapies, providing a plausible biological basis for residual
cardiovascular risk [8,9]. Obesity promotes chronic low-grade inflammation, insulin resistance, and
hemodynamic overload, while simultaneously favoring SDB and EAT expansion [10]. In turn, SDB
introduces recurrent intermittent hypoxia and sympathetic activation, further aggravating metabolic
dysregulation and adipose tissue dysfunction [11,12].

Within this framework, EAT emerges as a critical biological interface linking systemic metabolic
disturbances to local myocardial and vascular injury. Through its pro-inflammatory and profibrotic
secretome, EAT may mediate adverse cardiac remodeling and contribute to the development of atrial
fibrillation, coronary atherosclerosis, and HFpEF. The reciprocal interactions among obesity, SDB,
and EAT define a distinct high-risk cardiometabolic phenotype increasingly encountered in clinical
practice (Figure 1).

Epicardial adipose tissue
Obesity

tLocal pro-inflammatory mediators
4HFpEF
4Coranary artery disease (CAD)
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4systemic inflammation
4insuline resistance
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Figure 1. The cardiometabolic triad: interplay of obesity, sleep-disordered breathing, and epicardial adipose
tissue.

Importantly, inter-individual variability in inflammatory signaling, adipose tissue biology, and
cardiometabolic susceptibility suggests that this phenotype may represent a biologically
heterogeneous entity rather than a uniform clinical condition. At the same time, emerging therapies—
including sodium-glucose co-transporter-2 inhibitors (SGLT2i), glucagon-like peptide-1 receptor
agonists (GLP-1RA), and dual incretin agonists such as tirzepatide—have demonstrated the potential
to favorably modulate multiple components of this pathological network [13-15].

By framing obesity, SDB, and EAT as an integrated cardiometabolic system, this review aims to
synthesize current evidence on their shared pathophysiological pathways and cardiovascular
consequences, highlighting opportunities for improved phenotypic stratification and more
comprehensive therapeutic strategies in cardiometabolic disease.
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2. Obesity and Its Cardiometabolic Impact

Obesity is not merely a condition of excess body weight but a complex disorder characterized
by profound alterations in adipose tissue biology and systemic metabolic regulation [16].
Hypertrophic and dysfunctional adipocytes exhibit a pro-inflammatory phenotype, releasing
cytokines such as interleukin-6 and tumor necrosis factor-a while downregulating protective
adipokines, including adiponectin [17]. This imbalance promotes a state of chronic low-grade
inflammation—often referred to as metaflammation—that contributes to insulin resistance,
endothelial dysfunction, and vascular stiffness, thereby accelerating atherosclerosis and adverse
cardiac remodeling. These systemic alterations also favor the disproportionate expansion of visceral
fat depots, including EAT, linking obesity directly to local cardiac injury [18].

Excess adiposity is strongly associated with SDB, particularly OSA. Fat accumulation in the
upper airway and surrounding structures reduces airway patency and impairs neuromuscular
control, explaining why body mass index remains one of the strongest predictors of SDB severity
[19]. Importantly, this relationship is bidirectional: intermittent hypoxia and sympathetic activation
associated with SDB worsen metabolic control and promote further weight gain, establishing a self-
reinforcing pathological loop [20].

The cardiovascular consequences of obesity extend beyond traditional risk factors. Large-scale
analyses demonstrate a robust association between increasing body mass index and atrial fibrillation,
with a linear rise in risk across weight categories [21]. Similarly, obesity represents one of the
strongest predictors of heart failure with preserved ejection fraction, with population-based studies
reporting hazard ratios consistently exceeding those observed for many traditional cardiovascular
risk factors [22,23]. These observations support the concept that obesity orchestrates a convergence
of metabolic, inflammatory, and hemodynamic stressors that promote diastolic dysfunction, atrial
remodeling, and arrhythmogenesis [24,25].

From a therapeutic perspective, obesity is increasingly recognized as a modifiable upstream
determinant of cardiometabolic disease. Lifestyle-induced weight reduction has been shown to
improve diastolic function, reduce atrial fibrillation burden, and decrease EAT thickness [26].
Pharmacological strategies capable of achieving more substantial weight loss, including glucagon-
like peptide-1 receptor agonists and dual incretin agonists such as tirzepatide, produce marked
reductions in visceral adiposity and are associated with favorable changes in cardiac structure and
function [27-29]. Sodium—glucose co-transporter-2 inhibitors further contribute to cardiovascular
protection, partly through effects on ectopic fat depots and systemic inflammation [30]. Notably, the
SELECT trial provided definitive evidence that treating obesity itself reduces major adverse
cardiovascular events, establishing obesity as a causal and therapeutically actionable driver of
cardiovascular risk [31].

Collectively, these findings position obesity as a central upstream component of the
cardiometabolic triad. By promoting both SDB and EAT expansion and independently increasing
susceptibility to atrial fibrillation and HFpEF, obesity defines a biological substrate that shapes a
high-risk cardiometabolic phenotype.

3. Sleep-Disordered Breathing

SDB represents a central component of the cardiometabolic triad, positioned at the intersection
between obesity-related metabolic dysfunction and cardiovascular disease. Among its clinical
phenotypes, OSA is the most prevalent and is strongly associated with excess adiposity [32]. In
individuals with obesity, fat deposition in the upper airway and surrounding soft tissues reduces
pharyngeal lumen size and impairs neuromuscular control, predisposing to recurrent airway
collapse during sleep [33]. Each obstructive event initiates a cascade of pathophysiological
responses —including intermittent hypoxia, reoxygenation injury, intrathoracic pressure swings, and
sympathetic activation—that exert systemic and cardiac effects extending well beyond nocturnal
breathing disturbances [34] (Figure 2).
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Figure 2. Polygraphic report in a patient with severe OSA, demonstrating repetitive respiratory events
associated with oxygen desaturation.

At the cardiometabolic level, intermittent hypoxia promotes oxidative stress, endothelial
dysfunction, and metabolic dysregulation, thereby aggravating insulin resistance and adipose tissue
inflammation [35]. These mechanisms contribute to structural and functional cardiac remodeling
through oxidative stress, autonomic imbalance, and inflammation-driven myocardial injury, including
atrial enlargement, myocardial fibrosis, and impaired ventricular relaxation, creating a substrate for
atrial fibrillation and HFpEF [36]. When SDB coexists with expanded and inflamed EAT, the combined
paracrine and neurohumoral milieu further amplifies myocardial injury and coronary atherosclerosis
[37]. Clinically, this overlap is common, with a high prevalence of OSA observed in patients with
HFpEF and other forms of heart failure, reflecting shared pathophysiological drivers [38].

Continuous positive airway pressure (CPAP) remains the standard therapy for OSA, effectively
reducing airway obstruction and nocturnal hypoxemia [39]. However, large randomized trials have
failed to demonstrate consistent reductions in major cardiovascular events, largely due to limited
long-term adherence [40,41]. As a result, attention has shifted toward pharmacological strategies
capable of modulating upstream cardiometabolic mechanisms. SGLT2i may indirectly reduce SDB
severity through effects on visceral fat, fluid redistribution, and sympathetic tone [42], while
neurohormonal modulation with angiotensin receptor-neprilysin inhibitors has been associated with
improvements in apnea severity in heart failure populations [43]. More recently, substantial weight
loss achieved with GLP-1RA and dual incretin agonists such as tirzepatide has been shown to
significantly improve OSA severity, supporting the concept that targeting obesity-related
mechanisms may modify the downstream consequences of SDB [44,45].

Taken together, these findings support the view that SDB is not merely a comorbidity but an
active pathophysiological mediator within the cardiometabolic triad. Its contribution to
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cardiovascular remodeling appears to be tightly linked to metabolic dysfunction, adipose tissue
inflammation, and autonomic imbalance, reinforcing the need for integrated strategies that address
the shared biological substrates underlying cardiometabolic disease.

4. Epicardial Adipose Tissue

EAT has evolved from being regarded as a passive fat depot to a metabolically active organ with
direct implications for cardiovascular structure and function [46]. Located between the visceral
pericardium and the myocardium, EAT shares the coronary blood supply and exhibits direct
anatomical continuity with the underlying heart and coronary arteries [47]. This unique localization
enables close biological interaction with adjacent tissues, allowing EAT-derived mediators to
influence myocardial and vascular biology through paracrine and vasocrine signaling [48]. Under
physiological conditions, EAT contributes to myocardial energy homeostasis and thermoregulation
[49]. In obesity and cardiometabolic disease, however, EAT expands in volume and undergoes a
phenotypic shift toward a pro-inflammatory and pro-fibrotic state [50].

Pathological EAT is characterized by an altered secretome, with increased release of
inflammatory cytokines and chemokines and reduced secretion of protective adipokines [51]. These
changes promote myocardial fibrosis, impair diastolic relaxation, and increase arrhythmogenic
susceptibility, particularly at the atrial level [52]. Pericoronary EAT further contributes to
atherosclerosis and plaque vulnerability through localized inflammatory signaling, reinforcing the
link between adipose tissue dysfunction and coronary artery disease [53]. Clinically, increased EAT
burden has been consistently associated with atrial fibrillation, coronary artery disease, and heart
failure with preserved ejection fraction [54].

Advances in cardiovascular imaging have enabled the non-invasive quantification of EAT,
facilitating its integration into clinical and research settings. Transthoracic echocardiography allows
simple measurement of EAT thickness, with values exceeding 5 mm associated with increased
cardiovascular risk [55] (Figure 3). Computed tomography provides accurate volumetric assessment and
demonstrates strong correlations between EAT burden, coronary calcification, and adverse
cardiovascular outcomes [56]. Cardiac magnetic resonance imaging is considered the reference standard
for EAT quantification, offering high spatial resolution and the ability to simultaneously assess
myocardial structure and function, although its routine use is limited by cost and availability [57].

CARDIO TIS0.3 MI1.3
X5-1
S6Hz g p M1

12cm

"+ Dist 1.21em
9

Figure 3. Parasternal long-axis echocardiographic views showing epicardial adipose tissue as a hypoechoic layer

between the right ventricular free wall and the visceral pericardium.
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Beyond risk stratification, EAT is increasingly recognized as a modifiable therapeutic target.
Weight reduction achieved through lifestyle interventions is associated with significant decreases in
EAT thickness and improvements in cardiac function [58-60]. Pharmacological therapies, including
glucagon-like peptide-1 receptor agonists and sodium-glucose co-transporter-2 inhibitors, have
demonstrated consistent reductions in EAT volume alongside favorable metabolic and inflammatory
effects [61,62]. Emerging data suggest that regression of EAT may reflect broader improvements in
cardiometabolic health, although definitive evidence linking EAT reduction to improved clinical
outcomes remains limited [63].

Collectively, these findings support the role of EAT as a key biological mediator within the
cardiometabolic triad. By linking systemic metabolic dysfunction to local myocardial and vascular
injury, EAT contributes to a distinct cardiometabolic phenotype characterized by structural
remodeling and heightened cardiovascular risk.

The main pathophysiological mechanisms and cardiovascular consequences associated with
obesity, SDB, and EAT are summarized in Table 1.

Table 1. Pathophysiological mechanisms and cardiovascular effects of obesity, sleep-disordered breathing, and

epicardial adipose tissue.

Cardi lar effect
Systemic inflammation

OSA/SDB
1 sympathetic tone, oxidative
stress, endothelial
dysfunction; worsens insulin
resistance and lipid
metabolism

EAT
Pro-inflammatory secretome
(IL-6, TNF-a, MCP-1); ¥
adiponectin; promotes
vascular inflammation,
myocardial fibrosis and
arrhythmogenesis

Obesity
+ IL-6, TNF-q;
Vv adiponectin;
metaflammation; insulin
resistance; dyslipidemia

Insulin resistance and
metabolism

Hemodynamic load

Cardiac remodeling

Atrial fibrillation

HFpEF

Coronary artery disease

Residual risk

Strong driver of insulin
resistance, dyslipidemia

1 Blood volume, cardiac
output, and BP; LV
hypertrophy and diastolic
dysfunction

Concentric LV hypertrophy,
diastolic dysfunction, atrial
enlargement

1 Risk (linear with BMI)

One of the strongest risk
factor

Accelerates atherosclerosis
via dyslipidemia and
inflammation

Persists despite standard
therapy

Worsens insulin sensitivity,
alters lipid metabolism

Intrathoracic pressure swings
>

+ preload/afterload

Atrial stretch, LV diastolic
dysfunction from pressure
swings

+ Risk via hypoxia,
sympathetic surges, atrial
dilation

Common in HFpEF (~50%
prevalence); CSA may arise
in HF

Promotes endothelial
dysfunction, plaque
instability

Not fully addressed by CPAP
(adherence issues)

Impairs glucose uptake,
promotes metabolic
dysregulation

Mechanical constraint less
relevant
(paracrine/endocrine effects
dominate)

Fibrosis, impaired relaxation
via paracrine signaling

1 Riskvia local inflammation
and atrial fibrosis

Expanded EAT associated
with impaired relaxation, ®
filling pressures
Pericoronary EAT = local
inflammation, plaque
vulnerability

EAT is measurable and
potentially modifiable;
candidate therapeutic target
and biomarker

5. Therapeutic Limitations and Future Directions

The recognition of obesity, SDB, and EAT as an interconnected cardiometabolic triad provides a
compelling framework for integrated prevention and treatment strategies; however, several
therapeutic limitations remain. Current guideline-directed cardiovascular therapies primarily target
downstream manifestations of disease, such as hypertension, dyslipidemia, and ischemia, while
leaving upstream metabolic and inflammatory substrates largely unaddressed. As a result, residual
cardiovascular risk persists despite optimal standard care.

Over the past decade, pharmacological agents with pleiotropic metabolic effects —particularly
sodium—glucose co-transporter-2 inhibitors and glucagon-like peptide-1 receptor agonists—have
demonstrated consistent benefits across a range of cardiometabolic conditions, including reductions
in visceral and epicardial fat and improvements in cardiovascular outcomes [64]. The emergence of
dual incretin agonists such as tirzepatide, and the development of next-generation multi-agonist
compounds, further expand the therapeutic landscape by targeting multiple metabolic and
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neurohumoral pathways simultaneously [65,66]. Nevertheless, the long-term cardiovascular safety,
cost-effectiveness, and generalizability of these agents across diverse patient populations require
further evaluation.

Important gaps in evidence also persist. Most data linking EAT burden to adverse
cardiovascular outcomes derive from observational studies or relatively small interventional cohorts,
limiting causal inference. Similarly, large randomized trials of continuous positive airway pressure
therapy in SDB have failed to demonstrate consistent reductions in major cardiovascular events,
likely reflecting suboptimal adherence and patient heterogeneity. Although newer metabolic
therapies improve surrogate markers such as EAT volume and apnea severity, it remains uncertain
whether these changes translate into sustained reductions in atrial fibrillation recurrence, heart
failure progression, or coronary events.

Future research should prioritize outcome-driven trials that integrate metabolic, respiratory,
and cardiovascular endpoints, rather than focusing on single-disease frameworks. Advances in
cardiovascular imaging and biomarker discovery may enable refined phenotypic stratification,
identifying patients most likely to benefit from targeted interventions. Ultimately, disrupting the
cardiometabolic triad will require a shift toward personalized, multimodal strategies that address
shared biological pathways underlying obesity, SDB, and EAT, thereby moving from risk recognition
to effective risk modification.

6. Conclusions

The convergence of obesity, sleep-disordered breathing, and epicardial adipose tissue defines a
cardiometabolic triad that contributes to cardiovascular remodeling through interconnected
metabolic, inflammatory, and neurohumoral mechanisms. Rather than acting as isolated
comorbidities, these conditions reinforce one another, promoting myocardial fibrosis, diastolic
dysfunction, atrial remodeling, and coronary atherosclerosis, thereby sustaining residual
cardiovascular risk despite guideline-directed therapy.

Within this framework, epicardial adipose tissue emerges as a key biological interface linking
systemic metabolic dysfunction to local cardiac and vascular injury. Its close anatomical proximity to
the myocardium and coronary arteries, coupled with its pro-inflammatory secretome in pathological
states, supports its role as both a mediator of disease and a potential marker of cardiometabolic risk.
Similarly, sleep-disordered breathing amplifies metabolic and autonomic disturbances, further
aggravating adipose tissue dysfunction and cardiac remodeling.

The cardiometabolic triad should therefore be regarded as a distinct high-risk phenotype rather
than a coincidental clustering of conditions. This conceptual shift has important clinical implications,
suggesting that effective cardiovascular risk reduction may require integrated strategies targeting
excess adiposity, sleep-related pathophysiology, and adipose tissue biology simultaneously.
Emerging metabolic therapies and advances in cardiovascular imaging offer promising tools to
address these shared pathways, although robust outcome-driven evidence remains limited.

In conclusion, recognizing obesity, sleep-disordered breathing, and epicardial adipose tissue as
components of a unified cardiometabolic system provides a pathophysiological basis for improved
phenotypic stratification and more comprehensive approaches to cardiovascular disease prevention
and management.
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Abbreviations

The following abbreviations are used in this manuscript:

AF Atrial fibrillation

AHI Apnea-hypopnea index

BMI Body mass index

CAD Coronary artery disease

CPAP Continuous positive airway pressure

CSA Central sleep apnea

EAT Epicardial adipose tissue

GLP-1RA  Glucagon-like peptide-1 receptor agonist
HFpEF Heart failure with preserved ejection fraction
MACE Major adverse cardiovascular events
MCP-1 Monocyte chemoattractant protein-1

OSA Obstructive sleep apnea

SGLT2i Sodium-glucose co-transporter-2 inhibitor
TNF-a Tumor necrosis factor-a
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