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Abstract

Epicardial adipose tissue (EAT) is a distinct form of visceral adipose tissue that lies within
the pericardium and directly adjacent to the myocardium. Individuals with type 2 diabetes
mellitus (T2DM) exhibit excessive and metabolically active EAT, which contributes to
the development of early diabetic myocardial disease, formerly referred to as diabetic
cardiomyopathy. Recent studies have demonstrated that excess EAT is characterized by
a proinflammatory profile that may adversely affect the underlying myocardium, lead-
ing to impaired diastolic and systolic function. In this review, we discuss the role of
excessive EAT as a source of proinflammatory and profibrotic cytokines that influence
adjacent ventricular and atrial myocardium through local tissue crosstalk. In addition to
metabolic alterations, enlarged EAT induces hemodynamic changes that result in pericar-
dial constraint and enhanced ventricular interdependence, both of which are hallmarks of
diabetic pericardial disease. We further analyze the interplay among T2DM, inflammation,
obesity, and increased EAT on the one hand, and myocardial dysfunction characterized
by myocardial stiffness, elevated filling pressures, and diastolic and systolic dysfunction
on the other. We emphasize that the distinct immunometabolic activity of perivascular
adipose tissue may lead to a paradigm shift in the understanding of coronary artery disease,
moving from a predominantly endoluminal to an exoluminal perspective. A wide range
of dietary, lifestyle, and pharmacological interventions are available within this emerging
diabeto-cardiometabolic continuum, each with a potential role; however, the timing of
intervention is crucial. This review also explores the potential effects of antidiabetic and
other pharmacological agents that modulate EAT thickness, volume, and/or activity, and
discusses directions for future mechanistic and clinical research.

Keywords: epicardial adipose tissue; diabetic heart disease; type 2 diabetes; heart failure;
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Medicina 2026, 62, 1402

https://doi.org/10.3390 /medicina62071402


https://crossmark.crossref.org/dialog?doi=10.3390/medicina62071402&domain=pdf&date_stamp=2026-07-20
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/medicina
https://www.mdpi.com
https://orcid.org/0000-0003-0095-2987
https://orcid.org/0000-0002-2587-1932
https://orcid.org/0000-0002-7060-8375
https://orcid.org/0000-0003-2036-3645
https://orcid.org/0000-0003-1754-6299
https://orcid.org/0000-0001-8629-3008
https://orcid.org/0000-0003-0750-9785
https://doi.org/10.3390/medicina62071402

Medicina 2026, 62, 1402

2 of 30

1. Introduction
1.1. EAT’s Distinctive Metabolic Profile

Epicardial adipose tissue (EAT) is a separate form of visceral adipose tissue (VAT)
located between the myocardium and the visceral layer of the pericardium (epicardium).
Since EAT lacks a fascial boundary from the underlying myocardium, these tissues share the
same microcirculation. In addition to paracrine and vasocrine activity, EAT may function as
an endocrine organ, which can increase inflammatory burden in affected individuals [1,2].
As opposed to subcutaneous adipose tissue (SAT), EAT contains thickened connective
tissue septa with dense inflammatory cell infiltrates that extend to the fat lobules [3].
EAT is characterized by the presence of T lymphocytes, macrophages, and mast cells,
differentiating it from SAT [3]. EAT exhibits a distinct gene expression profile that suggests
its role as a local source of adipokines, which influence the myocardium through paracrine
signaling [4]. The tissue’s distribution near cardiac structures, particularly with 75%
located adjacent to the right ventricle, suggests that EAT may have significant effects on
this region [5]. Variations in EAT transcriptome and proteome across different anatomical
sites imply diverse impacts on cardiac health, potentially leading to various cardiovascular
(CV) complications [4,6,7]. In type 2 diabetes mellitus (T2DM), EAT shows increased levels
of advanced glycation end products (AGEs) and their receptors (RAGEs), which contribute
to oxidative stress and amplify its atherogenic properties [8]. Notably, AGEs, rather
than glucose, are shown to elevate interleukin (IL)-6 expression [9]. The transcriptome
of EAT in T2DM patients differs significantly from that of SAT, highlighting heightened
involvement of innate immune response and lipid metabolism pathways, primarily driven
by the AGE-RAGE signaling mechanism [8]. In contrast, the gene profiles of SAT from
T2DM and non-T2DM individuals are largely comparable, underscoring the pivotal role of
inflammatory signaling in the pathophysiology of EAT transformation.

1.2. EAT’s Physiologic Role and Its Pathologic Transformation

EAT is a major source of energy and free fatty acids (FFA) for the adjacent myocardium.
During early development, it provides thermogenic function similar to brown adipose
tissue (BAT). Prior imaging studies have shown that BAT is associated with optimal fat dis-
tribution and lower prevalence of T2DM independently of total or regional adiposity [10].
Later in life, EAT acts as a buffer supplying the myocardium with FFA but also preventing
excess fatty acid influx [11]. However, under pathological conditions, EAT can affect the
myocardium through excessive and abnormal lipid influx. The “cardio-lipotoxicity” of
the EAT is complex and involves different pathways, such as increased inflammation,
the infiltration of lipid intermediates, mitochondrial dysfunction, and oxidative stress,
ultimately leading to cardiomyocyte dysfunction and coronary artery ischemia (Figure 1).
These changes can contribute to the pathogenesis of various cardio-metabolic diseases
including T2DM, atrial fibrillation (AF), coronary artery disease (CAD), and heart fail-
ure (HF), namely HF with preserved ejection fraction (HFpEF), which will be discussed
later. Genetic, epigenetic, and environmental factors can initiate a transformation from a
protective to a maladaptive form of EAT, promoting the proinflammatory and profibrotic
phenotype. Epidemiological data have linked circulating levels of inflammatory cytokines,
such as IL-6 and tumor necrosis factor (TNF)-« or their hepatic product, C-reactive protein,
with long-term CV risk in apparently healthy populations as well as those with already
established CAD [12-14]. In addition to a vascular origin, these inflammatory mediators
may also derive from remote extravascular sources (i.e., endocrine), thus providing a mech-
anistic explanation for increased CV risk in certain populations, such as insulin-resistant
individuals who manifest hypersecretion of cytokines from adipose tissue [15,16]. Since
adipose tissue expresses TNF-o and IL-6, it may cause obesity-related insulin resistance.
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Figure 1. EAT’s pathologic transformation.

Taken together, growing evidence suggests that EAT is not merely a passive fat depot,
but a metabolically active and proinflammatory tissue that contributes to myocardial dys-
function through local inflammatory, profibrotic, and mechanical interactions, particularly
in the setting of T2DM. Given its emerging role in the diabeto-cardiometabolic continuum
and its potential as a therapeutic target, we conducted a comprehensive review of the cur-
rent literature to better define the pathophysiological mechanisms and clinical implications
of EAT.

1.3. Literature Search

Although this manuscript is not intended as a systematic review, a detailed protocol
for the search strategy of this review was developed prospectively, specifying objectives,
study selection criteria, outcomes, and statistical methods. To detect all available studies
on the association between CV disease and EAT, a systematic search was conducted in
the electronic databases (PubMed, Web of Science, and Scopus). The search string applied
to PubMed was the following: (Epicardial Adipose Tissue OR EAT) AND (thickness OR
volume) AND (Diabetes mellitus type 2 OR T2DM OR Obesity OR HFpEF OR heart failure
OR AFib OR atrial fibrillation OR CAD OR coronary artery disease OR VT OR ventricular
tachycardia). To detect all available studies on the association between cardiometabolic
drug effects and EAT, a systematic search was conducted in the electronic databases
(PubMed, Web of Science, and Scopus). The search string applied to PubMed was the
following: (Epicardial Adipose Tissue OR EAT OR EAT modulation OR EAT therapy)
AND (thickness OR volume) AND (Diabetes mellitus type 2 OR T2DM) AND (glucagon-
like peptide 1 OR GLP-1 OR GLP1 OR GLP1-agonist OR GLP-1 RA OR sodium glucose
cotransporter 2 OR sodium-glucose co-transporter-2 OR SGLT2 OR SGLT-2 OR SGLT2-
Inhibitors OR metformin OR thiazolidinediones OR glitazones OR dipeptidyl peptidase-4
inhibitors OR DPP-4 inhibitors OR sulfonylureas OR glinides OR insulin OR statin OR
colhicine OR PCSK9i OR RAAS inhibitors OR trimetazidine OR diet OR body weight OR
physical activity OR hypoxia OR obstructive sleep apnea). The last search was performed
in June 2026.

2. Excessive EAT-Related Disease
2.1. Obesity

Obesity is a growing epidemic worldwide and is a major risk factor for T2DM,
metabolic dysfunction-associated steatotic liver disease (MASLD), and CV disease. These
diseases are associated with accumulation of lipids in non-adipose tissues (i.e., ectopic
lipids). Excessive lipid accumulation in cells other than adipocytes, so-called “ectopic” cells,
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can ultimately lead to apoptotic cell death. Ectopic lipid accumulation in cells and tissues is
accompanied by activation of oxidative, endoplasmic reticulum (ER), and proinflammatory
stress pathways, as well as accumulation of lipid intermediates such as diacylglycerol and
ceramides [17-20]. This lipid overload can impact various cellular signaling pathways and
functions that have been referred to as “lipotoxic” [21]. Moreover, all these changes lead to
a vicious circle created by the promotion of systemic inflammation resulting in further EAT
accumulation, which in turn promotes local inflammation [22]. Necrotic white adipose
tissue, a hallmark of obesity, is a driving force of macrophage infiltration. Over 90% of
adipocyte tissue macrophages have been shown to accumulate and surround apoptotic
adipocytes, forming a crown-like structure that is associated with increased TNF-« and
IL-6 secretion [23,24]. Adipose tissue-derived TNF-o promotes endothelial dysfunction
by making endothelial cells more receptive to inflammatory cells, and also displaying a
more proinflammatory secretome, epitomized by IL-6 secretion [25]. Adipocyte-derived
TNF-« acts mainly in an autocrine fashion, impairing signaling via the insulin receptor and
increasing lipolysis with the subsequent release of non-esterified fatty acids that contribute
to insulin resistance in the peripheral tissues. In contrast, IL-6 accentuates systemic low-
grade inflammation and hepatic production of C-reactive protein and inhibits lipoprotein
lipase [26]. In addition to adipokines secreted by adipocytes, lipotoxicity-induced changes
in protein secretion include hepatokines, myokines, cardiokines, and osteokines secreted by
hepatocytes, skeletal muscle cells, cardiac cells, and osteoblasts, respectively [21]. Future
investigations are needed to clarify whether there are unified responses in protein secretion
in order to protect other tissues against further metabolic stress in case of lipotoxicity, or
whether these changes in cytokine secretion in fact promote further metabolic deterioration.

2.2. T2DM

There is a strong correlation between obesity and insulin resistance. This is proven in
both individuals with T2DM and without T2DM, and the risk of T2DM increases 11-fold as
the body mass index (BMI) increases from 20 to 30 [27,28]. The pathogenesis of insulin resis-
tance is directly associated with chronic low-grade inflammation during obesity, which, in
turn, promotes gradual and sustained molecular profile changes in the adipose tissue [29].
Although insulin resistance accompanies all obese individuals, the degree of insulin resis-
tance is variable, and the relations between obesity, T2DM, and insulin resistance are not
completely elucidated. Obesity-related insulin resistance may be attributed to proinflamma-
tory cytokines secreted by adipose tissue that make some individuals more insulin resistant
than others. Obesity-promoted adipose tissue hyperplasia and hypertrophy are often asso-
ciated with an increased secretion of adipose tissue-derived cytokines-adipokines. The first
‘adipokine” described to be produced from adipose tissue was the aforementioned TNF-«,
which is elevated in obesity and contributes to obesity-associated metabolic disease [30].
Clinical studies have shown that individuals with obesity have increased serum levels
of TNF-« that decline with weight loss [31]. As an important step for a comprehensive
understanding of T2DM development, the authors of a quantitative proteomics study
proposed the crucial role of TNF-« overexpression [32]. This study provides insight into
crosstalk between molecular mechanisms engaged in disrupting insulin signaling and
other inflammatory pathways by TNF-« that causes dynamic changes in the proteome
landscape of adipocytes chronically treated with TNF-o. Future investigations should
elucidate potential therapeutic targets for insulin resistance and T2DM. The study results
confirmed that the overexpression of cytokines directly correlated with macrophage re-
cruitment, particularly macrophage migration inhibitory factor [32,33]. As a result, T2DM
is a paradigm of chronic, mostly low-grade inflammatory metabolic disease. The related
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cardiac conditions, namely diabetic myocardial disorder and diabetic pericardial disorder,
will be discussed later.

Throughout the researched literature, most individuals with T2DM were over-
weight/obese, as defined by a BMI > 25 kg/m?. However, unlike EAT, normal weight is
not a direct measure of adiposity based on BMI. EAT is a marker of visceral adiposity, which
represents a risk factor for the development of T2DM and CV complications attributed to
adiposity. The inability of BMI to reflect cardiometabolic risk is partly related to the fact
that BMI alone is an insufficient biomarker of total body, and especially, central abdominal
fat mass. Additionally, BMI does not account for the extreme variation in VAT distribution
in the population.

Therefore, future investigations of EAT’s role in CV risk estimation and EAT’s me-
diation in disease progression should focus on anthropometric measures, such as waist
circumference, waist-to-height ratio, and height-to-EAT ratio, when describing the popula-
tion of interest. Furthermore, corresponding EAT reference values should be established
in order to encompass gathered knowledge, and to identify different specific groups of
patients in the trajectory of the EAT-BMI correlation, which could redefine obesity itself.

2.3. CAD

Experimental laboratory investigations, comprehensive characterization of human
vascular lesions, as well as myriad studies have all provided abundant evidence that
inflammation plays a central role in the development and progression of atherosclerosis [34].
The signaling that originates from the vessel lumen or at the endothelial surface plays a
cardinal role in the development of atherosclerotic lesions. There is growing evidence that
changes in the perivascular tissues could also alter vascular homeostasis, which was initially
established for the coronary arteries of the T2DM-porcine model and confirmed by the
T2DM rat model, where perivascular adipose dysfunction contributed to oxidative stress,
inflammation, endothelial dysfunction, and vasoconstriction [9,35]. EAT could contribute
to CAD by macrophage activation, innate inflammatory response, oxidative stress, and
plaque destabilization [3]. Mazurek et al. demonstrated significantly higher expression
of chemokine (monocyte chemotactic protein [MCP]-1) and inflammatory cytokines (IL-6,
IL-13, and TNF-o) in EAT than in SAT in patients with established CAD [3]. In this study,
EAT was collected near the proximal right coronary artery, and SAT was collected from
the leg near the vein harvesting. Since this study showed significantly higher levels of
investigated inflammatory mediators in EAT versus SAT, these findings illustrate regional
proinflammatory properties of EAT. Conversely, plasma inflammatory biomarkers may not
adequately reflect local tissue inflammation, so further studies are needed to establish novel
non-invasively obtained (plasma) biomarkers. Since EAT inflammation was independent
of obesity and T2DM in individuals with CAD in this study, it is possible that inflammation
itself plays a crucial role by tissue crosstalk [3]. Perivascular adipose tissue could shift the
endoluminal paradigm to the extraluminal, highlighting the need for a better understanding
of comprehensive vascular biology. A recent cohort study results show that EAT volume
was significantly associated with stress-induced myocardial ischemia in asymptomatic
individuals with T2DM, and this association remained significant after controlling for
gender, T2DM duration, peripheral macrovascular disease, and coronary artery calcium
(CACQ) score [36]. An Italian study involving individuals with systolic HF demonstrated a
highly significant correlation between EAT thickness and the degree of cardiac sympathetic
denervation [37,38]. In this context, it would be of particular interest to further investigate
the potential relationship between EAT and silent ischemia in individuals with T2DM.
Multiple pathways contribute to accelerated coronary atherosclerosis in T2DM, including
increased oxidative stress and inflammatory burden. Emerging evidence indicates an
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active interplay between dysfunctional fat cells, visceral adiposity and T2DM-related
coronary atherosclerosis [39]. However, the impact of T2DM on the EAT transcriptome in
patients with CAD has not been sufficiently well elucidated so far. Firstly, the number of
patients in former studies was relatively small (EAT samples were usually taken during
CABG surgery), and heterogeneous due to co-existing chronic illnesses. Secondly, most
of the studies used the microarray technique, whereas whole transcriptome sequencing
analysis (RNA-seq) of EAT was seldom done. RNA-seq has several advantages over
microarray, such as encompassing the whole transcriptome, allowing for the analysis of
novel transcripts, splice junctions and noncoding RNAs. A study exploring the rat model
of myocardial infarction proposed the EAT/microRNA (miRNA) axis as a new pathological
mechanism involved in adverse myocardial remodeling, manifesting pathologically as
myocardial hypertrophy and fibrosis [40]. A recent study of patients undergoing cardiac
surgery confirmed that human EAT-derived miRNAs exert paracrine effects on the human
heart, which improves the myocardial redox state and is associated with improved clinical
outcomes [41]. However, the exact time and type of (non)pharmacological intervention in
order to improve myocardial metabolism remains to be established.

2.4. AF

The hallmark of AF is atrial structural remodeling, primarily fibrosis, which results
from excessive extracellular matrix (ECM) production by fibroblasts. Among multiple mech-
anistic possibilities, the metabolically active EAT has emerged as a potentially important
factor involved in atrial remodeling [42]. A study in patients undergoing aorto-coronary
bypass surgery showed that EAT infiltrates adjacent atrial myocardium, affects atrial con-
duction, and may trigger AF [43]. EAT secretome induces ECM gene expression in atrial
fibroblasts and contains abundant myeloperoxidase (MPO), which is the most increased
protein in the EAT secretome of patients with AF [44]. This study emphasizes an important
association between EAT neutrophil activity and the fibrotic substrate of AF. Atrial EAT is
a neutrophil-rich tissue that secretes numerous profibrotic molecules, including increased
MPO in AF patients; hence, MPO may serve as a marker of structural remodeling in AF [45].
Given that EAT MPO was already increased in patients who had developed AF during
the study follow-up, compared to patients who did not develop AF during the follow-up,
atrial EAT may play a role in the formation of the arrhythmogenic substrate. Therefore,
both neutrophils and MPO are promising targets for future research regarding arrhythmia
prevention or therapy. The volume of EAT has been identified as an independent risk factor
for the onset, severity, and recurrence of AF [45]. Obesity is associated with greater atrial
conduction abnormalities and an increasingly remodeled atrial substrate that predisposes
to AF [46]. However, whether obesity alone is responsible for all the electropathological
abnormalities related to AF and to what extent this effect is mediated by EAT remains to be
further investigated.

25.VT

Increased EAT thickness, as measured by ultrasound, is associated with fragmented
QRS waves and prolonged QRS wave duration, suggesting its potential role in slowing
ventricular conduction and promoting re-entry [47]. Increased EAT volume, as measured
by computed tomography (CT), is associated with frequent premature ventricular contrac-
tions [48]. The connection between EAT and arrhythmias is proposed to occur through
several mechanisms: (1) increased EAT may act as a physical barrier, slowing activation
and altering cardiac electrophysiology, (2) EAT deposition may trigger lipid overload and
the production of reactive oxygen species, contributing to both early and delayed after-
depolarizations, and (3) adipokines released by EAT may promote fibrosis and electrical
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remodeling [49,50]. A higher EAT, as measured by cardiac magnetic resonance (CMR), may
be associated with ventricular tachycardia (VT) recurrence among individuals undergoing
VT ablation [51]. Future research should focus on exploring the mechanisms by which EAT
influences VT incidence, identifying biomarkers for EAT-related VT risk, and evaluating the
efficacy of pharmacological interventions targeting EAT in reducing VT risk. Additionally,
the association between EAT infiltration into the myocardium and sudden cardiac death
has yet to be fully clarified.

3. Diabetic Heart Disease

Previously known as diabetic cardiomyopathy, diabetic heart disease implies struc-
tural and functional changes in heart muscle that develop and progress independently
of concomitant macrovascular and microvascular diabetic complications. Histologically,
this disorder is characterized by the development of myocardial fibrosis, cardiomyocyte
hypertrophy, and apoptosis. Pathophysiologically, this entity is characterized by a myriad
of impaired contractility /relaxation, interstitial fibrosis, dysregulated autophagy, microvas-
cular dysfunction and impaired neuromodulation [52].

3.1. Diabetic Myocardial Disorder

Diabetic myocardial disorder is defined as systolic and/or diastolic myocardial dys-
function in the presence of diabetes [53]. Diabetes is seldom solely responsible for my-
ocardial dysfunction, but usually acts in association with comorbidities, such as arterial
hypertension, obesity, chronic kidney disease, CAD, and/or dyslipidemia, causing additive
myocardial dysfunction. Several potential mechanisms contributing to the development
of HF in T2DM include renin—angiotensin—aldosterone system (RAAS) activation, mito-
chondrial dysfunction, oxidative stress, inflammation, changes in intracellular calcium
homeostasis, increased formation of AGEs, and myocardial energy substrate alterations
including increased FFA utilization, decreased glucose utilization, and increased oxygen
consumption, resulting in decreased cardiac efficiency [54-56]. Despite meticulous control
of metabolic risk factors in T2DM (e.g., elevated HbAlc, BMI, hypertension, dyslipidemia),
diastolic dysfunction remains in the absence of left ventricular remodeling or systolic im-
pairment [57]. The optimal approach to timely recognize and diagnose diabetic myocardial
disorder and to manage accordingly remains to be established.

3.2. Diabetic Pericardial Disorder

Previous systematic review and meta-analysis showed a significantly larger EAT in
individuals with T2DM than non-T2DM individuals [58]. Whether EAT enlargement itself
promotes maladaptive cardiac remodeling, or whether excessive EAT develops unfavor-
able metabolic changes in order to promote myocardial remodeling, is a matter of further
investigation. A recently proposed syntagma “diabetic pericardial disorder” includes both
unfavorable metabolic and hemodynamic effects of EAT with resulting primarily diastolic
left ventricular dysfunction, but also impaired systolic function, both of which contribute
to a higher risk of incident HF in patients with T2DM [59]. Different mechanisms of EAT
involvement in the HFpEF syndrome have been investigated in a study by van Woerden
et al. [60]. Two essential concepts of EAT involvement in HFpEF have been proposed.
The first is related to infiltration of EAT into the adjacent myocardium, which disrupts
myocardial architecture, stimulates myocardial thickening, and promotes diastolic dysfunc-
tion [43]. These changes are linked with the release of proteins that disrupt intermyocyte
adhesion, modulate cellular metabolism, and increase inflammation. The second concept
of EAT involvement with HFpEF comprises a mechanical effect of thickened EAT similar
to that of constrictive pericarditis. Specifically, if a pericardial dilatation is non-congruent
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with EAT expansion, the adjacent myocardium cannot further dilate in cases of demanding
hemodynamic conditions due to limited pericardial pliability. Increased EAT volume,
surrounded by a relatively stiff pericardial sac, constrains the myocardium, resulting in
diastolic dysfunction and elevated left ventricular filling pressure. In this context, in-
vasive hemodynamic testing in individuals with HFpEF and thickened EAT confirmed
an increased left ventricular eccentricity index, indicating that increased left and right
ventricular coupling is directly related to excessive EAT thickness due to pericardial con-
straint [61,62]. The clinical implications demand prompt focus on therapeutic weight loss,
thereby reducing circulating plasma volume and unloading the restricted and constrained
heart. Moreover, weight loss is associated with a reduction in EAT in obesity-related HF-
pEF [63]. Notably, aforementioned studies involving invasive hemodynamic testing were
performed with individuals in the supine position, which could exaggerate the mechanical
effects of EAT [61,62]. In the supine position, increased venous return and elevated cardiac
filling pressures can amplify the constrictive effects exerted by epicardial and pericardial
structures. On the other hand, individuals with excess EAT might be better responders
to novel therapies targeting weight loss. Since HFpEF is a heterogeneous syndrome, phe-
notyping individuals with HFpEF into several pathophysiologically homogenous groups
may enable better targeting of treatment.

The prevention of clinical HF remains a major challenge in the treatment of pa-
tients with T2DM. Among this population, patients with asymptomatic cardiac struc-
tural/functional abnormalities represent a group with the greatest potential to benefit from
early treatment. Considering the distinctive property of EAT having a shared microcircula-
tion with the underlying myocardium, excessive EAT may serve as a marker of diabetic
pericardial disorder with corresponding metabolic and hemodynamic implications.

4. EAT’s Impact on Myocardial Function

Diastolic dysfunction often precedes systolic dysfunction because diastole is an active,
highly energy-dependent process, while systole is a cruder, muscle-driven contraction
that can rely on compensatory mechanisms for a longer period of time. However, few
studies have evaluated the effects on systolic and diastolic function separately. Instead,
they evaluated early signs of heart failure, namely diastolic dysfunction. In study by Koepp
et al., individuals with excess EAT, defined as EAT thickness >9 mm measured on the
free wall of the right ventricle (RV) by echocardiography in the parasternal long-axis view,
showed similar left ventricle (LV) dimensions, volumes, mass, left ventricular ejection
fraction (LVEF), global longitudinal strain (GLS), and diastolic chamber stiffness, compared
to individuals without excess EAT [62]. Conversely, estimated LV filling pressures assessed
by the E/¢’ ratio tended to be greater in patients with excess EAT. Although the study
focused on the obese phenotype of HFpEF defined by BMI 30 kg/m? and found that
mean BMI was higher in individuals with excess EAT compared with patients without
excess EAT, these results are potentially confounded by discrimination between excess EAT,
elevated BMI, larger general adiposity, and their permutation. Another study found that,
compared to both non-obese HFpEF and controls, individuals with obese HFpEF (defined
as BMI > 35kg/m?) displayed increased EAT thickness and greater total epicardial heart
volume [64]. Epicardial fat thickness was 20 and 50% higher in obese HFpEF as compared
to non-obese HFpEF and controls, respectively [64].

4.1. EAT’s Impact Primarily on Systolic Heart Disease

In a study of asymptomatic T2DM individuals with matched controls, T2DM was an
independent predictor for impaired GLS, systolic strain rate, and early diastolic strain rate
on multiple linear regression analysis. In this early diabetic myocardial disorder, LV longi-
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tudinal systolic and diastolic function were impaired, but the circumferential and radial
functions were preserved [65]. These subclinical abnormalities in contractility are widely
considered a precursor to the onset of clinical HF in T2DM. The mechanistic pathways
described for EAT’s influence on impaired myocardial mechanics, epitomized by strain
parameters, before changes in EF become apparent, are emerging. In a longitudinal study of
individuals without HF, CMR-measured EAT thickness over the RV free wall was correlated
with GLS impairment [66]. Furthermore, thickened EAT was associated with a higher risk
of incident HF, and NT-proBNP and GLS had a mediating effect for the association between
EAT thickness and HF risk. Another study of 170 individuals with suspected CAD showed
that, besides being a predictor of CAD severity, CT-measured EAT volume was significantly
positively correlated with GLS [67]. In this study, EAT volume was also an independent
predictor of LV diastolic dysfunction. A recent study of 68 individuals with dyspnea and
signs of diastolic dysfunction confirmed an association between excess EAT volume by
CMR and impaired atrial strain at rest and during exercise stress, and impaired ventricular
strain during exercise stress [68]. In this study, regionally increased EAT was independently
associated with functional impairment of the adjacent chambers. Moreover, since individ-
uals with higher total EAT volume had impaired biventricular diastolic function during
exercise stress only, while atrial strain was reduced already at rest, it could be regarded
as an early sign of subclinical decompensation. Atrial muscular strength is weaker with
less capacity to compensate for additional external pressure load induced by excessive
EAT. Finally, atrial functional impairment precedes ventricular decompensation, which
emphasizes the role of the atrium in diastolic dysfunction, and later in systolic dysfunction.

4.2. EAT’s Impact Primarily on Diastolic Heart Disease

This risk for diastolic dysfunction and negative impact on LV geometry due to in-
creased EAT thickness was found to be present in early adolescence, but also in adults
without CAD [69,70]. Notably, there was no association between EAT thickness and LV
ejection fraction. Individuals with normal systolic function and excess EAT volume had
a reduced left atrial volume index (LAVI), lower E/e’ and E/A (p = 0.01), reduced €’ lat-
eral and €’ septal, compared to individuals with lower EAT [71]. As late-diastolic a’ by
tissue Doppler echocardiography reduces, reflecting further deterioration of LV compli-
ance, while LAVI progressively increases, LAVI/a’ is a potential additive tool for detecting
raised LV end-diastolic pressure [72]. In a study of individuals with chronic coronary
syndrome and preserved LVEEF, the authors showed that CT-measured EAT volume index
(EAT volume divided by body surface area) correlated significantly with LAVI/a’ [73].
This study demonstrated that EAT volume index, and not CAD, was a robust predictor of
LV diastolic dysfunction. A meta-analysis of 19 studies showed that EAT volume quan-
tified by CT was associated with LA dilation, LV hypertrophy, and diastolic dysfunction
defined by a higher E/¢’ ratio, lower E’ velocity, and E/ A ratio, independently of BMI [74].
Patients with diastolic dysfunction and increased EAT show more pronounced signs of
diastolic dysfunction and adverse structural remodeling, in particular in the atria [68].
Echo-measured EAT thickness is significantly associated with LV diastolic dysfunction in
T2DM patients in comparison to individuals without T2DM, indicating a more intimate
relation to the myocardium associated with functional myocardial measures in T2DM [75].
Beyond myocardial stiffening, the important role in diastolic dysfunction is attributed
to pericardial constraint. Since EAT is located directly adjacent to the myocardium, the
presence of excess EAT, which is competing for space in a poorly pliable pericardial sac,
might result in impaired diastolic function in cases of hemodynamic demand. The resulting
elevated filling pressures and enhanced ventricular interdependence are a common finding
in individuals with HFpEF who typically have abundant EAT [64]. Since excessive EAT is
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also attributed to T2DM, further studies should focus

on early hemodynamic changes to

enlighten early diabetic pericardial disorder in this group of patients. Figure 2 represents

the impact of EAT on diastolic dysfunction.

Excessive EAT

e i _

Adjacent myocardial tissue

EAT infiltration, Inflammation, Interstitial fibrosis _

Diastolic dysfunction

Figure 2. Diastolic dysfunction and EAT.

5. Non-Pharmacological Modulation of EAT

The phenotype of EAT is dynamic and can be influenced by a range of environmental
and lifestyle-related factors. Several external determinants contribute to increases in EAT

volume and thickness, often accompanied by enhanced

inflammatory signaling. Modifying

these factors may therefore represent a relevant strategy for mitigating the adverse CV
effects associated with EAT, although it remains uncertain whether such interventions exert
direct effects on EAT or act indirectly through overall improvement in cardiometabolic
risk. Notably, most studies investigating non-pharmacological approaches have not been

conducted exclusively in populations with diabetes mellitus (DM) and primarily rely on

imaging-based assessments of EAT, with limited mechanistic exploration. Key targets
for lifestyle-based modulation are outlined below, together with Figure 3 comprising the
non-pharmacological and pharmacological strategies of EAT modulation.
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Figure 3. EAT modulation.
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5.1. Body Weight Control

As noted earlier, EAT represents a metabolically active visceral fat whose behavior
cannot be fully understood through global measures of obesity alone. Although obesity
is commonly defined using anthropometric indices such as BMI, this approach does not
capture the biological heterogeneity of adipose tissue distribution. In contrast, adiposity re-
flects both the quantity and functional characteristics of individual fat depots. Among these,
VAT is particularly relevant due to its high lipolytic activity and pro-inflammatory secretory
profile, which contribute to systemic insulin resistance and cardiometabolic dysfunction.
EAT shares these properties of visceral fat but differs functionally due to its anatomical
proximity to the myocardium and coronary arteries, enabling direct local signaling effects
on cardiac tissue, acting locally as a transducer of systemic inflammation [59].

Longitudinal imaging data indicate that EAT is not a fixed structure but responds
to changes in systemic adiposity. Shifts in body weight, waist circumference, and BMI
have been shown to be accompanied by corresponding changes in epicardial fat volume,
supporting the concept that EAT appears to reflect systemic adiposity and metabolic status
rather than acting independently [76]. More definitive evidence arises from interventional
settings. Marked weight reduction, particularly following bariatric surgery, consistently
leads to a decline in EAT alongside reverse cardiac remodeling and improvement in
metabolic parameters. These findings collectively support the reversibility of epicardial fat
under conditions of sustained negative energy balance [77-80]. Long-term observational
evidence further suggests that reductions in visceral fat compartments, including EAT, are
associated with sustained metabolic benefit over extended follow-up periods, underscoring
its relevance as a modifiable cardiometabolic target [81]. Importantly, EAT does not appear
to respond uniformly across all intervention types or time scales. In contrast to VAT and
SAT, short-term lifestyle interventions may induce marked changes in peripheral fat depots
without measurable modification of epicardial fat, suggesting a slower turnover rate and a
degree of metabolic inertia specific to this depot [82].

From a clinical perspective, these observations are particularly relevant in DM, where
dysfunctional adipose tissue expansion contributes to myocardial remodeling, impaired
metabolic signaling, and progressive CV injury. Consequently, reduction in EAT through
weight control may represent a mechanistic link between lifestyle-induced adiposity re-
duction and improvement in myocardial structure and function in patients with elevated
cardiometabolic risk.

5.2. Diet

Dietary patterns represent an important modifiable component in the regulation of
cardiometabolic risk, particularly in conditions such as obesity, DM, hypertension, and
dyslipidemia, all of which are closely linked to alterations in EAT [83]. Rather than acting
solely through caloric restriction, dietary composition influences systemic inflammation,
insulin sensitivity, and visceral fat distribution, thereby indirectly modulating EAT.

Current CV prevention guidelines advocate adherence to a Mediterranean dietary
pattern, which is characterized by high intake of plant-based foods, olive oil, and fish,
and low consumption of processed products. This dietary pattern has been consistently
associated with reduced visceral adiposity and improved metabolic profile, although
specific data on EAT remain relatively limited [84]. Emerging evidence suggests that
dietary quality may also influence epicardial fat directly. In a substudy of patients with
AF undergoing ablation, higher adherence to the Mediterranean diet was associated with
lower EAT volume, supporting a link between dietary pattern and this specific visceral
fat depot [85].
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Beyond dietary patterns, supplements, specific bioactive compounds (bioflavonoids)
and nutraceutical approaches may contribute to metabolic improvement, particularly in
prediabetes and diabetes. Although their direct effects on EAT remain under investiga-
tion, their beneficial influence on glycemic control and systemic inflammation suggests
a plausible indirect role in modulating epicardial fat accumulation [86]. Vitamin D has
been investigated in relation to adipose tissue distribution and cardiometabolic risk, with
some studies showing reductions in visceral fat and improvements in insulin resistance,
glycemic control, and selected lipid profiles with vitamin D supplementation. However,
interventional data specifically addressing EAT are scarce and inconsistent, and therefore
vitamin D supplementation should currently be considered a potentially relevant but not
yet established strategy for EAT modulation [87].

Overall, dietary interventions may influence EAT through systemic improvement in
metabolic and inflammatory status, which in turn reshapes visceral fat distribution.

5.3. Physical Activity

Physical activity is another key determinant of cardiometabolic health, with growing
evidence supporting its role in the regulation of cardiac fat depots, including EAT. Most
available data derive from heterogeneous populations rather than individuals with diabetes
alone but consistently suggest that structured exercise interventions can modify epicardial
fat accumulation [88-92]. Both aerobic and resistance training modalities appear capable
of reducing EAT, suggesting that overall energy expenditure and metabolic activation
rather than exercise type alone may be the key determinant. This is supported by short-
term intervention data showing that different exercise strategies, including high-intensity
interval training and moderate continuous training, lead to reductions in EAT volume
regardless of exercise modality. Importantly, baseline EAT levels tend to be higher in
metabolically impaired individuals, indicating that initial metabolic status may influence
the magnitude of response [93].

In summary, physical activity may influence EAT through multiple pathways, in-
cluding improved systemic lipid oxidation, enhanced insulin sensitivity, and reduced
low-grade inflammation and oxidative stress, all of which contribute to reduced visceral
fat accumulation.

5.4. Smoking Cessation

Smoking represents a well-established modifiable CV risk factor and remains a key
target in both primary and secondary prevention of cardiometabolic disease. Beyond its
systemic vascular effects, smoking has also been associated with increased EAT accumu-
lation in clinical populations, including patients with metabolic syndrome, hypertension,
and DM. Imaging studies using CT and echocardiography consistently report higher EAT
volume or thickness in smokers compared with non-smokers, suggesting a relationship
between tobacco exposure and visceral fat distribution [94-96]. This association is likely me-
diated through smoking-induced systemic inflammation, oxidative stress, and endothelial
dysfunction, which collectively promote visceral fat dysregulation. Accordingly, smoking
cessation may contribute not only to vascular protection but also to reduced visceral fat,
including EAT accumulation.

5.5. Hypoxic Burden Control

Obstructive sleep apnea (OSA) represents another important condition linking lifestyle-
related factors with cardiometabolic dysfunction and altered fat distribution. Obesity is a
major risk factor for OSA, which is characterized by recurrent episodes of upper airway
obstruction during sleep leading to intermittent hypoxia and reoxygenation cycles [97,98].
In this context, EAT has been identified as a metabolically active visceral fat depot that
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may represent a potential mechanistic link between OSA and CV disease [99]. Traditionally,
OSA severity has been assessed using the apnea—-hypopnea index (AHI); however, this
measure does not fully capture the physiological burden of nocturnal hypoxia. More
recently, hypoxic burden—defined as the cumulative magnitude and duration of oxy-
gen desaturation—has emerged as a more robust predictor of CV risk and end-organ
effects [100]. Intermittent hypoxia contributes to sympathetic activation, vascular dys-
function, and systemic metabolic disturbances, thereby promoting insulin resistance and
cardiometabolic dysregulation [101]. These processes are closely linked to increased vis-
ceral adiposity, including expansion of EAT, as well as hepatic steatosis, hypertension, and
impaired glucose metabolism [102]. Importantly, therapeutic strategies targeting nocturnal
hypoxia appear capable of modifying cardiometabolic risk profiles. Continuous positive
airway pressure (CPAP) therapy has been associated with reductions in EAT thickness and
improvements in metabolic and vascular parameters, supporting a potential reversibility of
hypoxia-driven adipose tissue dysfunction [103]. Nevertheless, optimal management likely
requires a multifactorial approach combining weight reduction, regular physical activity,
breathing interventions, and CPAP therapy.

Overall, these lifestyle-related factors—energy imbalance, dietary composition, physi-
cal inactivity, tobacco exposure, and intermittent hypoxia—converge on shared pathways
involving systemic inflammation, oxidative stress, insulin resistance, and visceral fat dys-
function. Their convergence further supports a multifactorial model of EAT regulation. In
conclusion, EAT emerges as a metabolically sensitive visceral fat that integrates environ-
mental and cardiometabolic signaling, thereby representing a modifiable interface between
lifestyle factors and cardiac function and not just a marker of CV disease.

6. Pharmacological EAT Modulation in Diabetes
6.1. Overview of Antidiabetic Therapy and EAT

Glycemic control in Type 1 Diabetes (T1DM) is primarily achieved through insulin
therapy, whereas pharmacological management of T2DM is considerably more complex.
This complexity arises from the increasing number of available agents with diverse mech-
anisms of action, whose effective clinical use requires a thorough understanding of their
benefits as well as potential adverse effects. CV risk assessment plays a key role in selecting
appropriate therapy for patients with T2DM, as drug classes differ substantially in both
mechanisms and safety profiles. Consequently, novel antidiabetic agents undergo rigorous
regulatory evaluation to ensure CV safety [104]. Effective management of DM is essential
for preventing and delaying its complications. However, although EAT thickness and
volume are markedly increased in DM, the mechanisms linking antidiabetic therapy to
EAT modulation remain incompletely understood [83,105,106].

Patients with T2DM commonly present with abdominal obesity and increased visceral
adiposity, including EAT. This phenotype is strongly associated with a higher risk of HFpEF.
Moreover, antihyperglycemic therapies associated with weight gain have been linked to an
increased risk of HF in clinical studies, potentially mediated by drug-induced adipogene-
sis [107-109]. In this context, EAT represents a pathophysiological link between metabolic
dysfunction and HFpEF progression. Since EAT contributes to the pathophysiology of
T2DM, it may represent a promising therapeutic target in CV risk reduction. However, no
treatments that specifically target EAT metabolism and/or its reduction have been proven
effective to date.

Insulin and non-insulin therapies used in the management of T2DM, with potential
effect (both positive and negative) on EAT, are discussed in the following sections.

1. Metformin, a biguanide, has long been regarded as the first-line therapy for type
2 diabetes, in conjunction with dietary modification, weight reduction, and regular
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physical activity. Its primary mechanisms include suppression of hepatic glucose
production through inhibition of gluconeogenesis and glycogenolysis, along with
improved peripheral insulin sensitivity. As monotherapy, metformin exerts a potent
glucose-lowering effect in a dose-dependent manner, with a low risk of hypoglycemia.
Dose adjustment is required in accordance with renal function, and its use is con-
traindicated in patients with a glomerular filtration rate below 30 mL/min/1.73 m?,
as well as in diabetic ketoacidosis, conditions associated with tissue hypoxia, and
hepatic insufficiency [110,111]. Metformin has been shown to significantly reduce EAT
thickness. Clinical studies report that 3 months of metformin monotherapy decreases
EAT in both newly diagnosed T2DM patients and obese children with insulin resis-
tance [112,113]. Beyond structural changes, metformin also influences EAT-related
cardiac risk. Since EAT contributes to AF development, its reduction is clinically
relevant. In parallel, metformin improves atrial electromechanical delay—a predictor
of arrhythmias—suggesting a protective electrophysiological effect [113].

Mechanistically, metformin exerts pleiotropic effects-modulates EAT biology through

anti-inflammatory and metabolic pathways. It activates AMPK and enhances PPARy

expression, leading to reduced oxidative stress, inhibition of NF-kB signaling, and increased

adiponectin release. Additionally, metformin suppresses pro-inflammatory cytokines such

as IL-6 and TNF-«. These changes promote anti-inflammatory and antioxidative effects,

improving atrial remodeling [114-119]. Nevertheless, in the study of Iacobellis et al.,

metformin was not effective in reducing EAT thickness after 3-6 months of therapy in
patients with T2DM, which highlights the need for further investigations [120].

2.

Thiazolidinediones (glitazones; TZDs) are oral antidiabetic agents that enhance in-
sulin sensitivity in the liver, adipose tissue, and skeletal muscle via activation of the
nuclear transcription factor PPAR-y. They also reduce hepatic glucose production
and provide effective glycemic control without significantly increasing the risk of
hypoglycemia. Although beneficial effects on CV outcomes have been observed in
patients with macrovascular complications, their use may be associated with adverse
effects such as congestive HF [121]. TZDs are associated with weight gain, raising
concerns about their impact on EAT [122]. However, their effect appears to involve fat
redistribution rather than simple accumulation. TZDs promote a shift from visceral fat
(including EAT) to SAT [123]. Pioglitazone has been shown to reduce EAT thickness
despite increasing overall body weight [124]. While it may increase pericardial fat
volume, this change does not appear to impair myocardial function over short-term
follow-up and may even improve diastolic function in patients with T2DM [125].
Additionally, pioglitazone exerts anti-inflammatory effects by suppressing inflam-
matory gene expression in EAT, particularly in patients with atherosclerosis [126].
Rosiglitazone demonstrates distinct metabolic effects, including rapid induction of
EAT browning in experimental animal models characterized by increased expression
of thermogenic and fatty acid oxidation genes. This shift enhances lipid turnover and
contributes to its hypolipidemic action [127]. Despite this, its clinical use is limited
by an increased risk of myocardial infarction [128]. Taken together, TZDs may have
beneficial effects on EAT distribution, function, and inflammatory activity, although
their net CV impact remains uncertain.

Dipeptidyl peptidase-4 (DPP-4) inhibitors act by preventing the degradation of en-
dogenous incretin hormones, including glucagon-like peptide-1 (GLP-1) and gastric
inhibitory peptide (GIP). By increasing circulating levels of active incretins, they en-
hance glucose-dependent insulin secretion and suppress glucagon release, resulting in
a very low risk of hypoglycemia. Their glucose-lowering efficacy is moderate, and they
are generally well tolerated. Large CV outcome trials (CVOTs) have demonstrated
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no significant differences in CV risk compared with placebo for this class of agents,
with the exception of an increased incidence of hospitalization for HF observed with
saxagliptin (3.5% vs. 2.8%) [129,130]. Regarding EAT, sitagliptin has been shown
to rapidly reduce its thickness, an effect that appears independent of changes in
BMI and glycemia, suggesting additional mechanisms beyond glycemic and lipid-
lowering actions [131]. Comparative data indicate that its effects on fat accumulation,
cardiac function, and myocardial fatty acid metabolism are similar to those of em-
pagliflozin [132]. However, experimental evidence on DPP-4 inhibition and cardiac
remodeling remains inconsistent. Some studies report reduced myocardial fibrosis
via decreased collagen type III production, while others show exacerbation of fibrosis,
inflammation, and impaired ventricular function [133,134]. Although these findings
do not directly address EAT, it is plausible that EAT may contribute to mediating the
cardiac effects of DPP-4 inhibitors.

Overall, DPP-4 inhibitors may influence EAT and cardiac structure, but their CV effects

are uncertain and potentially context-dependent, warranting further investigation.

4.

Glucagon-like peptide-1 receptor agonists (GLP-1 RA; mimetics and analogs) bind
to and activate the GLP-1 receptor, thereby enhancing glucose-dependent insulin
secretion without causing significant hypoglycemia. They also modestly delay gastric
emptying, which slows postprandial glucose absorption. These agents are typically
administered subcutaneously, although oral formulations of semaglutide are avail-
able. Their resistance to degradation by the DPP-4 enzyme results in a prolonged
half-life. GLP-1 RAs provide moderate to substantial reductions in HbAlc and are
associated with weight loss. Meta-analyses of clinical trials indicate that they reduce
the risk of major CV events in patients with T2DM and established atherosclerotic
CV disease [104,135]. EAT has emerged as a relevant therapeutic target of GLP-1
RA, as it expresses GLP-1 receptors at higher levels than SAT, enabling direct drug
effects independent of glycemic control [136]. The presence of GLP-1 receptors on
cardiomyocytes further supports the pleiotropic CV actions of this drug class [137].
Clinical studies consistently demonstrate that GLP-1 RAs significantly reduce EAT
thickness and volume, with reductions of approximately 20-30% after 3 months of
therapy and up to 40% within 12-24 weeks, suggesting a class effect with dose de-
pendency [120,138,139]. Meta-analytic data indicate that GLP-1 RAs exert a greater
early impact on EAT reduction compared with other cardiometabolic agents, such as
SGLT2 inhibitors and statins, although effects may become comparable with SGLT2
inhibitors over longer treatment durations. The magnitude of EAT reduction appears
greater in younger individuals and those with higher BMI [140]. Mechanistically,
GLP-1 receptor activation in EAT is associated with enhanced fatty acid 3-oxidation
and promotion of white-to-brown adipose tissue differentiation, supported by the
upregulation of brown adipose tissue-related genes [141]. Additionally, GLP-1 RAs
improve the metabolic and inflammatory profile of EAT by reducing triglyceride
and low-density lipoprotein content, as well as systemic inflammatory and oxidative
stress markers [142]. These changes are accompanied by improvements in vascular
stiffness and cardiac function, indicating a link between EAT modulation and CV
benefit [143,144]. Emerging dual incretin therapies, such as tirzepatide, may further
expand this therapeutic paradigm due to combined GLP-1 and GIP receptor activity,
although current evidence regarding their direct effects on EAT remains limited [83].

In conclusion, GLP-1 RAs exert significant quantitative and qualitative effects on

EAT, which likely contribute to their cardioprotective properties beyond glucose lowering,

highlighting EAT as a mediator in cardiometabolic risk reduction.
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Sodium-glucose cotransporters: The kidneys play a crucial role in glucose home-
ostasis through reabsorption mediated by sodium-glucose cotransporters 1 and 2
(SGLT-1 and SGLT-2) [145]. Inhibitors of these transporters represent the newest class
of oral antidiabetic agents and act by increasing urinary glucose excretion through
lowering the renal threshold for glucose (in comparison to other medications that
primarily work to utilize glucose). Large CVOTs have shown that SGLT2 inhibitors
(SGLT2i) confer CV protection and reduce hospitalization for HF within weeks of
initiation, regardless of baseline CV risk, and demonstrate a class effect. These findings
suggest that mechanisms beyond glycemic control and atherogenesis may underlie
their cardioprotective effects [146]. Emerging evidence suggests that SGLT-2i may
exert cardioprotective effects partly through modulation of EAT. Experimental and
clinical studies indicate that these agents reduce EAT, alter its metabolic activity, and
attenuate its inflammatory profile, thereby potentially contributing to improved CV
outcomes. Cinti et al. demonstrated that dapagliflozin induced a rapid reduction
in epicardial fat thickness of approximately 19% within four weeks in patients with
T2DM, with a more pronounced effect on EAT compared to other adipose depots,
likely reflecting its higher metabolic activity [147]. However, these findings should
be interpreted cautiously due to the small sample size. The work by Diaz-Rodriguez
et al. showed that dapagliflozin increased glucose uptake in human EAT samples via
glucose transporter 4 (GLUT4), suggesting a more complex and context-dependent
metabolic effect [148]. Nevertheless, further mechanistic support comes from the
study of Sato et al., who reported that dapagliflozin significantly decreased EAT at
the 6-month follow-up compared with the conventionally treated patients with T2DM
and CAD. Decrease in EAT volume was accompanied by reduction in TNF-« level
and body weight [149]. Clinical data in non-diabetic patients with heart failure with
reduced ejection fraction (HFrEF) further support the beneficial effects of SGLT-2
inhibition. Requena-Ibafiez et al. reported that empagliflozin significantly reduced
epicardial fat volume and was associated with decreased interstitial myocardial fibro-
sis and improved aortic stiffness, with fibrosis assessed indirectly via extracellular
volume fraction as a validated prognostic marker in HE. Comparative analyses of
cardiometabolic therapies have produced mixed findings. Although in the previously
mentioned study of Myasoedova et al. it was reported that GLP-1RA may be more
effective than SGLT-2i in reducing EAT, Bao et al. suggested superiority of SGLT-2
inhibitors over GLP-1RA and exercise interventions in reducing EAT, highlighting
ongoing uncertainty regarding the most effective pharmacological strategy [140,150].
Collectively, SGLI-2 inhibitors may improve CV outcomes by restoring the balance be-
tween pro- and anti-inflammatory adipokines, thereby influencing insulin resistance,
atherosclerosis, coagulation, and fibrinolysis [151,152]. They have been shown to mod-
ulate adipokine secretion, including reductions in leptin and increases in adiponectin,
as well as to improve adipocyte differentiation and reduce inflammatory cytokine
release [153]. Reduced EAT volume and inflammation may contribute to decreased
risk of HF, AF, and CAD, as well as prevention of adverse cardiac remodeling. Even so,
limited mechanistic understanding of SGLT2 inhibitors’ mode of action underscores
the need for further research in this area.

Sulfonylureas stimulate insulin secretion from pancreatic 3-cells independently of
plasma glucose levels, meaning they act in hyperglycemic, normoglycemic, and even
hypoglycemic states. They are among the most potent oral agents for lowering blood
glucose [154]. Some observational studies and meta-analyses have suggested a poten-
tial association between certain first-generation sulfonylureas, such as glibenclamide,

https://doi.org/10.3390 /medicina62071402


https://doi.org/10.3390/medicina62071402

Medicina 2026, 62, 1402

17 of 30

and increased CV mortality. Still, this finding has not been consistently confirmed in
randomized controlled trials [155].

To the best of our knowledge, no studies have directly assessed their effects on EAT.

Glinides are short-acting insulin secretagogues that, like sulfonylureas, stimulate
insulin release from pancreatic 3-cells. Their rapid onset and short duration of action
necessitate administration immediately before meals, often requiring multiple daily
doses. The risk of hypoglycemia is somewhat lower compared to sulfonylureas [156].
No data are available regarding their effects on EAT.

Insulin is an endocrine peptide hormone that interacts with plasma membrane-bound
receptors on target cells, thereby coordinating a systemic anabolic response to nutrient
availability [157]. It stimulates lipogenesis and lipid storage in adipose tissue [158].
Insulin therapy has been associated with an increased risk of HE, potentially mediated
by EAT expansion and antinatriuretic effects [159-162]. Although data regarding EAT
and insulin are limited, in a pilot study by Elisha et al., it has been shown that treat-
ment with insulin analogs (detemir and glargine) among insulin-naive uncontrolled
patients with T2DM led to a reduction in EAT thickness, surprisingly. Furthermore,
more pronounced EAT thickness reduction was observed with detemir [163].

6.2. Non-Diabetic Pharmacological Agents

Several non-diabetic pharmacological agents, including statins, proprotein conver-

tase subtilisin/kexin type 9 (PCSK9) inhibitors, trimetazidine, mineralocorticoid recep-

tor antagonist (MRA), angiotensin-converting enzyme (ACE) inhibitors, angiotensin re-

ceptor blockers (ARB), neprilysin inhibitors (ARNI—Angiotensin Receptor—Neprilysin

Inhibitor), and colchicine, have also been associated with modulation of EAT and
cardiometabolic risk [22,140].

1.

Statins. Growing evidence indicates that statins exert CV benefits beyond low-density
lipoprotein (LDL) reduction, partly through modulation of EAT. High-intensity statin
therapy has been associated with reductions in EAT volume and inflammatory ac-
tivity, effects that appear to occur independently of lipid lowering. By attenuating
the pro-inflammatory profile of EAT and perivascular adipose tissue, statins may
contribute to decreased systemic inflammation and reduced progression of coronary
atherosclerosis [164-172]. Experimental and clinical studies further suggest that these
pleiotropic effects may improve myocardial structure and function. Statin therapy has
been linked to attenuation of left ventricular diastolic dysfunction (LVDD), myocardial
fibrosis, and microvascular impairment, particularly in obesity, dyslipidemia, and
T2DM. Improvements in diastolic function have been observed with atorvastatin,
pravastatin, simvastatin and rosuvastatin, while intensive statin regimens appear
more effective than moderate-intensity therapy. Animal studies similarly demonstrate
prevention or reversal of diastolic dysfunction following statin treatment [173-183].
In light of their pleiotropic action, observational clinical studies additionally suggest
that statin use may reduce mortality risk in patients with HFpEF, whereas comparable
benefits have not been consistently observed in HFrEF [184-189]. Recent meta-analytic
evidence reinforces the concept that statins can significantly reduce EAT, although the
magnitude of this effect appears modest. Current evidence indicates that the reduction
in EAT achieved with statin therapy may be dose-dependent and partially attributable
to anti-inflammatory mechanisms, including suppression of inflammatory cytokine
secretion and modulation of peroxisome proliferator-activated receptor (PPAR) path-
ways. These findings support the emerging paradigm that atherosclerosis involves not
only the vascular wall but also surrounding perivascular adipose tissues [190-193].
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Nevertheless, current evidence remains limited by heterogeneity in imaging methods,

study design, and follow-up duration. Further randomized controlled trials are therefore

required to clarify whether reductions in EAT directly mediate improvements in cardiac

function and to determine the influence of statin intensity on these effects [194].

2.

PCSK9i. Recent evidence demonstrating the expression of PCSK9 within EAT suggests
that PCSK9 may constitute an important component of the EAT secretome. Moreover,
EAT inflammation appears to be associated with increased local PCSK9 expression
independently of circulating PCSK9 concentrations. These findings support the hy-
pothesis that PCSK9 may contribute to the local inflammatory and metabolic activity
of EAT, but further studies are required to determine whether targeted reduction in
EAT inflammation or local PCSK9 expression may translate into improvements in
EAT metabolism and reductions in CV risk [195]. In this context, PCSK9i, a novel
class of lipid-lowering agents, have emerged as potential modulators of EAT expan-
sion and dysfunction. Rivas-Gélvez et al. reported that treatment with the PCSK9
inhibitors evolocumab and alirocumab was associated with significant reductions in
EAT volume after six months of therapy. These observations suggest that PCSK9 inhi-
bition may exert pleiotropic cardiometabolic effects beyond low-density lipoprotein
cholesterol reduction, potentially influencing adipose tissue remodeling and inflam-
matory pathways [196]. However, current evidence remains limited, particularly
regarding the impact of PCSK9 inhibitors on cardiac diastolic function, warranting
further investigation in larger prospective studies.

Trimetazidine (TMZ). Increased EAT thickness correlates with elevated concentrations
of visfatin, an adipocytokine linked to obesity, insulin resistance, and CV disease.
In addition to systemic secretion from adipocytes, visfatin is locally produced by
EAT and cardiac cells, where it may exert autocrine and pro-fibrotic effects within
the myocardium [197,198]. TMZ, a metabolic modulator used in ischemic heart
disease and HF, has been shown to normalize circulating visfatin concentrations [199].
Considering the close association between EAT dysfunction and visfatin expression,
TMZ may exert beneficial cardiometabolic effects partly through modulation of EAT-
derived inflammatory signaling. These observations suggest a potential mechanistic
link between trimetazidine therapy and EAT activity, warranting further investigation.
MRA, ACEi, ARB, ARNI. Renin-angiotensin—aldosterone system inhibitors, through
their hormonal blockade, may play an important role in reducing EAT accumula-
tion and its proinflammatory effects. Aldosterone is known to promote visceral
and epicardial fat accumulation as well as adipose tissue inflammation, while acti-
vated renin-angiotensin system (RAS) and resultant production of angiotensin II is
critically involved in obesity associated inflammation [200,201]. In an experimental
mouse study using advanced magnetic resonance imaging techniques, eplerenone
treatment reduced EAT volume and shifted its fatty acid composition toward greater
unsaturation, which was associated with improved coronary microvascular function.
Compared with untreated mice, eplerenone-treated animals showed lower saturated
fatty acid fractions, reduced EAT mass, and improved myocardial perfusion reserve,
suggesting beneficial effects on both adipose tissue metabolism and CV function [202].
Previous studies have shown that eplerenone can prevent and reverse obesity-related
adipose inflammation and reduce CV death and HF hospitalization, especially in
patients with abdominal obesity [203-205]. In the experimental study by Mitchell
et al. was demonstrated that RAS inhibition reduces gene expression of inflammatory
medjiators in adipose tissue [206]. Furthermore, spironolactone and irbesartan appear
to be more effective in patients with HFpEF and lower natriuretic peptide levels, pos-
sibly because these patients are more likely to have visceral adiposity and increased
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EAT [207,208]. These findings support the hypothesis that inhibition of aldosterone
and RAS signaling may improve outcomes partly through modulation of visceral and
epicardial adipose tissue activity.

Natriuretic peptide signaling also appears to have an important protective role in
HFpEF by reducing adipose tissue inflammation, promoting adiponectin secretion, and
limiting cardiac fibrosis [209-211]. However, obese patients with HFpEF often exhibit
disproportionately low circulating natriuretic peptide levels, possibly due to pericardial
restraint seen in excessive epicardial fat accumulation, enhanced neprilysin-mediated
peptide degradation, and increased adipocyte clearance associated with hyperinsuline-
mia [64,212-215]. Since natriuretic peptides exert antiadipogenic effects, therapies that
enhance natriuretic peptide activity, such as neprilysin inhibitors, may improve cardiac
filling pressures and counteract the adverse effects of epicardial and visceral adiposity
in HFpEFR.

5. Colchicine. Colchicine exerts anti-inflammatory effects primarily through irreversible
binding to «/ 3-tubulin dimers, thereby inhibiting microtubule polymerization. In neu-
trophils, where colchicine preferentially accumulates due to reduced P-glycoprotein—
mediated efflux, this results in impaired endothelial adhesion, migration, and trans-
migration out of vessels. Colchicine also suppresses several inflammatory medi-
ators, including TNF-«, leukotriene B4, prostaglandin E2, thromboxane A2, and
cyclooxygenase-2 activity. In addition, it inhibits neutrophil x-defensin release and
neutrophil-platelet aggregation, potentially reducing thrombotic burden. Another key
mechanism is inhibition of the NLRP3 inflammasome, leading to reduced production
of IL-1p and IL-18 and attenuation of innate immune activation [216]. Clinical data
suggest that colchicine may also modulate EAT-related inflammation. In patients
undergoing AF ablation, lower left atrial EAT volume was associated with reduced
early AF recurrence during short-term colchicine treatment, indicating a potential
interaction between EAT burden and the anti-inflammatory efficacy of colchicine after
ablation [217]. Similarly, in the EKSTROM trial, patients with stable CAD treated with
colchicine demonstrated a significant reduction in EAT volume on serial cardiac CT
over 12 months compared with placebo, although no significant change in EAT density
was observed. These findings suggest that colchicine may favorably influence EAT
volume and provide possible mechanistic insight into its CV protective effects [218].

Given the central role of inflammatory pathways in EAT biology, other targeted
anti-inflammatory therapies, including IL-1f3, IL-6 and TNF-« inhibitors, may represent
potential therapeutic strategies. However, their specific effect on EAT volume, activity
and CV outcomes remains insufficiently studied and requires further mechanistic and
clinical investigation.

7. Conclusions

EAT is heterogeneous by its nature, with initial metabolically favorable BAT activity
contrasting the adverse cardiometabolic profile of white adipose tissue. Although excessive
EAT is a common finding in T2DM individuals, little is known regarding the impact of
EAT on early T2DM-related changes. These changes are attributable to the early pericardial
disorder, which consists of both metabolic and hemodynamic changes. EAT could thus
serve as a useful marker for risk assessment in T2DM individuals, as well as a potential
target for contemporary and novel medical therapy. Moreover, EAT acts as a highly active
perivascular adipose tissue depot with pronounced immunometabolic activity, contributing
to a paradigm shift in the understanding of CAD pathophysiology from a predominantly
endoluminal to an exoluminal perspective. Given that excessive EAT accumulation, oxida-
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tive stress, and low-grade inflammation are hallmarks of T2DM, it is crucial to act timely:
,time is myocardium”, but timing may be EAT.
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