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Abstract: Background: Obesity has been defined as a true worldwide “pandemic” by the
World Health Organization and represents one of the major public health problems. It
is associated with a reduction in life expectancy of about 7-8 years due to related cardio-
vascular diseases such as arterial hypertension, metabolic syndrome, insulin resistance,
type 2 diabetes mellitus, and dyslipidemia. Adipose tissue is not merely a fat storage
site but a true endocrine and immunologically active organ that secretes hormones and
mediators (adipokines), influencing cardiovascular risk and host physiology. Objective:
This review summarizes the current understanding of the role of epicardial adipose tissue
(EAT) in cardiovascular disease pathophysiology and discusses its clinical diagnostic and
therapeutic implications. Methods: A narrative non-systematic review was conducted fo-
cusing on recent literature concerning the biological and clinical aspects of cardiac adipose
tissue, with particular emphasis on epicardial adipose tissue. The review examined its gene
expression profile, secretory function, and interaction with cardiovascular structures and
diseases. Findings: There are different types of adipose tissue, including cardiac adipose
tissue, which comprises epicardial and pericardial (or paracardiac) fractions. Epicardial
adipose tissue is unique due to its proximity to the heart and a distinct gene expression
profile compared to other adipose depots such as visceral and subcutaneous fat. EAT plays
a crucial role in the development and progression of cardiovascular diseases with high
morbidity and mortality, acting both as a metabolic and inflammatory mediator. Conclu-
sion: Cardiac adipose tissue, particularly EAT, is a key player in cardiometabolic disease.
Understanding its pathophysiological role and incorporating imaging tools to evaluate
EAT may enhance cardiovascular risk stratification and disease management.
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1. Introduction

Obesity is increasing worldwide and is one of the most important risk factors for
the development of type 2 diabetes (T2DM) and cardiovascular disease (CVD) [1]. In
most obese individuals, the inability to form new cells capable of storing fat (adipocytes)
causes fat accumulation in cells already present in adipose tissue [2,3]. These oversized
(hypertrophied) cells send alarm signals to the immune system, in response of which
some cells of the immune system (particularly macrophages and lymphocytes) are drawn
back into the adipose tissue (AT) itself [3]. This results in the creation of an inflammatory
environment that interferes with the maturation of new fat cells, making the AT insensitive
to the action of insulin [4]. The creation of this vicious cycle of inflammatory character is
associated with the onset of insulin resistance, which is one of the mechanisms underlying
T2DM [5].

In the AT of patients with hypertrophic obesity, oversized adipocytes, engulfed by
excess fat, and immune system cells called to the rescue from the AT itself by inflammatory
molecules produce high levels of pro-inflammatory mediators, which further maintain this
vicious cycle [2-4]. In recent years, among the various types of AT, cardiac AT is of particular
interest due to its unique anatomical and physiological characteristics. It comprises three
distinct layers: epicardial, pericardial, and paracardiac fat [6]. Of these, epicardial adipose
tissue (EAT) has been matter of intense research because of its close anatomical proximity
and functional relationship with the heart [7]. Located between the myocardium and
the visceral layer of the pericardium, EAT is increasingly recognized as an active tissue
involved in the regulation of metabolic processes, inflammation, and myocardial function.
Additionally, unlike pericardial and paracardial fat, EAT is metabolically active, secreting
pro-inflammatory cytokines that promote atherosclerosis and myocardial dysfunction [6].
The accumulation of excessive EAT has been linked to various cardiovascular diseases
(CVDs), including atherosclerosis and heart failure. Consequently, advanced imaging
techniques have become crucial for non-invasively evaluating EAT, allowing for detailed
analysis of its volume, distribution, and potential impact on cardiovascular risk.

EAT is composed primarily of adipocytes, but also contains blood vessels, nerve fibers,
and immune cells, contributing to its role in both metabolic and immune regulation [7].
CAT (cardiac adipose tissue) and EAT have different embryogenic origins [8].

EAT forms a protective layer around the heart due to its anatomical location. It is
typically categorized based on its position relative to the heart and pericardium.

Epicardial fat is located between the myocardium and the visceral layer of the peri-
cardium. This depot is highly metabolically active and contributes to the production of
adipokines and inflammatory cytokines. It shares the coronary blood supply and is in
direct contact with the myocardium.

Pericardial (or paracardial) fat is situated outside the parietal pericardium. While
it does not have the same intimate relationship with the myocardium, it contributes to
overall cardiac insulation and mechanical protection. Other advantageous functions include
anti-inflammatory and anti-atherogenic properties through the expression of proteins as
adiponectin and adrenomedullin [9,10]. EAT is also an important source of heat and it is
involved in various biological processes: regulation of body fluid levels, wound healing,
mesoderm development, and plasma membrane organization [11]. Physiologically, with
aging, brown adipose tissue (BAT) tends to decrease, while white adipose tissue (WAT)
may develop beige characteristics under external stimuli [9,10]. In the present article, we
will review the current literature on obesity and CVD in light of the role of cardiac AT as a
marker of cardiovascular risk/diseases, starting from the cellular characteristics of AT to
its clinical relevance, to help the physicians better understand its role as a disease marker.
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2. Literature Sources and Search Strategy

We performed a non-systematic review of the literature by applying the search strategy
in different electronic databases (MEDLINE, EMBASE, Cochrane Register of Controlled
Trials, and Web of Science). Original reports, meta-analyses, and review articles in peer-
reviewed journals up to January 2025 regarding adipose tissue, cardiac adipose tissue,
obesity, metabolic syndrome, and adipocytes molecular pathways were incorporated into
the search strategy. The references of all identified articles were reviewed to look for
additional papers of interest from which to extrapolate recently available data on epicar-
dial, pericardial, and paracardiac AT, with a view to investigating possible biochemical
pathways involved.

3. Physiological Role of Adipose Tissue: Is It for Good?

The AT is not only an energy depot but also plays a key role in metabolic regulation
and homeostasis of the organism. It serves various physiological and pathological functions,
as summarized in Table 1.

Table 1. Physiological and pathological functions of adipose tissue.

Aspect Physiological Role Pathological Role Signaling Mediators and
P (For Good) (For Bad) Multiorgan Crosstalk
. . Free fatty acids released
Stores excess energy as Excessive accumulation . . .
. . A o . into circulation can cause
Energy Storage triglycerides, providinga  leads to obesity, increasing

reserve during fasting [12]

metabolic stress [2]

lipotoxicity in liver and
muscle [13]

Insulation and Protection

Provides thermal
insulation and cushions
vital organs [13]

Excess adiposity can
impair organ function (e.g.,
fatty liver, cardiac
adiposity) [2]

Physical expansion affects
mechanical and endocrine
functions in adjacent
tissues [11]

Endocrine Function

Secretes hormones like
leptin (regulates appetite)
and adiponectin (enhances

insulin sensitivity) [14]

Dysregulation leads to
leptin resistance and
decreased adiponectin,
contributing to insulin
resistance and metabolic
syndrome [15]

Adipokines influence the
hypothalamus, pancreas,
and other endocrine
organs [16]

Immune Function

Modulates immune
responses through
anti-inflammatory

cytokines [17]

Chronic low-grade
inflammation via increased
pro-inflammatory
cytokines (e.g., TNF-c,
IL-6) promotes insulin
resistance and
atherosclerosis [18]

Cytokine release affects
systemic inflammation and
interacts with immune
cells in the liver, heart, and
vascular system [19]

Lipid Metabolism

Regulates lipid storage and
mobilization, maintaining
lipid homeostasis [20]

Dysregulation leads to
ectopic fat deposition (e.g.,
liver steatosis), altering
lipid profiles and
increasing cardiovascular
risk [4]

Altered lipid metabolism
affects the liver (NAFLD),
muscle (insulin resistance),
and cardiovascular system
(atherosclerosis) [21]

Glucose Metabolism

Enhances insulin
sensitivity and glucose
uptake, maintaining
glucose homeostasis [15]

Impaired function leads to
insulin resistance and type
2 diabetes [5]

Adipose-derived factors
influence glucose
metabolism in liver,
muscle, and
pancreas [16]
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Table 1. Cont.

Aspect

Physiological Role
(For Good)

Pathological Role
(For Bad)

Signaling Mediators and
Multiorgan Crosstalk

Vascular Function

Produces factors that
regulate vascular tone and
endothelial function [8]

Dysfunction contributes to
endothelial damage,
hypertension, and
atherosclerosis [22]

Adipokines and cytokines
affect vascular smooth
muscle cells and
endothelial health [23]

Brown Adipose Tissue

Facilitates thermogenesis
through uncoupling
protein 1 (UCP1),

Reduced BAT activity may
impair thermogenesis,

BAT-derived signals
influence metabolic rate

(BAT) contributing to energy leading to weight gainand  and energy homeostasis
expenditure and weight metabolic dysfunction [25] systemically [26]
control [24]

o . D1srupjced signaling lez?ds Adipokines, cytokines, and

Maintains systemic to multiorgan dysfunction, lipi . .
. o . ipid mediators establish a

metabolic balance through  contributing to metabolic complex network

Multiorgan Crosstalk coordinated signaling with ~ syndrome, cardiovascular P

liver, muscle, brain, and
cardiovascular system [13]

diseases, and
neurodegenerative

influencing systemic
homeostasis and disease
development [28]

conditions [27]

AT serves both beneficial and harmful functions depending on its regulation and
interactions with other organs. Understanding these mechanisms is crucial for addressing
metabolic diseases and cardiovascular health. AT is divided into white adipose tissue
(WAT) and brown adipose tissue (BAT), with different cellular functions and character-
istics [20]. At the cellular level, WAT is mainly composed of unilocular adipocytes. It is
characterized by a large lipid droplet that occupies most of the cytoplasm, pushing the
nucleus to the periphery. These adipocytes are responsible for storing lipids in the form of
triglycerides and releasing them in the form of free fatty acids (FFAs), according to one’s
energy needs [29]. BAT, on the other hand, is composed of multilocular adipocytes, char-
acterized by the presence of numerous lipid droplets and a high density of mitochondria,
containing the uncoupling protein UCP1. This allows for heat production through thermo-
genesis, dissipating energy as heat, rather than storing it as lipids, offering protective effects
against obesity-related metabolic disorders [30,31]. Indeed, it is associated with healthier
fat distribution, reduced visceral fat, and improved metabolic health, including lower
blood glucose levels and reduced fat accumulation in the liver [13]. WAT also acts as an
endocrine organ due to its secretion of hormones and cytokines, namely adipokines, which
regulate energy balance, glucose homeostasis, and lipid metabolism [32]. Among these,
leptin and adiponectin are particularly significant. Leptin, primarily produced by WAT,
plays a crucial role in appetite regulation and energy expenditure by signaling satiety to the
hypothalamus, thereby reducing food intake [14]. Additionally, leptin influences insulin
sensitivity and has pro-inflammatory properties, contributing to immune responses [33].
Conversely, adiponectin enhances insulin sensitivity and exhibits anti-inflammatory effects.
It promotes glucose uptake and fatty acid oxidation, thereby playing a protective role
against metabolic disorders such as T2DM and CVD [15]. Notably, adiponectin levels
are inversely correlated with body fat percentage; they decrease in obesity, which may
contribute to the pathogenesis of insulin resistance [34]. The balance and function of these
adipokines are essential for maintaining metabolic health, and their dysregulation is im-
plicated in the development of various metabolic and inflammatory diseases [16]. The
metabolic and immunological roles of adipose tissue, as reported in Table 1, have profound
cardiovascular implications. Excessive secretion of pro-inflammatory adipocytokines by
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visceral adipose tissue, particularly TNF-« and IL-6, contributes to the development of
systemic insulin resistance, a known risk factor for atherosclerosis. Furthermore, reduced
production of adiponectin, an anti-inflammatory and vasoprotective molecule, impairs
endothelial function, promoting oxidative stress, vascular dysfunction, and progression
of atherosclerosis. Therefore, adipose tissue dysfunction appears to be a central mediator
between obesity and cardiovascular disease [2].

In addition to WAT and BAT, there is also a third type of adipocyte, known as beige or
brite (brown-in-white), that has been identified in recent years. These adipocytes are found
within WAT and can acquire thermogenic characteristics like BAT in response to stimuli
such as cold exposure or physical activity [20]. Cold exposure activates beige adipocytes
through the sympathetic nervous system, primarily via 3-adrenergic signaling, leading to
the upregulation of uncoupling protein 1 (UCP1) and enhanced thermogenesis [26]. Recent
studies also suggest that exercise induces the browning of WAT through the release of
myokines such as irisin and catecholamines, which stimulate mitochondrial biogenesis and
thermogenic gene expression in beige adipocytes [25]. This plasticity of beige fat highlights
its potential role in energy homeostasis and metabolic health, particularly in counteracting
obesity and insulin resistance [24].

AT is also composed of a complex population of stromal cells, including pre-adipocytes,
endothelial cells, macrophages, and other leukocytes. They contribute to the regulation of
adipose function. Adipose tissue macrophages (ATMs) play a crucial role in maintaining
metabolic homeostasis through their phenotypic polarization into pro-inflammatory (M1)
and anti-inflammatory (M2) states. In recent years, therapeutic interest in modulating
macrophage polarization in adipose tissue has significantly increased. In particular, PPAR-
7 receptor agonists, such as pioglitazone, have been shown to promote polarization toward
the anti-inflammatory M2 phenotype, while reducing the number of pro-inflammatory
M1 macrophages. Lifestyle interventions, such as regular physical activity and caloric
restriction, have also shown beneficial effects on the immune composition of adipose tissue,
favoring a less inflammatory microenvironment. These strategies represent promising
approaches to reduce obesity-associated chronic inflammation and prevent cardiovascular
complications [35]. Under lean conditions, M2 macrophages predominate, contributing
to tissue remodeling and insulin sensitivity [17]. However, in obesity, there is a marked
shift towards M1 polarization, characterized by increased infiltration of macrophages
that secrete pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-«) and
interleukin-6 (IL-6), which contribute to systemic insulin resistance [18]. The recruitment
of monocyte-derived macrophages into AT during obesity is mediated by chemokines
like monocyte chemoattractant protein-1 (MCP-1), which exacerbates inflammatory re-
sponses and disrupts metabolic homeostasis [36]. Additionally, hypoxic conditions in
hypertrophic AT activate hypoxia-inducible factor-1 alpha (HIF-1c), further promoting
M1 polarization and inflammatory cytokine production [19]. Recent studies suggest that
targeting macrophage polarization could serve as a potential therapeutic approach for
obesity-related metabolic disorders. Specifically, promoting the M2 phenotype through
pharmacological agents or lifestyle interventions such as exercise and dietary modifications
could be effective in mitigating AT inflammation and improving insulin sensitivity [37].

Obesity is certainly a risk factor for CVD [2]. However, clinical research has revealed a
paradoxically protective role of obesity in patients with chronic diseases, including CVD,
suggesting that the biological “quality” of AT may be more important than total AT mass
or body weight. Importantly, as a dynamic organ, it secretes a wide range of biologically
active adipokines, microRNAs, gaseous messengers, and other metabolites that influence
the cardiovascular system in both an endocrine and paracrine manner [13]. In spite of
being able to mediate normal cardiovascular function under physiological conditions, AT
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undergoes a phenotypic shift characterized by the acquisition of pro-oxidant and pro-
inflammatory properties in CVD.

Cardiac adipocytes (CAs) reside in three distinct regions: pericardial (PAT), epicardial
(EAT), and intramyocardial AT (IAT). The PAT is situated between the visceral and parietal
pericardium [38]. EAT plays a significant role in cardiovascular health and disease due to its
proximity to the heart and coronary arteries. The IAT is observed within the myocardium
in mice and humans [39]. The majority of intramyocardial adipocytes are in the inner
myocardial wall within 100 pm from the endocardium in a normal adult mouse heart [40].
The IAT is infrequently observed in the normal adult human heart (as diagnosed by
multisided computed tomography) but commonly detected in the subendocardium of
patients with myocardial infarction (MI) [41]. Crucially, recent evidence suggests that AT
depots such as perivascular AT and EAT can change their phenotype in response to local
signals of vascular and myocardial origin, respectively. Recent clinical evidence supports
the hypothesis that inflammatory EAT may induce myocardial fibrosis. A 2025 study by
Zhu and colleagues, using cardiac magnetic resonance imaging, showed that in non-diabetic
hypertensive patients, insulin resistance exacerbates myocardial fibrosis through functional
alteration of the EAT. In particular, subjects with greater epicardial inflammation presented
an increase in extracellular volume and a prolongation of T1 relaxation times, indirect
indicators of fibrosis. These results suggest that EAT may act not only as a biomarker but
also as an active mediator in the process of fibrotic remodeling of the myocardium [42].
Using this unique property of some AT depots to dynamically track cardiovascular biology
could reveal new diagnostic and prognostic tools against CVD [8].

EAT has both protective and harmful roles depending on its state. Under normal con-
ditions, it provides thermogenic and mechanical protection to the heart and supplies energy
through FFAs. However, in obesity and metabolic disorders, EAT becomes dysfunctional,
characterized by increased inflammation and fibrosis, contributing to myocardial damage
and CVDs [43-45]. The secretion of pro-inflammatory and pro-fibrotic mediators by EAT
can impair the cardiac structure and function, leading to conditions such as diastolic heart
failure [45,46].

4. Mechanistic Insight: The Inflammatory-EAT Axis and
Cardiovascular Risk

It has been shown that the activation of inflammatory and oxidative pathways is one
of the major mechanisms by which EAT contributes to cardiovascular disease (CVD) [10,46].
In cases of obesity and insulin resistance, epicardial adipose tissue (EAT) cells begin to
hypertrophy and lose their sensitivity to insulin. This results in an increase in lipolysis
and the release of free fatty acids (FFAs) [12,47]. Consequently, a local hypoxic envi-
ronment is created, leading to the recruitment of immune cells, particularly polarized
M1 macrophages and activated T lymphocytes [18,19]. These immune cells release pro-
inflammatory cytokines such as TNF-«, IL-6, and MCP-1, which in turn activate key
signaling pathways, including nuclear factor kappa B (NF-«kB) and c-Jun N-terminal ki-
nase (JNK) [48,49]. The NF-«kB pathway, upon activation by TNF-o and IL-6, induces the
expression of pro-inflammatory cytokines and adhesion molecules, which amplify the
inflammatory response. The JNK pathway, activated by oxidative stress and inflammatory
signals, leads to the phosphorylation of key transcription factors and proteins involved in
cell survival, apoptosis, and further production of ROS. Both NF-«kB and JNK are involved
in the promotion of endothelial dysfunction, a key step in the development of atheroscle-
rosis. Additionally, dysfunctional EAT produces reactive oxygen species (ROS), which
exacerbate oxidative stress and contribute to endothelial dysfunction, fibrosis, and the
development of atherosclerosis [50,51]. This inflammatory—oxidative connection suggests
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that EAT is not merely a site of passive fat accumulation, but actively mediates myocar-
dial damage and coronary artery disease (CAD), playing a pivotal role in cardiovascular
health [23]. A schematic view is provided in Figure 1.

Obesity
Insulin resistance

= = /
*Lipolysis / Immune cells

\ Pro-inflammatory

\----p| cytokines
‘ TNF-«
IL-6 MCP-1

{

Oxidative stress

Endothelial dysfunction
Fibrosis
Atherosclerosis

Figure 1. Schematic representation of inflammatory and oxidative mechanisms induced by epicardial
adipose tissue (EAT).

5. The Dark Side of Adipose Tissue

Chronic low-grade inflammation of AT is one of the mechanisms that lead to the
progression of metabolic diseases such as T2DM and CVD [47]. WAT retains the ability to
expand during adult life to accommodate chronic excess caloric intake [49]. AT expands
through adipocyte hypertrophy, increases in fat-cell size and/or hyperplasia, and increases
in fat-cell number [11]. Obesity can lead to adipocytes” hypertrophy and hyperplasia [48].
AT expansion in obesity is accompanied by inflammatory changes within AT, contributing
to chronic low-grade systemic inflammation that is characterized as mildly elevated levels
of circulating cytokines, chemokines, and acute phase reactants [50]. Expansion of AT
depots during weight gain is accompanied by an infiltration of new inflammatory cells,
the major one initially being macrophages [51]. These pro-inflammatory cells are recruited
in response to chemokines such as monocyte chemotactic protein-1 (MCP-1) produced by
hypertrophic adipocytes [23].

Increased macrophage infiltration into AT forms a crown-like structure (CLS) around
necrotic adipocytes. The number of CLSs is strongly correlated with the expression of
inflammatory cytokines like TNF-«, indicating that infiltrating macrophages have a pro-
inflammatory effect on AT in obesity [52]. Macrophage accumulation occurs largely in
visceral rather than in subcutaneous adipose depots in both rodents and humans [53,54].
The pro-inflammatory AT macrophages are one of the key cell types responsible for pro-
ducing pro-inflammatory cytokines such as TNF-«, IL-1$3, and IL-6, which contribute to
obesity-related adipose tissue inflammation [23].

In summary, EAT may lead to a systemic pro-inflammatory state (release of IL-6,
TNF-o) and releases FFAs, which contribute to initiating and perpetuating a state of
systemic insulin resistance (IR) [55]. In fact, the EAT volume correlates with fasting glucose,
HbAlc, and HOMA-IR, acting both as a marker and contributor to systemic metabolic
dysfunction [56].

In obesity, the upregulation of TNF-« stimulates the activation of the inhibitor of
IkB kinase (IKK)- and MAPKSs (such as p38, c-Jun N-terminal kinase [JNK], and extra-
cellular signal-regulated kinase [ERK]). These enzymes directly target serine residues on
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the insulin receptor substrate (IRS) protein, hindering its tyrosine phosphorylation in an
NEF-kB-dependent manner. This cascade ultimately culminates in insulin resistance (IR)
within insulin-targeted tissues [57,58].

Excessive EAT accumulation in insulin-resistant (IR) patients has been demonstrated.
In epicardial adipocytes, even under physiological conditions, insulin-dependent glucose
uptake and the anti-lipolytic function of insulin are reduced compared to adipocytes of
the subcutaneous fat depot, which is associated with the need to maintain high lipolysis
activity [59]. IL-6 stands as another significant inflammatory mediator contributing to IR
by activating the Janus kinase-signal transducer and activator of transcription (JAK-STAT)
signaling pathway. This activation results in elevated expression of the suppressor of
cytokine signaling 1 (SOCS1) and SOCS3 proteins, which, in turn, decrease the expression
of glucose transporter-4 (GLUT4) and IRS-1, further exacerbating IR [60]. In addition to
macrophages, T cells also are present in normal AT and demonstrate phenotypic change
during weight gain. Both CD4+ and CD8+ T cells are found in AT and are increased
in the obese state [50]. Interferon y (IFNy)-expressing Thl-polarized T cells appear to
promote AT inflammation, and increased IFN-y activity has been reported in AT in both
mice and humans [61,62]. AT expansion and dysfunction contribute to the development
of CVD through direct and indirect mechanisms. In obesity patients, systemic or local
inflammation and IR can cause macrophages in AT to switch from anti-inflammatory and
anti-atherosclerotic to pro-inflammatory and pro-atherosclerotic [27]. It is known that
obesity may induce hypertension through visceral AT expansion, causing mechanical
compression of the kidney, sympathetic nervous system activity, and activation of the
renin—angiotensin-aldosterone system (RAAS) [2].

In obesity and metabolic syndrome, EAT expands and is more inflamed, secreting
higher levels of pro-inflammatory adipokines and FFAs, which contribute to coronary artery
disease (CAD), atrial fibrillation, and heart failure [63]. By regulating the release/uptake
of FFAs, EAT plays an important role in CAD by supporting the efficiency of myocardial
glucose utilization [64,65]. Recent studies have shown that EAT is associated with the
occurrence and development of CAD [66]. In the meta-analysis by Wang et al. [66], a total of
21 studies encompassing 4975 subjects met the inclusion criteria, including 2377 diagnosed
and assigned as the CAD group, while the other 2598 were assigned as the non-CAD group.
Both the volume and thickness of EAT in the CAD group were larger compared to the
non-CAD group (p < 0.00001). In a subgroup analysis within the CAD group, the severe
stenosis group had a larger volume and thickness with respect to EAT when compared to
the mild/moderate group (p < 0.001) thus indicating that the EAT thickness and volume are
associated with CAD severity [66] and could be considered predictors of CAD itself [67]. A
negative correlation between EAT thickness and physical activity was recently reported [68].
Moreover, cardiometabolic drugs (such as GLP-1RA and SGLT2i) have been shown to be
powerful agents for EAT thickness reduction, more so than statins [69]. Furthermore,
Zhihong et al. showed a correlation between EAT and acute coronary syndrome, with both
EAT volume and EAT density identified as independent predictors [70].

Epicardial fat in subjects with CAD shows higher mRNA expression of genes involved
in oxidative stress and higher levels of reactive oxygen species (ROS) products than subcu-
taneous fat, suggesting a higher oxidative stress in this tissue [44,71,72]. Since ROS induces
chronic inflammation, the higher oxidative stress could activate inflammatory signals in
epicardial fat and contribute to the development and progression of CAD [73,74].

6. Adipose Tissue Signaling Mediators: A Multiorgan Dialogue

AT communicates with various organs, including the brain, heart, liver, spleen, and
skeletal muscles, by secreting related factors. Adipocytes participate in various physiologi-
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cal processes, such as growth and development, immune regulation, and inflammation,
influencing the function of many organs by releasing hormones, cytokines, and fatty
acids [75,76]. White adipocytes secrete adipokines, such as leptin and lipocalin, which
have endocrine functions, regulating the central nervous system and the metabolic activity
of peripheral organs to maintain the energy balance [77]. In contrast, BAT can secrete
irisin, fibroblast growth factor 21 (FGF-21), IL-6, and neuregulin 4, which interact with
other organs [78]. AT can also release proteins, lipids, and microRNAs into the circulation,
exerting regulatory effects on target tissues or organs [79].

According to the literature, adipocyte function appears to be influenced by sympa-
thetic nerves, which release norepinephrine, neuropeptide Y (NPY), and ATP. Specifically,
norepinephrine stimulates lipolysis in both WAT and BAT, while NPY promotes adipocyte
differentiation and lipid accumulation, favoring energy storage. Another example is the
interaction between adipocytes and vascular cells, as adipocytes produce a large number
of pro-angiogenic factors, including fibroblast growth factor 2 (FGF-2), VEGEF, hepatocyte
growth factor (HGF), and PDGF [80].

Additionally, endothelial cells regulate adipocyte function by secreting endothelin-
1, which directly stimulates lipolysis in adipocytes. Long-term treatment of adipocytes
with endothelin-1 in vitro leads to the desensitization of insulin signaling, resulting in
reduced glucose transport. Plasma levels of endothelin-1 are elevated in patients with
obesity and T2DM [28]. Moreover, endothelial cells regulate adipocyte function by releasing
nitric oxide, which induces the relaxation of vascular smooth muscle through guanylate
cyclase activation and cyclic GMP formation, promoting vasodilation and improving
thermogenesis [81].

The dialogue between adipocytes and immune cells is also crucial, as the local in-
filtration of immune cells and the production of pro-inflammatory cytokines contribute
to obesity and ITR [82]. In this regard, EAT dysfunction leads to the secretion of pro-
inflammatory adipokines, contributing to atrial and ventricular fibrosis and the progression
of coronary atherosclerosis. Additionally, through a process known as “vascular secretion,”
dysfunctional EAT can release inflammatory mediators directly into the coronary artery
wall, further impairing cardiac function [45]. In this regard, different AT depots exhibit
distinct cytokine secretion profiles. EAT is highly metabolically active and secretes elevated
levels of TNF-«, IL-6, IL-13, and MCP-1, contributing to local inflammation, myocardial
fibrosis, and coronary atherosclerosis [83]. EAT can also engage in “vascular secretion”,
directly releasing inflammatory mediators into the coronary arteries, further impairing
cardiac function. Visceral adipose tissue (VAT) also produces substantial amounts of TNF-
o, IL-6, and resistin, promoting systemic inflammation, insulin resistance, and metabolic
disorders. VAT is characterized by significant immune cell infiltration, which exacerbates
chronic low-grade inflammation and contributes to cardiovascular diseases. In contrast,
subcutaneous adipose tissue (SAT) has a more anti-inflammatory profile, secreting higher
levels of adiponectin, which plays a protective role by enhancing insulin sensitivity and
exerting cardioprotective effects. SAT exhibits lower immune cell infiltration compared
to VAT and EAT, making it metabolically less harmful. Finally, AT and EAT may release
a significant amount of pro-inflammatory adipokines, such as TNF-a and resistin, which
induce IR, lead to metabolic disorders, and further impair heart function [4,5,84-86].

7. Imaging Diagnostics of EAT

The assessment of EAT is facilitated by advanced imaging techniques, which provide
valuable insights into its quantity, composition, and distribution. The most commonly used
imaging modalities include the following:
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Computed Tomography (CT): CT imaging is considered the gold standard for quantifying
the EAT volume. It provides precise measurements of the epicardial fat depots and allows
for the assessment of its relationship with coronary artery disease and other cardiovascular
conditions [7].

Cardiac Magnetic Resonance Imaging (cMRI): MRI is highly effective in evaluating
the composition of EAT, including its fat content, and offers high-resolution imaging
for detailed anatomical analysis. MRI can also differentiate between adipose tissue and
adjacent structures such as the myocardium and pericardium. EAT quality (as assessed
via CMR T1 times), but not EAT quantity, is independently associated with a composite
endpoint of nonfatal myocardial infarction, heart failure hospitalization, and all-cause
death [87].

Magnetic resonance imaging (MRI) is preferred over CT for qualitative assessments of
EAT due to its superior soft tissue contrast, absence of ionizing radiation, and enhanced
spatial resolution. MRI enables detailed characterization of the EAT composition, distribu-
tion, and tissue properties, making it particularly suitable for research settings focused on
tissue functionality rather than solely volumetric analysis [88].

Echocardiography: Echocardiography is widely used in clinical settings to assess pa-
tients at risk of cardiovascular disease related to excess epicardial fat. Increased epicardial
fat thickness has been associated with various conditions such as coronary artery disease,
heart failure, atrial fibrillation, and diabetes. Echocardiographic evaluation of EAT can
help identify individuals with a higher cardiovascular risk, particularly those with obesity,
hypertension, or metabolic syndrome.

Although not capable of directly quantifying EAT, echocardiography can provide
indirect evidence of increased epicardial fat, especially in the presence of associated cardio-
vascular abnormalities [72]. The parasternal long-axis view and parasternal short axis are
the most commonly used echocardiographic view for assessing epicardial adipose tissue
(EAT). This view provides an optimal visualization of the left ventricular wall, mitral valve,
and left atrium and allows measurement of the thickness of the fat surrounding the heart.
Epicardial fat thickness can be also appear as hyperechoic space if in large amounts (>15
mm). Maximum epicardial fat thickness is measured from 2D parasternal long-axis images
at the point on the free wall of the right ventricle along the midline of the ultrasound
beam, perpendicular to the aortic annulus, used as an anatomic landmark for this view [89].
Echocardiography, while widely used for assessing EAT, has several limitations in detecting
subtle metabolic changes:

Limited Quantification: Echocardiography measures EAT thickness at a single point,
providing a linear assessment rather than a volumetric one. This approach may not capture
the full extent of fat distribution or regional variations in EAT, potentially overlooking
subtle metabolic changes [90].

Low Sensitivity to Fat Composition: Echocardiography lacks the sensitivity to differenti-
ate between different types of adipose tissue, such as distinguishing EAT from PAT. This
limitation can hinder the detection of specific metabolic alterations within EAT [91].

Operator Dependency: The accuracy of echocardiographic measurements can be affected
by the operator’s skill and experience, leading to variability in results. This variability can
complicate the assessment of subtle metabolic changes in EAT [92].

Inability to Assess Fat Quality: Echocardiography cannot evaluate the biochemical
composition of EAT, such as the lipid content or inflammatory markers. These factors are
crucial for understanding the metabolic state of EAT and its role in cardiovascular risk.

In conclusion, although echocardiography is practical, studies show that it underesti-
mates the EAT volume compared with CT/MRI [93-96].
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8. EAT in the Cardiometabolic Diseases

As already stated above, EAT is involved in CVDs such as CAD, heart failure (HF),
and atrial fibrillation (AF).

In CAD, its proximity to coronary arteries supports atherosclerosis through the already
defined role in inflammation, oxidative stress, endothelial damage, lipid accumulation,
and innate immune response [10,71]. Inflammation is sustained by the presence of pro-
inflammatory cells such as M1 macrophages (that are related to coronary plaque instability
and rupture), mast cells, CD8 lymphocytes, pro-inflammatory cytokines (IL-6, CCL2,
and TNF-a), chemokine ligands, and receptors. Some new pro-inflammatory adipokines
also play an important role in EAT inflammation, such as chemerin, serglycin, intelectin
1, and resistin (which is associated with increased endothelial cell permeability). EAT
inflammation is a consequence both of adaptive and innate immune responses. In particular,
the EAT innate immune response is characterized by the activation of nuclear factor-kB
(NF-kB), JUN N-terminal kinase (JNK), and Toll-like receptors that are more prevalent in
CAD patients and are responsible for the increasing production of inflammatory cytokines
in EAT. Moreover, EAT has a unique transcriptome, which differs from that expressed by
visceral fat. Indeed, the inflammatory response is more greatly represented in EAT than
visceral fat. EAT becomes thicker, releasing fatty acids that progressively infiltrate coronary
arteries, contributing to lipid accumulation [9].

Therefore, the atherosclerotic burden is mainly localized in areas where EAT is
thicker [45,66]. Finally, it was observed that EAT was even more greatly increased in
CAD patients with instable plaques [9].

EAT can also predict the prognosis of STEMI patients. The epicardial adipose mass
index (EAMI) is a value calculated by dividing the EAT volume by the absolute value of
the EAT attenuation index (measured using coronary computed tomography angiography).
It was observed that the EAMI could be useful for predicting adverse events in patients 1
year after STEMI [97].

In experimental studies, surgical resection of EAT resulted in decreased coronary
atherosclerosis [45].

EAT—and, in particular, peri-atrial EAT—is an independent risk factor for the de-
velopment and recurrence of AF. Natriuretic peptides produced by cardiomyocytes in
stress conditions stimulate peri-atrial EAT expansion. Peri-atrial EAT can also express
some proteins with important arrhythmogenic properties (such as proteins involved in
muscular contraction, oxidative phosphorylation, and calcium signaling). It can alter
atrial conduction infiltrating the atrial myocardium and thus prolonging the P-wave and
PR interval duration. EAT secretes pro-inflammatory and pro-fibrotic cytokines such as
metalloproteinases and activin A, causing atrial fibrosis and creating the basis for atrial
fibrillation. Furthermore, ganglionated cardiac plexi are localized in EAT. Their activation
causes the shortening of the action potential duration and increased calcium entrance into
the atrial myocardium [9].

Another possible explication of the connection between EAT and AF is the role of ion
channels—in particular, KCa3.1. Indeed, it was observed that its inhibition through rapid
atrial pacing reduced EAT macrophages” migration, probably through the effect of this
channel on CCL2 secretion via the p65/STAT3 pathway [9].

EAT has an important role in HE, especially in patients with HFpEF [98,99]. It can also
affect ventricular function through inflammation, fibrosis, and autonomic dysregulation.
EAT produces catecholamines, and their secretion dysfunction is involved in HFpEF and in
the development of AF in this group of patients. Increased catecholamine levels result in a
reduction in systolic function in HFrEF [100].

The relationship between EAT and metabolic syndrome has also been shown [101].
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In particular, it was demonstrated in 60 healthy subjects that the EAT thickness posi-
tively correlates with the level of visceral adipose tissue deposition [102]. Furthermore, a
recent study analyzed 72 subjects; those who presented clinical and metabolic parameters of
metabolic syndrome and central visceral adipose tissue storage demonstrated greater EAT
thickness compared with patients with prevalent peripheral fat, who had no alterations of
metabolic syndrome parameters [102].

Patients with predominant visceral fat show a higher EAT thickness, which positively
correlates with systolic and diastolic blood pressure, low-density lipoprotein cholesterol,
glucose levels, and fasting insulin levels. Finally, it was observed that EAT was thicker in
patients with metabolic syndrome than patients without it [71].

Patients affected by DM presented an increased thickness and volume (mainly in DM
T2DM compared to TIDM) of EAT compared to non-DM patients [103]. It is also strongly
associated with IR and, for this reason, it could be used as a predictor for the development
of this condition [104]. Therefore, IR is responsible for high blood insulin levels, which
cause AT and protein synthesis, determining an increased EAT volume [104]. IR also leads
to increased levels of retinol binding protein 4 (RBP 4), an adipocytokine produced by
adipose tissue, and lower levels of GLUT 4, a glucose transporter of cell membrane. This
process leads to a reduction in insulin sensitivity, with a reduced glucose uptake by skeletal
muscle cells and increased glucose production by liver cells [105]. Higher levels of RBP 4
and lower levels of GLUT 4 were described in EAT, demonstrating the connection between
EAT and IR [104]. Another IR measurement method is the triglyceride-glucose index (TyG),
which proved to be effective for the estimation of EAT thickness [106,107]. A confirmation
of the relationship between EAT and T2DM was provided by the reduction in EAT thickness
upon the administration of GLP1-RA, SGLT2i, metformin, subcutaneous insulin, and other
antidiabetic drugs [108].

Obesity is associated with chronic systemic inflammation, which determines increased
lipogenesis [84]. EAT is more sensitive to the lipogenesis process compared to other types
of visceral adipose tissue, and for this reason, its thickness increases with body mass index
(BMI) elevation. Leptin is secreted by white adipose cells and is increased in obesity. It
determines vascular inflammation, oxidative stress, and vascular smooth muscle hypertro-
phy and it can contribute to the development of T2DM [109]. Furthermore, an increased
BMI can determine hyperaldosteronism, which is responsible for the accumulation of
EAT and its dysfunctional changes. Therefore, through the lack of anatomical barriers
between EAT and myocardium or coronary arteries, EAT inflammation is also responsible
for cardiovascular complications of obesity. Finally, the EAT thickness and EAT-related
inflammation decrease with high-dose statin administration [45] but also with physical
activity [68].

Chronic renal disease (CKD) is an important risk factor for CVD. Indeed, it was ob-
served that patients receiving peritoneal dialysis or hemodialysis had more elevated levels
of EAT. Consequently, this represents another risk factor for CKD patients. Therefore, CKD
determines chronic inflammation, thus causing EAT dysfunction and inflammation, which
affect the myocardium and coronary arteries. Finally, sevelamer, the non-calcium-based
phosphate-binding agent, has been shown to reduce EAT thickness progression, along with
a reduction in inflammation markers and serum cholesterol in CKD patients treated with
hemodialysis [110]. Furthermore, patients affected by both DM and nephropathy presented
an increased EAT thickness, which reflects an uncontrolled underlying disease, high body
mass index, and raised cardiovascular risk markers [111]. A summary of the diagnostic
view of EAT and the correlation with cardiometabolic diseases is provided in Figure 2.
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Figure 2. Epicardial adipose tissue: echocardiographic view and its correlation with cardiometabolic
diseases. At the center, the parasternal long-axis view, commonly used for assessing epicardial
adipose tissue (EAT), shows EAT as an echo-free space between the outer wall of the myocardium
and the visceral layer of the pericardium. Secondly, the figure highlights the correlation between
increased EAT and several cardiometabolic diseases. Specifically, thicker EAT is associated with
coronary artery disease (CAD) through atherosclerosis, inflammation, and oxidative stress. Peri-atrial
EAT is identified as an independent risk factor for atrial fibrillation (AF). EAT is also suggested to
play a role in both subtypes of heart failure (HF), HFpEF and HFrEF. In metabolic syndrome, EAT
thickness shows a positive correlation with visceral fat and is linked to elevated blood pressure,
lipid levels, glucose, and insulin resistance. Patients with diabetes mellitus (DM), particularly type
2, typically present with increased EAT thickness and volume, associated with insulin resistance.
Finally, the figure indicates that elevated EAT levels are observed in chronic kidney disease (CKD),
potentially contributing to cardiovascular risk in this population.

9. Conclusions

Obesity is a major risk factor for metabolic dysfunction and CVD, primarily through
the expansion of AT and the development of a chronic low-grade inflammatory state.
Among the different fat depots, EAT has emerged as a key player in cardiovascular risk
assessment. Unlike inert fat storage, EAT is a metabolically active tissue involved in the
regulation of inflammatory responses, oxidative stress, and adipokine secretion.

EAT has been closely linked to the onset and progression of cardiovascular conditions
such as atherosclerosis and heart failure. Its measurement is gaining recognition as a
valuable prognostic tool, offering insights into disease progression and therapeutic efficacy.
Lifestyle interventions, including physical activity and a balanced diet, have shown effec-
tiveness in reducing EAT volume, which in turn may improve cardiac function and reduce
inflammation [112].

From a diagnostic perspective, CT is currently the most accurate method for quan-
tifying EAT. Echocardiography, although less precise, remains a practical non-invasive
technique for initial assessment. Cardiac MRI provides the most detailed analysis, offering
a high spatial resolution.

In conclusion, EAT is a significant biomarker and potential therapeutic target in the
prevention and management of cardiovascular risk. Future research is needed to fur-
ther elucidate the underlying molecular mechanisms and to develop targeted therapeutic
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approaches. Epicardial adipose tissue is increasingly recognized as a clinically relevant
biomarker and potential therapeutic target in cardiovascular disease. Future directions
include its integration into routine cardiovascular risk stratification, the development of
targeted therapies to modulate its inflammatory and metabolic activity, and its use as
a dynamic marker to monitor the treatment response. Advances in imaging technolo-
gies, combined with molecular research, will further elucidate the pathophysiological
mechanisms of EAT, supporting its role in precision medicine and the development of
personalized cardiovascular interventions. Artificial intelligence (Al) is revolutionizing
the study of EAT by utilizing algorithms to analyze medical images such as CT and MRI,
improving fat measurement and cardiovascular risk prediction.
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