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Abstract

Epicardial adipose tissue (EAT) is a metabolically active visceral fat depot located
between the myocardium and the visceral pericardium, exerting direct paracrine and
vasocrine effects on the heart and coronary vessels. Under physiological conditions,
EAT supports myocardial energy metabolism and thermoregulation through fatty acid
supply and adaptive metabolic flexibility. In cardiometabolic disorders such as obe-
sity, type 2 diabetes, and heart failure, EAT undergoes pathological remodelling char-
acterized by increased thickness, adipocyte hypertrophy, immune cell infiltration, and
secretion of pro-inflammatory and fibrotic mediators. These alterations contribute to
myocardial fibrosis, stiffness, and coronary atherosclerosis, particularly in heart failure
with preserved ejection fraction. Pharmacological modulation of EAT has therefore
emerged as a promising therapeutic approach in cardiovascular prevention. Agents
such as statins, peroxisome proliferator-activated receptor gamma agonists, adeno-
sine monophosphate-activated protein kinase activators, glucagon-like peptide-1
receptor agonists, and sodium-glucose cotransporter 2 inhibitors exert both systemic
and depot-specific effects. They reduce EAT thickness, suppress inflammatory signal-
ling, enhance insulin sensitivity, and promote adipocyte browning and oxidative
metabolism. Among these, sodium-glucose cotransporter 2 inhibitors and glucagon-
like peptide-1 receptor agonists show the most consistent effects in shifting EAT
towards a less inflammatory and more metabolically active phenotype. The goal of
this review is to provide an overview of current pharmacological interventions that
influence EAT and to summarize how much is known about their molecular mecha-
nisms from in vitro and in vivo studies. The target audience includes cardiovascular
researchers and clinicians seeking to better understand how metabolic and antidia-

betic therapies modulate cardiac fat biology and function.
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1 | INTRODUCTION

Epicardial adipose tissue (EAT) is a distinct visceral fat depot located
between the myocardium and the visceral layer of the pericardium.!
Unlike other fat stores, EAT is uniquely positioned to interact directly
with the heart and coronary vessels, secreting a variety of adipokines,
cytokines, and bioactive factors that influence cardiac metabolism,
vascular function, and electrophysiological properties.? Figure 1
shows the distinct physiological proximity of these two tissues, where
EAT can be observed adjacent directly to the right ventricle when the
pericardial sac is opened during cardiac bypass graft. Under normal
physiological conditions, EAT contributes to myocardial energy
homeostasis by serving as a readily accessible source of free fatty
acids. It exhibits metabolic flexibility, and provides thermogenic pro-
tection during periods of increased cardiac workload.

In cardiometabolic diseases such as obesity, type 2 diabetes mellitus
(T2DM), and heart failure, EAT undergoes significant expansion and
functional changes.* Importantly, EAT dysfunction often arises early in
the course of metabolic syndrome, preceding overt obesity or diabetes.
This early remodelling—marked by adipocyte hypertrophy and hyperpla-
sia, immune cell infiltration, and a pro-inflammatory, pro-fibrotic, and
insulin-resistant secretory profile—creates a metabolically active and
inflammatory microenvironment.* These alterations can impair myocar-
dial relaxation, promote coronary atherosclerosis, and contribute to myo-
cardial fibrosis and stiffening, thereby facilitating the development of
heart failure with preserved ejection fraction (HFpEF), coronary artery
disease (CAD), and other major adverse cardiovascular events.>"® Given
the critical role of EAT in linking metabolic dysfunction with cardiovascu-
lar disease, it has emerged as an attractive target for therapeutic
intervention. Several glucose- and lipid-modulating drugs—including
statins, Peroxisome-Proliferator-Activator-Receptor-y (PPARY) agonists,
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FIGURE 1 Epicardial adipose tissue is located directly on top of
the myocardial surface of the right ventricle, picture obtained during
sternotomy. Created in BioRender. Reingruber, S. (2025) https://
BioRender.com/vfymzc3.

adenosine monophosphate-activated protein kinase (AMPK) activators,
glucagon-like-peptide-1 (GLP1) receptor agonists, and sodium-glucose
cotransporter 2 (SGLT2) inhibitors—have been shown to impact EAT by
reducing its volume, attenuating inflammation, improving insulin sensitiv-
ity, and enhancing myocardial energetics through diverse molecular
mechanisms.” 2

This review focuses on the current understanding of how these
pharmacologic agents influence EAT biology. After outlining the
development and physiological functions of EAT, we discuss its patho-
logical remodelling in cardiometabolic disease. We then examine the
evidence supporting the modulation of EAT by glucose- and lipid-
targeting therapies, highlighting both mechanistic insights and poten-
tial clinical implications for cardiovascular risk reduction.

2 | PHYSIOLOGICAL PROPERTIES—EAT AS
ENERGY STORAGE AND THERMOGENIC
PROTECTOR OF THE MYOCARDIUM

Metabolically, EAT is regarded as the visceral fat depot of the heart.
While primarily composed of white, unilocular adipose tissue, small
depots of brown, multilocular adipocyte niches have been identified
in perivascular regions—such as the aorta and common carotid
artery—and near the epicardial surface.'® During fetal and early neo-
natal life, EAT exhibits several morphological and molecular features
characteristic of brown adipose tissue (BAT).2* These include, as men-
tioned, the presence of multilocular lipid droplets, dense mitochon-
drial content, and expression of thermogenic markers such as
uncoupling protein 1 (UCP1), peroxisome proliferator-activated recep-
tor gamma coactivator-1 alpha (PGC-1a), and PR domain containing
16 (PRDM16).2>"Y” This thermogenic profile is hypothesized to pro-
tect the immature myocardium from thermal stress and to provide a
local energy reservoir for rapidly metabolizing cardiac tissue. Unlike
classical brown fat depots however, EAT is presumed not to originate
from Myf5+ precursors, but from the splanchnopleuric
mesenchyme,*® and also expresses CD137, a marker characteristic of
beige adipose tissue.r? This supports its classification as a beige or
inducible brown fat, capable of transitioning between ‘brown’ and
‘white’ adipose tissue during aging.**'??° In its healthy, non-
pathological state, EAT performs a number of important physiological
roles. It serves as a local buffer for free fatty acids, supplying high-
energy substrates directly to the myocardium through shared coro-
nary microcirculation.®>?%?? This unique vascular relationship also
enables rapid paracrine and vasocrine signalling between EAT and the
underlying cardiac tissue. In addition, EAT produces cardioprotective
adipokines, including adiponectin and omentin, which exert anti-
inflammatory, anti-fibrotic, and vasodilatory effects.?>~2” The anatom-
ical distribution of EAT, particularly along the coronary arteries, also
provides mechanical protection and insulation to the myocardium.?®
Although much of the early thermogenic phenotype is lost in adult-
hood?’ the metabolic flexibility and endocrine function of EAT sug-
gest it retains a key role in cardiac energy homeostasis and protection

under physiological conditions.?’ Beyond serving as an energy buffer,
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brown and beige adipocytes within EAT actively contribute to myo-
cardial energy homeostasis through metabolic and thermogenic cou-
pling.82® Their dense mitochondrial content enables high rates of
B-oxidation and uncoupled respiration, generating both ATP and heat
to support the heart's high and fluctuating energy demands.>°3? Free
fatty acids released from thermogenic adipocytes can be rapidly uti-
lized by adjacent cardiomyocytes via the shared coronary microcircu-
lation, while localized heat production may enhance enzymatic
efficiency and protect against ischemic stress.”23-3> This ‘energetic
crosstalk’ positions EAT not merely as an insulating or endocrine
organ, but as an active metabolic partner of the myocardium—one
that adjusts substrate supply and thermogenesis in response to car-
diac workload and systemic metabolic cues. With advancing age and
increasing cardiometabolic burden, EAT undergoes a phenotypic shift
towards a white adipose tissue (WAT)-like profile. This transition is
marked by a progressive loss of UCP1 expression and other thermo-
genic gene signatures, a shift from multilocular to unilocular adipocyte
morphology, and decreased mitochondrial density.>? While this shift
may be part of normal maturation, it is accelerated in the context of
obesity, diabetes, and CAD.2"3? These pathological states induce
local hypoxia, oxidative stress, and infiltration of immune cells, further
repressing thermogenic programs and promoting fibrotic and inflam-
matory remodelling of the tissue.® Interestingly, this loss of browning
capacity in EAT does not necessarily correlate with reductions in its
volume. Indeed, increased EAT volume has been consistently
observed in individuals with metabolic syndrome, T2DM, and heart
failure, particularly HFpEF.® Rather than serving a thermogenic or
energy-buffering function, EAT in these contexts becomes a source of
pro-inflammatory adipokines (e.g., Interleukin-6 (IL-6), tumour-necro-
sis-factor-a (TNF-a), resistin) and fibrotic mediators, contributing to
myocardial stiffness, arrhythmogenesis, and atherosclerosis.*°~4? The
phenotypic shift from brown-like to white adipose tissue with age and
metabolic stress marks a critical turning point—where EAT transitions
from being a cardioprotective depot to a potential contributor to car-

diovascular pathology.

3 | CLINICAL ASSESSMENT OF EAT

Accurate assessment of EAT is essential for both research and clinical
interpretation. The main non-invasive imaging modalities include
echocardiography, computed tomography (CT), and magnetic reso-
nance imaging (MRI). While echocardiography is widely accessible,
inexpensive, and allows rapid estimation of EAT thickness, it is limited
to linear measurements at select locations and highly operator-

t,*> whereas CT and MRI are considered the non-invasive

dependen
gold standards for clinical studies on EAT, including pharmacologic
interventions discussed in this review. CT provides high-resolution
three-dimensional measurement of EAT volume and permits tissue
characterization via EAT attenuation values.***> These are frequently
observed in imaging studies on HFpEF and CAD. Attenuation provides
a marker for fat density and inflammation of the tissue. Lower (more

negative) attenuation values indicate lipid-rich, less inflamed adipose

tissue, whereas higher attenuation values reflect reduced lipid con-
tent, fibrosis, and inflammatory infiltration.*® CT's main limitations are
exposure to ionizing radiation and the need for contrast in some pro-
tocols.*” MRI also offers excellent soft-tissue contrast, allowing accu-
3D without
radiation.*®*? It is ideal for longitudinal studies but is less widely avail-

rate volumetric and functional assessment in

able and more time-consuming than CT.

4 | EATIN HEART FAILURE AND
CARDIOMETABOLIC DISEASES

In the context of metabolic diseases such as obesity, T2DM and heart
failure, EAT undergoes remodelling characterized by volumetric
expansion and a shift in its secretory profile towards a pro-
inflammatory, pro-fibrotic, and insulin-resistant phenotype.>>° EAT
pathological conditions are characterized by an altered secretome,
where protective adipokines such as adiponectin are downregulated,
while pro-inflammatory cytokines including tumour necrosis factor-
alpha (TNF-a), interleukin-6 (IL-6), monocyte chemoattractant
protein-1 (MCP-1), and resistin are overexpressed.>>>2 These cyto-
kines contribute not only to local myocardial inflammation but also to
systemic inflammation and insulin resistance, thereby linking EAT dys-
function with the broader metabolic derangements, characteristic of
obesity and diabetes.” TNF-a, a central mediator of inflammation, pro-
motes endothelial dysfunction and apoptosis of cardiomyocytes, exac-
erbating myocardial injury and fibrosis.>>>* Resistin, initially described
for its role in insulin resistance, has been implicated in promoting vas-
cular inflammation and atherogenesis and is highly expressed in epi-
cardial adipose tissue of patients suffering from heart failure and
CAD.>>¢ Together, these factors contribute to a pro-fibrotic environ-
ment resulting in myocardial stiffening and impaired diastolic relaxa-
tion.* Due to the physical proximity of the tissues, pathological
transformation of EAT significantly contributes to cardiac remodelling,
increased left ventricular mass,”” myocardial fibrosis, impaired dia-

stolic function,®*°®

accelerated coronary atherosclerosis and electro-
mechanical changes due to pro-inflammatory signalling.’%%? The
increased EAT volume observed in these cardiometabolic conditions
reflects hypertrophy and hyperplasia of adipocytes within the fat, as
well as infiltration by immune cells such as macrophages, which inten-
sify the local inflammation.”° In parallel with this inflammatory shift,
the loss of brown and beige adipocyte features within EAT due to
hypertrophy of white adipocytes reduces mitochondrial oxidative
capacity and B-oxidation, diminishing its ability to supply the myocar-
dium with readily available fatty acids and thermogenic energy sup-
port.373133 The resulting decline in this local energy-buffering
function may exacerbate myocardial metabolic stress, further contrib-
uting to impaired relaxation and contractile inefficiency, particularly in
the early stages of HFpEF.?23%61 Clinically, this pathological remodel-
ling of EAT is most evident in HFpEF, a syndrome characterized by
diastolic dysfunction and increased myocardial stiffness.6%¢® Multiple
studies have demonstrated that patients with HFpEF exhibit signifi-
cantly increased EAT volumes compared to controls, with strong
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correlations between EAT burden and markers of left ventricular
(LV) stiffness as well as exercise intolerance.®? Mechanistically, the
pro-inflammatory adipokine milieu of EAT in HFpEF appears to drive
myocardial fibrosis and microvascular endothelial dysfunction, both
key pathophysiological features of this syndrome.®* Moreover, EAT's
anatomical proximity to the coronary arteries and myocardium allows
its secreted bioactive molecules to exert paracrine effects that directly
influence coronary atherosclerosis. EAT-derived inflammatory cyto-
kines promote endothelial activation, smooth muscle proliferation,
and recruitment of immune cells within the vascular wall, accelerating
plaque formation and instability.>° This link between EAT inflamma-
tion and coronary artery disease (CAD) has been substantiated by
imaging studies showing that increased EAT volume predicts coronary
plague formation and adverse cardiovascular events independently of

).6> Conditions

traditional risk factors (e.g., BMI or lipoprotein levels
like metabolic syndrome, insulin resistance, and chronic low-grade
inflammation promote the expansion, attenuation and therefore dys-
function of EAT.”®? In turn, this dysfunctional fat depot releases
harmful signals that contribute to adverse changes in the heart muscle
and blood vessels.” This cycle of EAT metabolism and cardiac function
negatively influencing each other reinforces itself over time, worsen-
ing both metabolic and cardiovascular health. Recognizing this
dynamic, EAT has emerged not just as a marker of disease, but as a
promising target for therapy. Therapeutic strategies that also reduce
EAT volume or shift its secretory profile towards a more anti-
inflammatory, cardioprotective state—such as SGLT2 inhibitors, sta-
tins, GLP-1 receptor agonists, and PPARy agonists—are currently
attracting significant interest among researchers exploring EAT's role
in cardiometabolic disease and obesity. These agents hold promise
not only for improving metabolic control but also for mitigating car-
diovascular risk by directly modulating EAT. Restoring the thermo-
genic and energy-supporting phenotype of EAT—through reactivation
of browning pathways and enhanced mitochondrial function—offers a
mechanistic route to re-establish both metabolic and inflammatory
balance at the heart-fat interface. In this review, we take a closer look
at the current evidence on how these drug classes affect EAT biology
and what this could mean for future therapeutic approaches.

5 | IMPACT OF GLUCOSE- AND LIPID-
MODULATING DRUGS ON EPICARDIAL
ADIPOSE TISSUE

Beyond their systemic metabolic effects, several orally administered
glucose- and lipid-modulating agents exert direct effects on EAT,
influencing its volume, cellular phenotype, and secretory, pro- and
anti-inflammatory signalling profile. These effects appear to be
beyond weight reduction or glycemic control, implicating mecha-
nisms such as improved adipocyte mitochondrial function, reduced
oxidative stress, modulation of local immune cell populations, and
attenuation of pro-inflammatory signalling pathways.%22%¢ Increas-
ing evidence suggests that pharmacologically targeting EAT may
contribute to the cardiovascular benefits observed with drugs

commonly used in patients with cardiometabolic disease. The
hypothesized modes of action of these compounds are summarized
in Figure 2 and Table 1. In the following sections, we explore the
current knowledge regarding the impact of sodium-glucose
cotransporter-2 (SGLT2) inhibitors, glucagon-like peptide-1 receptor
(GLP-1R) agonists, statins, peroxisome proliferator-activated recep-
tor gamma (PPARy) agonists, and AMP-activated protein kinase
(AMPK) activators on EAT, with a focus on their mechanistic effects

and potential therapeutic implications.

5.1 | Statins

Beyond their established LDL-cholesterol-lowering effects, statins
exert pleiotropic anti-inflammatory and metabolic actions that extend
into perivascular adipose tissue.®” Here, we review drug-specific evi-
dence on statins and EAT, followed by mechanistic insights into
potential pathways of action.

5.1.1 | Atorvastatin

Atorvastatin is the most extensively investigated statin with respect
to EAT. In the Ossabaw swine model of metabolic syndrome, long-
term atorvastatin treatment significantly remodelled the epicardial
adipose tissue transcriptome, with enrichment of interferon-a/y sig-
nalling pathways and concomitant downregulation of pro-
inflammatory networks involving TNF-a signalling, IL-6-Janus
Kinase (JAK), Signal Transducer and Activator of Transcription
3 (STAT3), and Nuclear Factor kappa-light-chain-enhancer of acti-
vated B cells (NF-kB)-related genes, highlighting a shift in EAT
towards a less inflammatory and more immunoregulatory pheno-
type.®® In clinical studies, high-intensity atorvastatin has consistently
demonstrated reductions in EAT volume and attenuation.®”%? For
example, in a substudy of the BELLES trial, hyperlipidemic postmen-
opausal women were randomized to receive either atorvastatin
80 mg/day or pravastatin 40 mg/day for 1 year.”* The results dem-
onstrated that atorvastatin treatment led to a significant reduction in
EAT volume compared to pravastatin. Importantly, this reduction in
EAT volume was not correlated with changes in lipid levels, suggest-
ing that the effect was independent of LDL-C lowering and may be
attributed to other pleiotropic actions of statins, such as anti-
inflammatory effects.”? Patients with atrial fibrillation undergoing
ablation can also benefit from statin therapy, as 3 months of high-
dose atorvastatin (80 mg/day) have been shown to significantly
reduce epicardial adipose tissue (EAT) volume and attenuation, as
measured by cardiac CT, effects that were also independent of
changes in LDL-C, suggesting direct action on EAT.®? This finding
was reinforced by Raggi et al., who showed that both atorvastatin
and pravastatin reduced epicardial adipose tissue (EAT) attenuation,
a CT-based marker of inflammation, with the effect being more pro-
nounced for atorvastatin—again independently of LDL-C reduc-

tion.%” Collectively, atorvastatin exerts reproducible effects on EAT,
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FIGURE 2 Generalized effects of statins, PPARY agonists, AMPK agonists, SGLT2i and GLP1R agonists on EAT, which in turn modulate
cardiac function and patient quality of life. SGLT2 inhibitors primarily act by reducing overall EAT volume and promoting adipocyte browning,
thereby shifting the tissue towards a more metabolically favourable state. AMPK agonists decrease EAT mass and reactive oxygen species while
enhancing fatty acid oxidation, collectively attenuating tissue inflammation. Statins exert their effects mainly through cholesterol lowering,
leading to reductions in EAT volume and inflammatory activity—similar to PPARY agonists, which additionally stimulate adipocyte browning.
GLP-1 receptor agonists likewise promote browning and reduce overall cardiac fat content alongside inflammatory signalling. Created in

BioRender. Reingruber, S. (2025) https://BioRender.com/3mkowl4.

both quantitatively (volume regression) and qualitatively (reduced
inflammatory activity). These effects occurred independently of sys-
temic lipid lowering, resulting in lowered risk of atrial fibrillation,
heart failure due to EAT mechanically obstructing the heart and less
fibrotic remodelling due to inflammatory signalling.

5.1.2 | Rosuvastatin

Data on rosuvastatin is comparatively sparse. Jo et al.”? investigated
the effects of aerobic exercise in combination with Rosuvastatin/
Olmesartan therapy in patients with hypertension and dyslipidemia
and found a significant reduction of epicardial fat thickness, though
the single effect of rosuvastatin cannot exactly be determined, espe-
cially since olmesartan alone has also been shown to reduce EAT in

clinical studies.”®

5.1.3 | Simvastatin

In patients with metabolic syndrome undergoing coronary bypass sur-
gery, 3 months of simvastatin (20 mg) reduced inflammatory gene
expression (including IL-6, leptin, resistin, and monocyte chemoattrac-
tant protein-1 (MCP-1)) in EAT excised during surgery as well as in
plasma.”* In combination with pioglitazone (a PPARy agonist), simva-
statin produced additive anti-inflammatory results.”* In a retrospec-
tive cohort of patients undergoing PCl, simvastatin (10 mg) combined
with ezetimibe (10 mg) significantly reduced echocardiographic epi-
cardial fat thickness, mirroring the lipid-lowering effects seen with
atorvastatin, though later comparisons demonstrated that atorvastatin
alone produced a larger reduction in EAT thickness.!? These findings
suggest that simvastatin does alter EAT biology, particularly with
respect to inflammation; however effects seem to be less potent than

atorvastatin.
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TABLE 1 Effects of pharmacologic agents on epicardial adipose tissue (EAT).
Strength
Drug of
class Key drugs Effects on EAT Proposed mechanisms evidence References
Statins Atorvastatin | EAT volume, | attenuation, | NF-kB inhibition, M1 — M2 macrophage shift,  Preclinical  [11,48,66-
inflammation, possible browning 1 mitochondrial FAO, thermogenic gene + Clinical 70]
induction
Rosuvastatin | EAT thickness (confounded by Unclear; likely pleiotropic anti-inflammatory Limited [71,72]
combination therapy) effects Clinical
Simvastatin | inflammatory gene expression, NF-kB inhibition, anti-inflammatory Preclinical ~ [73,74]
modest | EAT thickness + Clinical
Pravastatin Modest | EAT volume and Anti-inflammatory, less potent than Clinical [67,69]
attenuation atorvastatin
PPARY Pioglitazone | EAT volume, | pro-inflammatory 1 adiponectin, M1 — M2 macrophage shift, Preclinical  [75-79]
agonists cytokines mitochondrial biogenesis, partial browning + Clinical
Rosiglitazone Browning, M1 — M2 macrophage 1 PRDM16, 1 UCP1, mitochondrial biogenesis Preclinical [79,80]
shift
AMPK Metformin | EAT thickness, | inflammation 1 fatty acid oxidation, | lipogenesis, NF-kB Clinical + [81-87]
activators inhibition, 1 adiponectin, M1 — M2 shift Preclinical
GLP-1R Liraglutide | EAT volume and thickness, 1 Direct GLP-1R activation, AMPK-PGC-1a Preclinical [10,88-95]
agonists thermogenic genes, | inflammatory signalling, T UCP1/mitochondrial biogenesis, + Clinical
cytokines M2 macrophage shift
Semaglutide | EAT thickness/volume, | Browning, oxidative metabolism enhancement, Preclinical [10,96-
inflammatory/adipogenic signalling, 1 paracrine anti-inflammatory effects + Clinical 101]
mitochondrial proteins
Exenatide | EAT volume/thickness, 1 oxidative Browning, 1 lipolysis/oxidation, | adipogenic Preclinical ~ [102-104]
markers gene expression + Clinical
Tirzepatide | paracardiac adipose tissue (likely GLP-1/GIP mediated weight loss and anti- Clinical [105-107]
includes EAT) inflammatory effects (indirect)
SGLT2 Dapagliflozin | EAT volume, | lactate release, | 1 mitochondrial oxidation, | UCP1/PRDM16, |  Preclinical  [108-116]
inhibitors browning markers IL-6/MCP-1, M1 — M2 shift + Clinical
Empagliflozin | EAT volume (select populations), | 1 FA oxidation, browning, M1 — M2 Preclinical [117-121]
pro-inflammatory cytokines macrophage shift + Clinical
Canagliflozin/ | EAT volume, | systemic Likely similar mechanisms to dapagliflozin/ Limited [122-125]
Luseogliflozin/ inflammation empagliflozin Clinical

Ipragliflozin

Note: Summary of key drug classes and individual agents affecting EAT. For each, observed effects on volume, thickness, attenuation, inflammation, and
browning are listed, along with primary mechanisms, strength of evidence (preclinical or clinical), and supporting references. This overview allows direct
comparison of therapeutic impacts on EAT and their potential cardiovascular implications.

5.1.4 | Pravastatin

Pravastatin has mainly served as a comparator: In the BELLES sub-
study, pravastatin 40 mg was associated with modest reductions in
EAT volume, significantly smaller than those with atorvastatin
80 mg.”"% In a trial of postmenopausal women, pravastatin reduced
EAT attenuation over 1 year, consistent with decreased inflammatory

activity, though the effect again was weaker than atorvastatin.®”

5.1.5 | Lovastatin, fluvastatin and pitavastatin
No direct experimental or clinical evidence is currently available for
lovastatin, fluvastatin, or pitavastatin in relation to EAT. Reviews of

statin therapy as a class conclude that EAT regression is a consistent

finding with intensive statin therapy, but whether these lesser-studied

agents replicate the magnitude of effect seen with atorvastatin

remains uncertain.>*26127

516 |

Mechanistic pathways of statins

Statins appear to modulate EAT through a constellation of pleiotropic
mechanisms that extend well beyond LDL-cholesterol lowering. By
inhibiting the mevalonate pathway, statins reduce the availability of
isoprenoids required for the prenylation of small monomeric
guanidinium-triphosphatases (GTPases) such as Rho, Rac, and Ras,
thereby suppressing NF-kB-mediated transcription of
inflammatory cytokines including IL-6, TNF-a, and MCP-1.12812% This

effect is supported by human biopsy data demonstrating decreased

pro-
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expression of inflammatory genes in EAT and plasma samples follow-
ing simvastatin therapy’* and by imaging studies showing reduced
EAT attenuation on CT, consistent with lower tissue adipose immune
activation.®” In parallel, transcriptomic analyses suggest that statins
enhance mitochondrial fatty acid oxidation while downregulating lipid
synthesis, a metabolic reprogramming that likely contributes to volu-
metric regression and the formation of less and smaller adipo-
cytes.1*913 |mmune remodelling appears central when looking at
pro-inflammatory and anti-inflammatory cytokine signalling, as statins
can shift macrophage polarization away from a pro-inflammatory M1
phenotype towards an anti-inflammatory M2 profile, thereby reducing
IL-1B and TNF-a secretion while enhancing IL-10 and TGF- produc-
tion.”%132 Statins have also been hypothesized to enhance the brow-
ning of EAT, characterized by increased expression of thermogenic
genes such as UCP1, indicative of a transition from a white to a beige
adipocyte phenotype. This browning effect is thought to further
enhance the metabolic activity and thermogenic capacity of EAT,
potentially offering additional cardioprotective benefits.®> However,
literature on the browning effects of statins remains scarce and some-
what contradictory, as other studies suggest that statins may inhibit
adipose tissue browning.”>133134 Because of its anatomic continuity
with the coronary adventitia, EAT-derived mediators directly influence
the coronary vasculature and myocardium; thus, statin-induced reduc-
tions in pro-inflammatory cytokines and leptin, together with
increases in adiponectin, may stabilize atherosclerotic plagues and

reduce arrhythmogenic substrates.*

5.2 | PPARYy agonists

PPARYy agonists (e.g., pioglitazone) promote adipocyte differentiation
and enhance insulin sensitivity.”®~”® In EAT, they may shift the adipo-
kine profile towards a more anti-inflammatory state, increasing
adiponectin while reducing TNF-a and IL-6. Despite concerns about
fluid retention, their modulatory effects on EAT may partly explain
their benefit in selected patients with diabetes and cardiovascular risk
as described in detail below.

52.1 | Pioglitazone

Both pro- and anti-inflammatory cytokines, such as IL-1Ra and IL-18,
are upregulated in EAT of CAD patients who additionally present with
either metabolic syndrome or type 2 diabetes. In a study of seven
type 2 diabetes patients, pioglitazone treatment with a dose of
25 mg/day for a duration of 24 months initiated a decreased expres-
sion of IL-1Ra, IL-10 and IL-1B, thus reducing the expression of vari-
ous pathologically elevated pro-inflammatory cytokines.”® Further,
pioglitazone has also been demonstrated to reduce the concentration
of pro-inflammatory substances in the subcutaneous and visceral fat
depots.2° Macrophage-derived factors are known to stimulate the
expression of pro-inflammatory adipokines such as IL-6 and IL-8 in

adipose tissue and isolated adipocytes.'®> Ex-vivo tissue treated with

pioglitazone prior to conditioned macrophage medium exposure
showed a reduced expression of several pro-inflammatory substances
including IL-6.2° Moreover, it also reduced the adipokine lowering
effect of macrophage factors as macrophages that had been exposed
to pioglitazone triggered a weaker inflammatory response in control
adipocytes, confirmed by a reduced TNF-a concentration.?® The
effect of pioglitazone on EAT was also evident in a clinical study con-
sisting of 12 type 2 diabetes patients treated over a period of
24 weeks. The dose was increased gradually (5-45 mg/day over
24 weeks). MRI scans were conducted subsequently and revealed
overall larger EAT areas in type 2 diabetes patients; however, EAT vol-
ume decreased significantly by 9% after the treatment. Also, left ven-
tricular diastolic function as well as insulin sensitivity were found to
be inversely correlated with EAT volume, as both improved after
treatment.”” Collectively these studies suggest that pioglitazone
reduces pro-inflammatory processes in EAT as well as its overall vol-
ume, thereby culminating in a significant clinical improvement of car-

diometabolic function including insulin sensitivity in EAT.

5.2.2 | Rosiglitazone

Relatively few studies have investigated rosiglitazone's effects on EAT,
largely due to historical cardiovascular safety concerns, limited contem-
porary use and research focus shifting towards newer cardiometabolic
drugs, as analysed in this review. However, a short-term study on the
effects of rosiglitazone in an in vivo rat model system for diabetes has
shown that rosiglitazone can induce the PRDM16 as well as UCP-1. This
leads to browning of EAT, which is advantageous for cardiometabolic
health as the increased lipid turnover of BAT limits the release of fatty
acids by EAT which would otherwise accumulate in the myocardium.*3¢
Moreover, rosiglitazone in vivo can shift macrophages from the pro-

inflammatory M1 to the anti-inflammatory M2 state.”®

5.2.3 | Mechanistic pathways of PPARY agonists

PPARYy agonists increase the expression of PRDM1é, Peroxisome
Proliferator-Activated Receptor Gamma Coactivator 1-alpha (PGC-1a)
and UCP-1. This can lead to a change in the white phenotype of adi-
pose tissue towards brown/beige adipose tissue, thereby promoting
mitochondrial biogenesis. This was confirmed by high expression
levels of NADH dehydrogenase subunit 1 (ND1) and Cytochrome C oxi-
dase subunit 4 (COX4) (two proteins derived from the mitochondrial
and nuclear genome).?®® Further, higher mitochondrial biogenesis
accentuates the expression of proteins required for fatty acid oxida-
tion and increased lipid turnover.**¢ Browning effects are also caused
by the inhibition of autophagy via PPARY activation associated with
these compounds.*®” White adipose tissue is known to attain brown-
like features such as increased B-oxidation and insulin sensitivity
when autophagy is suppressed.'*® Adiponectin is secreted by EAT
and reduces oxidative stress from the myocardium via activation of

AMPK in cardiomyocytes.*® The activation of PPARY increased the
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expression of adiponectin, resulting in the protection of the heart
from oxidative stress.”® Moreover, adiponectin has been illustrated to
promote an anti-inflammatory phenotype of macrophages from sub-
cutaneous fat.24° Collectively, these findings suggest that PPARy ago-
nists positively alter the biological processes within EAT in regard to
decreased inflammation as well as the white-to-brown transition of
the fat depot.

5.3 | AMPK agonists—Metformin

AMP-activated protein kinase (AMPK) acts as a cellular energy sen-
sor.2! Drugs like metformin activate AMPK and have been shown to
reduce EAT thickness, which is thought to occur via enhanced fatty
acid oxidation, reduced lipogenesis, and suppression of inflammation.
A prospective clinical study investigated the effects of metformin
monotherapy over a period of 3 months on 40 type 2 diabetes
patients. The participants were prescribed 1000 mg twice a day and
EAT thickness was measured echocardiographically post-treatment.
The results showed a significant reduction of EAT area.8? Moreover,
this effect was not only limited to adults but was also observed in chil-
dren, as Glnes et al. investigated the effect of metformin on 30 obese
children with insulin resistance. After a 3-month treatment period a
significant reduction in EAT area was determined echocardiographi-
cally.% However, both observational studies have similar weaknesses
as they used rather small sample sizes and did not correlate their find-
ings to inflammatory markers.2%% Furthermore, literature seems con-
tradictory as observed in a study conducted by Al-Talabany et al.: The
study aimed to investigate whether CAD patients without type 2 dia-
betes exhibit changes in EAT after metformin administration; however
MRI measurements of EAT thickness showed no significant differ-
ences before and after treatment.®® Additionally, combining metfor-
min with dapagliflozin has been shown to reduce EAT thickness more
rapidly,®* however, this effect may also be attributed to dapagliflozin.
Conclusively, the results highlight the possibility that metformin's
effect may depend on the baseline residual volume or insulin sensitiv-

ity in individual patients'®®

and that other agents probably have a big-
ger impact on reducing overall EAT volume.®* Metformin's positive
effects extend beyond the total EAT volume as it influences inflamma-
tory expression within the coronary vessels. In a retrospective study
involving 547 type 2 diabetes patients, pericoronary adipose tissue
was analysed using coronary computed tomography angiography.
Patients treated with metformin showed lower CT attenuation in the
tissue, indicating lower inflammatory levels which can be correlated to
overall coronary inflammation.'** Since EAT is anatomically located

directly on coronary vessels, a similar effect could be assumed.

531 |
Metformin

Mechanistic pathways of AMPK agonists—

As stated before, AMPK is a heterodimeric metabolic sensor, acti-

vated by different states of metabolic stress such as hypoxia and

ischemia.'? Further it improves fatty oxidation in skeletal muscles by
inactivating the enzyme Acetyl-CoA Carboxylase (ACC) via phosphor-
ylation.2*® ACC is responsible for the activation of malonyl-CoA which
in turn blocks the activity of Carnitine palmitoyl transferase 1 (CPT1).
CPT1 increases B-oxidation in mitochondria.'** Therefore, CPT1 is
activated indirectly by AMPK, resulting in enhanced oxidation of fatty
acids.** Metformin exerts multiple anti-inflammatory mechanisms in
EAT, in part by activating AMPK, which negatively regulates NF-kB
signalling. Specifically, metformin reduces phosphorylation and
nuclear translocation of NF-kB,*** thereby decreasing ROS produc-
tion®> and downregulating pro-inflammatory cytokines such as IL-6
and TNF-a.'*¢1%” By modulating upstream activators and down-
stream effectors of NF-kB, metformin restores adipose tissue homeo-
stasis and mitigates chronic inflammation associated with
cardiovascular risk. Moreover, metformin significantly increases
PPARYy protein expression, indicating enhanced adiponectin produc-
tion in EAT.®® It also affects the responsiveness of adiponectin, as it
stimulates the expression of Adiponectin Receptor 1 (AdripoR1).” In
summary, metformin has a direct anti-inflammatory effect on adipo-
cytes as it upregulates adiponectin and suppresses inflammatory cyto-
kines.8” Similar to PPARY agonists, metformin has been demonstrated
(in vivo) to decrease M1 macrophage markers such as CD11c and shift
the macrophage polarization towards the anti-inflammatory M2 type
in adipose tissue.28 Collectively, these findings highlight the possibility
of reducing EAT volume in patients with type 2 diabetes which could
be caused by increased lipid turnover. However, the principal advan-
tage of metformin has been shown in several mechanisms decreasing

chronic low-grade inflammation in adipose tissue.®®

5.4 | GLP1R agonists

Beyond their glucose-lowering and weight-reducing effects, GLP-1
receptor agonists (GLP-1RAs) exert anti-inflammatory and thermo-
genic actions in adipose tissue adjacent to the heart. Here, we review
drug-specific evidence on GLP-1RAs and EAT, followed by mechanis-
tic insights into potential pathways of action.

54.1 | Liraglutide

Liraglutide has been demonstrated (in vitro) to promote a thermogenic
program in adipocytes, increasing UCP1,2? mitochondrial respiration”®
and biogenesis, and beige/brown markers in rodent and human adipo-
cytes, with evidence for AMPK-PGC-1a and thyroid hormone Type
2 lodothyronine Deiodinase (DIO2) involvement (and additive effects
with B3-adrenergic stimulation).”*?? EAT expresses GLP-1R and its
expression associates with transcripts for fatty-acid oxidation and
white-to-brown differentiation, supporting a depot-specific targetable
pathway.!° In patients on liraglutide, peripheral blood monocyte/
macrophage phenotypes have been shown to shift towards M2 with
reduced TNF-a and oxidative stress ex vivo, consistent with anti-

inflammatory actions that may translate to adipose depots including
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EAT.?® Liraglutide has also been reported to modulate EAT microRNA
profiles ex vivo from surgical samples, implicating post-transcriptional
control of inflammatory and metabolic pathways in this depot.”*
Echocardiographic and CT/MRI studies show liraglutide reduces car-
diac/epicardial fat. A prospective echocardiographic study found a
large, rapid reduction in EAT thickness within weeks, out of propor-
tion to early changes in general adiposity.”® A CT study in type 2 dia-
betes reported significant decreases in total cardiac adipose tissue
with liraglutide; the reduction tracked with weight loss, suggesting
both direct and indirect mechanisms.”® Reviews of EAT in heart failure
note that liraglutide-associated EAT reduction correlated with left-
ventricular (LV) mass regression, linking local depot remodelling to

cardiac structure.??

542 | Semaglutide

Emerging experimental and translational studies have begun to inves-
tigate how semaglutide exerts depot-specific actions on epicardial adi-
pose tissue (EAT). In vitro and ex vivo evidence indicates that
semaglutide directly modulates EAT adipogenesis and inflammatory
signalling. Basdas and colleagues recently demonstrated in human
epicardial adipose progenitor models that semaglutide attenuates pro-
inflammatory adipogenesis by downregulating fatty acid-binding pro-
tein 4 (FABP4) and secretory phospholipase A2 (sPLA2), while concomi-
tantly improving paracrine effects on adjacent atrial cardiomyocytes,
suggesting a direct protective crosstalk between treated EAT and the
myocardium.”” Complementary proteomic profiling of adipose tissue
exposed to semaglutide has revealed broad downregulation of lipo-
genic and inflammatory pathways and upregulation of mitochondrial
oxidative proteins, underscoring the capacity of GLP-1 receptor acti-
vation to reprogram adipose metabolism at the cellular level.”® Human
EAT expresses the GLP-1 receptor itself, and transcriptomic studies of
surgical EAT samples show that higher GLP-1R expression correlates
positively with fatty acid oxidation and white-to-brown differentiation
gene programs.’® These findings provide a mechanistic substrate for
the browning phenotype observed in other adipose depots. Indeed,
independent in vitro adipocyte culture studies have shown that sema-
glutide upregulates UCP1, PGC-1a, and other thermogenic markers,
while simultaneously reducing endoplasmic reticulum stress and pro-
inflammatory cytokine release, thereby promoting a more oxidative
and metabolically flexible adipocyte phenotype.”® However, the latter
study did not specifically investigate EAT; similar mechanisms are
however likely at play across visceral fat depots. Ex vivo studies on
human EAT explants furthermore demonstrated that semaglutide
reduces the secretion of atherothrombotic adipokines such as FABP4,
which has been linked to coronary artery disease and arrhythmogen-
esis, and attenuates paracrine inflammatory signalling towards cardio-

0

myocytes.'® Such paracrine modulation offers a plausible

mechanistic link between semaglutide's local effects in EAT and its
clinical cardiovascular benefits.

Clinical observations are congruent with these mechanistic
Randomized and observational studies

findings. imaging

consistently show that semaglutide significantly reduces EAT thick-
ness and volume in patients with type 2 diabetes and obesity.2°? In
a 12-week, controlled, parallel-group study of 80 subjects with type
2 diabetes and obesity, both semaglutide (up to 1 mg/week) and
dulaglutide (up to 1.5 mg/week) produced statistically significant
reductions in ultrasound-measured epicardial adipose tissue (EAT)
thickness—roughly a 20% decrease versus baseline—demonstrating
a rapid and dose-dependent depot response.’®® The STOP
(Semaglutide Treatment effect On coronary atherosclerosis Pro-
gression) trial recently provided confirmatory CT imaging evidence
that semaglutide not only reduces epicardial adipose tissue (EAT)
volume but also favourably modifies coronary plaque characteris-
tics in patients with type 2 diabetes and established coronary artery
disease.1°2 Notably, in several cohorts, reductions in EAT appear to
precede or exceed early changes in systemic adiposity, supporting
the concept of depot-specific and potentially weight-independent

mechanisms.*°?

543 | Exenatide

Exenatide has been shown to induce changes in epicardial adipose tis-
sue (EAT) in both experimental and clinical settings. Preclinical studies
in rodent and human adipocytes demonstrate that exenatide reduces
adipogenic and lipogenic gene expression while enhancing lipolytic
and oxidative markers, leading to a less hypertrophic and more meta-

103104 |n rodent models,

bolically active adipocyte phenotype.
exenatide-treated visceral adipose depots exhibit increased expres-
sion of mitochondrial and browning-related markers, consistent with a
more energy-expending phenotype.'®® However, again these studies
were not performed directly on EAT and depot-specific effects
require further investigation. In a prospective MRI/MRS study of
patients with type 2 diabetes and obesity, 6 months of exenatide

therapy significantly reduced EAT volume and thickness.'°>

544 | Tirzepatide

While not a pure GLP-1RA (as it also targets the Glucose-dependent
Insulinotropic Polypeptide receptor) tirzepatide engages GLP-1 path-
ways and is highly relevant. In the SUMMIT CMR substudy (HFpEF
with obesity), 52 weeks of tirzepatide reduced left ventricular mass
and paracardiac adipose tissue (combined epicardial and pericardial)
versus placebo. While dedicated EAT-only quantification was not per-
formed, results imply a likely epicardial component.'®® The parent
SUMMIT trial also demonstrated that tirzepatide improves cardiovas-
cular outcomes in obesity-related HFpEF and reduces paracardiac adi-
pose tissue—likely including epicardial fat—supporting the potential
for direct or indirect modulation of EAT.1%71#8 Mechanistically, tirze-
patide's  weight-loss-mediated and incretin-mediated  anti-
inflammatory actions may extend to EAT, but more EAT-specific
human imaging and in vitro data are required to confirm direct effects

independent of weight change.
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545 | Mechanistic pathways of GLP-1RAs in EAT
At the systemic level, GLP-1RAs improve glucose homeostasis, pro-
mote weight loss, enhance insulin sensitivity, and lower circulating
inflammatory mediators such as C-reactive protein (CRP) and TNF-a.
These effects indirectly influence EAT by altering lipid flux and sys-
temic inflammatory tone, leading to secondary regression of visceral
and epicardial fat. However, several lines of evidence indicate that
GLP-1RAs also act locally within EAT through direct receptor-
mediated mechanisms. GLP-1 receptors are expressed in human
EAT.2? This establishes EAT as a direct target of GLP-1 signalling and
provides a molecular basis for depot-specific effects. Experimental
studies support these local mechanisms: liraglutide activates AMPK-
PGC-1a signalling and increases UCP1 expression, mitochondrial res-
piration, and beige/brown markers in rodent and human adipocytes,
effects augmented by B;-adrenergic stimulation.8~7# Similarly, sema-
glutide and exenatide enhance oxidative metabolism and thermogenic
gene expression while suppressing lipogenic and inflammatory path-
ways in adipocytes and EAT explants.””?%1%% |n vitro, GLP-1RAs
reduce pro-inflammatory adipokines such as FABP4 and sPLA2°7 and
shift macrophage polarization towards an M2 anti-inflammatory phe-
notype.”® These changes reduce paracrine inflammatory signalling
from EAT to adjacent myocardium, potentially mitigating myocardial
fibrosis and vascular inflammation.’” The integration of systemic and
local actions likely explains why reductions in EAT volume and inflam-
mation often exceed what would be expected solely from weight loss
or improved glycemic control with imaging evidence reinforcing this
concept (especially concerning EAT attenuation). Taken together,
GLP-1RAs remodel EAT through a combination of systemic metabolic
improvement and direct local modulation of adipocyte phenotype,
inflammation, and mitochondrial activity. These processes converge
to restore a more lipid-rich, anti-inflammatory, and thermogenically
competent EAT profile, thereby reducing its pathogenic paracrine
influence on the heart and coronary vasculature. Further mechanistic
studies using human EAT explants and in vivo imaging biomarkers are
warranted to disentangle the relative contributions of systemic versus
local effects and to assess potential drug-specific differences across
the GLP-1RA class.

5.5 | SGLT2 inhibitors

5.5.1 | Dapagliflozin

Dapagliflozin has been investigated in human EAT explants and paired
EAT-derived progenitors, where it improved insulin sensitivity
(1GLUT4 translocation), enhanced adipogenic differentiation capacity,
and suppressed pro-inflammatory chemokine/cytokine expression
(e.g., MCP-1/CCL2, IL-6), suggesting a direct anti-inflammatory action
on human EAT independent of systemic glycemia.?'° In explant stud-
ies using epicardial adipose tissue from patients with coronary artery
disease, dapagliflozin significantly reduced the amount of lactate

released into the culture medium. Because high lactate output from

EAT reflects a glycolytic, pro-inflammatory, and metabolically stressed
state, this reduction indicates that dapagliflozin reprograms the depot
towards a more oxidative, energy-efficient phenotype.'** In obese rat
models, dapagliflozin reduced leptin release from epicardial and peri-
cardial fat, thereby limiting leptin-driven myocardial remodelling and
providing preclinical evidence that it may disrupt harmful EAT-heart
crosstalk.}*? Beyond EAT specifically, several rodent and cellular stud-
ies show SGLT2i-driven browning programs; for dapagliflozin, recent
work in high-fat diet-induced obese mice demonstrated upregulation
of canonical browning markers such as PRDM16 and UCP1, along with
increased expression of angiogenesis-related genes (e.g., VEGFA) and
histological evidence of enhanced mitochondrial content.**® Comple-
mentary experiments in 3T3-L1 adipocytes confirmed transcriptional
induction of browning and angiogenic regulators, supporting a direct
adipocyte-autonomous effect.1**11* Furthermore, multiple human
studies link dapagliflozin to reductions in EAT. Multiple randomized
trials showed decreased EAT volume by CT and ultrasound after
6 months of treatment in T2D and obesity, with accompanying
improvements in atrial electrophysiology indices.2*115 More recently,
a PET/CT study demonstrated that dapagliflozin lowered EAT thick-
ness and reduced epicardial glucose uptake (*8F-FDG), implying meta-
bolic and inflammatory ‘cooling’ of this depot.''® However, not all
contexts show the same effects: following acute coronary syndrome,
one study found EAT thickness increased post-ACS and was not sig-
nificantly attenuated by short-term dapaglifiozin, underscoring

disease-stage and timing effects on EAT responsiveness.!”

5.5.2 | Empagliflozin

In ex vivo studies of human EAT preadipocytes, empagliflozin inhib-
ited cell differentiation, reduced pro-inflammatory cytokine secretion
(IL-6, MCP-1), and reduced ROS generation by cardiomyocytes in
coculture—indicating improved paracrine adipose-myocardial cross-
talk.*® Again, concrete data on EAT remains scarce while generally
effects on visceral fat appear promising: For example, in diet-induced
obese mice, empagliflozin promotes fat utilization, WAT browning
(TUCP1), and a shift towards anti-inflammatory M2 macrophage polar-
ization, consistent with improved adipose tissue immunometabo-

lism.**?

Whether this effect holds true for EAT will require more
thorough investigation. Cardiac magnetic resonance (CMR) studies in
patients with heart failure with reduced ejection fraction (HFrEF) pro-
vide convergent mechanistic hints. In the EMPA-TROPISM trial (non-
diabetic HFrEF), empagliflozin reduced surrogate markers of adverse
cardiac remodelling and was accompanied by favourable changes in
cardiac adiposity, with reports of quantifiable EAT volume reduction
by CMR alongside decreases in inflammatory biomarkers.*2° In T2D
with coronary artery disease, the EMPA-HEART CardioLink-6 trial
showed a significant reduction in left ventricular mass over
6 months—an effect hypothesized to also involve changes in pericar-
dial/epicardial fat. However, this will require further investigation, as
EAT thickness and remodelling were not the primary endpoint of this

study.*?* Overall, current clinical data support that empagliflozin
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causes EAT reduction in selected populations (particularly HFrEF and
T2D) while acknowledging neutral findings in others, likely reflecting
differences in disease substrate, baseline EAT burden, and imaging

methodology.?%122

5.5.3 | Canagliflozin, luseogliflozin and ipragliflozin

Further, less commonly used SGLT2 inhibitors include canagliflozin,
luseogliflozin, and ipragliflozin. While preclinical mechanistic data on
their effects in EAT remain largely unexplored, scarce clinical evidence
suggests beneficial outcomes. In a prospective study of patients with
type 2 diabetes, canagliflozin significantly reduced CT-quantified epi-
cardial fat volume over approximately 6 months, accompanied by
improvements in metabolic parameters.'?® Similarly, in a single-arm
12-week MRI study of Japanese patients with type 2 diabetes, luseo-
gliflozin significantly decreased epicardial fat volume, and the magni-
tude of reduction correlated with declines in circulating C-reactive
protein, linking depot-specific changes to systemic inflammation.?*
Additionally, in a pilot study of non-obese patients with type 2 diabe-
tes and visceral obesity, ipragliflozin markedly reduced MRI-measured
epicardial fat volume over 12 weeks, with reductions correlating with
improvements in metabolic and inflammatory markers, indicating
potential EAT benefits even outside obese populations.*?> However,
evidence on EAT effects of these substances remains scarce and
largely unexplored; in-depth investigation of specifically luseogliflozin

(commonly used in Japan) would be desirable.

5.54 | Mechanistic pathways of SGLTi

SGLT2 inhibitors reduce epicardial adipose tissue by systemically pro-
moting glycosuria-induced calorie and weight loss and improving insulin
sensitivity, thereby decreasing adipocyte inflammation and lipid accu-
mulation.**’ Furthermore, adipocyte reprogramming towards thermo-
genesis (‘browning’) is a key mechanism: Preclinical studies show that
SGLT2 inhibitors enhance UCP1, PRDM16, and PGC-1a expression, pro-
mote mitochondrial biogenesis, and increase oxidative phosphorylation
in adipocytes, consistent with beige/brown remodelling and elevated
lipid oxidation.*>® While most data derive from white adipose tissue,
these programs likely generalize to EAT, and are supported by human
EAT explant data.*>* Anti-inflammatory and immunometabolic effects,
including leptin modulation, constitute another central mechanism.
SGLT2 inhibitors reduce inflammatory cytokines and chemokines in
EAT explants (e.g., IL-6, MCP-1)*>! and promote macrophage polariza-
tion towards the M2 phenotype, lowering depot inflammation and miti-
gating paracrine injury to adjacent myocardium and coronary
vessels, 110151152 Dapagliflozin inhibits leptin production and secretion
from EAT through the PI3K/AKT and ERK1/2 pathways in insulin-
resistant rats.2*® In co-culture experiments of epicardial adipocytes, car-
diomyocytes, and cardiac fibroblasts, this suppression of leptin attenu-
ates leptin-induced cardiac fibrosis via the JAK2-STAT3-ROS-
Nat*/K*ATPase axis in fibroblasts and

reduces leptin-driven

cardiomyocyte apoptosis through the JAK2-STAT3-Bcl-2 pathway.*®
Imaging evidence, such as reduced 8F-FDG uptake in EAT with dapa-
gliflozin, further suggests a shift in glucose metabolism of EAT.**¢ Sys-
temic metabolic effects also contribute: Glycosuria induced by SGLT2
inhibition lowers circulating insulin levels and improves insulin sensitiv-
ity, reducing fatty acid oxidation in EAT.**® The reduction in insulin and
increase in glucagon levels associated with SGLT2 inhibition promote
lipolysis and fatty acid oxidation: This shift enhances the utilization of
fatty acids as an energy source, promoting adipocyte lipid mobilization
and oxidation.*>* Additionally, SGLT?2 inhibitors enhance hemodynamic
parameters by decreasing preload and afterload, thereby alleviating
congestion and further mitigating EAT-derived inflammatory signalling.
Clinical trials, including EMPA-TROPISM and EMPA-HEART, have dem-
onstrated that treatment with SGLT2 inhibitors leads to favourable car-
diac remodelling and reductions in EAT volume, highlighting the
bidirectional benefits between the heart and epicardial fat.*2%15

While data on the widely used SGLTi empagliflozin and dapagli-
flozin demonstrate intriguing mechanistic insights, data on less com-
monly used drugs such as canagliflozin, luseogliflozin, and ipragliflozin
remain scarce. Clinical data indicate a systemic effect of lowering pro-

125

inflammatory signalling molecules such as C-reactive protein™> and

lowering of LDL levels,**°

which may indirectly affect EAT in similar
manners as empagliflozin and dapagliflozin. However, current meta-
analyses also state that evidence on the mechanistics of lesser-known
SGLT2i remains scarce and requires further investigation.1* Contex-
tual factors critically influence EAT outcomes and have to be taken
into consideration when analysing these studies. The magnitude and
consistency of changes vary according to clinical substrate
(e.g., HFpEF versus early T2D), disease stage (e.g., post-ACS), baseline
EAT burden, and the imaging modality or segmentation protocol used.
Neutral findings in some dapagliflozin or empagliflozin studies likely
reflect these variables rather than a lack of class-wide efficacy.

The distinction between systemic and local effects of SGLT2i
remains an open question. Clinical studies primarily evaluate systemic
parameters such as circulating lipid levels and inflammatory

markers,114'149'153’154

whereas local tissue-specific effects can only be
explored through in vivo or in vitro models. Current clinical evidence
suggests that SGLT2i reduce EAT volume to an extent that exceeds
what would be expected from systemic metabolic improvements
alone.}>* Moreover, in vitro studies using EAT explants have demon-
strated increased browning of EAT adipocytes with empagliflozin and

dapagliflozin,**?

suggesting a potential direct mechanism of action.
Further detailed investigation of local adipokine and cytokine signal-
ling within EAT upon treatment with lesser known SGLT2i is of inter-
est, as preliminary preclinical data indicate locally mediated effects

that may vary among different SGLT2 inhibitors.

6 | CONCLUDING REMARKS AND FUTURE
DIRECTIONS

Pharmacologic modulation of EAT has emerged as a pivotal mecha-

nism through which contemporary glucose- and lipid-lowering
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therapies confer cardiovascular improvements (Figure 3, Table 1). Sta-
tins, particularly atorvastatin, consistently reduce EAT volume and
inflammation by inhibiting NF-kB signalling, shifting macrophage
polarization towards an M2 phenotype, and potentially promoting
browning via upregulation of thermogenic genes.!1¢8:69:126.130.132
PPARYy agonists improve insulin sensitivity within EAT and favour an
anti-inflammatory adipokine profile,”*#° while AMPK activators such
as metformin suppress lipogenesis and enhance fatty acid

oxidation,87-14¢

collectively mitigating depot inflammation. GLP-1
receptor agonists—including liraglutide, semaglutide, and exenatide—
directly act on epicardial adipocytes through GLP-1R, inducing brow-
ning via UCP1, PGC-1q, and mitochondrial biogenesis, while attenuat-
ing pro-inflammatory cytokine secretion and improving paracrine
communication with cardiomyocytes.2%2°2 Similarly, SGLT2 inhibitors
reduce EAT thickness and inflammation through multiple convergent
mechanisms: promoting adipocyte browning, enhancing mitochondrial
oxidative phosphorylation, lowering leptin, and modulating macro-
phage polarization and cytokine release towards an anti-inflammatory
state.112113.118119.150 gystemic metabolic effects—such as reduced
insulin levels, increased fatty acid utilization, and improved
hemodynamics—further amplify these depot-specific actions, creating
a synergistic anti-inflammatory and cardioprotective environ-

ment.1*4147 Ultimately, the discussed pharmacologic classes converge

on a shared mechanistic theme: reprogramming EAT from a pro-
inflammatory white phenotype towards a thermogenically and meta-
bolically active, anti-inflammatory beige/brown state, thereby exerting
cardioprotective benefits for patients. This transition is driven by
mitochondrial biogenesis, upregulation of UCP1/PGC-1a/PRDM16,
and macrophage-mediated anti-inflammatory remodelling, as summa-
rized in Figure 3.

Collectively, these findings highlight that EAT is a highly plastic
and pharmacologically targetable tissue, wherein reductions in thick-
ness, EAT attenuation, inflammatory signalling, and activation of
thermogenic pathways may directly influence myocardial remodel-
ling and mitigate cardiovascular risk. Future investigations should
seek a more detailed characterization of drug-specific EAT
responses—including dose dependence, temporal dynamics, and
depot-specific browning—to refine therapeutic strategies that lever-
age EAT modulation as a mechanistic driver of cardiometabolic ben-
efit. Integrating in vivo/clinical advanced imaging techniques with
ex vivo tissue analysis and in vitro molecular and single-cell profiling
will be essential to disentangle local tissue effects from systemic
metabolic influences and to identify causal pathways linking EAT
remodelling to cardiac structural and functional outcomes. Elucidat-
ing these multidimensional interactions will not only enhance mecha-

nistic understanding and target identification for novel therapies, but
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metabolic activity, and promote a phenotypic shift from a pro-inflammatory, ‘white’, and metabolically dysfunctional state towards a more
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myocardium, contributing to improved cardiac outcomes. Specific signalling molecules and pathways are depicted within the figure. Created in
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also enable clinicians to make more informed and targeted therapeu-
tic decisions aimed at reprogramming EAT towards a metabolically
favourable, anti-inflammatory, and cardioprotective phenotype—
ultimately translating into cardiovascular benefit and improved qual-
ity of life for patients.
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