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Abstract

Metabolic disorders such as obesity, type 2 diabetes, and dyslipidaemia are major drivers of cardiovascular risk and have reached epi-
demic levels in Western populations. Recent advances in clinical research have uncovered unexpected and often beneficial effects of
pharmacological classes of metabolic drugs on cardiovascular outcomes, revealing complex interactions between metabolism and
cardiac pathology. Despite their clinical efficacy, the molecular and cellular mechanisms through which many of these agents act
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remain only partially understood. This gap in knowledge underscores the urgent need for fundamental research that not only dissects
the biology of metabolic disorders and cardiovascular disease but also reveals the mechanistic basis of existing and emerging ther-
apies, thereby enabling rational therapeutic development. This scientific statement, developed by researchers from the European
Society of Cardiology (ESC) Council on Basic Cardiovascular Science and several ESC Working Groups, provides a state-of-the-art
overview of the emerging molecular and cellular pathways linking metabolic abnormalities with vascular and cardiac disease. By il-
luminating these critical connections and unresolved questions, this article aims to catalyse innovation in the prevention and man-
agement of cardiovascular disease in the context of metabolic dysfunction and to suggest new directions for future research.
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This scientific statement seeks to delineate the mechanisms that link metabolic disorders to cardiovascular disease, and is organized
around the complex interactions between obesity, type 2 diabetes (T2D), and dyslipidaemia, and four major cardiovascular conditions,
including atherosclerosis, ischaemic heart disease, heart failure, and arrhythmias. Particular attention is given to circulating mediators
of metabolic risk, and molecular mechanisms underlying the beneficial effects of major therapeutic strategies.

Introduction

Cardiovascular disease (CVD) remains the leading global cause of
morbidity and mortality, and its strong association with metabolic
disorders is increasingly recognized as a defining feature of
the contemporary epidemic of non-communicable diseases.!
Metabolic abnormalities such as obesity, insulin resistance, type
2 diabetes (T2D), and dyslipidaemia rarely manifest in isolation;
rather, they frequently co-occur in the form of the metabolic syn-
drome, where their combined effects exert synergistic and multi-
plicative risk on cardiovascular outcomes. This -clustering
substantially accelerates the development of atherosclerosis, is-
chaemic heart disease (IHD), heart failure (HF), arrhythmias,

and ultimately premature death. Robust epidemiological evidence
demonstrates that the presence of metabolic syndrome approxi-
mately doubles the risk of coronary heart disease and triples the
risk of myocardial infarction or stroke compared with metabolic-
ally healthy individuals.? In recent years, Mendelian randomiza-
tion analyses have provided causal evidence that genetically
determined metabolic disturbances significantly increase the
risk of IHD and HF, and identifying genes for metabolic disorder-
related traits using genome-wide association studies.®>™®
Collectively, these data support a paradigm in which CVD is con-
ceptualized not solely as a pathology of the heart and vasculature,
but as the downstream consequence of systemic metabolic dys-
function involving the pancreas, liver, kidney, spleen, bone
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Figure 1 Stages of cardiovascular-kidney-metabolic syndrome. Schematic representation of stages 0-4 of cardiovascular-kidney-
metabolic syndrome. CKD, chronic kidney disease; CVD, cardiovascular disease (created with BioRender.com)

marrow, and myocardium.® This integrated framework has given
rise to the emerging discipline of multi-organ metabolic medicine,
which now represents a central axis of contemporary preventive
and therapeutic cardiology.”

The mechanisms that underlie the cardiovascular risk asso-
ciated with metabolic disorders are multifactorial, complex, and
tightly intertwined. A range of molecular perturbations, including
low-grade inflammation, oxidative stress, endothelial dysfunc-
tion, insulin resistance, and disruptions in both lipid and energy
metabolism, are not restricted to the myocardium but operate
as systemic processes.® These disturbances exemplify the prin-
ciple of inter-organ crosstalk wherein metabolic and inflamma-
tory signals propagate across multiple tissues. In particular, the
liver, adipose tissue, kidneys, and heart engage in bidirectional
communication through secreted mediators such as cytokines,
adipokines, and hepatokines, collectively shaping cardiovascular
risk and disease progression.®” 1! The complexity of these inter-
actions is exemplified by the cardiovascular-kidney-metabolic
syndrome, a recently proposed framework that encompasses
the intersection between obesity, T2D, dyslipidaemia, CVD, and
chronic kidney disease (CKD) (Figure 1).123

Lipid-lowering drugs such as statins, proprotein convertase
subtilisin/kexin type 9 (PCSK9) inhibitors, and bempedoic
acid target key metabolic pathways of cholesterol synthesis and
clearance, improving lipid profiles, reducing inflammation, and
stabilizing atherosclerotic plaques. By modulating hepatic
and cellular lipid metabolism, these agents significantly lower car-
diovascular risk and major adverse events across populations.'4-1¢
Over the past decade, cardiovascular outcome trials mandated by

regulatory agencies have provided a robust evidence base dem-
onstrating that certain classes of glucose-lowering therapies
confer significant cardiovascular benefit. Across large rando-
mized controlled trials, sodium-glucose cotransporter 2 inhibi-
tors (SGLT2i) consistently reduced the composite outcome of
hospitalization for HF or cardiovascular death.*>'7-2° Notably,
these benefits extend to individuals without T2D but with HF
or CKD, emphasizing mechanisms beyond glycaemic control.
Similarly, glucagon-like peptide-1 (GLP-1) receptor agonists
(GLP-1Ras) have demonstrated significant reductions in major ad-
verse cardiovascular events, particularly non-fatal stroke and
myocardial infarction. The cardioprotective effects of semaglu-
tide were independent of baseline adiposity and weight loss, sug-
gesting benefit beyond adiposity reduction.?* More recently, dual
incretin agonists such as tirzepatide, which co-activate GLP-1 and
glucose-dependent insulinotropic polypeptide (GIP) receptors,
have produced unprecedented improvements in glycaemic con-
trol and weight loss with cardiovascular benefits being non-
inferior to those observed with GLP-1Ra.??

Despite these compelling clinical results, the precise
mechanisms by which SGLT2i, GLP-1Ras, and GLP-1/GIP re-
ceptor agonists confer cardiovascular benefit remain incom-
pletely understood. For SGLT2i, hypotheses include osmotic
diuresis and natriuresis leading to preload and afterload reduc-
tion, improvements in ventricular loading conditions, modula-
tion of myocardial energetics via increased ketone body
utilization, inhibition of myocardial Na*/H* exchanger activity,
and anti-inflammatory and anti-fibrotic effects. For GLP-1Ras
potential mechanisms encompass weight reduction, modest
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blood pressure lowering, improved lipid profiles, direct anti-
atherosclerotic effects on vascular endothelium, anti-
inflammatory effects, and cardioprotective signalling through
GLP-1 receptor (GLP-1R) expressed in the heart and vascula-
ture.?® The elucidation of mechanisms of action of dual incretin
agonists will require further research, since the mechanistic
contribution of GIP receptor (GIPR) activation remains particu-
larly enigmatic. Importantly, the magnitude and rapidity of clin-
ical benefits observed in clinical trials suggest improvements
beyond glycaemic and weight control alone, underscoring the
need for deeper mechanistic studies.

The divergence between what is demonstrated in clinical out-
comes and what is explained mechanistically raises the import-
ant conceptual distinction between evidence-based and
mechanism-based medicine.?* In the case of metabolic therap-
ies for cardiovascular protection, evidence-based medicine has
outpaced mechanism-based medicine, and while the efficacy
of these drugs is well established, it is still uncertain exactly
how mechanistically their pleiotropic benefits are achieved.”?®
This disconnect presents both a challenge and an opportunity.
On one hand, it limits our ability to optimize therapy or to antici-
pate long-term safety across diverse populations. On the other
hand, it invites a new era of translational investigation into myo-
cardial metabolism, vascular biology, systemic homeostasis and
genetics that could ultimately refine treatment paradigms.
Addressing this knowledge gap requires a synthesis of evidence-
based medicine with mechanism-based inquiry, recognizing that
the goal of cardiovascular prevention lies not only in proving
that interventions work, but in understanding why they work,
in whom, and under what circumstances.

This scientific statement seeks to categorize and delineate the
mechanisms that link metabolic disorders with cardiovascular
risk. It is organized around the complex interactions between
obesity, T2D, hyperlipidaemia, and four major cardiovascular
conditions, including atherosclerosis, IHD, HF, and arrhythmias.
Particular attention is given to how the metabolic demands of
the myocardium and vasculature are altered in disease states,
with an emphasis on catabolic processes, metabolic inflexibility
and maladaptive shifts in substrate utilization that drive patho-
logical processes. In addition, we critically examine the mechan-
isms underlying both the risks and the pleiotropic, as well as still
incompletely defined, effects of therapeutic agents commonly
prescribed for metabolic disorders. By integrating these per-
spectives, the statement synthesizes current understanding
and highlights gaps in knowledge, thereby helping to identify
novel directions for future research in cardiovascular and meta-
bolic health (Graphical Abstract).

Cardiac metabolic flexibility in health
and disease

The heart is a metabolically dynamic organ with a high and con-
stant demand for ATP to maintain contractile function. Under
physiological conditions, approximately 60%-70% of myocar-
dial ATP derives from fatty acid oxidation (FAQ), while glucose,
lactate, ketone bodies, and amino acids contribute the remain-
der.2® A key attribute of the heart is its ability to switch between
different fuel sources, including fatty acids (FA), glucose,
glucose-derived metabolites, ketones, and branched-chain

amino acids to maintain adequate production of ATP and its
contractile function. The choice of the major energy-providing
substrate will depend on hormonal status, nutrient availability,
and body needs, with balanced production and use of energy.
This metabolic flexibility allows the heart to maintain energy
production under various physiological and even pathological
conditions. The Randle effect (also known as the glucose-FA cy-
cle), first described by Randle et al. in 1963, comprises a central
and tightly regulated system modulating substrate competition,
where increased FAO suppresses glucose utilization.?” This
metabolic hierarchy ensures efficient energy production based
on substrate availability, particularly in fasting or high-fat states.
According to the Randle cycle, FAO increases acetyl-CoA and
nicotinamide adenine dinucleotide reduced levels, which inhibit
pyruvate dehydrogenase. This reduces pyruvate conversion to
acetyl-CoA and the flux of the tricarboxylic acid cycle, thereby
suppressing glucose oxidation.

Obesity, insulin resistance and dyslipidaemia result in in-
creased circulating free FA levels, and uptake into cardiomyo-
cytes. This results in the chronic activation of the Randle
cycle, favouring FAO over glucose oxidation. This shift reduces
metabolic flexibility, and could lead to less efficient ATP gener-
ation, increases reactive oxygen species production, promotes
accumulation of toxic lipid intermediates and lipotoxicity and
impairs glucose oxidation and utilization even when it would
be advantageous, for example, during ischaemia, increasing vul-
nerability to ischaemia-reperfusion injury or in HF.282?

Metabolic remodelling in
cardiovascular diseases: mechanisms
and therapeutic targets

Metabolic risk and its modulation in
atherosclerosis

Atherosclerosis is a multifactorial process that can be initiated
and sustained by metabolic dysregulation.>°~2 Metabolic
disorders such as obesity, T2D, and dyslipidaemia induce a wide-
ranging disturbance in systemic metabolic homeostasis, extend-
ing far beyond abnormalities in glucose metabolism or body
weight control. Instead, they affect lipid handling, inflammatory
signalling, endothelial function, and immune cell metabolism,
thereby creating a chronic pro-atherogenic environment that
accelerates vascular injury and plaque formation.33-3¢

Diabetes and obesity in atherosclerosis
Obesity and T2D induce endothelial dysfunction, a key con-
tributor to insulin resistance in tissues involved in glucose and
lipid metabolism, preceding and promoting atherosclerosis.
High oxidative stress and reduced vasoactive substances bio-
availability, e.g. nitric oxide (NO)?, are regarded as a primary de-
fect that link obesity, insulin resistance to endothelial
dysfunction and atherosclerosis.3”-%8

Current T2D treatments including SGLT2i, and activators of
pathways downstream from incretin hormones GLP-1 and GIP
have distinct functions converging on glucose metabolism.3?
Previously, intensive glucose per se was demonstrated to reduce
cardiovascular and microvascular endpoints.*® However,
GLP-1Ras®® or SGLT2i** have additional benefits in reducing
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cardiovascular mortality, morbidity, and risk factors compared
to glucose management without those agents. These benefits
are particularly notable in high-risk patients with T2D, as previ-
ous glucose-lowering strategies, mainly insulin, thiazolidine-
diones or sulphonylurea, showed limited benefits.*>~%* These
benefits can be attributed at least partially to glucose lower-
ing;*2%> however, it is likely that GLP-1Ras and SGLT2i have
pleiotropic effects that extend beyond glucose lowering, includ-
ing improvements in blood pressure and plasma lipid levels.#6-51
This possibility was brought into sharp relief by the SELECT trial
which found that the GLP-1Ra semaglutide reduces overall car-
diovascular mortality, non-fatal myocardial infarction or non-
fatal stroke in patients with preexisting CVD and overweight
or obesity, but without established T2D.>?>% Recent rando-
mized clinical trials reveal that dual-agonists targeting the
GIPR and GLP-1R show superior efficacy compared to semaglu-
tide in reducing glycated haemoglobin and body weight, in peo-
ple living with T2D.>* Notably, within the SURMOUNT clinical
trial programme of overweight and obese people without T2D,
the dual GLP-1/GIP receptor agonist tirzepatide demonstrated
pronounced and sustainable effects on weight loss.”>>¢ Recently
the SURPASS-CVOT trial (ClinicalTrials.gov: NCT06779929)°” de-
monstrated non-inferiority of tirzepatide compared to dulaglutide
for major adverse cardiovascular events in people with T2D.

The pleiotropic effects of GLP-1Ra and SGLT2i extend to the
enhancement of endothelial cell function by restoring NO
bioavailability and increasing circulating levels of endothelial
progenitor cells with enhanced angiogenic activity.”®=%%
Moreover, these drugs reduce systemic low-grade inflammation
and oxidative stress,®* blunt vascular smooth muscle prolifer-
ation and enhance atherosclerotic plaque stability.®>~¢7

A peculiarity of both GLP-1Ras and SGLT2i is the beneficial
modulation of the imbalances between energy intake and ex-
penditure, leading to body weight loss effects, which are key
in dysmetabolic conditions and obesity. GLP-1Ra-dependent
body weight loss is associated with central hypothalamic effects
influencing satiety, ingestion as well as peripheral mechanisms
such as the slowing of gastric emptying, modulation of nutrient
absorption and utilization.”®’* SGLT2i induce a ‘starvation-
mimicking’ effect, hypothesized to result from glucose loss
through urine,”? estimated at approximately 200 kcal/day.
This promotes systemic metabolic reprogramming, leading to
the production of ketone bodies as alternative energy sub-
strates.”>’# Overall, these findings have changed our under-
standing of the pathophysiology of CVD, suggesting that
SGLT2i, GLP-1Ras have pleiotropic actions beyond glycaemic
control (Figure 2).

Tirzepatide, a GLP1/GIP dual receptor agonist, has beneficial
cardiovascular effects, even if the role of GIP in CVD and the
mechanisms in weight regulation have not yet been fully
elucidated. Activation of GIPR signalling attenuates,”” while its
loss exacerbates,’® aortic inflammation and atherosclerosis.
Treatment with acyl-GIP reduced dyslipidaemia and atherogen-
esis in male Ldlr~~ mice by directly modulating lipid metabolism
in adipocytes, independent of weight loss.”” However, the role
of GIP in the cardio-reno-metabolic framework needs further
elucidation, particularly in relation to weight loss. Indeed, a hu-
man monoclonal antibody anti-human GIPR with two GLP-1
analogue agonist peptides, exhibited effective reduction in
body weight and good glycaemic control with a GIPR

antagonistic effect.”® GIPR agonism and antagonism decrease

body weight via different mechanisms active in the central ner-
vous system. GIPR agonism decreases body weight and food in-
take via GIPR signalling in gabaergic neurons,”’ while GIPR
antagonism, unlike agonism, appears to depend on the activa-
tion of the receptor in different brain regions.80 However, other
data suggest that continuous stimulation of GIPR desensitizes
GIPR activity, finally leading to GIPR antagonism.®°
Interestingly, GIPR expression in vascular endothelial cells al-
lows GIP to exert vasodilatory effects on the microvasculature
of the pancreas, heart, and skeletal muscle, enhancing blood
flow and endothelial function. These findings underscore the in-
tricate relationship between metabolism and multi-organ cross-
talk, paving the way for a deeper understanding of the
cardiovascular and metabolic actions of GIP and GLP-1.
Recently, novel effects of dual agonists on neurobiology have
also been described. In male and female adults with overweight/
obesity and without diabetes receiving tirzepatide or placebo in
a 6-week phase 1 study, the tirzepatide-treated group showed
early reduction of food intake, potentially by impacting ingestive
behaviour as suggested by the reduced activity shown by mag-
netic resonance imaging in brain implicated in the regulation of
food intake.®' Understanding the pleiotropic mechanisms that
underpin the impact of dual GLP-1/GIP receptor agonism or
GLP-1R agonism/GIPR antagonism in various organ systems,
particularly the brain, is needed for their effective and safe
use and for the development of future incretin-based therapies.

Dyslipidaemia and atherosclerosis
Plasma lipid and lipoprotein abnormalities are also key drivers of
atherosclerosis and a cardinal feature of metabolic syndrome.®
Classically, atherosclerosis is associated with elevated plasma
levels of low-density lipoprotein cholesterol (LDL-C). Hyper-
cholesterolaemia is controlled using statins or bempedoic acid
which decrease cholesterol biosynthesis, ezetimibe which inhi-
bits cholesterol absorption and by inhibitors of PCSK9,82 a pro-
tein which promotes the degradation of hepatic low-density
lipoprotein receptor, by preventing its recycling to the cell sur-
face.®2 These drugs lead to a dramatic decrease of the incidence
of cardiovascular events, an effect that is largely dependent on
the extent of LDL-C reduction. These findings set the stage for
investigating several additional therapeutic approaches to con-
trol elevated LDL-C levels in patients at very high or at extreme
cardiovascular risk.22

Moreover, recent epidemiological and Mendelian randomiza-
tion studies demonstrated that all classes of apolipoprotein
B-containing lipoproteins including triglyceride (TG)-rich lipo-
proteins, and lipoprotein (a) [Lp(a)] are strongly associated
with atherosclerotic CVD®® and confer an additional risk beyond
that related to LDL particles. Similarly to LDL, also TG-rich lipo-
proteins may enter the arterial intima where they remain
trapped and undergo lipolysis by endothelial, or macrophage
lipoprotein lipase (LPL) with the resultant release of free FAs
and monoacylglycerols which contribute to foam cell formation
and low-grade inflammation.®* Within TG-lowering drugs, high
doses of the omega-3 FA icosapent ethyl caused substantial de-
clines in TG levels, but also reduced cardiovascular events com-
pared to placebo.®’ Interestingly, the beneficial cardiovascular
effects of icosapent ethyl (eicosapentaenoic acid ethyl ester)
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extended beyond triglyceride level reduction, suggesting add-
itional cardiovascular benefits of this class. Indeed, icosapent
ethyl also promotes plaque stabilization in patients with docu-
mented coronary atherosclerosis likely by modulating inflamma-
tion, oxidative stress, and endothelial function.®® Given the
critical role of TG-rich lipoproteins in atherogenesis and the per-
sistent cardiovascular risk despite optimal LDL-C levels, new
drugs that reduce TG-rich lipoprotein metabolism are currently
being developed including antisense oligonucleotides (ASO),**
small interfering RNAs (siRNA) and antibodies®” targeting apoli-
poprotein C-IIl (ApoC-lll) (a LPL inhibitor) and angiopoietin-like
3 protein (another player in TG-rich lipoprotein catabolism).8?
In this regard, a recent study in hypertriglyceridaemic mice de-
monstrated an effective reduction in atherosclerosis burden
upon ApoC-lll ASO administration when lipid lowering was
achieved.?”

Another atherogenic particle is Lp(a), a LDL-like particle pre-
sent in human plasma, in which a large plasminogen-like glyco-
protein apolipoprotein(a) [apo(a)] is bound to apolipoprotein
B100 (apoB100).28 Lp(a) atherogenicity has been linked to its
ability to bind and transport oxidized phospholipids, exert anti-
fibrinolytic effects, and modulate smooth muscle cell prolifer-
ation.?? Also, the diacylglycerol and lysophosphatidic acid
associated with Lp(a) promote cytokine production in mono-
cytes and drive trans-endothelial migration of monocytes.”®
So far, the use of novel Lp(a)-RNA-targeting agents including
ASOs and siRNAs sharply reduced Lp(a) plasma levels.”* More
recently, disruptors of the binding of apo(a) with apoB100
were successfully tested in humans,®? yet, the impact of Lp(a)
lowering strategies cardiovascular outcomes is still currently un-
der investigation®® and the results of cardiovascular outcome
trials with Lp(a) lowering therapies are awaited with great inter-
est. The results from different multiomics studies are expanding

our knowledge of lipid and lipoprotein metabolism and contrib-
uting to the identification of novel targets to improve the control
of lipids and lipoprotein metabolism.

Metabolic risk and its modulation in

ischaemic heart disease

Persistent metabolic imbalance alters substrate utilization in
cardiomyocytes, enhances oxidative stress, and promotes vas-
cular inflammation and endothelial impairment, contributing to
the development of IHD. Disruption of cardiac energy metabol-
ism, characterized by impaired mitochondrial function and re-
duced metabolic flexibility, further compromises myocardial
efficiency and increase vulnerability to ischaemic events and
myocardial injury.?®

Diabetes, obesity, and myocardial ischaemia

Glucose pathway regulators have emerged as a key factor in
myocardial responses to ischaemia. Intriguingly, the SGLT2i em-
pagliflozin reduced infarct size in global Sglt2 knockout mice,”?
indicating the protection was through an off-target effect.
Consistently, Andreadou’s group showed that some SGLT2i
(empagliflozin, dapagliflozin) reduced infarct size in healthy non-
diabetic mice,”? confirming a degree of independence of SGLT2i
from glycaemic control. At the clinical level, the EMMY trial was
the first to investigate an SGLT2i in patients with acute myocar-
dial infarction (AMI). When administered within 72 h of percu-
taneous coronary intervention for the acute event,
empagliflozin significantly improved left ventricular ejection
fraction, end-systolic and end-diastolic volumes.”® However,
dedicated cardiovascular outcome trials for empagliflozin®*
and dapagliflozin®” in AMI patients did not show a significant re-
duction in the composite of hospitalization for HF or all-cause/
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cardiovascular death. Thus, further research is needed to eluci-
date the potential benefits of these drugs in myocardial ischae-
mia, and the mechanisms underlying these effects.

Pre-clinical studies suggest that treatment with metformin, a
first-line treatment for T2D,?¢ or glucagon-like peptide-2°7 can
reduce myocardial ischaemia-reperfusion injury indirectly by af-
fecting gut microbiota. These findings pave the way for explor-
ing the potential role of probiotics in cardioprotection.

Dyslipidaemia and myocardial ischaemia

Lipid-lowering therapies have been linked to cardioprotection in
ischaemic hearts.”® Atorvastatin was one of the first drug adminis-
tered in the setting of AMI and limited cardiac damage, improved
heart function and mitigated adverse cardiac remodelling in dysli-
pidaemic pigs.”” 12 These findings led to a wide use of statins in
AMI patients. PCSK9 inhibitors also offer cardioprotective ef-
fects,19%1%% Consistently, PCSK9 inhibition 4 days post-AMI
reduced infarct size, improved cardiac function, mitigated mito-
chondrial damage, and attenuated inflammation. It also reduced
fibrosis and enhanced ventricular function by suppressing
fibroblast-to-myofibroblast trans-differentiation'®® Yet, PCSK9
deficiency was associated with metabolic alterations in the heart
potentially affecting cardiac function in experimental models
and in humans.2% These findings suggest a nuanced interaction
between PCSK9 inhibition and cardioprotection, warranting fur-
ther clinical investigation and mechanistic studies.

Metabolic risk and its modulation in heart
failure

Metabolic dysregulation represents a central pathophysiologic
axis in HF across the ejection fraction spectrum. Metabolic sub-
strate inflexibility and nutrient overload exhibit distinct patho-
physiologic signatures in HF with preserved ejection fraction
(HFpEF) from that with reduced ejection fraction (HFrEF). In
HFpEF, obesity, insulin resistance, and systemic inflammation
lead to chronic nutrient excess and impaired substrate switching
between FA and glucose oxidation. This promotes myocardial li-
pid accumulation, mitochondrial dysfunction, and oxidative
stress, contributing to diastolic stiffness and concentric remod-
elling. 28197108 | contrast to HFpEF, HFrEF primarily arises
from loss of contractile mass and systolic dysfunction, and is
metabolically characterized by energy starvation, catabolic re-
modelling, and reduced mitochondrial oxidative capacity.
Downregulation of FAO and reliance on less efficient glycolysis
result in an energy-depleted myocardium with impaired ATP
generation and contractile performance.?®*°? Thus, while
HFpEF reflects metabolic excess and nutrient toxicity, HFrEF
represents metabolic insufficiency and energetic failure. Under-
standing these mechanisms provides the foundation for tar-
geted metabolic therapies.

Diabetes and obesity in heart failure with preserved
ejection fraction

Obesity and T2D profoundly shape the HFpEF phenotype
through intertwined haemodynamic and metabolic mechan-
isms.24110 These conditions act synergistically to impose haemo-
dynamic overload, metabolic inflexibility, and mitochondrial
dysfunction, shaping a distinct metabolic HFpEF phenotype.
Excess adiposity elevates leptin and adipokines, stimulating

aldosterone secretion and sympathetic-renin-angiotensin activa-
tion, which promote sodium retention, plasma volume expansion,
and elevated filling pressures.11"12* This haemodynamic over-
load drives hypertrophic remodelling and mechano-energetic un-
coupling, whereby ATP consumption exceeds mechanical
output.**> Y7 At the cellular level, mitochondrial lipid accumula-
tion, incomplete FAO, and impaired Ca** uptake compromise oxi-
dative phosphorylation and NAD’-dependent metabolism,
reducing energetic reserve.?®-121 Experimental models confirm
that obesity alone rarely induces HFpEF, but its combination
with hypertension, simulated by high-fat diet and NO synthase in-
hibition, reproduces key human features.!> Furthermore, mouse
strains carrying a missense variant in the Nnt locus display delayed
HFpEF progression, implicating nicotinamide nucleotide transhy-
drogenase and redox imbalance in disease pathogenesis.**®

In T2D, chronic hyperglycaemia and insulin resistance exacer-
bate these disturbances, promoting excess FAO, mitochondrial
redox stress, and accumulation of lipotoxic intermediates.?%7
Enhanced O-linked 3-N-acetylglucosamine modification and ad-
vanced glycation of contractile and calcium-handling proteins
impair relaxation and diastolic function.?%123 Reverse activa-
tion of nicotinamide nucleotide transhydrogenase depletes
NADPH, weakening antioxidant defences and elevating reactive
oxygen species.'1® Concomitant microvascular rarefaction and
reduced NO signalling further increase myocardial stiffness.*?*
These haemodynamic, metabolic, and redox derangements de-
fine a heart that is energetically taxed, mechanically constrained,
and unable to meet physiological demand; hallmarks of the dia-
betic-obese HFpEF phenotype.

Over the past decade, the remarkable outcome benefits of
SGLT2i independent of diabetes status and extending to
HFpEF, have re-emphasized the therapeutic potential of cor-
recting metabolic derangements.11>11¢ These agents now re-
present cornerstone therapy in HFpEF after consistent
reductions in HF hospitalizations and cardiovascular mortal-
ity.12>12% | [ine with this notion, SGLT2i improve cardiovascular
and renal outcomes in patients with HF and CKD with and with-
out T2D.1217-2° Moreover, T2D may also promote the develop-
ment of cardiac hypertrophy, diastolic, and systolic dysfunction,
a condition often termed diabetic cardiomyopathy.*®®

SGLT2i act primarily by inhibiting renal glucose and sodium
reuptake, modestly reducing blood glucose and altering insulin-
glucagon balance, which can stimulate hepatic ketogenesis.
Early hypotheses linked these hormonal shifts to greater cardiac
ketone utilization; however, subsequent studies revealed only
minor increases in circulating ketones and no consistent en-
hancement of myocardial ketone oxidation, arguing against
this as the dominant mechanism.?*>1¢ |nstead, evidence sug-
gests that SGLT2i directly reprogram myocardial metabolism,
shifting substrate use away from glycolysis towards FAO and
thereby reducing glycolysis-oxidation mismatch, acidosis, and
toxic metabolite accumulation while restoring autophagy and
mitochondrial function. Additional direct cardiac actions include
enhanced mitochondrial Ca** uptake, activation of AMPK-sir-
tuin-autophagy pathways, and reduction of oxidative stress
and inflammation. The contribution of intracellular sodium low-
ering remains debated, but preclinical evidence supports im-
proved ionic and energetic homeostasis.11>11¢

Recent evidence indicates that GLP-1Ras also reduce HF inci-
dence in patients with obesity or T2D and could be particularly
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useful in HFpEF through both metabolic and direct myocardial
pathways.'?’"12? GLP-1Ras promote substantial weight loss
(~10%) through central appetite suppression while improving
glycaemic control via enhanced insulin secretion and reduced
glucagon release. Beyond glucose control, GLP-1Ras modulate
several cardioprotective molecular cascades, overlapping with
those of SGLT2i, including attenuation of oxidative stress and
systemic inflammation, enhancement of NO bioavailability,
and restoration of endothelial function.*3° At the myocardial le-
vel, GLP-1R activation improves mitochondrial efficiency
through AMP-activated protein kinase (AMPK) and NO signal-
ling. Upregulation of endothelial and neuronal NO synthase aug-
ments mitochondrial biogenesis and FAO, mitigating lipid
accumulation and enhancing ATP generation.*®! Concurrent ac-
tivation of autophagy and mitophagy pathways facilitates re-
moval of damaged mitochondria, preserving ultrastructural
integrity and limiting reactive oxygen species production.
GLP-1-mediated cyclic adenosine monophosphate and protein
kinase A signalling further improves calcium handling via
phosphorylation of phospholamban and ryanodine receptor 2
(RyR2), contributing to diastolic relaxation and mechano-
energetic coupling. Importantly, GLP-1Ras appear to exert
GLP-1R-independent actions through secondary mediators
such as AMPK, NO, and natriuretic peptide pathways, which
converge on improved mitochondrial signalling and substrate
flexibility. These pleiotropic effects may act synergistically
with SGLT2i, amplifying myocardial metabolic efficiency, redu-
cing inflammation, and restoring redox balance.

Alteration of lipid and lipoprotein metabolism and heart
failure with preserved ejection fraction
In HFpEF, perturbations in lipid and lipoprotein metabolism play a
significant role in the pathophysiology of the disease and patients
often exhibit dyslipidaemia.’®2 At the myocardial level, studies
show reduced FAO and accumulation of lipid intermediates in
the heart, resulting in lipotoxicity, mitochondrial dysfunction, im-
paired energy production and diastolic dysfunction. 33134
Furthermore, alterations in lipoprotein receptor pathways (such
as increased CD36 expression, and changes in PCSK9) may fur-
ther exacerbate cardiac lipid overload and contribute to
HFpEF-like phenotypes in experimental models.!®® Together,
these findings suggest that disrupted lipid uptake, impaired lipid
oxidation and dysfunctional lipoprotein handling contribute to
the development and progression of HFpEF, making lipid metab-
olism a promising target for future therapeutic strategies.
Moreover, free FA receptor 4 (FFAR4), a G-protein-coupled
receptor involved in FA sensing, was found to be decreased in
hearts from patients with HF.1®° Studies in mice revealed that
FFAR4 exerts a cardioprotective role, preventing cardiac myo-
cyte cell death in response to oxidative stress, highlighting the
signalling role of FAs in cardiac pathological conditions.
Overactivation of f-adrenergic signalling, commonly observed
in HF, induces adipose tissue lipolysis, while adipose tissue-
specific deletion of adipose triglyceride lipase (ATGL) prevents
HF induced by pressure overload. Recent investigations utilizing
Atglistatin, a pharmacological inhibitor of ATGL, demonstrated
its cardioprotective, anti-apoptotic, and anti-fibrotic effects in
a mouse model of catecholamine-induced HF, revealing the
potential of targeting adipose tissue as a potential novel

therapeutic target.?®® Furthermore, the intramyocellular lipid
metabolism is maladapted in patients with T2D and obesity
that are also sedentary, with increased storage of unsaturated
FAs and blunted FA turnover contributing to their increased car-
diovascular risk.®”

Diabetes and obesity in heart failure with reduced
ejection fraction
Data from the Framingham study suggest that along with a his-
tory of AMI, T2D represents one of the strongest predictors for
incident HFrEF.238 An initial major myocardial injury, followed
by remodelling processes is often at play in the pathophysiology
of HFrEF, and obesity, hyperinsulinemia and T2D impact both,
extracardial and cardiac mechanisms leading to left ventricular
remodelling and HFrEF. For instance, an activation of the neuro-
humoral system including the renin-angiotensin-aldosterone
system (RAAS) as well as of the sympathetic nervous system
are common in insulin resistant states.'*'%° In turn, chronic
RAAS activation leads to adverse effects, including peripheral
vascular resistance, increased cardiac afterload or fluid over-
load. In addition, increased levels of angiotensin Il induce cardi-
omyocyte hypertrophy, aldosterone to stimulate extracellular
matrix synthesis and subsequently fibrosis.1*"*42 On the myo-
cellular level, T2D has been linked to increased cytoplasmatic
glucose and lipid intermediates accumulation, leading to in-
creased nutrient surplus sensing with activation of protein ki-
nase B (Akt) and mammalian target of rapamycin complex 1
(mTORC1) and subsequently suppression of autophagy, in-
creased oxidative stress and inflammation observed in
T2D.1*31%% | contrast, recently cardiomyocyte-specific overex-
pression of the sirtuin 4, a mitochondrially localized stress-
responsive NAD * -dependent deacetylase, increased oxidative
stress and fibrotic signalling in a mouse model of pressure
overload-induced HFrEF.2*> Moreover, enhanced activity of
the sodium hydrogen exchanger isoforms 1 and 3 (NHE1 and
NHE3) mediated by insulin and described in T2D contributes
to cardiac hypertrophy and dysfunction.144146:147

After the first cardiovascular outcome trials in patients with
T2D, impressive reductions in hospitalizations for HF became
apparent leading to subsequent investigations of this drug class
in HFrEF. SGLT2i were subsequently demonstrated to reduce
the combined risk for HF hospitalization or cardiovascular death
in HFrEF by relative 26% with consistent effects amongst age,
sex, diabetes and baseline estimated glomerular filtration rate
subgroups.'*®

A prespecified post hoc analysis of the SELECT trial demon-
strated a 35% relative reduction in the composite HF outcome
(cardiovascular death or hospitalization or urgent hospital visit
for HF) with semaglutide 2.4 mg for the 1347 people of the sub-
group with established HFrEF at baseline.**’ Interestingly, the
blockage of NHE1, leading to reduced cardiomyocyte cell death,
is recognized as one of the most prominent amongst the differ-
ent actions proposed for SGLT?2i.1%° Dedicated outcome trials in
chronic HFrEF populations are now needed for GLP-1Ras.

Dyslipidaemia and heart failure with reduced ejection
fraction

A Mendelian randomization study found positive causal associa-
tions of LDL-C [odds ratio (OR) 1.24] and total cholesterol (OR
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1.21) with HFrEF risk.”** Patients with HFrEF often present
with a pro-atherogenic lipid profile early in the disease course.
Mechanistically, dyslipidaemia not only promotes atheroscler-
osis in the coronary arteries but might also fuel myocardial lipo-
toxicity, mitochondrial dysfunction and impaired substrate
oxidation, which worsen systolic dysfunction. Yet a large
meta-analysis of statin trials so far showed a modest reduction
of the risks of non-fatal HF hospitalization and a composite of
non-fatal HF hospitalization and HF death.'>2

Metabolic risk and cardiac arrhythmias
Metabolic risk factors promote structural remodelling, auto-
nomic imbalance, and ion channel dysfunction through oxidative
stress, inflammation, and altered substrate metabolism, there-
fore influencing cardiac electrophysiology and predisposing to
arrhythmias.*>® Understanding how metabolic derangements
disrupt electrophysiological homeostasis provides a mechanistic
foundation for developing targeted metabolic and antiarrhyth-
mic therapies.

Diabetes, obesity, and arrythmias
Individuals with obesity and diabetes have an increased risk of
atrial and ventricular arrhythmias as well as sudden cardiac
death and typically display cardiac conduction and repolariza-
tion abnormalities.’>* T2D is associated with an overall 35%
higher risk of atrial fibrillation (AF),1%5 3 higher prevalence of
ventricular fibrillation,**® and a 2-4 fold increase in the risk of
sudden cardiac arrest.®” Obesity has been estimated to ac-
count for one-fifth of AF cases and is considered the most com-
mon non-ischaemic cause of sudden cardiac death.2°8-1%° The
increased risk of arrhythmia may be partly explained by the co-
morbidity of obesity and diabetes with IHD and associated risk
factors, such as hypertension.'>” However, increased arrhyth-
mia susceptibility is independent of baseline cardiovascular
risk, with individuals with pre-diabetes already displaying an in-
creased risk for arrhythmias and sudden cardiac death.1¢%:162
Also, while the excess risk for AF increased with poor glycaemic
control or renal complications, patients with T2D that have good
glycaemic control and normoalbuminuria still display a slight but
significant increased risk for AF.2¢° Moreover, the higher preva-
lence of ventricular fibrillation in patients with T2D is independ-
ent of coronary artery disease or HF.*** Hence, a more direct
causal and mechanistic link between metabolic disorders and
cardiac arrhythmias exists. This has been underscored by obser-
vations from preclinical studies. For example, mice subjected to
a high-fat diet-induced obesity develop an increased suscepti-
bility to AF, accompanied by enhanced adipogenesis, inflamma-
tion, and altered atrial energy metabolism.2é® Such studies have
also recapitulated the clinical observation of altered ventricular
repolarization (i.e. QT prolongation) in both obesity and T2D,
secondary to action potential prolongation.?¢%164

On a mechanistic level, ion channel remodelling, calcium dysre-
gulation, structural alterations, autonomic dysfunction, impaired
mitochondrial function, and oxidative stress collectively contribute
to arrhythmogenesis in the context of obesity and diabetes. > The
diabetic myocardium is characterized by alterations in energy me-
tabolism and mitochondrial function, increased production of re-
active oxygen species, enhanced oxidative stress, decreased
autophagy and mitophagy and endoplasmic reticulum stress,

ultimately resulting in dysregulation in intracellular calcium homeo-
stasis. This is coupled to altered expression and function of the
sarcoplasmic endoplasmic reticulum Ca?*-ATPase (SERCA), lead-
ing to impaired calcium uptake into the sarcoplasmic reticulum
and increased diastolic intracellular calcium levels. Dysregulation
of RyR2, a critical calcium release channel in the sarcoplasmic re-
ticulum, can lead to augmented diastolic calcium release, common-
ly observed as calcium sparks or waves in isolated cardiomyocytes,
and can trigger pro-arrhythmic events such as delayed after-
depolarizations.>¢%1%” Increased activity of Ca*/calmodulin pro-
tein kinase Il (CaMKIl) is a key modulator of these calcium-
dependent pro-arrhythmic effects. Increasing evidence suggests
crosstalk between RyR2 and other intracellular targets and path-
ways, including mitochondria, with relevance to metabolic disor-
ders. In a pre-diabetic cardiomyopathy model using fructose-fed
mice, heightened calcium uptake by mitochondria resulted in in-
creased production of reactive oxygen species, triggering RyR2
leak and promoting arrhythmogenesis.'®® In obesity, similar
pro-arrhythmic mitochondrial dysfunction and intracellular calcium
dysregulation is observed.1¢>1%6

Remodelling of ion currents also occurs in the setting of T2D,
including a decrease of L-type calcium current and various
potassium currents (the latter contributing to the observed
prolongation of repolarization).?” Metabolic alterations, oxi-
dative stress and calcium dysregulation may furthermore in-
duce alterations in connexins, gap junctional remodelling and
conduction abnormalities, as well as an increase in late sodium
current magnitude which in turn leads to increased calcium in-
flux via the reverse mode of the sodium/calcium exchanger,
further promoting calcium-dependent pro-arrhythmic events.
In addition, concurrent myocardial hypertrophy, fibrosis,
apoptosis, and inflammation further compromise conduction,
setting the stage for re-entrant arrhythmias. Similar electro-
physiological changes have been observed in the setting of
obesity.?®* Increased epicardial adipose tissue (EAT) further-
more exerts pro-arrhythmic effects and increases the risk for
arrhythmias, in particular AF, in obese individuals, through a
direct impact following invasion of the myocardium and
because of paracrine effects of e.g. pro-fibrotic and
pro-inflammatory mediators secreted by the EAT.1%170
Additionally, plasma levels of circulating branched chain amino
acids (BCAA) are elevated in insulin-resistant individuals,'”*
and may be elevated up to 12 years before the onset of
T2D.Y”2 BCAA impact on (mitochondrial) metabolism and re-
active oxygen species production, and regulate pathways
such as mTOR pathway and AMPK.173174 Elevated BCAA le-
vels induce pro-arrhythmic calcium dysregulation,*” further
underscoring a potential role for BCAA dysregulation in obes-
ity/T2D-related arrhythmogenesis.

Finally, alterations in cardiac autonomic tone, or cardiac auto-
nomic neuropathy, are often observed in patients with T2D,
and preclinical studies in the db/db mouse model of T2D have im-
plicated a cardiac sympathetic dysfunction in the increased
susceptibility to ventricular arrhythmias.'”® Sleep-disordered
breathing, including obstructive sleep apnoea, frequently occurs
in patients with obesity and T2D and is associated with increased
arrhythmia risk.'”” Moreover, imbalances in gut microbiota com-
position have also been proposed as contributors to AF.178

From a management perspective, weight reduction and diet-
ary adjustments hold significant potential for preventing cardiac
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arrhythmias, adverse structural and metabolic remodelling, and
both systolic and diastolic dysfunction. Weight loss, either by
diet or bariatric surgery, shortens QTc in patients with obesity,
reduces BCAA plasma levels, restores cardiac electrical dysfunc-
tion and reduces the risk of AF.1”? In addition to caloric restric-
tion, specific dietary interventions may be of benefit, including
for instance reducing intake of BCAAs or following a
Mediterranean diet.16>18°

The anti-diabetic drug metformin, at least in part via AMPK ac-
tivation, ! ameliorates mitochondrial dysfunction, calcium dysre-
gulation, and repolarization abnormalities in preclinical studies.*®?
SGLT2i have anti-arrhythmic effects in patients with T2D, and
may attenuate intracellular calcium dysregulation, prevent autop-
hagy hyperactivation, and reduce fibrosis, cardiomyopathy and in-
flammation.*®3-18¢ Clinically, use of SGLT2i is associated with a
reduced risk of AF in patients with HFrEF,*®” and with a lower
AF recurrence following cryoballoon ablation.*®® In a small rando-
mized controlled trial, the SGLT2i ertugliflozin reduced the inci-
dence of sustained ventricular tachycardia or ventricular
fibrillation in HFrEF patients with an implanted cardioverter-
defibrillator.*®” Similarly, dapagliflozin treatment was associated
with a reduction in ventricular arrhythmias in HFrEF patients, par-
ticularly in those with a worse functional class.'”° In diabetic db/
db mice, GLP-1 and its agonist liraglutide prevented atrial remod-
elling and reduced AF.*?? Clinically, the use of GLP-1Ra has also
been associated with a reduced risk of incident AF in T2D pa-
tients,'?2 and with a lower risk of AF recurrence following abla-
tion therapy.?*>1%* However, GLP-1 also modulates heart rate
due to the expression of its receptor in sinoatrial node cardiomyo-
cytes,*?> and GLP-1Ra use was associated with an increase in
heart rate and ventricular arrhythmic events in HFrEF patients,'”®
underscoring the need for further evaluation.

Dyslipidaemia and arrhythmias

In addition to T2D and obesity, altered lipid metabolism is also
associated with an increase of cardiac arrhythmias. While this
increased arrhythmia risk is partly explained by an indirect con-
sequence of hyperlipidaemia-induced atherosclerosis and IHD,
it may also directly modulate cardiac electrophysiological prop-
erties through various mechanisms.2?” As discussed above, dys-
lipidaemia triggers a metabolic shift, favouring FA over glucose
oxidation, ultimately resulting in increased reactive oxygen spe-
cies production and consequently pro-arrhythmic dysregulation
of intracellular calcium homeostasis, ion channels and connex-
ins.2”® In addition, accumulation of lipids may lead to cardiac li-
potoxicity and subsequent myocardial dysfunction and
alteration of ion currents.>”” Dietary FAs and lipids furthermore
impact on inflammatory pathways, cardiac fibroblasts and fibro-
sis formation, which are all established contributors to arrhyth-
mogenicity.?®® Lipid composition of the cardiomyocyte
membrane is a crucial determinant of ion channel function and
hence for cardiac electrophysiological properties.?°? Preclinical
studies have demonstrated that hypercholesterolaemia is asso-
ciated with an increased L-type calcium current density leading
to ventricular action potential prolongation (i.e. prolonged repo-
larization),?°? as well as a reduction of the fast inward sodium
current which sets the stage for cardiac conduction slowing.?%®
Conversely, altered dietary lipid composition and LDL-C lower-
ing therapies shorten ventricular repolarization (QT interval),

offering a potential anti-arrhythmic effect.2°42°%° Regarding dys-
lipidaemia and AF, there is an apparent discrepancy between
preclinical and clinical observations. While animal studies have
revealed pro-arrhythmic atrial remodelling in dyslipidaemia
models, a paradoxical inverse association is observed between
serum lipid levels and AF risk, which may be explained by con-
founding factors such as age, statin use and inflammation.2°¢-2%7
Nevertheless, lipid-lowering therapies appear to be associated
with a reduced risk for AF onset and recurrence,?°® and multiple
meta-analyses of randomized controlled trials indicate that use
of statins is associated with a reduced incidence or recurrence
of AF, with OR approximately 0.49 (95% confidence interval
0.37-0.65).2°? Whether in humans this effect is dependent
solely on LDL-C lowering or could also stem by electrophysiolo-
gic stabilizing actions of statins is still debated.

Conclusions: gaps in knowledge and
future directions

Despite considerable progress in understanding the cardiovas-
cular effects of drugs and their relation to multi-organ patho-
physiology, critical knowledge gaps persist. A fundamental
unresolved question is how organ-specific metabolic and inflam-
matory signals coordinate systemic disease progression. The
molecular basis of inter-organ communication mediated for ex-
ample by cardiomyokines, hepatokines, adipokines, gut-derived
metabolites, inflammatory mediators, and extracellular vesicles
remain poorly characterized. Deciphering these networks could
reveal key regulatory nodes linking metabolic dysregulation to
cardiovascular injury. Early molecular events that trigger multi-
organ dysfunction also remain elusive. Existing clinical biomar-
kers largely reflect established organ damage rather than
pre-symptomatic alterations. Identifying biomarkers capable of
capturing integrated cardiovascular-hepatic-metabolic risk
could enable earlier diagnosis and personalized intervention. It
is unclear which organ initiates systemic metabolic dysfunction,
and the impact of metabolic alterations in bone marrow re-
sponse. Defining the hierarchy and directionality of inter-organ
interactions is essential for prioritizing therapeutic targets.

Differences in obesity phenotypes (for example visceral vs
subcutaneous), lipid profile (TG, saturated vs unsaturated FAs),
presence or absence of comorbidities, age, sex, might all affect
cardiac metabolism but remain under-studied. Furthermore,
since isolated dyslipidaemia with normal glycaemic status is
less well studied in the heart, clarifying how excess circulating
lipids (e.g. due to dietary overload or dyslipidaemia) without in-
sulin resistance might affect cardiac substrate competition
would be valuable. The reversibility of shared pathogenic me-
chanisms, such as insulin resistance, mitochondrial dysfunction,
and impaired autophagy, also remains uncertain, with implica-
tions for interventions aimed at halting or reversing disease
progression. Similarly, the systemic effects of emerging lipid-
lowering and metabolic therapies are incompletely understood,
including whether profound reductions in circulating lipids in-
duce compensatory metabolite redistribution in the liver or
other tissues. Finally, the effects of medications in driving sub-
strate supply and utilization needs deeper mechanistic research,
potentially considering their potential pleiotropic effects that
may extend beyond their primary metabolic targets.
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Most mechanistic and intervention studies have been per-
formed in rodents, and human data are more limited,?° espe-
cially in vivo measurement of substrate flux in obese or
diabetic hearts across disease stages. Although animal models
have been helpful in reproducing aspects of human disease,
they rarely capture the full spectrum of multi-organ interactions
or fully reflect established metabolic syndrome. Established
models (such as mice, rats, rabbits, and pigs) often involve a com-
bination of a high-cholesterol diet and monogenic modifications,
with additional diets or pharmacological/surgical interventions
frequently required to induce further risk factors such as dia-
betes. Despite these efforts, animal models do not reflect the
complex situation in humans, who have a heterogeneous, poly-
genic risk profiles for developing metabolic syndrome.
Experimental models that develop a full metabolic syndrome
on a polygenic background are rare and have not yet been
well characterized.?'1?12 validation of preclinical findings re-
quires large, longitudinal human cohorts integrating clinical,
imaging, and molecular data, with structured collection of bios-
pecimens across liver, cardiovascular, and metabolic tissues.?°
Next-generation experimental models, including organoids, as-
sembloids, and organ-on-chip platforms,?13-21> complement in
vivo models by recreating physiologically relevant tissue-tissue
interactions using human cells. Further development of these
human-based experimental systems is essential to enhance
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understanding of the impact of metabolic disorders on CVD
and test novel interventions.

A limitation in this field includes the scarcity of sex- and age-
specific studies and a focus on single-organ mechanisms rather
than systemic evolution over time.216-218 Longitudinal, multi-
organ studies integrating multi-omics datasets remain rare,
underscoring the need for cross-tissue, integrative approaches
that combine genomic, epigenomic, transcriptomic, proteomic,
metabolomic, and metagenomic data across liver, heart, adipose
tissue, kidneys, and gut. The implementation of artificial
intelligence-driven approaches, such as machine learning and
deep learning, may efficiently help to analyse and interpret
multi-omics datasets across multiple organs providing a
systems-level understanding and helping to reveal shared regu-
latory networks, causal drivers, and organ-specific adaptations
in cardiovascular dysfunction.

Finally, addressing the complex basis for metabolic disorders
and CVD requires a systems-based, multidisciplinary framework
spanning cardiology, hepatology, nephrology, endocrinology,
metabolism, primary care, and patient-centred perspectives.
Both research and clinical care must evolve towards integrated
risk assessment, co-management strategies, and early targeting
of shared pathophysiological mechanisms, with the goal of pre-
venting multi-organ dysfunction and improving long-term
outcomes.

Figure 3 Future perspectives of discovery, translational and clinical research to gain mechanistic insights in metabolic disorders.
Schematic representation of mechanistic studies that future research should prioritize to identify precision and preventive strategies

that mitigate multi-organ dysfunction in metabolic disorders and cardiovascular diseases. iPCS,
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Future research should prioritize mechanistic studies, longitu-
dinal cohort integration, and translational platforms that reflect
the true interdependence of metabolic and cardiovascular sys-
tems, in relation to sex, gender and ageing (Figure 3). Through
these coordinated, multidisciplinary efforts, the field can move
closer to precision and preventive strategies that mitigate multi-
organ dysfunction, reduce morbidity, and ultimately improve
long-term patient outcomes.

Supplementary data

Supplementary data are not available at European Heart Journal
online.

Declarations

Disclosure of Interest
Nothing to declare.

Data Availability

No data were generated or analysed for or in support of this
paper.

Funding
P.C.E. is supported by the British Heart Foundation (RG/19/10/
34506).

G.V. is supported by a Grant PID2021-1288910B-100 and
PLEC2021-007664- NextGenerationEU funded by MCIN/
AEI/10.13039/501100011033 and Fondo Europeo de
Desarrollo Regional (FEDER) A way of making Europe. This art-
icle is based upon work from COST Action, CA22169 EU-
METAHEART (GV, PK) supported by COST (European
Cooperation in Science and Technology).

E.O. is supported by the Swiss National Science Foundation
PRIMA: PROOP3_179861/1 and the Swiss Life Foundation,
the Heubergstiftung, the Philhuman Stiftung, Novartis
Foundation and the Swiss Heart Foundation (FF 19111},
Switzerland.

R.M. is supported by the Italian Ministry of University and
Research under PNRR - M4C2-11.3 Project PE_00000019
‘HEAL ITALIA’, PRIN 2022 Prot. 2022574XWB and PNRR-
NRR-MR1-2022-12376879}

S.D. is supported by the British Heart Foundation (PG/21/
10798), UK.

C.AR. is supported by the Netherlands CardioVascular
Research Initiative (CVON-PREDICT2 2018-30) and the
European Joint Research Program on Rare Diseases (EJP-RD;
Joint Transnational Call 2020).

E.L. is supported by the LeDucq Foundation (CHECKPOINT
ATHERO consortium, 22CVDO02).

W.A.L. is supported by the German Research Foundation (Li
690/14-1).

D.D. is supported by the British Heart Foundation (PG/24/
11930, FS/CRTF/23/24508, FS/CRTF/22/24275, BHF PG/
22/11117, FS/RTF/20/30009, NH/19/1/34595), the National
Institute for Health and Care Research Health Technology
Assessment (NIHR157523), and Tenovus Scotland (G23.03,
G24.07).

L.B. is supported by grants from the Fonds National de la
Recherche Scientifique (FNRS, Belgium).

C.P. is supported by Italian Ministry of Health (PNRR-
MR1-2022-12376858), Italian Ministry of University and Re-
search (2020YRETTX_003) and grant CNOO0O00041 ‘National
Center for Gene Therapy and Drugs based on RNA Technology’
(concession number 1035 of 17 June 2022-PNRR MUR -
M4C2 - Investment 1.4 Call ‘National Centers’, financed by EU-
NextGenerationEU, project code (CUP) E63C22000940007).

References
1. Chen H, Liu L, Wang Y, Hong L, Zhong W, Lehr T, et al. Burden of cardiovas-
cular disease attributable to metabolic risks in 204 countries and territories
from 1990 to 2021. Eur Heart J Qual Care Clin Outcomes 2025;11:467-76.
https://doi.org/10.1093/ehjqcco/qcae090
2. Galassi A, Reynolds K, He J. Metabolic syndrome and risk of cardiovascular
disease: a meta-analysis. Am J Med 2006;119:812-9. https://doi.org/10.
1016/j.amjmed.2006.02.031
3. Park S, Kim S, Kim B, Kim DS, Kim J, Ahn Y, et al. Multivariate genomic analysis
of 5 million people elucidates the genetic architecture of shared components
of the metabolic syndrome. Nat Genet 2024;56:2380-91. https://doi.org/10.
1038/s41588-024-01933-1
4. Wu Z, Luo S, Cai D, Lin W, Hu X, Zhou T, et al. The causal relationship be-
tween metabolic syndrome and its components and cardiovascular disease:
a Mendelian randomization study. Diabetes Res Clin Pract 2024;211:
111679. https://doi.org/10.1016/j.diabres.2024.111679
5. Wang Z, Chen J, Zhu L, Jiao S, Chen Y, Sun Y. Metabolic disorders and risk of
cardiovascular diseases: a two-sample Mendelian randomization study. BMC
Cardiovasc  Disord 2023;23:529. https://doi.org/10.1186/s12872-023-
03567-3
6. Andreadou |, Ghigo A, Nikolaou PE, Swirski FK, Thackeray JT, Heusch G, et al.
Immunometabolism in heart failure. Nat Rev Cardiol 2025;22:751-72.
https://doi.org/10.1038/s41569-025-01165-8
7. Luscher TF. CardioMetabolic medicine: the advent of systems cardiology and
the new cardiovascular generalist? Eur Heart J 2025;46:3147-50. https://doi.
org/10.1093/eurheartj/ehaf368
8. Alcover S, Ramos-Regalado L, Giron G, Munoz-Garcia N, Vilahur G.
HDL-Cholesterol and triglycerides dynamics: essential players in metabolic
syndrome. Antioxidants (Basel) 2025;14:434. https://doi.org/10.3390/
antiox14040434
9. Ni YQ, Zhan JK, Liu YS. Decoding the multiple identities and crosstalk of or-
ganokines in obesity-related type 2 diabetes Mellitus. Aging Dis 2025. https://
doi.org/10.14336/AD.2024.1138
10. Priest C, Tontonoz P. Inter-organ cross-talk in metabolic syndrome. Nat
Metab 2019;1:1177-88. https://doi.org/10.1038/s42255-019-0145-5
11. Ramos-Regalado L, Alcover S, Badimon L, Vilahur G. The influence of meta-
bolic risk factors on the inflammatory response triggered by myocardial in-
farction: bridging pathophysiology to treatment. Cells 2024;13:1125.
https://doi.org/10.3390/cells13131125
12. Heerspink HJL, Stefansson BV, Correa-Rotter R, Chertow GM, Greene T,
Hou FF, et al. Dapagliflozin in patients with chronic kidney disease. N Engl J
Med 2020;383:1436-46. https://doi.org/10.1056/NEJM0a2024816
13. Braunwald E. From cardiorenal to cardiovascular-kidney-metabolic syn-
dromes. Eur Heart J 2025;46:682-4. https://doi.org/10.1093/eurheartj/
ehae775
14. Nissen SE, Lincoff AM, Brennan D, Ray KK, Mason D, Kastelein JJP, et al.
Bempedoic acid and cardiovascular outcomes in statin-intolerant patients.
N Engl J Med 2023;388:1353-64. https://doi.org/10.1056/NEJMoa221
5024
15. Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, Murphy SA,
et al. Evolocumab and clinical outcomes in patients with cardiovascular dis-
ease. N Engl J Med 2017;376:1713-22. https://doi.org/10.1056/
NEJMoal615664
16. Ridker PM, Danielson E, Fonseca FA, Genest J, Gotto AM Jr, Kastelein JJ,
et al. Rosuvastatin to prevent vascular events in men and women with ele-
vated C-reactive protein. N Engl J Med 2008;359:2195-207. https://doi.
org/10.1056/NEJM0a0807646
17. Solomon SD, McMurray JJV, Claggett B, de Boer RA, DeMets D, Hernandez
AF, et al. Dapagliflozin in heart failure with mildly reduced or preserved ejec-
tion fraction. N Engl J Med 2022;387:1089-98. https://doi.org/10.1056/
NEJMo0a2206286


http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag116#supplementary-data
https://doi.org/10.1093/ehjqcco/qcae090
https://doi.org/10.1016/j.amjmed.2006.02.031
https://doi.org/10.1016/j.amjmed.2006.02.031
https://doi.org/10.1038/s41588-024-01933-1
https://doi.org/10.1038/s41588-024-01933-1
https://doi.org/10.1016/j.diabres.2024.111679
https://doi.org/10.1186/s12872-023-03567-3
https://doi.org/10.1186/s12872-023-03567-3
https://doi.org/10.1038/s41569-025-01165-8
https://doi.org/10.1093/eurheartj/ehaf368
https://doi.org/10.1093/eurheartj/ehaf368
https://doi.org/10.3390/antiox14040434
https://doi.org/10.3390/antiox14040434
https://doi.org/10.14336/AD.2024.1138
https://doi.org/10.14336/AD.2024.1138
https://doi.org/10.1038/s42255-019-0145-5
https://doi.org/10.3390/cells13131125
https://doi.org/10.1056/NEJMoa2024816
https://doi.org/10.1093/eurheartj/ehae775
https://doi.org/10.1093/eurheartj/ehae775
https://doi.org/10.1056/NEJMoa2215024
https://doi.org/10.1056/NEJMoa2215024
https://doi.org/10.1056/NEJMoa1615664
https://doi.org/10.1056/NEJMoa1615664
https://doi.org/10.1056/NEJMoa0807646
https://doi.org/10.1056/NEJMoa0807646
https://doi.org/10.1056/NEJMoa2206286
https://doi.org/10.1056/NEJMoa2206286

Metabolic disorders and cardiovascular risk

13

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Anker SD, Butler J, Filippatos G, Ferreira JP, Bocchi E, Bohm M, et al.
Empaglifiozin in heart failure with a preserved ejection fraction. N Engl J
Med 2021;385:1451-61. https://doi.org/10.1056/NEJM0a2107038
Packer M, Anker SD, Butler J, Filippatos G, Pocock SJ, Carson P, et al.
Cardiovascular and renal outcomes with empagliflozin in heart failure. N
Engl J Med 2020;383:1413-24. https://doi.org/10.1056/NEJM0a2022190
The EMPA-KIDNEY Collaborative Group; Herrington WG, Staplin N, Wanner
C, Green JB, Hauske SJ, et al. Empagliflozin in patients with chronic kidney
disease. N Engl J Med 2023;388:117-27. https://doi.org/10.1056/
NEJM0a2204233

Deanfield J, Lincoff AM, Kahn SE, Emerson SS, Lingvay |, Scirica BM, et al.
Semaglutide and cardiovascular outcomes by baseline and changes in adipos-
ity measurements: a prespecified analysis of the SELECT trial. Lancet 2025;
406:2257-68. https://doi.org/10.1016/50140-6736(25)01375-3

Dani SS, Makwana B, Khadke S, Kumar A, Jhund P, Nasir K, et al. An obser-
vational study of cardiovascular outcomes of tirzepatide vs glucagon-like
peptide-1 receptor agonists. JACC Adv 2025;4:101740. https://doi.org/10.
1016/j.jacadv.2025.101740

ZhengZ,Zong Y,MaY, TianY, PangY, Zhang C, et al. Glucagon-like peptide-1
receptor: mechanisms and advances in therapy. Signal Transduct Target Ther
2024;9:234. https://doi.org/10.1038/s41392-024-01931-z

Chiva-Blanch G, Liehn E, Andreadou I, Barc J, Brundel B, Davidson SM, et al.
Importance of basic science and research training for the future generation of
cardiologists. Eur Heart J 2025. https://doi.org/10.1093/eurheartj/ehaf738
Koskinas KC, Van Craenenbroeck EM, Antoniades C, Bluher M, Gorter TM,
Hanssen H, et al. Obesity and cardiovascular disease: an ESC clinical consen-
sus statement. Eur Heart J 2024;45:4063-98. https://doi.org/10.1093/
eurheartj/ehae508

Lopaschuk GD, Karwi QG, Tian R, Wende AR, Abel ED. Cardiac energy me-
tabolism in heart failure. Circ Res 2021;128:1487-513. https://doi.org/10.
1161/CIRCRESAHA.121.318241

Randle PJ, Garland PB, Hales CN, Newsholme EA. The glucose fatty-acid cy-
cle. Its role in insulin sensitivity and the metabolic disturbances of diabetes
mellitus. Lancet 1963;1:785-9. https://doi.org/10.1016/5S0140-6736(63)91
500-9

XiaJ,Nong Y, Teng J, Mohammed SA, Liu J, Pang Y, et al. Unlocking metabolic
flexibility in heart failure with preserved ejection fraction: bridging funda-
mental mechanisms to clinical innovation. iScience 2025;28:113471.
https://doi.org/10.1016/j.isci.2025.113471

Koutroumpakis E, Jozwik B, Aguilar D, Taegtmeyer H. Strategies of unloading
the failing heart from metabolic stress. Am J Med 2020;133:290-6. https://
doi.org/10.1016/j.amjmed.2019.08.035

Takaoka M, Zhao X, Lim HY, Magnussen CG, Ang O, Suffee N, et al. Early
intermittent hyperlipidaemia alters tissue macrophages to fuel atheroscler-
osis. Nature 2024;634:457-65. https://doi.org/10.1038/s41586-024-
07993-x

Koplev S, Seldin M, Sukhavasi K, Ermel R, Pang S, Zeng L, et al. A mechanistic
framework for cardiometabolic and coronary artery diseases. Nat Cardiovasc
Res 2022;1:85-100. https://doi.org/10.1038/s44161-021-00009-1
Bjorkegren JLM, Lusis AJ. Atherosclerosis: recent developments. Cell 2022;
185:1630-45. https://doi.org/10.1016/j.cell.2022.04.004

Madsbad S, Holst JJ. Cardiovascular effects of incretins: focus on glucagon-
like peptide-1 receptor agonists. Cardiovasc Res 2023;119:886-904. https://
doi.org/10.1093/cvr/cvac112

Zoungas S, Arima H, Gerstein HC, Holman RR, Woodward M, Reaven P, et al.
Effects of intensive glucose control on microvascular outcomes in patients
with type 2 diabetes: a meta-analysis of individual participant data from ran-
domised controlled trials. Lancet Diabetes Endocrinol 2017;5:431-7. https://
doi.org/10.1016/52213-8587(17)30104-3

De Caterina R, Madonna R, Sourij H, Wascher T. Glycaemic control in acute
coronary syndromes: prognostic value and therapeutic options. Eur Heart J
2010;31:1557-64. https://doi.org/10.1093/eurheartj/ehq162

Carbone F, Despres JP, loannidis JPA, Neeland 1J, Garruti G, Busetto L, et al.
Bridging the gap in obesity research: a consensus statement from the
European society for clinical investigation. Eur J Clin Invest 2025;55:
e€70059. https://doi.org/10.1111/eci.70059

Muralikrishnan AS, Biasin V, Zabini D, Osto E. Immune and vascular function
in cardiometabolic disorders: interplay with sex differences and impact on in-
cretin therapy. Acta Physiol (Oxf) 2025;241:e70091. https://doi.org/10.
1111/apha.70091

Alexander Y, Osto E, Schmidt-Trucksass A, Shechter M, Trifunovic D,
Duncker DJ, et al. Endothelial function in cardiovascular medicine: a consen-
sus paper of the European Society of Cardiology working groups on athero-
sclerosis and vascular biology, aorta and peripheral vascular diseases,
coronary pathophysiology and microcirculation, and thrombosis. Cardiovasc
Res 2021;117:29-42. https://doi.org/10.1093/cvr/cvaa085

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

583.

54,

55.

56.

Drucker DJ, Holst JJ. The expanding incretin universe: from basic biology to
clinical translation. Diabetologia 2023;66:1765-79. https://doi.org/10.1007/
s00125-023-05906-7

Kunutsor SK, Balasubramanian VG, Zaccardi F, Gillies CL, Aroda VR, Seidu S,
et al. Glycaemic control and macrovascular and microvascular outcomes: a
systematic review and meta-analysis of trials investigating intensive glucose-
lowering strategies in people with type 2 diabetes. Diabetes Obes Metab
2024;26:2069-81. https://doi.org/10.1111/dom.15511

Volpe M, Gallo G. Cardiometabolic phenotype of heart failure with preserved
ejection fraction as a target of sodium-glucose co-transporter 2 inhibitors
and glucagon-like peptide receptor agonists. Cardiovasc Res 2021;117:
1992-4. https://doi.org/10.1093/cvr/cvaa334

Reaven PD, Emanuele NV, Wiitala WL, Bahn GD, Reda DJ, McCarren M, et al.
Intensive glucose control in patients with type 2 diabetes—15-year follow-
up. N Engl J Med 2019;380:2215-24. https://doi.org/10.1056/NEJMoa1806
802

Wong MG, Perkovic V, Chalmers J, Woodward M, Li Q, Cooper ME, et al.
Long-term benefits of intensive glucose control for preventing End-stage kid-
ney disease: ADVANCE-ON. Diabetes Care 2016;39:694-700. https://doi.
org/10.2337/dc15-2322

Group AC, Patel A, MacMahon S, Chalmers J, Neal B, Billot L, et al. Intensive
blood glucose control and vascular outcomes in patients with type 2 diabetes.
N Engl J Med 2008;358:2560-72.  https://doi.org/10.1056/
NEJMo0a0802987

Rodriguez-Valadez JM, Tahsin M, Masharani U, Park M, Hunink MGM,
Yeboah J, et al. Potential mediators for treatment effects of novel diabetes
medications on cardiovascular and renal outcomes: a meta-regression ana-
lysis. J Am Heart Assoc 2024;13:e032463. https://doi.org/10.1161/JAHA.
123.032463

lonica LN, Buriman DG, Linta AV, Sosdean R, Lascu A, Streian CG, et al.
Empagliflozin and dapagliflozin decreased atrial monoamine oxidase expres-
sion and alleviated oxidative stress in overweight non-diabetic cardiac pa-
tients. Mol Cell Biochem 2025;480:1645-55. https://doi.org/10.1007/
s11010-024-05076-z

Rahman H, Khan SU, Lone AN, Ghosh P, Kunduru M, Sharma S, et al.
Sodium-glucose cotransporter-2 inhibitors and primary prevention of athero-
sclerotic cardiovascular disease: a meta-analysis of randomized trials and sys-
tematic review. J Am Heart Assoc 2023;12:e030578. https://doi.org/10.
1161/JAHA.123.030578

Osto E, Bonacina F, Pirillo A, Norata GD. Neutral effect of SGLT2 inhibitors
on lipoprotein metabolism: from clinical evidence to molecular mechanisms.
Pharmacol Res 2023;188:106667. https://doi.org/10.1016/j.phrs.2023.
106667

Helmstadter J, Frenis K, Filippou K, Grill A, Dib M, Kalinovic S, et al.
Endothelial GLP-1 (glucagon-like peptide-1) receptor mediates cardiovascu-
lar protection by liraglutide in mice with experimental arterial hypertension.
Arterioscler Thromb Vasc Biol 2020;40:145-58. https://doi.org/10.1161/
atv.0000615456.97862.30

Imprialos KP, Stavropoulos K, Stavropoulos N, Patoulias D, Petidis K, Grassos
C, et al. Sodium-glucose cotransporter 2 inhibitors: impact on body weight
and blood pressure compared with other antidiabetic drugs. Cardiovasc
Hematol Disord Drug Targets 2018;18:104-13. https://doi.org/10.2174/
1871529X18666180206144342

Lutz TA, Osto E. Glucagon-like peptide-1, glucagon-like peptide-2, and lipid
metabolism. Curr Opin Lipidol 2016;27:257-63. https://doi.org/10.1097/
MOL.0000000000000293

Lincoff AM, Brown-Frandsen K, Colhoun HM, Deanfield J, Emerson SS,
Esbjerg S, et al. Semaglutide and cardiovascular outcomes in obesity without
diabetes. N Engl J Med 2023;389:2221-32. https://doi.org/10.1056/
NEJM0a2307563

Ryan DH, Lingvay I, Colhoun HM, Deanfield J, Emerson SS, Kahn SE, et al.
Semaglutide effects on cardiovascular outcomes in people with overweight
or obesity (SELECT) rationale and design. Am Heart J 2020;229:61-9.
https://doi.org/10.1016/j.ahj.2020.07.008

Frias JP, Davies MJ, Rosenstock J, Perez Manghi FC, Fernandez Lando L,
Bergman BK, et al. Tirzepatide versus semaglutide once weekly in patients
with type 2 diabetes. N Engl J Med 2021;385:503-15. https://doi.org/10.
1056/NEJM0a2107519

Wadden TA, Chao AM, Machineni S, Kushner R, Ard J, Srivastava G, et al.
Tirzepatide after intensive lifestyle intervention in adults with overweight
or obesity: the SURMOUNT-3 phase 3 trial. Nat Med 2023;29:2909-18.
https://doi.org/10.1038/s41591-023-02597-w

Jastreboff AM, Aronne LJ, Ahmad NN, Wharton S, Connery L, Alves B, et al.
Tirzepatide once weekly for the treatment of obesity. N Engl J Med 2022;387:
205-16. https://doi.org/10.1056/NEJM0a2206038


https://doi.org/10.1056/NEJMoa2107038
https://doi.org/10.1056/NEJMoa2022190
https://doi.org/10.1056/NEJMoa2204233
https://doi.org/10.1056/NEJMoa2204233
https://doi.org/10.1016/S0140-6736(25)01375-3
https://doi.org/10.1016/j.jacadv.2025.101740
https://doi.org/10.1016/j.jacadv.2025.101740
https://doi.org/10.1038/s41392-024-01931-z
https://doi.org/10.1093/eurheartj/ehaf738
https://doi.org/10.1093/eurheartj/ehae508
https://doi.org/10.1093/eurheartj/ehae508
https://doi.org/10.1161/CIRCRESAHA.121.318241
https://doi.org/10.1161/CIRCRESAHA.121.318241
https://doi.org/10.1016/S0140-6736(63)91500-9
https://doi.org/10.1016/S0140-6736(63)91500-9
https://doi.org/10.1016/j.isci.2025.113471
https://doi.org/10.1016/j.amjmed.2019.08.035
https://doi.org/10.1016/j.amjmed.2019.08.035
https://doi.org/10.1038/s41586-024-07993-x
https://doi.org/10.1038/s41586-024-07993-x
https://doi.org/10.1038/s44161-021-00009-1
https://doi.org/10.1016/j.cell.2022.04.004
https://doi.org/10.1093/cvr/cvac112
https://doi.org/10.1093/cvr/cvac112
https://doi.org/10.1016/S2213-8587(17)30104-3
https://doi.org/10.1016/S2213-8587(17)30104-3
https://doi.org/10.1093/eurheartj/ehq162
https://doi.org/10.1111/eci.70059
https://doi.org/10.1111/apha.70091
https://doi.org/10.1111/apha.70091
https://doi.org/10.1093/cvr/cvaa085
https://doi.org/10.1007/s00125-023-05906-7
https://doi.org/10.1007/s00125-023-05906-7
https://doi.org/10.1111/dom.15511
https://doi.org/10.1093/cvr/cvaa334
https://doi.org/10.1056/NEJMoa1806802
https://doi.org/10.1056/NEJMoa1806802
https://doi.org/10.2337/dc15-2322
https://doi.org/10.2337/dc15-2322
https://doi.org/10.1056/NEJMoa0802987
https://doi.org/10.1056/NEJMoa0802987
https://doi.org/10.1161/JAHA.123.032463
https://doi.org/10.1161/JAHA.123.032463
https://doi.org/10.1007/s11010-024-05076-z
https://doi.org/10.1007/s11010-024-05076-z
https://doi.org/10.1161/JAHA.123.030578
https://doi.org/10.1161/JAHA.123.030578
https://doi.org/10.1016/j.phrs.2023.106667
https://doi.org/10.1016/j.phrs.2023.106667
https://doi.org/10.1161/atv.0000615456.97862.30
https://doi.org/10.1161/atv.0000615456.97862.30
https://doi.org/10.2174/1871529X18666180206144342
https://doi.org/10.2174/1871529X18666180206144342
https://doi.org/10.1097/MOL.0000000000000293
https://doi.org/10.1097/MOL.0000000000000293
https://doi.org/10.1056/NEJMoa2307563
https://doi.org/10.1056/NEJMoa2307563
https://doi.org/10.1016/j.ahj.2020.07.008
https://doi.org/10.1056/NEJMoa2107519
https://doi.org/10.1056/NEJMoa2107519
https://doi.org/10.1038/s41591-023-02597-w
https://doi.org/10.1056/NEJMoa2206038

14

Evans et al.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Nicholls SJ, Bhatt DL, Buse JB, Prato SD, Kahn SE, Lincoff AM, et al.
Comparison of tirzepatide and dulaglutide on major adverse cardiovascular
events in participants with type 2 diabetes and atherosclerotic cardiovascular
disease: SURPASS-CVOT design and baseline characteristics. Am Heart J
2024;267:1-11. https://doi.org/10.1016/j.ahj.2023.09.007

Yan X, Su'Y, Fan X, Chen H, Lu Z, Liu Z, et al. Liraglutide improves the angio-
genic capability of EPC and promotes ischemic angiogenesis in mice under
diabetic conditions through an Nrf2-dependent mechanism. Cells 2022;11:
3821. https://doi.org/10.3390/cells11233821

Zhang W, Wang L, Guo H, Chen L, Huang X. Dapagliflozin-loaded exosome
mimetics facilitate diabetic wound healing by HIF-1alpha-mediated enhance-
ment of angiogenesis. Adv Healthc Mater 2023;12:€2202751. https://doi.
org/10.1002/adhm.202202751

Hess DA, Terenzi DC, Verma S. Heal thyself: SGLT2 inhibition limits regen-
erative cell exhaustion and heals damaged vessels. Diabetes 2021;70:
1620-2. https://doi.org/10.2337/dbi21-0025

Albiero M, Tedesco S, Amendolagine Fl, D'Anna M, Migliozzi L, Zuccolotto G,
et al. Inhibition of SGLT2 rescues bone marrow cell traffic for vascular repair:
role of glucose control and ketogenesis. Diabetes 2021;70:1767-79. https://
doi.org/10.2337/db20-1045

Fadini GP. SGLT-2 Inhibitors and circulating progenitor cells in diabetes. Cell
Metab 2020;31:883. https://doi.org/10.1016/j.cmet.2020.04.002

Bonora BM, Cappellari R, Albiero M, Avogaro A, Fadini GP. Effects of SGLT2
inhibitors on circulating stem and progenitor cells in patients with type 2 dia-
betes. J Clin Endocrinol Metab 2018;103:3773-82. https://doi.org/10.1210/
jc.2018-00824

Mroueh A, Algara-Suarez P, Fakih W, Gong DS, Matsushita K, Park SH, et al.
SGLT2 expression in human vasculature and heart correlates with low-grade
inflammation and causes eNOS-NO/ROS imbalance. Cardiovasc Res 2025;
121:643-57. https://doi.org/10.1093/cvr/cvae257

LiJ, Li C, Huang Z, Huang C, Liu J, Wu T, et al. Empagliflozin alleviates athero-
sclerotic calcification by inhibiting osteogenic differentiation of vascular
smooth muscle cells. Front Pharmacol 2023;14:1295463. https://doi.org/
10.3389/fphar.2023.1295463

Chen H, Teng D, Xu B, Wang C, Wang H, Jia W, et al. The SGLT2 inhibitor
canagliflozin reduces atherosclerosis by enhancing macrophage autophagy.
J Cardiovasc Transl Res 2023;16:999-1009. https://doi.org/10.1007/
$12265-023-10390-w

Sardu C, Trotta MC, Sasso FC, Sacra C, Carpinella G, Mauro C, et al.
SGLT2-inhibitors effects on the coronary fibrous cap thickness and MACEs
in diabetic patients with inducible myocardial ischemia and multi vessels non-
obstructive coronary artery stenosis. Cardiovasc Diabetol 2023;22:80.
https://doi.org/10.1186/s12933-023-01814-7

Ussher JR, Drucker DJ. Glucagon-like peptide 1 receptor agonists: cardiovas-
cular benefits and mechanisms of action. Nat Rev Cardiol 2023;20:463-74.
https://doi.org/10.1038/s41569-023-00849-3

Verges B, Aboyans V, Angoulvant D, Boutouyrie P, Cariou B, Hyafil F, et al.
Protection against stroke with glucagon-like peptide-1 receptor agonists: a
comprehensive review of potential mechanisms. Cardiovasc Diabetol 2022;
21:242. https://doi.org/10.1186/512933-022-01686-3

Smith NK, Hackett TA, Galli A, Flynn CR. GLP-1: molecular mechanisms and
outcomes of a complex signaling system. Neurochem Int 2019;128:94-105.
https://doi.org/10.1016/j.neuint.2019.04.010

Lutz TA. Gut hormones such as amylin and GLP-1 in the control of eating and
energy expenditure. Int J Obes Suppl 2016;6:515-s21. https://doi.org/10.
1038/ijosup.2016.4

Packer M. SGLT2 inhibitors: role in protective reprogramming of cardiac nu-
trient transport and metabolism. Nat Rev Cardiol 2023;20:443-62. https://
doi.org/10.1038/541569-022-00824-4

Yaribeygi H, Maleki M, Reiner Z, Jamialahmadi T, Sahebkar A. Mechanistic
view on the effects of SGLT2 inhibitors on lipid metabolism in diabetic milieu.
J Clin Med 2022;11:6544. https://doi.org/10.3390/jcm11216544

Packer M. Critical reanalysis of the mechanisms underlying the cardiorenal
benefits of SGLT2 inhibitors and reaffirmation of the nutrient deprivation sig-
naling/autophagy hypothesis. Circulation 2022;146:1383-405. https://doi.
org/10.1161/CIRCULATIONAHA.122.061732

Nagashima M, Watanabe T, Terasaki M, Tomoyasu M, Nohtomi K,
Kim-Kaneyama J, et al. Native incretins prevent the development of athero-
sclerotic lesions in apolipoprotein E knockout mice. Diabetologia 2011;54:
2649-59. https://doi.org/10.1007/s00125-011-2241-2

Pujadas G, Baggio LL, Kaur KD, McLean BA, Cao X, Drucker DJ. Genetic dis-
ruption of the Gipr in Apoe(-/-) mice promotes atherosclerosis. Mol Metab
2022;65:101586. https://doi.org/10.1016/j.molmet.2022.101586

Sachs S, Gotz A, Finan B, Feuchtinger A, DiMarchi RD, Doring Y, et al. GIP re-
ceptor agonism improves dyslipidemia and atherosclerosis independently of
body weight loss in preclinical mouse model for cardio-metabolic disease.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

Cardiovasc Diabetol 2023;22:217. https://doi.org/10.1186/512933-023-
01940-2

Veniant MM, Lu SC, Atangan L, Komorowski R, Stanislaus S, Cheng Y, et al. A
GIPR antagonist conjugated to GLP-1 analogues promotes weight loss with
improved metabolic parameters in preclinical and phase 1 settings. Nat
Metab 2024,6:290-3083. https://doi.org/10.1038/s42255-023-00966-w
Liskiewicz A, Khalil A, Liskiewicz D, Novikoff A, Grandl G, Maity-Kumar G,
et al. Glucose-dependent insulinotropic polypeptide regulates body weight
and food intake via GABAergic neurons in mice. Nat Metab 2023;5:
2075-85. https://doi.org/10.1038/542255-023-00931-7

Gutgesell RM, Khalil A, Liskiewicz A, Maity-Kumar G, Novikoff A, Grand| G,
et al. GIPR agonism and antagonism decrease body weight and food intake
via different mechanisms in male mice. Nat Metab 2025;7:1282-98.
https://doi.org/10.1038/s42255-025-01294-x

Martin CK, Carmichael OT, Carnell S, Considine RV, Kareken DA, Dydak U,
et al. Tirzepatide on ingestive behavior in adults with overweight or obesity:
a randomized 6-week phase 1 trial. Nat Med 2025;31:3141-50. https://doi.
org/10.1038/s41591-025-03774-9

Ballantyne CM, Norata GD. The evolving landscape of targets for lipid lower-
ing: from molecular mechanisms to translational implications. Eur Heart J
2025;46:4737-50. https://doi.org/10.1093/eurheartj/ehaf606

Norata GD, Tavori H, Pirillo A, Fazio S, Catapano AL. Biology of proprotein
convertase subtilisin kexin 9: beyond low-density lipoprotein cholesterol
lowering. Cardiovasc Res 2016;112:429-42. https://doi.org/10.1093/cvr/
cvw194

Nordestgaard BG. Triglyceride-rich lipoproteins and atherosclerotic cardio-
vascular disease: new insights from epidemiology, genetics, and biology.
Circ Res 2016;118:547-63. https://doi.org/10.1161/CIRCRESAHA.115.
306249

Bhatt DL, Steg PG, Miller M, Brinton EA, Jacobson TA, Ketchum SB, et al.
Cardiovascular risk reduction with icosapent ethyl for hypertriglyceridemia.
N Engl J Med 2019;380:11-22. https://doi.org/10.1056/NEJM0a1812792
Budoff MJ, Bhatt DL, Kinninger A, Lakshmanan S, Muhlestein JB, Le VT, et al.
Effect of icosapent ethyl on progression of coronary atherosclerosis in pa-
tients with elevated triglycerides on statin therapy: final results of the
EVAPORATE trial. Eur Heart J 2020;41:3925-32. https://doi.org/10.1093/
eurheartj/ehaa652

Packard CJ, Pirillo A, Tsimikas S, Ference BA, Catapano AL. Exploring apoli-
poprotein  C-lll: pathophysiological and pharmacological relevance.
Cardiovasc Res 2024;119:2843-57. https://doi.org/10.1093/cvr/cvad177
Baragetti A, Da Dalt L, Norata GD. New insights into the therapeutic options
to lower lipoprotein(a). Eur J Clin Invest 2024;54:e14254. https://doi.org/10.
1111/eci.14254

Boffa MB, Koschinsky ML. Oxidized phospholipids as a unifying theory for li-
poprotein(a) and cardiovascular disease. Nat Rev Cardiol 2019;16:305-18.
https://doi.org/10.1038/s41569-018-0153-2

Dzobo KE, Cupido AJ, Mol BM, Stiekema LCA, Versloot M, Winkelmeijer M,
et al. Diacylglycerols and lysophosphatidic acid, enriched on lipoprotein(a),
contribute to monocyte inflammation. Arterioscler Thromb Vasc Biol 2024;
44:720-40. https://doi.org/10.1161/ATVBAHA.123.319937

. Zheng WC, Chan W, Dart A, Shaw JA. Novel therapeutic targets and emer-

ging treatments for atherosclerotic cardiovascular disease. Eur Heart J
Cardiovasc Pharmacother 2024;10:53-67. https://doi.org/10.1093/ehjcvp/
pvad074

Chen S, Wang Q, Christodoulou A, Mylonas N, Bakker D, Nederlof R, et al.
Sodium glucose cotransporter-2 inhibitor empagliflozin reduces infarct size
independently of sodium glucose cotransporter-2. Circulation 2023;147:
276-9. https://doi.org/10.1161/CIRCULATIONAHA.122.061688

von Lewinski D, Kolesnik E, Tripolt NJ, Pferschy PN, Benedikt M, Wallner M,
et al. Empagliflozin in acute myocardial infarction: the EMMY trial. Eur Heart J
2022;43:4421-32. https://doi.org/10.1093/eurheartj/ehac494

Butler J, Jones WS, Udell JA, Anker SD, Petrie MC, Harrington J, et al.
Empagliflozin after acute myocardial infarction. N Engl J Med 2024;390:
1455-66. https://doi.org/10.1056/NEJM0a2314051

James S, Erlinge D, Storey RF, McGuire DK, de Belder M, Eriksson N, et al.
Dapagliflozin in myocardial infarction without diabetes or heart failure.
NEJM Evid 2024;3:EVID0a2300286. . https://doi.org/10.1056/EVID0a230
0286

Ermolenko E, Simanenkova A, Voropaeva L, Lavrenova N, Kotyleva M,
Minasian S, et al. Metformin influence on the intestinal Microbiota and organ-
ism of rats with metabolic syndrome. Int J Mol Sci 2022;23:6837. https://doi.
org/10.3390/ijms23126837

Zhao J, Zhang Q, Cheng W, Dai Q, Wei Z, Guo M, et al. Heart-gut microbiota
communication determines the severity of cardiac injury after myocardial is-
chaemia/reperfusion. Cardiovasc Res 2023;119:1390-402. https://doi.org/
10.1093/cvr/cvad023


https://doi.org/10.1016/j.ahj.2023.09.007
https://doi.org/10.3390/cells11233821
https://doi.org/10.1002/adhm.202202751
https://doi.org/10.1002/adhm.202202751
https://doi.org/10.2337/dbi21-0025
https://doi.org/10.2337/db20-1045
https://doi.org/10.2337/db20-1045
https://doi.org/10.1016/j.cmet.2020.04.002
https://doi.org/10.1210/jc.2018-00824
https://doi.org/10.1210/jc.2018-00824
https://doi.org/10.1093/cvr/cvae257
https://doi.org/10.3389/fphar.2023.1295463
https://doi.org/10.3389/fphar.2023.1295463
https://doi.org/10.1007/s12265-023-10390-w
https://doi.org/10.1007/s12265-023-10390-w
https://doi.org/10.1186/s12933-023-01814-7
https://doi.org/10.1038/s41569-023-00849-3
https://doi.org/10.1186/s12933-022-01686-3
https://doi.org/10.1016/j.neuint.2019.04.010
https://doi.org/10.1038/ijosup.2016.4
https://doi.org/10.1038/ijosup.2016.4
https://doi.org/10.1038/s41569-022-00824-4
https://doi.org/10.1038/s41569-022-00824-4
https://doi.org/10.3390/jcm11216544
https://doi.org/10.1161/CIRCULATIONAHA.122.061732
https://doi.org/10.1161/CIRCULATIONAHA.122.061732
https://doi.org/10.1007/s00125-011-2241-2
https://doi.org/10.1016/j.molmet.2022.101586
https://doi.org/10.1186/s12933-023-01940-2
https://doi.org/10.1186/s12933-023-01940-2
https://doi.org/10.1038/s42255-023-00966-w
https://doi.org/10.1038/s42255-023-00931-7
https://doi.org/10.1038/s42255-025-01294-x
https://doi.org/10.1038/s41591-025-03774-9
https://doi.org/10.1038/s41591-025-03774-9
https://doi.org/10.1093/eurheartj/ehaf606
https://doi.org/10.1093/cvr/cvw194
https://doi.org/10.1093/cvr/cvw194
https://doi.org/10.1161/CIRCRESAHA.115.306249
https://doi.org/10.1161/CIRCRESAHA.115.306249
https://doi.org/10.1056/NEJMoa1812792
https://doi.org/10.1093/eurheartj/ehaa652
https://doi.org/10.1093/eurheartj/ehaa652
https://doi.org/10.1093/cvr/cvad177
https://doi.org/10.1111/eci.14254
https://doi.org/10.1111/eci.14254
https://doi.org/10.1038/s41569-018-0153-2
https://doi.org/10.1161/ATVBAHA.123.319937
https://doi.org/10.1093/ehjcvp/pvad074
https://doi.org/10.1093/ehjcvp/pvad074
https://doi.org/10.1161/CIRCULATIONAHA.122.061688
https://doi.org/10.1093/eurheartj/ehac494
https://doi.org/10.1056/NEJMoa2314051
https://doi.org/10.1056/EVIDoa2300286
https://doi.org/10.1056/EVIDoa2300286
https://doi.org/10.3390/ijms23126837
https://doi.org/10.3390/ijms23126837
https://doi.org/10.1093/cvr/cvad023
https://doi.org/10.1093/cvr/cvad023

Metabolic disorders and cardiovascular risk

15

98.

99.

100.

101.

102.

108.

104.

105.

106.

107.

108.

109.

110.

111

112.

113.

114.

116.

117.

Badimon L, Mendieta G, Vilahur G. Statins revisited: therapeutic applications
beyond lipid lowering? Eur Heart J 2023;44:2332-4. https://doi.org/10.
1093/eurheartj/ehad324

Mendieta G, Ben-Aicha S, Gutierrez M, Casani L, Arzanauskaite M, Carreras F,
et al. Intravenous statin administration during myocardial infarction com-
pared with oral post-infarct administration. J Am Coll Cardiol 2020;75:
1386-402. https://doi.org/10.1016/j.jacc.2020.01.042

Vilahur G, Ben-Aicha S, Gutierrez M, Radike M, Mendieta G, Ramos L, et al.
Cardioprotection exerted by intravenous statin at index myocardial infarc-
tion event attenuates cardiac damage upon recurrent infarction. Cardiovasc
Res 2025;121:283-95. https://doi.org/10.1093/cvr/cvae264

Mendieta G, Ben-Aicha S, Casani L, Badimon L, Sabate M, Vilahur G.
Molecular pathways involved in the cardioprotective effects of intravenous
statin administration during ischemia. Basic Res Cardiol 2019;115:2. https://
doi.org/10.1007/500395-019-0760-z

Mendieta G, Ben-Aicha S, Casani L, Badimon L, Sabate M, Vilahur G.
Intravenous statin administration during ischemia exerts cardioprotective ef-
fects. J Am Coll Cardiol 2019;74:475-7. https://doi.org/10.1016/j.jacc.2019.
05.020

Andreadou |, Tsoumani M, Vilahur G, Ikonomidis |, Badimon L, Varga ZV, et al.
PCSK?9 in myocardial infarction and cardioprotection: importance of lipid me-
tabolism and inflammation. Front Physiol 2020;11:602497. https://doi.org/
10.3389/fphys.2020.602497

Seidah NG, Prat A, Pirillo A, Catapano AL, Norata GD. Novel strategies to tar-
get proprotein convertase subtilisin kexin 9: beyond monoclonal antibodies.
Cardiovasc Res 2019;115:510-8. https://doi.org/10.1093/cvr/cvz003

Yang CL, Zeng YD, Hu ZX, Liang H. PCSK9 promotes the secretion of
pro-inflammatory cytokines by macrophages to aggravate H/R-induced car-
diomyocyte injury via activating NF-kappaB signalling. Gen Physiol Biophys
2020;39:123-34. https://doi.org/10.4149/gpb_2019057

Da Dalt L, Castiglioni L, Baragetti A, Audano M, Svecla M, Bonacina F, et al.
PCSK9 deficiency rewires heart metabolism and drives heart failure with pre-
served ejection fraction. Eur Heart J 2021;42:3078-90. https://doi.org/10.
1093/eurheartj/ehab431

Paulus WJ, Tschope C. A novel paradigm for heart failure with preserved
ejection fraction: comorbidities drive myocardial dysfunction and remodeling
through coronary microvascular endothelial inflammation. J Am Coll Cardiol
2013;62:263-71. https://doi.org/10.1016/j.jacc.2013.02.092

Sabbah MS, Fayyaz AU, de Denus S, Felker GM, Borlaug BA, Dasari S, et al.
Obese-inflammatory phenotypes in heart failure with preserved ejection
fraction. Circ Heart Fail 2020;13:e006414. https://doi.org/10.1161/
CIRCHEARTFAILURE.119.006414

Ng YH, Koay YC, Marques FZ, Kaye DM, O'Sullivan JF. Leveraging metabol-
ism for better outcomes in heart failure. Cardiovasc Res 2024;120:1835-50.
https://doi.org/10.1093/cvr/cvae216

Badimon L, Bugiardini R, Cenko E, Cubedo J, Dorobantu M, Duncker DJ, et al.
Position paper of the European Society of Cardiology-working group of cor-
onary pathophysiology and microcirculation: obesity and heart disease. Eur
Heart J 2017;38:1951-8. https://doi.org/10.1093/eurheartj/ehx181

Stone C, Harris DD, Broadwin M, Kanuparthy M, Nho JW, Yalamanchili K,
et al. Semaglutide improves myocardial perfusion and performance in a large
animal model of coronary artery disease. Arterioscler Thromb Vasc Biol 2025;
45:285-97. https://doi.org/10.1161/ATVBAHA.124.321850

von Haehling S, Ebner N, Dos Santos MR, Springer J, Anker SD. Muscle wast-
ing and cachexia in heart failure: mechanisms and therapies. Nat Rev Cardiol
2017;14:323-41. https://doi.org/10.1038/nrcardio.2017.51

Le Gouill E, Jimenez M, Binnert C, Jayet PY, Thalmann S, Nicod P, et al.
Endothelial nitric oxide synthase (eNOS) knockout mice have defective mito-
chondrial beta-oxidation. Diabetes 2007;56:2690-6. https://doi.org/10.
2337/db06-1228

Anker SD, Negassa A, Coats AJ, Afzal R, Poole-Wilson PA, Cohn JN, et al.
Prognostic importance of weight loss in chronic heart failure and the effect
of treatment with angiotensin-converting-enzyme inhibitors: an observa-
tional study. Lancet 2003;361:1077-83. https://doi.org/10.1016/50140-
6736(03)12892-9

. Mericskay M, Zuurbier CJ, Heather LC, Karlstaedt A, Inserte J, Bertrand L,

et al. Cardiac intermediary metabolism in heart failure: substrate use, signal-
ling roles and therapeutic targets. Nat Rev Cardiol 2025;22:704-27. https://
doi.org/10.1038/541569-025-01166-7

Aksentijevic D, Sedej S, Fauconnier J, Paillard M, Abdellatif M,
Streckfuss-Bomeke K, et al. Mechano-energetic uncoupling in heart failure.
Nat Rev Cardiol 2025;22:773-97. https://doi.org/10.1038/s41569-025-
01167-6

Nguyen TD, Shingu Y, Amorim PA, Schwarzer M, Doenst T. Glucagon-like
peptide-1 reduces contractile function and fails to boost glucose utilization

118.

119.

120.

122.

123.

124.

125.

126.

127.

128.

129.

130.

132.

133.

134.

135.

136.

. Balteau

in normal hearts in the presence of fatty acids. Int J Cardiol 2013;168:
4085-92. https://doi.org/10.1016/j.ijcard.2013.07.018

Pepin ME, Konrad PJM, Nazir S, Bazgir F, Maack C, Nickel A, et al.
Mitochondrial NNT promotes diastolic dysfunction in cardiometabolic
HFpEF. Circ Res 2025;136:1564-78. https://doi.org/10.1161/CIRCRES
AHA.125.326154

Cherpaz M, Meugnier E, Seillier G, Pozzi M, Pierrard R, Leboube S, et al.
Myocardial transcriptomic analysis of diabetic patients with aortic stenosis:
key role for mitochondrial calcium signaling. Cardiovasc Diabetol 2024;23:
239. https://doi.org/10.1186/s12933-024-02329-5

Miranda-Silva D, Wust RCI, Conceicao G, Goncalves-Rodrigues P, Goncalves
N, Goncalves A, et al. Disturbed cardiac mitochondrial and cytosolic calcium
handling in a metabolic risk-related rat model of heart failure with preserved
ejection fraction. Acta Physiol (Oxf) 2020;228:e13378. https://doi.org/10.
1111/apha.13378

. Schiattarella GG, Cattaneo F, Carrizzo A, Paolillo R, Boccella N, Ambrosio M,

et al. Akapl regulates vascular function and endothelial cells behavior.
Hypertension 2018;71:507-17. https://doi.org/10.1161/HYPERTENSION
AHA.117.10185

Frangogiannis NG. Transforming growth factor-beta in myocardial disease.
Nat Rev Cardiol 2022;19:435-55. https://doi.org/10.1038/s41569-021-
00646-w

Fricovsky ES, Suarez J, Ihm SH, Scott BT, Suarez-Ramirez JA, Banerjee |, et al.
Excess protein O-GlcNAcylation and the progression of diabetic cardiomy-
opathy. Am J Physiol Regul Integr Comp Physiol 2012;303:R689-99. https://
doi.org/10.1152/ajpregu.00548.2011

Herwig M, Sieme M, Kovacs A, Khan M, Mugge A, Schmidt WE, et al.
Diabetes mellitus aggravates myocardial inflammation and oxidative stress
in aortic stenosis: a mechanistic link to HFpEF features. Cardiovasc Diabetol
2025;24:203. https://doi.org/10.1186/s12933-025-02748-y

Ibrahim MO, Mohamed OM, Ali NM. Sodium-glucose cotransporter 2
(SGLT2) inhibitors in non-diabetic heart failure: a systematic review of rando-
mized controlled trials and real-world evidence. Cureus 2025;17:€90684.
https://doi.org/10.7759/cureus.20684

Butt JH, de Boer RA, Docherty KF, Kondo T, Hernandez AF, Inzucchi SE, et al.
Dapagliflozin, heart failure, and duration of diabetes: a patient-level pooled
meta-analysis of DAPA-HF and DELIVER. JACC Heart Fail 2025;13:
102630. https://doi.org/10.1016/j.jchf.2025.102630

Kosiborod MN, Deanfield J, Pratley R, Borlaug BA, Butler J, Davies MJ, et al.
Semaglutide versus placebo in patients with heart failure and mildly reduced
or preserved ejection fraction: a pooled analysis of the SELECT, FLOW,
STEP-HFpEF, and STEP-HFpEF DM randomised trials. Lancet 2024;404:
949-61. https://doi.org/10.1016/50140-6736(24)01643-X

Kosiborod MN, Petrie MC, Borlaug BA, Butler J, Davies MJ, Hovingh GK,
et al. Semaglutide in patients with obesity-related heart failure and type 2
diabetes. N Engl J Med 2024;390:1394-407. https://doi.org/10.1056/
NEJMo0a2313917

Kosiborod MN, Abildstrom SZ, Borlaug BA, Butler J, Rasmussen S, Davies M,
et al. Semaglutide in patients with heart failure with preserved ejection frac-
tion and obesity. N Engl J Med 2023;389:1069-84. https://doi.org/10.1056/
NEJM0a2306963

Theodorakis N, Nikolaou M.
cardiovascular-renal-hepatic-metabolic syndrome: expanding roles of
SGLT2is, GLP-1RAs, and GIP/GLP-1RAs. Biomedicines 2025;13:135.
https://doi.org/10.3390/biomedicines13010135

M, Van Steenbergen A, Timmermans AD, Dessy C,
Behets-Wydemans G, Tajeddine N, et al. AMPK activation by glucagon-like
peptide-1 prevents NADPH oxidase activation induced by hyperglycemia
in adult cardiomyocytes. Am J Physiol Heart Circ Physiol 2014;307:
H1120-33. https://doi.org/10.1152/ajpheart.00210.2014

Leggat J, Bidault G, Vidal-Puig A. Lipotoxicity: a driver of heart failure with
preserved ejection fraction? Clin Sci (Lond) 2021;135:2265-83. https://doi.
org/10.1042/CS20210127

Da Dalt L, Cabodevilla AG, Goldberg 1J, Norata GD. Cardiac lipid metabolism,
mitochondrial function, and heart failure. Cardiovasc Res 2023;119:1905-14.
https://doi.org/10.1093/cvr/cvad100

Hahn VS, Petucci C, Kim MS, Bedi KC Jr, Wang H, Mishra S, et al. Myocardial
metabolomics of human heart failure with preserved ejection fraction.
Circulation 2023;147:1147-61. https://doi.org/10.1161/CIRCULATION
AHA.122.061846

Murphy KA, Harsch BA, Healy CL, Joshi SS, Huang S, Walker RE, et al. Free
fatty acid receptor 4 responds to endogenous fatty acids to protect the heart
from pressure overload. Cardiovasc Res 2022;118:1061-73. https://doi.org/
10.1093/cvr/cvab111

Thiele A, Luettges K, Ritter D, Beyhoff N, Smeir E, Grune J, et al.
Pharmacological inhibition of adipose tissue adipose triglyceride lipase by

Integrated management of


https://doi.org/10.1093/eurheartj/ehad324
https://doi.org/10.1093/eurheartj/ehad324
https://doi.org/10.1016/j.jacc.2020.01.042
https://doi.org/10.1093/cvr/cvae264
https://doi.org/10.1007/s00395-019-0760-z
https://doi.org/10.1007/s00395-019-0760-z
https://doi.org/10.1016/j.jacc.2019.05.020
https://doi.org/10.1016/j.jacc.2019.05.020
https://doi.org/10.3389/fphys.2020.602497
https://doi.org/10.3389/fphys.2020.602497
https://doi.org/10.1093/cvr/cvz003
https://doi.org/10.4149/gpb_2019057
https://doi.org/10.1093/eurheartj/ehab431
https://doi.org/10.1093/eurheartj/ehab431
https://doi.org/10.1016/j.jacc.2013.02.092
https://doi.org/10.1161/CIRCHEARTFAILURE.119.006414
https://doi.org/10.1161/CIRCHEARTFAILURE.119.006414
https://doi.org/10.1093/cvr/cvae216
https://doi.org/10.1093/eurheartj/ehx181
https://doi.org/10.1161/ATVBAHA.124.321850
https://doi.org/10.1038/nrcardio.2017.51
https://doi.org/10.2337/db06-1228
https://doi.org/10.2337/db06-1228
https://doi.org/10.1016/S0140-6736(03)12892-9
https://doi.org/10.1016/S0140-6736(03)12892-9
https://doi.org/10.1038/s41569-025-01166-7
https://doi.org/10.1038/s41569-025-01166-7
https://doi.org/10.1038/s41569-025-01167-6
https://doi.org/10.1038/s41569-025-01167-6
https://doi.org/10.1016/j.ijcard.2013.07.018
https://doi.org/10.1161/CIRCRESAHA.125.326154
https://doi.org/10.1161/CIRCRESAHA.125.326154
https://doi.org/10.1186/s12933-024-02329-5
https://doi.org/10.1111/apha.13378
https://doi.org/10.1111/apha.13378
https://doi.org/10.1161/HYPERTENSIONAHA.117.10185
https://doi.org/10.1161/HYPERTENSIONAHA.117.10185
https://doi.org/10.1038/s41569-021-00646-w
https://doi.org/10.1038/s41569-021-00646-w
https://doi.org/10.1152/ajpregu.00548.2011
https://doi.org/10.1152/ajpregu.00548.2011
https://doi.org/10.1186/s12933-025-02748-y
https://doi.org/10.7759/cureus.90684
https://doi.org/10.1016/j.jchf.2025.102630
https://doi.org/10.1016/S0140-6736(24)01643-X
https://doi.org/10.1056/NEJMoa2313917
https://doi.org/10.1056/NEJMoa2313917
https://doi.org/10.1056/NEJMoa2306963
https://doi.org/10.1056/NEJMoa2306963
https://doi.org/10.3390/biomedicines13010135
https://doi.org/10.1152/ajpheart.00210.2014
https://doi.org/10.1042/CS20210127
https://doi.org/10.1042/CS20210127
https://doi.org/10.1093/cvr/cvad100
https://doi.org/10.1161/CIRCULATIONAHA.122.061846
https://doi.org/10.1161/CIRCULATIONAHA.122.061846
https://doi.org/10.1093/cvr/cvab111
https://doi.org/10.1093/cvr/cvab111

16

Evans et al.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Atglistatin prevents catecholamine-induced myocardial damage. Cardiovasc
Res 2022;118:2488-505. https://doi.org/10.1093/cvr/cvab182
Mezincescu AM, Rudd A, Cheyne L, Horgan G, Philip S, Cameron D, et al.
Comparison of intramyocellular lipid metabolism in patients with diabetes
and male athletes. Nat Commun 2024;15:3690. https://doi.org/10.1038/
s41467-024-47843-y

Murphy SP, Ibrahim NE, Januzzi JL Jr. Heart failure with reduced ejection
fraction: a review. JAMA 2020;324:488-504. https://doi.org/10.1001/
jama.2020.10262

Thorp AA, Schlaich MP. Relevance of sympathetic nervous system activation
in obesity and metabolic syndrome. J Diabetes Res 2015;2015:341583.
https://doi.org/10.1155/2015/341583

Jackson G, Gibbs CR, Davies MK, Lip GY. ABC of heart failure.
Pathophysiology. BMJ 2000;320:167-70. https://doi.org/10.1136/bm,;.
320.7228.167

Ushakov A, Ivanchenko V, Gagarina A. Heart failure and type 2 diabetes
Mellitus: neurohumoral, histological and molecular interconnections. Curr
Cardiol Rev 2023;19:€170622206132. https://doi.org/10.2174/1573403X
18666220617121144

Unger T, Li J. The role of the renin-angiotensin-aldosterone system in heart
failure. J Renin Angiotensin Aldosterone Syst 2004;5 Suppl 1:57-10. https://
doi.org/10.3317/JRAAS.2004.024

Dewanjee S, Vallamkondu J, Kalra RS, John A, Reddy PH, Kandimalla R.
Autophagy in the diabetic heart: a potential pharmacotherapeutic target in
diabetic cardiomyopathy. Ageing Res Rev 2021;68:101338. https://doi.org/
10.1016/j.arr.2021.101338

Packer M. Differential pathophysiological mechanisms in heart failure with a
reduced or preserved ejection fraction in diabetes. JACC Heart Fail 2021;9:
535-49. https://doi.org/10.1016/j.jchf.2021.05.019

Byrne NJ, Koentges C, Khan E, Pfeil K, Sandulescu R, Bakshi S, et al. Sirtuin 4
accelerates heart failure development by enhancing reactive oxygen species-
mediated profibrotic transcriptional signaling. J Mol Cell Cardiol Plus 2025;12:
100299. https://doi.org/10.1016/j.jmccpl.2025.100299

Lawrence SP, Holman GD, Koumanov F. Translocation of the Na+/H+ ex-
changer 1 (NHE1) in cardiomyocyte responses to insulin and energy-status
signalling. Biochem J 2010;432:515-23. https://doi.org/10.1042/BJ201
00717

Darmellah A, Baetz D, Prunier F, Tamareille S, Rucker-Martin C, Feuvray D.
Enhanced activity of the myocardial Na+/H+ exchanger contributes to left
ventricular hypertrophy in the Goto-Kakizaki rat model of type 2 diabetes:
critical role of akt. Diabetologia 2007;50:1335-44. https://doi.org/10.
1007/s00125-007-0628-x

Zannad F, Ferreira JP, Pocock SJ, Anker SD, Butler J, Filippatos G, et al. SGLT2
inhibitors in patients with heart failure with reduced ejection fraction: a
meta-analysis of the EMPEROR-reduced and DAPA-HF trials. Lancet 2020;
396:819-29. https://doi.org/10.1016/50140-6736(20)31824-9

Deanfield J, Verma S, Scirica BM, Kahn SE, Emerson SS, Ryan D, et al.
Semaglutide and cardiovascular outcomes in patients with obesity and preva-
lent heart failure: a prespecified analysis of the SELECT trial. Lancet 2024;
404:773-86. https://doi.org/10.1016/50140-6736(24)01498-3
Iborra-Egea O, Santiago-Vacas E, Yurista SR, Lupon J, Packer M, Heymans S,
et al. Unraveling the molecular mechanism of action of empagliflozin in heart
failure with reduced ejection fraction with or without diabetes. JACC Basic
Transl Sci 2019;4:831-40. https://doi.org/10.1016/j.jacbts.2019.07.010
Joseph J, Liu C, Hui Q, Aragam K, Wang Z, Charest B, et al. Genetic architec-
ture of heart failure with preserved versus reduced ejection fraction. Nat
Commun 2022;13:7753. https://doi.org/10.1038/s41467-022-35323-0
Preiss D, Campbell RT, Murray HM, Ford |, Packard CJ, Sattar N, et al. The
effect of statin therapy on heart failure events: a collaborative meta-analysis
of unpublished data from major randomized trials. Eur Heart J 2015;36:
1536-46. https://doi.org/10.1093/eurheartj/ehv072

Pabon MA, Manocha K, Cheung JW, Lo JC. Linking arrhythmias and adipo-
cytes: insights, mechanisms, and future directions. Front Physiol 2018;9:
1752. https://doi.org/10.3389/fphys.2018.01752

Sun DK, Zhang N, Liu Y, Qiu JC, Tse G, Li GP, et al. Dysglycemia and arrhyth-
mias. World J Diabetes 2023;14:1163-77. https://doi.org/10.4239/wjd.v14.
i8.1163

Seyed Ahmadi S, Svensson AM, Pivodic A, Rosengren A, Lind M. Risk of atrial
fibrillation in persons with type 2 diabetes and the excess risk in relation to
glycaemic control and renal function: a Swedish cohort study. Cardiovasc
Diabetol 2020;19:9. https://doi.org/10.1186/s12933-019-0983-1
Movahed MR, Hashemzadeh M, Jamal M. Increased prevalence of ventricu-
lar fibrillation in patients with type 2 diabetes mellitus. Heart Vessels 2007;22:
251-3. https://doi.org/10.1007/s00380-006-0962-9

Siscovick DS, Sotoodehnia N, Rea TD, Raghunathan TE, Jouven X, Lemaitre
RN. Type 2 diabetes mellitus and the risk of sudden cardiac arrest in the

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

community. Rev Endocr Metab Disord 2010;11:53-9. https://doi.org/10.
1007/s11154-010-9133-5

Powell-Wiley TM, Poirier P, Burke LE, Despres JP, Gordon-Larsen P, Lavie
CJ, et al. Obesity and cardiovascular disease: a scientific statement from
the American Heart Association. Circulation 2021;143:€984-1010. https://
doi.org/10.1161/CIR.0000000000000973

Hookana E, Junttila MJ, Puurunen VP, Tikkanen JT, Kaikkonen KS,
Kortelainen ML, et al. Causes of nonischemic sudden cardiac death in the cur-
rent era. Heart Rhythm 2011;8:1570-5. https://doi.org/10.1016/j.hrthm.
2011.06.031

Wang TJ, Parise H, Levy D, D'Agostino RB Sr, Wolf PA, Vasan RS, et al.
Obesity and the risk of new-onset atrial fibrillation. JAMA 2004;292:
2471-7. https://doi.org/10.1001/jama.292.20.2471

Van Hoeijen DA, Blom MT, Bardai A, Souverein PC, De Boer A, Tan HL.
Reduced pre-hospital and in-hospital survival rates after out-of-hospital car-
diac arrest of patients with type-2 diabetes mellitus: an observational pro-
spective community-based study. Europace 2015;17:753-60. https://doi.
org/10.1093/europace/euv014

Jouven X, Lemaitre RN, Rea TD, Sotoodehnia N, Empana JP, Siscovick DS.
Diabetes, glucose level, and risk of sudden cardiac death. Eur Heart J 2005;
26:2142-7. https://doi.org/10.1093/eurheartj/ehi376

Suffee N, Baptista E, Piquereau J, Ponnaiah M, Doisne N, Ichou F, et al.
Impacts of a high-fat diet on the metabolic profile and the phenotype of atrial
myocardium in mice. Cardiovasc Res 2022;118:3126-39. https://doi.org/10.
1093/cvr/cvab367

Hegyi B, Ko CY, Bossuyt J, Bers DM. Two-hit mechanism of cardiac arrhyth-
mias in diabetic hyperglycaemia: reduced repolarization reserve, neurohor-
monal stimulation, and heart failure exacerbate susceptibility. Cardiovasc
Res 2021;117:2781-93. https://doi.org/10.1093/cvr/cvab006

Remme CA. Sudden cardiac death in diabetes and obesity: mechanisms and
therapeutic strategies. Can J Cardiol 2022;38:418-26. https://doi.org/10.
1016/j.cjca.2022.01.001

Gawalko M, Saljic A, Li N, Abu-Taha I, Jespersen T, Linz D, et al.
Adiposity-associated atrial fibrillation: molecular determinants, mechanisms,
and clinical significance. Cardiovasc Res 2023;119:614-30. https://doi.org/
10.1093/cvr/cvac093

Hamilton S, Terentyev D. Proarrhythmic remodeling of calcium homeostasis
in cardiac disease; implications for diabetes and obesity. Front Physiol 2018;9:
1517. https://doi.org/10.3389/fphys.2018.01517

Tow BD, Deb A, Neupane S, Patel SM, Reed M, Loper AB, et al.
SR-Mitochondria Crosstalk shapes ca signalling to impact pathophenotype
in disease models marked by dysregulated intracellular ca release.
Cardiovasc Res 2022;118:2819-32. https://doi.org/10.1093/cvr/cvab324
Ozturk N, Uslu S, Ozdemir S. Diabetes-induced changes in cardiac voltage-
gated ion channels. World J Diabetes 2021;12:1-18. https://doi.org/10.
4239/wjd.v12.i1.1

Pyman E, Ernault AC, Kumar Patel KH, Ng FS, Coronel R. Subepicardial adi-
pose tissue as a modulator of arrhythmias. Heart Rhythm 2025;22:1110-8.
https://doi.org/10.1016/j.hrthm.2024.10.023

Lee CC, Watkins SM, Lorenzo C, Wagenknecht LE, ll'yasova D, Chen YD, et al.
Branched-chain amino acids and insulin metabolism: the insulin resistance
atherosclerosis study (IRAS). Diabetes Care 2016;39:582-8. https://doi.
org/10.2337/dc15-2284

Batch BC, Shah SH, Newgard CB, Turer CB, Haynes C, Bain JR, et al.
Branched chain amino acids are novel biomarkers for discrimination of meta-
bolic wellness. Metabolism 2013;62:961-9. https://doi.org/10.1016/j.
metabol.2013.01.007

Zhenyukh O, Civantos E, Ruiz-Ortega M, Sanchez MS, Vazquez C, Peiro C,
et al. High concentration of branched-chain amino acids promotes oxidative
stress, inflammation and migration of human peripheral blood mononuclear
cells via mTORC1 activation. Free Radic Biol Med 2017;104:165-77.
https://doi.org/10.1016/j.freeradbiomed.2017.01.009

Sun H, Olson KC, Gao C, Prosdocimo DA, Zhou M, Wang Z, et al. Catabolic
defect of branched-chain amino acids promotes heart failure. Circulation
2016;133:2038-49. https://doi.org/10.1161/CIRCULATIONAHA.115.
020226

Portero V, Nicol T, Podliesna S, Marchal GA, Baartscheer A, Casini S, et al.
Chronically elevated branched chain amino acid levels are pro-arrhythmic.
Cardiovasc Res 2022;118:1742-57. https://doi.org/10.1093/cvr/cvab207
Jungen C, Scherschel K, Flenner F, Jee H, Rajendran P, De Jong KA, et al.
Increased arrhythmia susceptibility in type 2 diabetic mice related to dysre-
gulation of ventricular sympathetic innervation. Am J Physiol Heart Circ
Physiol  2019;317:H1328-41. https://doi.org/10.1152/ajpheart.00249.
2019

Mehra R, Chung MK, Olshansky B, Dobrev D, Jackson CL, Kundel V, et al.
Sleep-disordered breathing and cardiac arrhythmias in adults: mechanistic


https://doi.org/10.1093/cvr/cvab182
https://doi.org/10.1038/s41467-024-47843-y
https://doi.org/10.1038/s41467-024-47843-y
https://doi.org/10.1001/jama.2020.10262
https://doi.org/10.1001/jama.2020.10262
https://doi.org/10.1155/2015/341583
https://doi.org/10.1136/bmj.320.7228.167
https://doi.org/10.1136/bmj.320.7228.167
https://doi.org/10.2174/1573403X18666220617121144
https://doi.org/10.2174/1573403X18666220617121144
https://doi.org/10.3317/JRAAS.2004.024
https://doi.org/10.3317/JRAAS.2004.024
https://doi.org/10.1016/j.arr.2021.101338
https://doi.org/10.1016/j.arr.2021.101338
https://doi.org/10.1016/j.jchf.2021.05.019
https://doi.org/10.1016/j.jmccpl.2025.100299
https://doi.org/10.1042/BJ20100717
https://doi.org/10.1042/BJ20100717
https://doi.org/10.1007/s00125-007-0628-x
https://doi.org/10.1007/s00125-007-0628-x
https://doi.org/10.1016/S0140-6736(20)31824-9
https://doi.org/10.1016/S0140-6736(24)01498-3
https://doi.org/10.1016/j.jacbts.2019.07.010
https://doi.org/10.1038/s41467-022-35323-0
https://doi.org/10.1093/eurheartj/ehv072
https://doi.org/10.3389/fphys.2018.01752
https://doi.org/10.4239/wjd.v14.i8.1163
https://doi.org/10.4239/wjd.v14.i8.1163
https://doi.org/10.1186/s12933-019-0983-1
https://doi.org/10.1007/s00380-006-0962-9
https://doi.org/10.1007/s11154-010-9133-5
https://doi.org/10.1007/s11154-010-9133-5
https://doi.org/10.1161/CIR.0000000000000973
https://doi.org/10.1161/CIR.0000000000000973
https://doi.org/10.1016/j.hrthm.2011.06.031
https://doi.org/10.1016/j.hrthm.2011.06.031
https://doi.org/10.1001/jama.292.20.2471
https://doi.org/10.1093/europace/euv014
https://doi.org/10.1093/europace/euv014
https://doi.org/10.1093/eurheartj/ehi376
https://doi.org/10.1093/cvr/cvab367
https://doi.org/10.1093/cvr/cvab367
https://doi.org/10.1093/cvr/cvab006
https://doi.org/10.1016/j.cjca.2022.01.001
https://doi.org/10.1016/j.cjca.2022.01.001
https://doi.org/10.1093/cvr/cvac093
https://doi.org/10.1093/cvr/cvac093
https://doi.org/10.3389/fphys.2018.01517
https://doi.org/10.1093/cvr/cvab324
https://doi.org/10.4239/wjd.v12.i1.1
https://doi.org/10.4239/wjd.v12.i1.1
https://doi.org/10.1016/j.hrthm.2024.10.023
https://doi.org/10.2337/dc15-2284
https://doi.org/10.2337/dc15-2284
https://doi.org/10.1016/j.metabol.2013.01.007
https://doi.org/10.1016/j.metabol.2013.01.007
https://doi.org/10.1016/j.freeradbiomed.2017.01.009
https://doi.org/10.1161/CIRCULATIONAHA.115.020226
https://doi.org/10.1161/CIRCULATIONAHA.115.020226
https://doi.org/10.1093/cvr/cvab207
https://doi.org/10.1152/ajpheart.00249.2019
https://doi.org/10.1152/ajpheart.00249.2019

Metabolic disorders and cardiovascular risk

17

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

insights and clinical implications: a scientific statement from the American
Heart Association. Circulation 2022;146:€119-36. https://doi.org/10.
1161/CIR.0000000000001082

Gawalko M, Agbaedeng TA, Saljic A, Muller DN, Wilck N, Schnabel R, et al.
Gut microbiota, dysbiosis and atrial fibrillation. Arrhythmogenic mechanisms
and potential clinical implications. Cardiovasc Res 2022;118:2415-27.
https://doi.org/10.1093/cvr/cvab292

Middeldorp ME, Pathak RK, Meredith M, Mehta AB, Elliott AD, Mahajan R,
et al. PREVEntion and regReSsive effect of weight-loss and risk factor modi-
fication on atrial fibrillation: the REVERSE-AF study. Europace 2018;20:
1929-35. https://doi.org/10.1093/europace/euy117

Martinez-Gonzalez MA, Toledo E, Aros F, Fiol M, Corella D, Salas-Salvado J,
et al. Extravirgin olive oil consumption reduces risk of atrial fibrillation: the
PREDIMED (prevencion con dieta Mediterranea) trial. Circulation 2014;
130:18-26. https://doi.org/10.1161/CIRCULATIONAHA.113.006921
Foretz M, Guigas B, Bertrand L, Pollak M, Viollet B. Metformin: from mechan-
isms of action to therapies. Cell Metab 2014;20:953-66. https://doi.org/10.
1016/j.cmet.2014.09.018

Nantsupawat T, Wongcharoen W, Chattipakorn SC, Chattipakorn N. Effects
of metformin on atrial and ventricular arrhythmias: evidence from cell to pa-
tient. Cardiovasc Diabetol 2020;19:198. https://doi.org/10.1186/s12933-
020-01176-4

Kadosaka T, Watanabe M, Natsui H, Koizumi T, Nakao M, Koya T, et al.
Empagliflozin attenuates arrhythmogenesis in diabetic cardiomyopathy by
normalizing intracellular Ca(2+) handling in ventricular cardiomyocytes. Am
J Physiol Heart Circ Physiol 2023;324:H341-54. https://doi.org/10.1152/
ajpheart.00391.2022

Eroglu TE, Coronel R, Zuurbier CJ, Blom M, de Boer A, Souverein PC. Use of
sodium-glucose cotransporter-2 inhibitors and the risk for sudden cardiac ar-
rest and for all-cause death in patients with type 2 diabetes mellitus. Eur
Heart J Cardiovasc Pharmacother 2022;9:18-25. https://doi.org/10.1093/
ehjcvp/pvac043

Chen S, Coronel R, Hollmann MW, Weber NC, Zuurbier CJ. Direct cardiac ef-
fects of SGLT2 inhibitors. Cardiovasc Diabetol 2022;21:45. https://doi.org/
10.1186/512933-022-01480-1

Li HL, Lip GYH, Feng Q, Fei Y, Tse YK, Wu MZ, et al. Sodium-glucose cotran-
sporter 2 inhibitors (SGLT2i) and cardiac arrhythmias: a systematic review
and meta-analysis. Cardiovasc Diabetol 2021;20:100. https://doi.org/10.
1186/512933-021-01293-8

Fedele D, Casuso Alvarez M, Maida A, Vasumini N, Amicone S, Canton L, et al.
Prevention of atrial fibrillation with SGLT2 inhibitors across the spectrum of
cardiovascular disorders: a meta-analysis of randomized controlled trials. Eur
Heart J Cardiovasc Pharmacother 2025;11:441-50. https://doi.org/10.1093/
ehjcvp/pvaf040

Cetin EHO, Cetin MS, Konte HC, Ulvan N, Celik EM, Arslan K, et al. The im-
pact of SGLT2 inhibitors on atrial fibrillation recurrence and long-term clinical
outcomes in HFrEF patients undergoing cryoballoon ablation: a new frontier
beyond diabetes and heart failure. J Cardiovasc Electrophysiol 2025;36:
952-60. https://doi.org/10.1111/jce.16621

Benedikt M, Oulhaj A, Rohrer U, Manninger M, Tripolt NJ, Pferschy PN, et al.
Ertugliflozin to reduce arrhythmic burden in patients with ICDs/CRT-Ds.
NEJM Evid 2024;3:EVID0a2400147. https://doi.org/10.1056/EVIDoa24
00147

De Masi De Luca G, Palama Z, Longo S, Barba F, Robles AG, Nesti M, et al.
Effect of dapagliflozin on ventricular arrhythmic events in heart failure pa-
tients with an implantable cardioverter defibrillator. Cardiol Res 2025;16:
140-52. https://doi.org/10.14740/cr2018

Bohne LJ, Jansen HJ, Dorey TW, Daniel IM, Jamieson KL, Belke DD, McRae
MD, Rose RA. Glucagon-like peptide-1 protects against atrial fibrillation and
atrial remodeling in type 2 Diabetic mice x x x x x glucagon-like peptide-1
protects against atrial fibrillation and atrial remodeling in type 2 diabetic
mice. JACC Basic Transl Sci 2023;8:922-36

Saglietto A, Falasconi G, Penela D, Francia P, Sau A, Ng FS, et al
Glucagon-like peptide-1 receptor agonist semaglutide reduces atrial fibrilla-
tion incidence: a systematic review and meta-analysis. Eur J Clin Invest 2024;
54:€14292. https://doi.org/10.1111/eci.14292

Patel H, Sheth A, Nair A, Patel B, Thakkar S, Narasimhan B, et al. Long-term
impact of GLP-1 receptor agonists on AF recurrence after ablation in obese
patients. J Cardiovasc Electrophysiol 2025;36:1808-16. https://doi.org/10.
1111/jce. 16737

Karakasis P, Fragakis N, Patoulias D, Theofilis P, Kassimis G, Karamitsos T,
et al. Effects of glucagon-like peptide 1 receptor agonists on atrial fibrillation
recurrence after catheter ablation: a systematic review and meta-analysis.
Adv Ther 2024;41:3749-56. https://doi.org/10.1007/s12325-024-02959-x
Lorenz M, Lawson F, Owens D, Raccah D, Roy-Duval C, Lehmann A, et al.
Differential effects of glucagon-like peptide-1 receptor agonists on heart

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

rate. Cardiovasc Diabetol 2017;16:6. https://doi.org/10.1186/512933-016-
0490-6

Marques P, Travlos CK, Matias P, Neves JS, Tsoukas MA, Mavrakanas TA,
et al. Effects of glucagon-like peptide 1 receptor agonist initiation in patients
with heart failure with reduced ejection fraction and implantable cardiac de-
vices. JACC Heart Fail 2025;13:102573. https://doi.org/10.1016/j.jchf.2025.
102573

Yao YS, Li TD, Zeng ZH. Mechanisms underlying direct actions of hyperlipid-
emia on myocardium: an updated review. Lipids Health Dis 2020;19:23.
https://doi.org/10.1186/s12944-019-1171-8

Jeong EM, Liu M, Sturdy M, Gao G, Varghese ST, Sovari AA, et al. Metabolic
stress, reactive oxygen species, and arrhythmia. J Mol Cell Cardiol 2012;52:
454-63. https://doi.org/10.1016/j.yjmcc.2011.09.018

Aromolaran KA, Do J, Bernardi J, Aromolaran AS. mTOR modulation of I(Kr)
through hERG1b-dependent mechanisms in lipotoxic heart. Int J Mol Sci
2022;23:8061. https://doi.org/10.3390/ijms23158061

Rennison JH, Van Wagoner DR. Impact of dietary fatty acids on cardiac ar-
rhythmogenesis. Circ Arrhythm Electrophysiol 2009;2:460-9. https://doi.
org/10.1161/CIRCEP.109.880773

Levitan I, Fang Y, Rosenhouse-Dantsker A, Romanenko V. Cholesterol and
ion channels. Subcell Biochem 2010;51:509-49. https://doi.org/10.1007/
978-90-481-8622-8_19

Baartscheer A, Schumacher CA, Wekker V, Verkerk AO, Veldkamp MW, van
QOort RJ, et al. Dyscholesterolemia protects against ischemia-induced ven-
tricular arrhythmias. Circ Arrhythm Electrophysiol 2015;8:1481-90. https://
doi.org/10.1161/CIRCEP.115.002751

Wu CC, Su MJ, Chi JF, Chen WJ, Hsu HC, Lee YT. The effect of hypercholes-
terolemia on the sodium inward currents in cardiac myocyte. J Mol Cell
Cardiol 1995;27:1263-9. https://doi.org/10.1016/50022-2828(05)82388-0
Tekin A, Tekin G, Sezgin AT, Muderrisoglu H. Short- and long-term effect of
simvastatin therapy on the heterogeneity of cardiac repolarization in diabetic
patients. Pharmacol Res 2008;57:393-7. https://doi.org/10.1016/j.phrs.
2008.04.001

Chrysohoou C, Panagiotakos DB, Pitsavos C, Skoumas J, Krinos X, Chloptsios
Y, et al. Long-term fish consumption is associated with protection against ar-
rhythmia in healthy persons in a Mediterranean region-the ATTICA study.
Am J Clin Nutr 2007;85:1385-91. https://doi.org/10.1093/ajcn/85.5.1385
Sagris D, Harrison SL, Lip GYH. Lipids and atrial fibrillation: new insights into a
paradox. PLoS Med 2022;19:e1004067. https://doi.org/10.1371/journal.
pmed.1004067

Lee HJ, Lee SR, Choi EK, Han KD, Oh S. Low lipid levels and high variability
are associated with the risk of new-onset atrial fibrillation. J Am Heart Assoc
2019;8:e012771. https://doi.org/10.1161/JAHA.119.012771

Mauriello A, Correra A, Maratea AC, Caturano A, Liccardo B, Perrone MA,
et al. Serum lipids, inflammation, and the risk of atrial fibrillation: patho-
physiological links and clinical evidence. J Clin Med 2025;14:1652. https://
doi.org/10.3390/jcm14051652

Fang WT, Li HJ, Zhang H, Jiang S. The role of statin therapy in the prevention
of atrial fibrillation: a meta-analysis of randomized controlled trials. Br J Clin
Pharmacol 2012;74:744-56. https://doi.org/10.1111/j.1365-2125.2012.
04258.x

Davidson SM, Andreadou |, Antoniades C, Bartunek J, Basso C, Brundel B,
et al. Opportunities and challenges for the use of human samples in transla-
tional cardiovascular research: a scientific statement of the ESC working
group on cellular biology of the heart, the ESC working group on cardiovas-
cular surgery, the ESC council on basic cardiovascular science, the ESC scien-
tists of tomorrow, the European association of percutaneous cardiovascular
interventions of the ESC, and the heart failure association of the ESC.
Cardiovasc Res 2025;121:702-29. https://doi.org/10.1093/cvr/cvaf023
Cluzel GL, Ryan PM, Herisson FM, Caplice NM. High-fidelity porcine models
of metabolic syndrome: a contemporary synthesis. Am J Physiol Endocrinol
Metab 2022;322:E366-81. https://doi.org/10.1152/ajpendo.00413.2021
Vilahur G, Alcover S, Magaldi M. Narrowing the gap toward successful trans-
lational research in cardiovascular disease. Am J Physiol Heart Circ Physiol
2024;326:H797-9. https://doi.org/10.1152/ajpheart.00038.2024
Fontanelli L, Nisini N, Pirola S, Recchia FA. Neuromuscular and cardiac orga-
noids and assembloids: advanced platforms for drug testing. Pharmacol Ther
2025;272:108876. https://doi.org/10.1016/j.pharmthera.2025.108876
O'Hern C, Caywood S, Aminova S, Kiselev A, Volmert B, Cao W, et al. Human
heart-macrophage assembloids mimic immune-cardiac interactions and en-
able arrhythmia disease modeling. Cell Stem Cell 2025;32:1671-90.e13.
https://doi.org/10.1016/j.stem.2025.09.011

Liu Y, Kamran R, Han X, Wang M, Li Q, Lai D, et al. Human heart-on-a-chip
microphysiological system comprising endothelial cells, fibroblasts, and
iPSC-derived cardiomyocytes. Sci Rep 2024;14:18063. https://doi.org/10.
1038/541598-024-68275-0


https://doi.org/10.1161/CIR.0000000000001082
https://doi.org/10.1161/CIR.0000000000001082
https://doi.org/10.1093/cvr/cvab292
https://doi.org/10.1093/europace/euy117
https://doi.org/10.1161/CIRCULATIONAHA.113.006921
https://doi.org/10.1016/j.cmet.2014.09.018
https://doi.org/10.1016/j.cmet.2014.09.018
https://doi.org/10.1186/s12933-020-01176-4
https://doi.org/10.1186/s12933-020-01176-4
https://doi.org/10.1152/ajpheart.00391.2022
https://doi.org/10.1152/ajpheart.00391.2022
https://doi.org/10.1093/ehjcvp/pvac043
https://doi.org/10.1093/ehjcvp/pvac043
https://doi.org/10.1186/s12933-022-01480-1
https://doi.org/10.1186/s12933-022-01480-1
https://doi.org/10.1186/s12933-021-01293-8
https://doi.org/10.1186/s12933-021-01293-8
https://doi.org/10.1093/ehjcvp/pvaf040
https://doi.org/10.1093/ehjcvp/pvaf040
https://doi.org/10.1111/jce.16621
https://doi.org/10.1056/EVIDoa2400147
https://doi.org/10.1056/EVIDoa2400147
https://doi.org/10.14740/cr2018
https://doi.org/10.1111/eci.14292
https://doi.org/10.1111/jce.16737
https://doi.org/10.1111/jce.16737
https://doi.org/10.1007/s12325-024-02959-x
https://doi.org/10.1186/s12933-016-0490-6
https://doi.org/10.1186/s12933-016-0490-6
https://doi.org/10.1016/j.jchf.2025.102573
https://doi.org/10.1016/j.jchf.2025.102573
https://doi.org/10.1186/s12944-019-1171-8
https://doi.org/10.1016/j.yjmcc.2011.09.018
https://doi.org/10.3390/ijms23158061
https://doi.org/10.1161/CIRCEP.109.880773
https://doi.org/10.1161/CIRCEP.109.880773
https://doi.org/10.1007/978-90-481-8622-8_19
https://doi.org/10.1007/978-90-481-8622-8_19
https://doi.org/10.1161/CIRCEP.115.002751
https://doi.org/10.1161/CIRCEP.115.002751
https://doi.org/10.1016/S0022-2828(05)82388-0
https://doi.org/10.1016/j.phrs.2008.04.001
https://doi.org/10.1016/j.phrs.2008.04.001
https://doi.org/10.1093/ajcn/85.5.1385
https://doi.org/10.1371/journal.pmed.1004067
https://doi.org/10.1371/journal.pmed.1004067
https://doi.org/10.1161/JAHA.119.012771
https://doi.org/10.3390/jcm14051652
https://doi.org/10.3390/jcm14051652
https://doi.org/10.1111/j.1365-2125.2012.04258.x
https://doi.org/10.1111/j.1365-2125.2012.04258.x
https://doi.org/10.1093/cvr/cvaf023
https://doi.org/10.1152/ajpendo.00413.2021
https://doi.org/10.1152/ajpheart.00038.2024
https://doi.org/10.1016/j.pharmthera.2025.108876
https://doi.org/10.1016/j.stem.2025.09.011
https://doi.org/10.1038/s41598-024-68275-0
https://doi.org/10.1038/s41598-024-68275-0

18

Evans et al.

216.

217.

van der Velden J, Asselbergs FW, Bakkers J, Batkai S, Bertrand L, Bezzina CR,
et al. Animal models and animal-free innovations for cardiovascular research:
current status and routes to be explored. Consensus document of the ESC
working group on myocardial function and the ESC working group on cellular
biology of the heart. Cardiovasc Res 2022;118:3016-51. https://doi.org/10.
1093/cvr/cvab370

Perrino C, Ferdinandy P, Botker HE, Brundel B, Collins P, Davidson SM, et al.
Improving translational research in sex-specific effects of comorbidities and

218.

risk factors in ischaemic heart disease and cardioprotection: position paper
and recommendations of the ESC working group on cellular biology of the
heart. Cardiovasc Res 2021;117:367-85. https://doi.org/10.1093/cvr/
cvaal5s5

Ruiz-Meana M, Bou-Teen D, Ferdinandy P, Gyongyosi M, Pesce M, Perrino C,
et al. Cardiomyocyte ageing and cardioprotection: consensus document from
the ESC working groups cell biology of the heart and myocardial function.
Cardiovasc Res 2020;116:1835-49. https://doi.org/10.1093/cvr/cvaal32


https://doi.org/10.1093/cvr/cvab370
https://doi.org/10.1093/cvr/cvab370
https://doi.org/10.1093/cvr/cvaa155
https://doi.org/10.1093/cvr/cvaa155
https://doi.org/10.1093/cvr/cvaa132

	Novel cardiovascular metabolic risk factor mechanisms and therapeutic opportunities
	Introduction
	Cardiac metabolic flexibility in health and disease
	Metabolic remodelling in cardiovascular diseases: mechanisms and therapeutic targets
	Metabolic risk and its modulation in atherosclerosis
	Diabetes and obesity in atherosclerosis
	Dyslipidaemia and atherosclerosis

	Metabolic risk and its modulation in ischaemic heart disease
	Diabetes, obesity, and myocardial ischaemia
	Dyslipidaemia and myocardial ischaemia

	Metabolic risk and its modulation in heart failure
	Diabetes and obesity in heart failure with preserved ejection fraction
	Alteration of lipid and lipoprotein metabolism and heart failure with preserved ejection fraction
	Diabetes and obesity in heart failure with reduced ejection fraction
	Dyslipidaemia and heart failure with reduced ejection fraction

	Metabolic risk and cardiac arrhythmias
	Diabetes, obesity, and arrythmias
	Dyslipidaemia and arrhythmias


	Conclusions: gaps in knowledge and future directions
	Supplementary data
	Declarations
	Disclosure of Interest
	Data Availability
	Funding

	References
	References


