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Diabetes mellitus and heart failure are two common chronic conditions that
frequently coexist, producing outcomes worse than either disease alone. This paper
investigates how diabetes directly impairs the myocardium, leading to a distinct syndrome
often termed diabetic cardiomyopathy, and examines the reciprocal influence of both
disorders. Evidence from clinical and experimental studies highlights altered myocardial
metabolism, oxidative stress, glycation pathways, calcium dysregulation, mitochondrial
injury, inflammatory signaling, and autonomic imbalance as contributors to structural and
functional decline. Analysis of pharmacological data shows that sodium—glucose
cotransporter-2 inhibitors consistently improve outcomes across heart failure phenotypes,
while glucagon-like peptide-1 receptor agonists offer benefits mainly in obesity-related
HFpEF. By contrast, several older glucose-lowering drugs may worsen congestion or remain
neutral in prognosis. The review concludes that diabetes and heart failure form a complex,
self-reinforcing network, and that targeted treatment strategies grounded in mechanistic
understanding are critical for advancing patient care and clinical outcomes.

Diabetic cardiomyopathy, Reactive oxygen species, SGLT2 inhibitors, GLP-1
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Diabetes mellitus and heart failure are two major chronic diseases whose prevalence continues to
rise in parallel with global aging and the obesity epidemic. Their coexistence is particularly
concerning given the profound impact on morbidity, mortality, and healthcare burden.
Epidemiological data consistently demonstrate that patients with diabetes have a markedly elevated
risk of developing HF, while those with HF and coexisting diabetes experience earlier onset, more
severe symptoms, and worse outcomes compared to non-diabetic HF patients [1]. Clinically, such
patients often present with dyspnea, reduced exercise tolerance, orthopnea, and peripheral edema.
Imaging studies further reveal higher rates of diastolic dysfunction, left ventricular hypertrophy, and
myocardial fibrosis, abnormalities that cannot be fully explained by hypertension or coronary artery
disease alone [2].

The concept of diabetic cardiomyopathy (DCM), first introduced by Rubler et al. in 1972,
underscores that diabetes itself can cause myocardial damage independent of other cardiovascular
comorbidities [3]. Since then, mechanistic studies have elucidated a multifactorial pathophysiology
involving metabolic reprogramming, ROS overproduction, AGEs—RAGE signalling, calcium
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handling abnormalities, mitochondrial dysfunction, impaired autophagy, chronic inflammation,
immune cell infiltration, and autonomic imbalance [4,5].

From a therapeutic perspective, the emergence of SGLT2 inhibitors and GLP-1 receptor agonists
has reshaped the treatment paradigm for patients with diabetes and HF. Large-scale clinical trials
have shown consistent benefits of SGLT2 inhibitors across the HF spectrum, while GLP-1 receptor
agonists demonstrate promising effects, particularly in obesity-related HFpEF. Conversely, older
classes of glucose-lowering drugs such as TZDs and insulin pose challenges due to fluid retention
and increased HF risk. Against this backdrop, this paper aims to synthesize epidemiological,
mechanistic, and pharmacological evidence on the interplay between diabetes and HF while offering
a critical appraisal of current findings and their clinical implications.

Diabetic cardiomyopathy (DCM) arises from a multifactorial and multi-pathway interplay. Its
defining pathological hallmarks include myocardial metabolic reprogramming, mitochondrial
dysfunction, excessive generation of reactive oxygen species (ROS), accumulation of advanced
glycation end-products (AGEs), interstitial fibrosis, and abnormalities in calcium homeostasis.
Within the milieu of chronic hyperglycemia and insulin resistance, these mechanisms amplify one
another, ultimately resulting in structural and functional cardiac impairment.

Metabolic reprogramming and ROS overproduction are among the -earliest recognised
mechanisms. Under physiological conditions, the heart flexibly utilizes glucose and fatty acids as
energy substrates. In diabetes, however, myocardial glucose utilization declines significantly, with a
compensatory over-reliance on fatty acid oxidation. This imbalance decreases ATP production
efficiency and increases oxygen consumption, forcing the myocardium to expend greater metabolic
effort for the same energetic output [4]. Simultaneously, excessive fatty acid oxidation leads to
excessive ROS production. ROS damages mitochondrial DNA and membrane proteins, further
promoting cardiomyocyte apoptosis and dysfunction [6]. This “metabolic—oxidative stress cycle” is
considered the energetic foundation of DCM.

AGEs—RAGE signaling also accelerates myocardial fibrosis. Chronic hyperglycemia promotes
irreversible glycation of proteins and lipids, leading to AGE accumulation. These AGEs bind to their
receptor (RAGE), activating downstream signalling pathways such as NF-xB and TGF-f/Smad. The
result is the release of inflammatory cytokines and profibrotic factors, promoting collagen
deposition and interstitial stiffening [7]. This mechanism is particularly prominent in patients with
HFpEF, where diastolic dysfunction and ventricular stiffness are central pathophysiological features.

In addition, calcium-handling abnormalities represent another key characteristic of DCM.
Myocardial calcium cycling depends on precise regulation by sarcoplasmic reticulum Ca**-ATPase
(SERCAZ2a) and the Na™—Ca?" exchanger (NCX). In diabetes, SERCA2a expression and activity are
reduced, leading to impaired diastolic calcium reuptake and limited myocardial relaxation [5].
Concurrently, CaMKII is aberrantly activated in hyperglycemic and oxidative stress environments,
further disrupting calcium homeostasis and increasing arrhythmic risk [8].

Recent studies highlight the role of mitochondrial dynamics and impaired autophagy in DCM.
Diabetes disturbs the balance of mitochondrial fusion proteins (Mfn1/2) and fission proteins (Drpl),
resulting in abnormal mitochondrial morphology. Simultaneously, impaired mitophagy allows the
accumulation of damaged mitochondria, reducing myocardial bioenergetic capacity while
amplifying ROS production and pro-inflammatory signalling [9].

Furthermore, inflammatory and immune mechanisms also contribute significantly.
Hyperglycemia ignites the NLRP3 inflammasome, unleashing IL-1 and IL-18 that drive
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cardiomyocyte death and myocardial fibrosis. In diabetic hearts, robust infiltration of monocytes and
macrophages parallels progressive left-ventricular dysfunction [10]. Yet clinical trials that blunt IL-
1B signaling [11] have failed to improve outcomes, underscoring that neutralizing a single
inflammatory axis is inadequate against the multifaceted pathophysiology of diabetic heart failure.

Autonomic dysfunction is another pervasive feature of diabetes. Sustained sympathetic
hyperactivation with reduced parasympathetic activity decreases heart rate variability, increases
arrhythmia risk, and promotes hypertrophy and fibrosis, thereby accelerating HF progression [12].

However, although experimental studies have revealed multiple mechanisms underlying DCM,
most evidence derives from animal models that fail to capture the full complexity of human disease.
Patients with diabetes typically present with comorbidities, such as obesity, hypertension, and
chronic kidney disease, factors that are oversimplified in preclinical models. Moreover, it remains
uncertain which mechanisms dominate at different stages of disease. For instance, whether
metabolic abnormalities drive early disease while fibrosis and inflammation prevail in later stages
remains unproven due to a lack of longitudinal clinical evidence.

The advent of new anti-diabetic therapies has reshaped the management of diabetes with coexisting
HF, particularly with SGLT2 inhibitors and GLP-1 receptor agonists (GLP-1 RAs). These agents not
only improve glycemic control but also demonstrate significant cardiovascular benefits in large-
scale clinical trials. However, their mechanisms, clinical efficacy, and therapeutic roles differ
substantially.

SGLT2 inhibitors were originally designed to lower blood glucose via urinary glucose excretion
but have shown profound cardiovascular benefits. In the DAPA-HF trial, dapagliflozin reduced HF
hospitalisation and cardiovascular mortality in patients with HFrEF, regardless of diabetes status
[13]. The EMPEROR-Preserved trial further demonstrated that empagliflozin benefits patients with
HFpEF, extending therapeutic efficacy across the HF spectrum [14]. Mechanistically, SGLT2
inhibitors reduce cardiac preload through natriuresis and osmotic diuresis, decrease afterload by
lowering blood pressure, and improve renal hemodynamics by mitigating glomerular hyperfiltration,
thereby strengthening the heart—kidney axis [15]. Additionally, they shift substrate metabolism
toward ketone body utilization, providing a more efficient fuel source [16]. Preclinical studies
further suggest inhibition of the myocardial Na*/H* exchanger, reducing intracellular sodium-
calcium overload and improving contractility [17]. Despite these benefits, uncertainties remain
regarding their long-term ability to reverse structural remodeling, and ethnic variations in efficacy
and safety are not well studied.

GLP-1 RAs have proven effective in reducing major atherosclerotic events (MACE) in diabetes,
as shown in the LEADER and SUSTAIN-6 trials [18,19]. However, their effects on HF are
heterogeneous. The EXSCEL trial showed that exenatide did not reduce HF hospitalizations [20],
suggesting limited benefit in HFrEF. By contrast, the STEP-HFpEF trials demonstrated that
semaglutide significantly improved exercise capacity and quality of life in obesity-related HFpEF
patients [21,22]. These benefits are thought to derive from weight reduction, improved insulin
sensitivity, and reduced pericardial fat and inflammation. Nevertheless, in HFrEF, GLP-1 RAs may
increase heart rate and myocardial oxygen demand, offsetting potential benefits. Thus, their use
must be phenotype-specific rather than generalised.

Beyond SGLT21i and GLP-1 RAs, other glucose-lowering agents display varied effects in HF.
Thiazolidinediones (TZDs), such as pioglitazone, improve insulin sensitivity but cause fluid
retention and increase HF risk [23]. DPP-4 inhibitors are largely cardiovascularly neutral, though
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saxagliptin has been associated with increased HF hospitalisations [24]. Insulin, though
indispensable for glycemic control, can exacerbate sodium retention and sympathetic activation,
potentially worsening HF outcomes [25]. These findings highlight that glucose-lowering therapy in
HF requires careful drug selection, and current guidelines remain insufficiently nuanced in
stratifying patients by HF risk.

From a social medicine perspective, the coexistence of diabetes and HF imposes a substantial
healthcare and societal burden. Patients with both conditions face nearly double the healthcare costs
and markedly higher readmission risks compared with those with a single disease [26]. With global
aging, the prevalence of this high-risk group will continue to rise, straining health system
sustainability. Also, the population-level differences add complexity. Women with diabetes are more
likely to develop HFpEF, whereas men more commonly progress to HFrEF [27]. Yet, most clinical
trials have not adequately stratified patients by sex or obesity, potentially underestimating risks in
specific subgroups.

Furthermore, randomized controlled trials (RCTs) often enroll healthier and more adherent
patients, whereas real-world populations are multimorbid and exposed to polypharmacy. Real-world
data show higher discontinuation rates of SGLT2 inhibitors due to adverse effects such as urinary
tract infections and dehydration [28], findings not fully captured in RCTs. These discrepancies
highlight the need to contextualize trial evidence for practical application.

Critically, lots of research emphasizes average treatment effects, neglecting interindividual
variability. In practice, HF phenotype (HFpEF vs. HFrEF), sex, obesity status, and renal
comorbidities may substantially influence therapeutic efficacy. Future research and clinical care
must emphasize precision stratification over uniform strategies.

In conclusion, the association between diabetes and heart failure represents a complex, bidirectional
disease network that extends beyond a simple comorbidity. Epidemiological evidence highlights
diabetes as a major risk factor for HF, while HF itself worsens insulin resistance and glycemic
control. Pathophysiological studies have shown that diabetic cardiomyopathy arises through
multiple mechanisms, including metabolic reprogramming, oxidative stress, AGEs—-RAGE
signaling, calcium dysregulation, mitochondrial dysfunction, inflammation, immune activation and
autonomic imbalance. These mechanisms converge to shape distinct HF phenotypes, with HFpEF
particularly prevalent in diabetes, though some patients progress to HFrEF.

Therapeutic advances have significantly altered the management landscape. SGLT2 inhibitors
provide robust, consistent benefits across both HFpEF and HFrEF, establishing themselves as a
cornerstone of therapy. GLP-1 receptor agonists demonstrate clear cardiovascular benefits in
diabetes and obesity and show potential in obesity-related HFpEF, though results in HFrEF remain
inconclusive. In contrast, older glucose-lowering drugs such as TZDs, DPP-4 inhibitors, and insulin
must be used with caution given their neutral or adverse profiles in HF.

In summary, the interplay between diabetes and heart failure should be understood as a systemic
interaction between metabolic and cardiovascular dysfunctions. A deeper understanding of the
pathophysiological mechanisms, alongside evidence-based therapeutic strategies, is essential to
improve outcomes in this high-risk population.
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