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Abstract
Diabetic cardiomyopathy (DCM) is a distinct cardiac disorder in patients with diabetes, characterized by structural and functional myocardial abnormalities independent of coronary artery disease, hypertension, or valvular disease. Epidemiological studies report a 19 to 26% prevalence of heart failure in diabetic patients, with risk further amplified by poor glycemic control. DCM pathogenesis involves hyperglycemia, insulin resistance, inflammation, oxidative stress, abnormal calcium handling, and RAAS dysregulation, leading to myocardial fibrosis, hypertrophy, and apoptosis. Altered cardiac metabolism, including increased fatty acid oxidation and reduced glucose utilization, drives lipotoxicity, mitochondrial dysfunction, and contractile impairment. Early-stage DCM is often subclinical, detectable via advanced imaging techniques and biomarkers such as HbA1c, NT-proBNP, and troponins. Management requires a multifaceted approach, including lifestyle modification, glycemic control, lipid management, and cardiovascular therapies. Pharmacologic interventions with proven cardioprotective benefits include metformin, SGLT2 inhibitors, GLP-1 receptor agonists, and statins, which improve myocardial metabolism, reduce fibrosis, and enhance cardiac function. Novel therapies targeting metabolic, inflammatory, and fibrotic pathways hold promise for early intervention and improved outcomes. Recognizing DCM early and implementing individualized therapeutic strategies is critical to reducing morbidity and mortality in diabetic patients and mitigating the progression to heart failure.
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Introduction
Diabetic cardiomyopathy (DCM) is a distinct clinical entity characterized by structural and functional abnormalities of the myocardium in patients with diabetes, in the absence of coronary artery disease, hypertension, or significant cardiac valvular disease. First described in 1972 through postmortem findings and later supported by the 1974 Framingham Heart Study, it was shown that diabetes independently increases the risk of heart failure fivefold in women and 2.4-fold in men, even after adjusting for traditional risk factors. 1,2 In 2013, major cardiology and diabetes associations such as the American College of Cardiology, the American Heart Association, and the European Society of Cardiology, in collaboration with the European Association for the Study of Diabetes, formally defined diabetic cardiomyopathy as ventricular dysfunction not attributable to coronary atherosclerosis or hypertension in diabetic patients. 3,4 Thus, DCM is defined as cardiac dysfunction in patients without coronary artery disease, valvular disease, or hypertension. 5 Its diagnosis is challenging since many with type 2 diabetes mellitus (DM) already have cardiovascular disease. Some authors describe DCM as cardiac disorders unexplained by other causes. 6 Its incidence rises with increasing diabetes prevalence, yet the exact mechanisms remain unclear. 7 DCM in early stages is often subclinical, marked by left ventricular hypertrophy, fibrosis, and signaling disturbances that cause stiffness and diastolic dysfunction. Over time, this progresses to heart failure with preserved ejection fraction and may advance to systolic dysfunction with reduced ejection fraction. 
Epidemiology
Heart failure affects 19 to 26% of diabetic patients. 8,9 The Framingham Heart Study reported a higher incidence of heart failure in both men and women with diabetes compared to age-matched non-diabetic individuals. Epidemiological studies show a strong bidirectional link between DM and heart failure (HF). 10 DM increases HF risk, with diabetic cardiomyopathy significantly contributing, while HF outcomes worsen in patients with DM. Poor glycemic control further elevates risk, with each 1% rise in HbA1c raising HF risk by 8%. Thus, HF should be considered a key cardiovascular outcome when assessing glucose-lowering therapies. 11 South Asians are at higher risk of developing type 2 DM and DCM compared to other ethnic groups. This increased susceptibility is linked to a metabolically unfavorable phenotype, marked by higher total body fat percentage and greater insulin resistance at similar levels of adiposity. 12 The pathophysiology and clinical features of DCM differ by diabetes type: systolic dysfunction is more commonly seen in type 1 diabetes, whereas diastolic dysfunction may occur in both type 1 and type 2 diabetes. 13 A 2023 meta-analysis of 61,885 T1DM patients, 248,021 T2DM patients, and 4,599,213 non-diabetic controls examined the risk of future HF. Findings showed the highest HF risk in T2DM, followed by T1DM, with controls having the lowest risk. Specifically, T1DM patients had a threefold increased risk of HF compared to non-diabetic individuals. 14
Pathophysiology
The main metabolic abnormalities in diabetes are hyperglycemia and insulin resistance, with others including inflammation, oxidative stress, abnormal calcium homeostatsis, and RAAS dysfunction. 15-17
DCM results from interrelated mechanisms, including metabolic derangements, oxidative stress, cardiomyocytes, causing energy deprivation and metabolic disturbances. 18 Altered cardiac metabolism, with increased fatty acid utilization and reduced glucose oxidation, promotes myocardial lipotoxicity, mitochondrial dysfunction, ROS generation, and contractile impairment. 19 Chronic hyperglycemia contributes via advanced glycation end-products (AGEs), which interact with their receptors on cardiomyocytes and fibroblasts, triggering pathways that induce oxidative stress, inflammation, fibrosis, hypertrophy, and apoptosis. 20 Elevated pro-inflammatory cytokines, including TNF-α and IL-6, and infiltrating immune cells exacerbate myocardial damage and dysfunction. 21,22 Cardiac fibrosis, marked by excessive extracellular matrix deposition, is driven by profibrotic factors such as TGF-β, which activate fibroblasts and stimulate collagen synthesis. Fibrosis disrupts myocardial architecture, impairing diastolic and systolic function. 23 DCM arises from a complex interplay of metabolic, inflammatory, and fibrotic processes, culminating in progressive structural and functional cardiac abnormalities in diabetic patients.
Risk factors
A nationwide prospective survey of heart failure patients revealed that admission blood glucose levels strongly influence mortality. Among individuals without pre-existing diabetes, glucose levels of 110 to 140, 140 to 200, and ≥200 mg/dL were associated with 9%, 16%, and 53% higher mortality, respectively, compared to levels below 110 mg/dL. Even in patients without diabetes, higher glucose correlated with long-term mortality, whereas in diabetic patients, increased risk of mortality was significant only at levels above 200 mg/dL. 18,24 In UKPDS (The UK Prospective Diabetes Study), each 1% HbA1c reduction lowered heart failure risk by 16%, indicating a time-dependent, log-linear link between long-term glycemic control and heart failure. 24 A 2023 pilot randomized controlled trial evaluated the effects of a low-carbohydrate diet versus usual care in 17 patients with DCM over 16 weeks. The low-carbohydrate diet significantly reduced body weight, suggesting potential metabolic and cardiovascular benefits, though longer and larger studies are needed for confirmation. 25 Dietary factors, particularly the increased consumption of refined carbohydrates such as fructose, diets high in fats and processed carbohydrates disrupt cardiac insulin signaling, promote inflammation and oxidative stress, impair immune responses, reduce nitric oxide availability, and increase fibrosis via connective tissue crosslinking, contributing to the development of DCM. 26 Poor glycemic control raises heart failure (HF) risk in diabetes; each 1% HbA1c increase elevates risk by 8 to 36%. 27,28 Risk is higher with older age, CAD, peripheral arterial disease, nephropathy, retinopathy, longer diabetes duration or higher HBA1C level, obesity, hypertension, and elevated NT-proBNP. 29,30
Effect of Diabetes on Heart Failure Outcomes
Patients with heart failure and DM experience worse outcomes than those without DM. DM independently increases mortality risk in both hospitalized and ambulatory HF patients and is linked to higher hospitalization and readmission rates, as well as poorer quality of life. 31-33 In HFrEF and HFpEF cohorts, DM elevates the risk of cardiovascular death or HF hospitalization, with HFpEF patients showing particularly higher relative risk. 34 In the I-PRESERVE trial, HFpEF patients with DM had higher rates of cardiovascular death or HF hospitalization (34% vs. 22%; HR 1.75) and all-cause mortality (28% vs. 19%; HR 1.59) than those without DM. 35 Differences in HFrEF and HFpEF biomarker profiles suggest distinct underlying mechanisms, but their impact on outcomes in patients with DM requires further study. 36
Clinical presentation and diagnosis
DCM often begins with mild, easily overlooked symptoms, delaying diagnosis and treatment. Advanced stages present with arrhythmia, angina, and potentially life-threatening heart failure. Noninvasive techniques ECG, echocardiography, imaging (pulse wave Doppler tissue imaging, computed tomography, magnetic resonance imaging), and endocardial biopsy can detect structural and functional cardiac changes. 37 Although biopsy is the diagnostic gold standard, it cannot identify early diastolic dysfunction. Consequently, early-stage DCM is difficult to detect, and routine noninvasive examinations are largely ineffective. Metabolic alterations in the diabetic heart can be assessed using advanced imaging techniques, including magnetic resonance spectroscopy, positron emission tomography (PET), and single-photon emission computed tomography (SPECT). 38,39 A meta-analysis showed that 3D speckle-tracking echocardiography detects subclinical diabetic cardiomyopathy, with global longitudinal strain being the most sensitive marker of early left ventricular dysfunction in asymptomatic diabetic patients. 40
Evidence indicates that serum HbA1c and cardiac troponin I levels are significantly higher in patients with DCM than in those with diabetes alone, suggesting their potential as diagnostic markers. Other proposed biomarkers include atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), O-GlcNAc, and calcium-sensitive receptors, which reflect cardiac dysfunction and calcium homeostasis in DCM. 41 NT-proBNP is also elevated and can assess cardiac function. 42 Additionally, inflammatory mediators (TNFα, IL-6, isoprostanes, C-reactive protein), fibrotic markers (TGFβ1, IGFBP7), and decreased antioxidant markers (leptin, adiponectin, bilirubin) may aid early diagnosis and management. 43 Novel biomarkers such as galectin-3, adiponectin, and irisin show significant changes across DCM stages. 44 Identifying and validating these biomarkers is critical for early detection and reducing mortality in DCM patients.
Treatment
Managing DCM requires a comprehensive approach combining lifestyle modifications, glycemic control, and cardiovascular therapies. 45,46 Lifestyle interventions include a heart-healthy diet low in saturated fats, cholesterol, and sodium, regular exercise to control blood sugar and maintain weight, and smoking cessation to reduce cardiovascular risk. 18, 47-48 Proper glycemic management using insulin or oral hypoglycemic agents is essential, with treatment individualized by healthcare providers. 49 A low-carbohydrate diet not only improves glycemic control but also helps prevent harmful postprandial changes linked to glucotoxicity and lipotoxicity. Cardiovascular therapies, such as blood pressure and lipid control, antiplatelet therapy, and, in advanced cases, device implantation or heart transplantation, play a key role. 50-52 Regular monitoring, patient education, and multidisciplinary approach optimizing long-term cardiovascular health and reducing the impact of DCM. Diabetic cardiomyopathy requires comprehensive management to reduce cardiac dysfunction and cardiovascular events. 53 Potentially beneficial therapies include metformin, SGLT2 inhibitors, GLP1 receptor agonists, and DPP4 inhibitors.
Hypoglycemic drugs with improved cardiovascular outcome: DM can lead to anatomical and functional left ventricular abnormalities independent of ischemia. Effective management of DM, the primary cause of DCM, helps reduce morbidity and mortality in hyperglycemic patients. 54 Metformin, a widely used drug for T2DM due to its efficacy, affordability, and safety, also shows cardiovascular benefits. Studies link improved HbA1c control with reduced mortality, with even a 1% rise increasing CVD death risk by >10%. 
Metformin remains a cornerstone therapy for T2DM due to its efficacy, affordability, and safety. Beyond glycemic control, it demonstrates cardioprotective benefits, including reduced mortality in heart failure and protection against diabetic cardiomyopathy via regulation of myocardial autophagy. 55 The UKPDS reported that even a 1% increase in HbA1c raised cardiovascular mortality risk by over 10%. Dose response studies confirm its effectiveness, with HbA1c reductions ranging from 0.9% at 500 mg to 2% at higher doses. 56 Unlike insulin or sulfonylureas, metformin’s cardiovascular advantages appear to extend beyond glycemic control, reducing macrovascular complications. 57 Metformin enhances myocardial energy metabolism by promoting glucose utilization and limiting excessive fatty acid oxidation, thereby preventing myocardial lipotoxicity and dysfunction. 58
SGLT2 inhibitors (empagliflozin, dapagliflozin) provide significant cardioprotection, lowering cardiovascular events in diabetes and heart failure patients regardless of LVEF. 59,60 Their benefits include glucose lowering, natriuresis, reduced oxidative stress, inflammation, and fibrosis. Imaging studies show reduced left ventricular mass, improved diastolic function, myocardial fibrosis, and enhanced cardiac glucose metabolism, highlighting therapeutic potential in diabetic cardiomyopathy. 61 The EMPA-REG OUTCOME study showed empagliflozin reduced cardiovascular deaths by ~40%, heart failure hospitalizations by 35%, and overall mortality by over 30%. 62 CANVAS and DECLARE-TIMI studies found canagliflozin and dapagliflozin lowered heart failure hospitalizations and adverse cardiovascular events. Overall, SGLT2 inhibitors consistently reduce heart failure hospitalizations and cardiovascular death risk. 63 SGLT2 inhibitors show promise in treating diabetic cardiomyopathy by improving cardiac output through sodium excretion, reducing preload and afterload, and inhibiting myocardial fibroblast activation via TGF-β/SMAD signaling. They also block the Na⁺/H⁺ pump, lowering intracellular calcium to prevent myocardial injury, hypertrophy, and fibrosis, while enhancing mitochondrial metabolism through β-hydroxybutyric acid and promoting uric acid excretion, contributing to overall cardioprotection. 64,65
GLP-1 receptor agonists reduce major adverse cardiovascular events and cardiovascular mortality in type 2 diabetes by enhancing myocardial glucose uptake, improving endothelial function, and decreasing cardiomyocyte apoptosis. 66 In the LEADER trial, liraglutide, a potent long-acting GLP-1 receptor agonist (up to 1.8 mg/d), reduced the risk of cardiovascular death, myocardial infarction, or stroke by 13%, and lowered both cardiovascular and all-cause mortality in patients with or at high risk for cardiovascular disease. 67 While large cardiovascular outcomes trials showed no reduction in HF hospitalization, animal and human studies indicate potential benefits of GLP-1 receptor agonists in patients with established HF. Overall, these agents appear safe for use in patients at risk for HF, though they do not prevent HF development or hospitalization.
Observational studies indicate insulin therapy may increase HF risk, with most showing higher mortality in DM with HF. 30,68 However, the ORIGIN trial found no difference in cardiovascular outcomes, including HF hospitalization, between insulin glargine and standard care. 69
Although sulfonylureas are widely used in HF patients, no RCTs have assessed their impact on outcomes. An observational study of DM patients post-HF hospitalization found no link with mortality. 70 However, other observational data suggest sulfonylureas may raise HF risk compared with metformin or newer agents, though results remain inconsistent. 71,72
Dysregulated lipid metabolism in diabetes elevated TG and LDL-C, reduced HDL-C promotes atherosclerotic cardiovascular disease. Lifestyle modification is key, but statins remain the primary therapy. 73 Preclinical studies show atorvastatin improves left ventricular function in diabetic cardiomyopathy by reducing fibrosis and inflammation and restoring β-adrenergic signaling via the NOS pathway. 74
Conclusion
Diabetic cardiomyopathy is a silent but progressive contributor to heart failure in diabetes. Early detection, optimal glycemic control, lifestyle modification, and cardioprotective therapies such as SGLT2 inhibitors, GLP-1 receptor agonists, and statins are essential to prevent myocardial damage. A multidisciplinary approach targeting metabolic, inflammatory, and fibrotic pathways can significantly reduce morbidity and improve outcomes, highlighting the need for vigilant management and ongoing research.
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