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1. Interlinking Pathophysiology — From Insulin Resistance to Cardiac Dysfunction

Insulin resistance (IR) is a metabolic condition where the body's cells respond inadequately to
insulin, a hormone critical for regulating blood sugar levels. This dysfunction not only
predisposes individuals to type 2 diabetes but also has profound effects on the heart,

contributing to the development of cardiac dysfunction and heart failure (HF).[*?

Understanding the relationship between insulin resistance and cardiac dysfunction is essential
because heart failure remains a leading cause of morbidity and mortality worldwide,

particularly among individuals with metabolic disorders.

The evidence consistently demonstrates that insulin resistance is intricately linked to the
development and progression of cardiac dysfunction in humans. Insulin resistance contributes
to myocardial impairment through multiple interrelated mechanisms. It promotes
hyperinsulinemia and hyperglycemia, which induce oxidative stress, inflammation, and
endothelial dysfunction within the heart muscle and vasculature. These pathological changes
foster myocardial fibrosis, stiffness, and impaired relaxation, which manifest clinically as
diastolic dysfunction and eventually systolic failure. This condition, often termed diabetic
cardiomyopathy, occurs independently of traditional cardiovascular risk factors such as
coronary artery disease or hypertension, underscoring the direct deleterious impact of insulin
resistance on cardiac tissue.!**!

Systemic metabolic disturbances accompanying insulin resistance, including altered lipid
metabolism and chronic low-grade inflammation, further exacerbate cardiac damage. Obesity,
a common driver of insulin resistance, contributes to a pro-fibrotic and pro-inflammatory
cardiac environment, increasing susceptibility to heart failure.**! Additionally, aging and
comorbidities such as chronic kidney disease amplify these effects, creating a multifactorial

risk landscape for cardiac dysfunction.™

Clinically, surrogate markers of insulin resistance, such as the triglyceride-glucose (TyG)
index and metabolic score for insulin resistance (METS-IR), have been validated as
predictors of heart failure incidence and adverse outcomes in diverse populations.®”
Elevated TyG index values correlate with a significantly increased risk of developing heart
failure and worse prognosis in patients with established HF.*! Similarly, METS-IR shows a J-
shaped association with heart failure risk, suggesting that both low and high levels of insulin

resistance markers may influence cardiac outcomes.®!
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Therapeutic interventions targeting insulin resistance have shown promise in mitigating
cardiac dysfunction. Pharmacologic agents such as metformin and thiazolidinediones (TZDs)
improve insulin sensitivity and have demonstrated beneficial effects on heart failure-related

outcomes, although evidence remains heterogeneous and further trials are warranted.”®!

Sodium-glucose cotransporter 2 inhibitors (SGLT2i), a newer class of antidiabetic drugs,
enhance insulin sensitivity and have emerged as effective treatments for heart failure,
reducing hospitalization and mortality rates in diabetic and non-diabetic patients alike. These
agents not only improve glycemic control but also exert direct cardioprotective effects by
modulating mitochondrial function, reducing inflammation, and improving endothelial
health.!*!

Nutritional and lifestyle modifications, including caloric restriction and balanced diets
tailored to body mass index, also influence insulin resistance and cardiac function. Caloric
restriction in overweight heart failure patients improves myocardial efficiency and insulin
sensitivity, while undernutrition poses risks in underweight individuals. The Mediterranean
diet and other dietary patterns have shown mixed results, indicating the need for
individualized nutritional strategies.™**!

At the cellular level, insulin resistance disrupts endothelial function, impairing nitric oxide
availability and promoting oxidative stress, which contributes to myocardial remodeling and
dysfunction.”! The interplay between insulin resistance and endothelial dysfunction is a

critical pathogenic axis in diabetic cardiomyopathy and heart failure development.!

Moreover, systemic aging processes exacerbate insulin resistance and cardiac decline,

highlighting the complex, multifactorial nature of this relationship.

2. Hormonal Dysregulation — The Endocrine Heart in Diabetes

Hormonal balance plays a crucial role in maintaining normal heart function, and disruptions
in this balance—termed hormonal dysregulation—can have significant effects on the heart,
especially in people with diabetes. Diabetes itself is a condition characterized by abnormal
blood sugar regulation, but it also involves complex hormonal changes that affect many

organs, including the heart.

The heart is not only influenced by hormones circulating in the body but also acts as an

endocrine organ, producing hormones that regulate its own function and structure. Hormones
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from the thyroid gland, adrenal glands, fat tissue, and the hypothalamic-pituitary axis interact
with heart cells to control electrical activity and muscle performance. When these hormonal
systems become dysfunctional, they can contribute to heart problems such as atrial
fibrillation—a common irregular heartbeat associated with increased risk of stroke and heart

failure.[*?

In diabetes, hormonal dysregulation affects the heart’s ability to contract and relax properly.
Experimental studies in diabetic animals have shown that diabetes reduces the heart’s
contractile performance, partly by impairing calcium handling within heart muscle cells,
which is essential for muscle contraction. Insulin treatment can reverse some of these
changes, highlighting the role of hormonal control in maintaining cardiac function. Moreover,
diabetes alters the heart’s response to drugs that affect heart muscle strength, indicating a
complex interplay between hormonal status and cardiac pharmacology.™*

Clinically, patients with diabetes often exhibit abnormal blood pressure patterns during sleep,
known as nocturnal non-dipping, where blood pressure fails to decrease at night as it
normally should. This abnormality is linked to worse cardiovascular outcomes and is
associated with impaired heart rate responses and reduced physical capacity. While the exact
hormonal mechanisms behind this are multifactorial and not fully understood, the presence of
diabetes and its associated hormonal imbalances appear to contribute to these changes in

cardiac function and blood pressure regulation.

Taken together, the evidence suggests that hormonal dysregulation in diabetes adversely
impacts cardiac function by disrupting electrical signaling, muscle contraction, and blood
pressure control. This can lead to structural and functional heart changes, increasing the risk
of arrhythmias and heart failure. Understanding these hormonal influences is critical for
developing better treatments to protect heart health in diabetic patients.™

3. Therapeutic Crossroads — Pharmacological and Non-Pharmacological Interventions
Diabetes mellitus, particularly type 2 diabetes, is a chronic condition characterized by
elevated blood sugar levels due to insulin resistance or deficiency. Managing blood sugar, or
glycemic control, is crucial to prevent complications such as cardiovascular disease,
neuropathy, and cognitive decline. While medications are often prescribed, non-
pharmacological interventions—such as lifestyle changes including diet, exercise, and

behavioral modifications—play a foundational role in managing diabetes.
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The evidence robustly supports that lifestyle modifications significantly improve glycemic
control in diabetic patients. A comprehensive systematic review and meta-analysis of
randomized controlled trials demonstrated that dietary interventions, especially those
combining individualized counseling and group activities, reduced hemoglobin Alc (HbAlc)
levels by approximately 0.5% to 1% compared to usual care.*® HbAlc is a key marker
reflecting average blood glucose over several months, and even modest reductions are

clinically meaningful in reducing diabetes-related complications.

Physical activity, healthy eating, weight loss, and smoking cessation are integral components
of these lifestyle interventions. A prospective cohort study involving older adults with type 2
diabetes showed that adherence to multiple healthy lifestyle factors—including no smoking,
moderate alcohol use, regular exercise, balanced diet, adequate sleep, reduced sedentary time,
and social engagement—was associated with a substantially lower risk of dementia,
independent of glycemic control and medication use.l This underscores that lifestyle factors
confer benefits beyond blood sugar management, improving overall health outcomes.

Nutritional quality also matters. Supplementation with polyunsaturated fatty acids (PUFAS),
known for their anti-inflammatory properties, has been found to improve fasting blood
glucose and insulin sensitivity in some clinical intervention studies, suggesting a potential
adjunct role in glycemic management.l'”? However, results are mixed, and more research is

needed to clarify optimal dosing and patient populations.

Telemedicine and digital health technologies are emerging as valuable tools to support
lifestyle interventions. Remote monitoring, smartphone applications, and teleconsultations
facilitate self-management, medication adherence, and timely adjustments, thereby improving
glycemic outcomes and reducing complications.'® These technologies help overcome
barriers such as limited access to healthcare providers and promote sustained behavioral

changes.

Importantly, lifestyle interventions are not only effective but also essential for preventing or
delaying the need for pharmacological treatments. Clinical guidelines emphasize initiating
intensive lifestyle modification from the time of diagnosis, with medications like metformin
introduced when lifestyle alone is insufficient to achieve glycemic targets.!*® This approach

aims to optimize patient quality of life and minimize medication side effects.
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While pharmacological agents remain necessary for many, some medications, such as
sodium-glucose cotransporter-2 (SGLT2) inhibitors, carry risks like euglycemic diabetic
ketoacidosis, especially in vulnerable contexts such as COVID-19 infection.”® This
highlights the importance of comprehensive management strategies where lifestyle

interventions can reduce reliance on medications and their associated risks.

Finally, lifestyle modification also plays a critical role in preventing diabetes-related
complications. For example, strict glycemic control combined with lifestyle changes can help
prevent diabetic autonomic neuropathy, a serious but often underdiagnosed complication
affecting the nervous system.[?! Moreover, managing cardiovascular risk factors through
lifestyle is crucial since diabetes markedly increases the risk of stroke and heart disease.?”

4. Future Directions and Clinical Implications in Internal Medicine

Diabetes mellitus, particularly type 2 diabetes, is a chronic condition characterized by
elevated blood sugar levels due to insulin resistance or deficiency. It affects millions
worldwide and is associated with serious complications such as cardiovascular disease,
kidney failure, and neuropathy. The clinical management of diabetes in internal medicine is
evolving rapidly, driven by advances in pharmacotherapy, technology, patient engagement

strategies, and precision medicine.

One emerging future direction is the integration of precision medicine into diabetes care.
Precision medicine aims to tailor diagnosis and treatment based on individual genetic,
environmental, and lifestyle factors. This approach recognizes the heterogeneity of diabetes
and seeks to optimize therapeutic outcomes by identifying subtypes of the disease and
selecting targeted interventions accordingly.”®) While precision diagnostics are currently
feasible for certain monogenic diabetes forms, ongoing research is needed to extend this to

the more common complex types of diabetes.

Pharmacological innovation is another key area. New classes of drugs, especially glucagon-
like peptide-1 receptor agonists (GLP-1 RAs) and multiagonists (targeting GLP-1, glucose-
dependent insulinotropic polypeptide, and glucagon receptors), have demonstrated significant
benefits not only in glycemic control but also in weight management and cardiovascular risk
reduction. These agents represent a shift toward therapies that address multiple metabolic

pathways, offering improved patient-centered outcomes.!
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Technological advances are increasingly shaping diabetes management. Patient-centered
digital health records and mobile health applications have shown promise in enhancing
disease knowledge, treatment adherence, self-management, and healthcare utilization. These
tools empower patients by providing access to their health data and facilitating
communication with healthcare providers. However, evidence also highlights the need for
high-quality studies to confirm their long-term clinical benefits and to optimize usability,
especially among patients with high disease burden.>2®!

Continuous glucose monitoring (CGM) and decision support systems are becoming standard
components of inpatient and outpatient diabetes care. Updated guidelines recommend insulin
infusion protocols guided by explicit clinical decision support tools and frequent glucose
monitoring to minimize hypoglycemia and optimize glycemic control in critically ill
patients.”””! The future will likely see broader adoption of CGM technologies and integration

with artificial intelligence to individualize glycemic targets and treatment adjustments.

Prevention strategies remain vital, particularly in individuals at high risk for developing type
2 diabetes. Metformin continues to be supported by moderate-quality evidence for delaying
diabetes onset in at-risk populations, although intensive lifestyle interventions may be equally
or more effective.””® The long-term impact of pharmacologic prevention on complications

and mortality requires further elucidation.

Exercise and physical activity are foundational in diabetes management. Updated consensus
emphasizes regular physical activity, including aerobic, resistance, flexibility, and balance
exercises, as well as reducing sedentary time to improve glycemic control and overall
health.[®! Addressing barriers to exercise, including socioeconomic and health-related factors,

will be essential to future clinical practice.

Patient engagement and shared decision-making are increasingly recognized as crucial for
effective diabetes care. Decision aids improve patient knowledge, clarify values, reduce
decisional conflict, and promote active participation in treatment choices.BY Their use
supports personalized care and may improve adherence and satisfaction without adverse

effects.

Barriers to effective diabetes self-care, such as misconceptions, cultural beliefs, social stigma,

limited resources, and access issues, particularly in underserved populations, remain
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challenges.®™ Future directions include developing individualized and community-based

interventions that address these barriers comprehensively.

In special populations, such as transplant recipients, post-transplantation diabetes mellitus
(PTDM) is a significant concern. Updated international consensus emphasizes early
diagnosis, risk stratification, immunosuppression modification, and incorporation of novel
glucose-lowering agents tailored to this group.[32] This reflects a broader trend toward

specialized management pathways for diabetes in complex clinical contexts.

Finally, ongoing research into novel pathophysiological mechanisms, such as ferroptosis and
ferritinophagy in diabetes complications, may open new therapeutic avenues.
Understanding these molecular processes could lead to targeted interventions to prevent or

mitigate diabetes-related tissue damage.

5. CONCLUSION

The interplay between type 2 diabetes, heart failure, and hormonal dysregulation underscores
the multifactorial nature of these conditions, highlighting the need for comprehensive and
individualized therapeutic approaches. Insulin resistance and hormonal imbalances contribute
significantly to cardiac dysfunction, necessitating early intervention and holistic management
strategies. Advances in pharmacotherapy, precision medicine, and digital health technologies
offer new opportunities to improve patient outcomes. However, addressing barriers to
effective self-care and ensuring equitable access to care remain essential for optimizing the
management of type 2 diabetes and its complications. Future research should focus on
elucidating novel pathophysiological mechanisms and developing targeted interventions to

mitigate the burden of diabetes-related cardiovascular disease.
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