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ABSTRACT

Type 2 diabetes mellitus (T2DM) is a metabolic condition defined by insulin resistance, a relative lack
of insulin, and elevated blood sugar levels. The worldwide incidence of T2DM has surged significantly
over the past few decades, accompanied by a concerning rise in CVD among those impacted.
Cardiovascular difficulties are the main reason for morbidity and mortality in T2DM, driven by an
interplay of hyperglycemia, dyslipidemia, hypertension, and chronic inflammation. These factors
contribute to accelerated atherosclerosis, endothelial dysfunction, and cardiomyopathy. Emerging
evidence highlights the role of advanced glycation end products (AGEs), oxidative stress, and
subclinical inflammation in the pathogenesis of cardiovascular complications in T2DM. Furthermore,
traditional risk factors like obesity, smoking, and sedentary lifestyle synergize with diabetes-specific
mechanisms, compounding the risk of CVD. This review explores the multifactorial mechanisms
underlying the increased cardiovascular risk in T2DM and examines contemporary strategies for risk
mitigation, including pharmacological therapies such as sodium-glucose co-transporter 2 (SGLT2)
inhibitors, glucagon-like peptide-1 receptor agonists (GLP-1RAs), and statins, as well as lifestyle
interventions. Despite advancements in treatment, the burden of cardiovascular complications
remains substantial, necessitating a comprehensive and individualized approach to management.
Future research must focus on unraveling novel therapeutic targets and optimizing integrated care to
reduce the cardiovascular burden in T2DM.
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Introduction

T2DM is a worldwide health challenge, with an estimated 537
million adults affected worldwide in 2021. The condition is

Despite advances in pharmacotherapy and interventional
cardiology, cardiovascular difficulties remain the main cause of

characterized by chronic hyperglycemia resulting from a
combination of insulin resistance and inadequate compensatory
insulin secretion. While diabetes management has traditionally
focused on glycemic control to prevent microvascular
complications such as retinopathy, nephropathy, and
neuropathy, the macrovascular complications, particularly
cardiovascular disease (CVD), have emerged as a dominant
concern. CVD encompasses a spectrum of disorders, including
coronary artery disease (CAD), stroke, heart failure, and
peripheral artery disease (PAD), which collectively account for
the majority of diabetes-related deaths [1].

The link between T2DM and cardiovascular complications
is well-established. Epidemiological studies indicate that
persons with T2DM have a two- to fourfold increased chance of
CVD compared to their non-diabetic counterparts [2]. This risk
continues even after adjustment for traditional risk factors such
as hypertension, dyslipidemia, and smoking. Hyperglycemia,
the hallmark of diabetes—exerts direct and indirect effects on
the cardiovascular system, promoting atherogenesis,
endothelial dysfunction, and myocardial damage [3]. Moreover,
diabetes-specific mechanisms, including the development of
progressive glycation end products (AGEs), chronic low-grade
inflammation, and oxidative stress, further exacerbate
cardiovascular risk [4].

mortality in T2DM [5]. This underscores the necessity for a
deeper understanding of the pathophysiological mechanisms
driving these complications and the development of more
effective preventive and therapeutic strategies. The complexity
of managing cardiovascular risk in T2DM is compounded by
the heterogeneity of the disease, variations in patient profiles,
and the coexistence of multiple comorbidities [6].

This review has provided a complete overview of the
mechanisms underlying cardiovascular diseases in T2DM, with
a focus on both traditional and diabetes-specific risk factors. It
also discusses current and emerging strategies for risk
reduction, emphasizing the importance of individualized care
in mitigating the cardiovascular burden in this high-risk
population. By highlighting the latest advances and gaps in
knowledge, this article seeks to inform clinical trials and
stimulate further study in this critical area.

Pathophysiological Mechanisms of Cardiovascular
Complications in T2DM

Role of hyperglycemia

Chronic hyperglycemia has a pivotal character in the growth of
cardiovascular complications in T2DM. Sustained raised
glucose levels contribute to endothelial dysfunction, a key early
event in atherogenesis. Endothelial cells exposed to high glucose
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undergo metabolic and structural changes, help in impairing
nitric oxide (NO) production, increase vascular permeability,
and improve leukocyte bond. Hyperglycemia also drives the
formation of advanced AGEs, which cross-link with proteins
and receptors, triggering inflammatory and pro-thrombotic
pathways [7].

Recent research has identified specific molecular pathways
linking hyperglycemia to cardiovascular damage. Studies have
shown that hyperglycemia-induced activation of protein kinase
C (PKC) isoforms contributes to vascular permeability and
pro-inflammatory cytokine expression [8]. Additionally,
hyperglycemia-induced epigenetic changes, including histone
modifications and non-coding RNA expression, have emerged
as novel contributors to vascular dysfunction in diabetes [9].

Dyslipidemia and atherogenesis

Diabetes-associated dyslipidemia is characterized by elevated
triglycerides, low high-density lipoprotein (HDL) cholesterol,
and small, dense low-density lipoprotein (LDL) particles. These
abnormalities accelerate atherogenesis by promoting LDL
oxidation, foam cell formation, and plaque instability. The
pro-inflammatory milieu in T2DM further exacerbates lipid
deposition in arterial walls, contributing to coronary artery
disease and stroke [10].

Emerging data suggest that targeting residual lipid risk
beyond LDL cholesterol can further reduce cardiovascular
events. For instance, therapies targeting apolipoprotein B
(apoB) and lipoprotein(a) [Lp(a)] are under investigation for
their potential to mitigate atherosclerotic risk in T2DM.
Ongoing clinical trials, such as those evaluating antisense
oligonucleotides for Lp(a) reduction, hold promise for
addressing unmet needs in lipid management.

Hypertension and vascular stiffness

Hypertension frequently coexists with T2DM, amplifying
cardiovascular risk. Mechanistically, insulin resistance and
hyperglycemia induce vascular stiffness through increased
collagen deposition and reduced elastin in arterial walls [11].
Activation of the renin-angiotensin-aldosterone system (RAAS)
in T2DM also promotes vasoconstriction, sodium retention,
and oxidative stress, contributing to elevated blood pressure
and end-organ damage.

Recent investigations have highlighted the role of
endothelial glycocalyx degradation in hypertension and
vascular stiffness in diabetes. The glycocalyx, a protective layer
on the endothelial surface, is disrupted in hyperglycemic states,
leading to impaired mechanotransduction and heightened
vascular tone [12]. Novel therapies aimed at glycocalyx
restoration are being explored as potential strategies for
improving vascular health in T2DM.

Oxidative stress and inflammation

Oxidative stress is a hallmark of T2DM and plays a central role
in cardiovascular pathology. Excessive production of reactive
oxygen species (ROS) in hyperglycemic states overwhelms
endogenous  antioxidant defenses, damaging cellular
components such as lipids, proteins, and DNA [13].
Concurrently, chronic low-grade inflammation—characterized
by elevated levels of C-reactive protein (CRP), interleukin-6

(IL-6), and tumor necrosis factor-a (TNF-a)—contributes to
endothelial dysfunction, plaque formation, and myocardial
injury [14].

Recent advances in understanding the interplay between
oxidative stress and inflammation have revealed the potential of
targeting mitochondrial dysfunction to alleviate cardiovascular
complications. Mitochondria-targeted antioxidants, such as
mitoquinone (MitoQ), are being investigated for their ability to
attenuate ROS production and protect against cardiovascular
damage in T2DM.

Clinical Manifestations
Complications

of Cardiovascular

Coronary Artery Disease (CAD)

CAD is the most common cardiovascular complication in
T2DM, manifesting as stable angina, acute coronary
syndromes, or silent ischemia. The latter is particularly
prevalent in diabetes due to autonomic neuropathy, which
blunts the perception of pain. Diabetic patients with CAD often
present with extensive and diffuse coronary atherosclerosis,
necessitating aggressive management.

Recent clinical trials, such as ISCHEMIA-CKD and
THEMIS, have provided insights into optimizing CAD
management in T2DM, emphasizing the need for personalized
treatment approaches based on comorbidities and risk profiles
[15].

Heart failure

Heart failure in T2DM is influenced by both ischemic and
non-ischemic ~ mechanisms.  Diabetic ~ cardiomyopathy,
characterized by myocardial fibrosis, impaired contractility, and
diastolic dysfunction, occurs independently of coronary artery
disease [16]. Hyperglycemia-induced oxidative stress, RAAS
activation, and advanced glycation contribute to myocardial
remodeling and dysfunction.

Emerging evidence from studies like EMPEROR-Reduced
and DAPA-HF highlights the efficacy of SGLT2 inhibitors in
reducing heart failure hospitalizations and improving quality of
life in diabetic patients [17]. These findings have expanded the
therapeutic landscape for heart failure management in T2DM.

Stroke

T2DM significantly increases the risk of both ischemic and
hemorrhagic stroke. Hyperglycemia exacerbates ischemic brain
injury by impairing cerebral blood flow, promoting
thrombogenesis, and inducing neuroinflammation [18]. The
coexistence of hypertension, dyslipidemia, and atrial fibrillation
further compounds stroke risk in diabetic individuals.

Recent advancements in stroke prevention include the
development of anticoagulants with improved safety profiles
and precision medicine approaches to identify high-risk
patients based on genetic and biomarker data.

Peripheral Artery Disease (PAD)

PAD is a major macrovascular complication in T2DM,
characterized by reduced blood flow to the extremities due to
atherosclerosis. Symptoms range from intermittent claudication
to critical limb ischemia, with a high risk of ulceration and
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amputation. The interplay of endothelial dysfunction,
inflammation, and impaired angiogenesis underlies the
pathogenesis of PAD in diabetes.

Innovative therapies, such as angiogenesis-stimulating
agents and stem cell-based treatments, are under investigation
for improving limb perfusion and reducing amputation rates in
diabetic patients with PAD.

Emerging Risk Factors and Novel Insights
Gut microbiota and cardiovascular health

Recent research highlights the role of gut microbiota in
modulating cardiovascular risk in T2DM. Dysbiosis, or
imbalance in gut microbial composition, has been linked to
systemic inflammation, insulin resistance, and atherogenesis
[19]. Short-chain fatty acids (SCFAs) produced by gut microbes
exert protective effects by reducing inflammation and
improving endothelial function. Probiotics and prebiotics
targeting gut health are being explored as adjunctive therapies
for cardiovascular risk reduction.

Epigenetics and precision medicine

Epigenetic modifications, including DNA methylation, histone
acetylation, and non-coding RNA regulation, are emerging as
critical players in cardiovascular complications of T2DM [20].
Understanding these mechanisms offers opportunities for
precision medicine approaches, enabling tailored interventions
based on individual genetic and epigenetic profiles. Biomarkers
derived from epigenetic studies are being developed for early
detection and risk stratification.

Immune modulation

The immune system is a pivotal part of the inflammatory
cascade contributing to cardiovascular damage in T2DM. By
recent studies, it is known that definite immune cell subsets, like
pro-inflammatory macrophages and Th17 cells, as key
mediators of vascular inflammation. Therapies targeting these
pathways, including monoclonal antibodies and immune
checkpoint inhibitors, are being investigated for their potential
to mitigate cardiovascular complications.

Risk Mitigation Strategies
Pharmacological interventions
Antihyperglycemic agents

SGLT2 inhibitors and glucagon-like peptide-1 receptor agonists
(GLP-1RAs) have confirmed significant cardiovascular benefits
in large-scale trials, reducing key adverse cardiovascular events
(MACE) and heart attack hospitalizations [21].

Lipid-Lowering Therapies

Statins remain the foundation of lipid management in T2DM,
with additional benefits observed with proprotein convertase
subtilisin/kexin type 9 (PCSK9) inhibitors.

Antihypertensive Medications

Angiotensin-converting enzyme (ACE) inhibitors and
angiotensin receptor blockers (ARBs) are chosen for their
cardioprotective effects in diabetic patients.

Lifestyle modifications

Lifestyle interventions, such as dietary changes, regular physical
activity, and smoking cessation, are critical elements of
cardiovascular risk reduction. Weight loss through calorie
restriction and exercise improves insulin sensitivity, blood
pressure, and lipid profiles, attenuating cardiovascular risk.

Recent studies have emphasized the role of plant-based
diets and time-restricted feeding in improving metabolic and
cardiovascular outcomes in T2DM. These dietary patterns
reduce systemic inflammation and enhance glycemic control,
offering additional cardioprotective benefits [22].

Integrated care models

Comprehensive care models that integrate diabetes and
cardiovascular management have shown promise in improving
outcomes. Multidisciplinary approaches involving
endocrinologists, cardiologists, and primary care providers
ensure personalized and holistic addressing the
multifaceted needs of diabetic patients.

care,

Digital health tools, like continuous glucose monitoring
(CGM) and mobile health applications, are increasingly being
utilized to enhance patient engagement and optimize care
delivery [23]. These technologies provide real-time data for
personalized decision-making, facilitating better glycemic and
cardiovascular risk management.

Conclusions

Cardiovascular complications remain a significant challenge in
the organization of type 2 diabetes mellitus. The interplay of
hyperglycemia, dyslipidemia, hypertension, oxidative stress,
and inflammation underscores the complexity of CVD in this
population. Advances in pharmacological therapies and
lifestyle interventions have improved outcomes, yet the residual
risk of cardiovascular events highlights the need for continued
innovation. Future research should focus on elucidating novel
mechanisms, identifying high-risk individuals, and optimizing
integrated care strategies to reduce the cardiovascular burden in
T2DM. A proactive and individualized approach to
management is essential to mitigate the profound impact of
cardiovascular complications on the lives of diabetic patients.
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