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Abstract  
Background: Diabetes mellitus is a major global metabolic disorder associated with progressive vascular injury and substantial 

morbidity and mortality. Chronic hyperglycemia, oxidative stress, inflammation, endothelial dysfunction, and advanced 

glycation end products contribute to both microvascular and macrovascular complications. Early recognition and comprehensive 

management of modifiable risk factors are therefore essential for reducing long-term vascular burden. 

Aim: This review aimed to summarize the mechanisms underlying diabetes-associated vascular injury and examine 

contemporary approaches to prevention and management, with emphasis on lifestyle modification, dietary strategies, 

pharmacological therapies, and cardiovascular risk reduction. 

Methods: A narrative review of published literature addressing diabetes mellitus, endothelial dysfunction, metabolic memory, 

vascular complications, lifestyle interventions, dietary patterns, and pharmacological management was undertaken. Evidence 

concerning glycemic control, weight management, physical activity, Mediterranean dietary patterns, intermittent fasting, 

antihypertensive and lipid-lowering therapies, and newer glucose-lowering agents was synthesized. 

Results: Persistent hyperglycemia promotes oxidative stress, inflammation, AGE formation, protein kinase C activation, and 

endothelial dysfunction, contributing to retinopathy, nephropathy, neuropathy, coronary disease, stroke, and peripheral vascular 

disease. Metabolic memory may sustain vascular injury despite subsequent improvement in glycemic control. Weight reduction, 

regular physical activity, Mediterranean dietary patterns, behavioral modification, and structured education support metabolic 

and cardiovascular risk reduction. Pharmacological management increasingly incorporates cardiovascular and renal outcomes. 

SGLT2 inhibitors and GLP-1 receptor agonists provide important cardiovascular benefits beyond glucose lowering, while 

metformin remains a foundational therapy. Blood-pressure and lipid management remain essential components of vascular risk 

reduction. 

Conclusion: Prevention and treatment of diabetes-associated vascular disease require early, sustained, and multifactorial 

intervention integrating glycemic control, lifestyle modification, cardiovascular risk management, and individualized 

pharmacotherapy. 

Keywords: Diabetes mellitus; vascular disease; endothelial dysfunction; microvascular complications; macrovascular 

complications; metabolic memory; cardiovascular disease; SGLT2 inhibitors; GLP-1 receptor agonists; lifestyle modification. 
___________________________________________________________________________________________________________________________________________________  

Introduction 

Diabetes mellitus is a chronic metabolic 

disorder characterized by persistent disturbances in 

glucose homeostasis and hyperglycemia. Type 1 

diabetes mellitus results primarily from autoimmune 

destruction of pancreatic β-cells and an absolute 

deficiency of insulin, whereas type 2 diabetes mellitus 

(T2DM) develops mainly through insulin resistance 

combined with progressive impairment of insulin 

secretion. Although T2DM occurs frequently in 

middle-aged and older adults, its incidence is 

increasing among younger populations. Genetic 

susceptibility interacts with modifiable factors such as 

unhealthy dietary patterns, excess body weight, 

physical inactivity, and sedentary behavior to promote 

the development and progression of T2DM [1]. The 

increasing prevalence of T2DM has created a major 

challenge for healthcare systems because prolonged 

hyperglycemia affects multiple organs and contributes 

to substantial morbidity, mortality, and healthcare 

expenditure. Vascular disease represents one of the 

major consequences of diabetes and is a major 

contributor to premature mortality among affected 

individuals [2]. Persistent hyperglycemia induces 
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several interrelated molecular and cellular 

abnormalities within the vascular system. These 

include increased production of reactive oxygen 

species (ROS), accumulation of advanced glycation 

end products (AGEs), activation of inflammatory 

pathways, endothelial dysfunction, and reduced 

bioavailability of nitric oxide (NO) [3]. These 

processes impair vascular homeostasis and promote 

oxidative stress, inflammation, endothelial injury, 

vascular smooth-muscle dysfunction, and 

atherosclerotic plaque development. Consequently, 

diabetes increases the risk of both macrovascular and 

microvascular disease. Macrovascular complications 

include coronary artery disease, cerebrovascular 

disease, and peripheral arterial disease, whereas 

microvascular complications include diabetic 

retinopathy, diabetic kidney disease, and diabetic 

neuropathy [4]. 

The clinical consequences of diabetic 

vascular injury can be severe. Diabetic retinopathy 

remains a major cause of vision impairment and 

blindness among working-age adults, while diabetes 

represents an important risk factor for chronic kidney 

disease [5,6]. Peripheral vascular disease, neuropathy, 

impaired wound healing, and infection also contribute 

to diabetic foot complications and lower-extremity 

amputation. Individuals with diabetes have been 

reported to have a substantially higher lifetime risk of 

amputation than individuals without diabetes [7]. 

These complications can lead to loss of functional 

independence, reduced quality of life, prolonged 

hospitalization, and increased healthcare utilization. 

Despite advances in prevention and treatment, the 

growing prevalence of diabetes continues to increase 

the population burden of vascular disease [8]. The 

epidemiological burden of diabetes further emphasizes 

the need for effective prevention and management. In 

2021, the Centers for Disease Control and Prevention 

estimated that 38.4 million people in the United States 

had diabetes, representing approximately 11.6% of the 

population [9]. Globally, diabetes affected an 

estimated 10.5% of adults, and the number of affected 

individuals is expected to increase substantially during 

the coming decades [10]. This increase will place 

additional pressure on healthcare systems because 

diabetes requires long-term monitoring, 

pharmacological treatment, complication screening, 

and management of associated cardiovascular, renal, 

neurological, and ophthalmic conditions. In the United 

States, the economic burden of diagnosed diabetes was 

estimated at approximately US$412.9 billion in 2022, 

while medical expenditure among people with 

diabetes was substantially higher than among those 

without diabetes [11]. 

Diabetes prevalence also varies across 

population groups. In the United States, reported 

prevalence differs among Hispanic or Latino, Black, 

Asian, and White populations [9]. These differences 

reflect the interaction of genetic susceptibility with 

social, environmental, behavioral, and economic 

factors. Food availability, socioeconomic conditions, 

physical environment, healthcare access, health 

literacy, and opportunities for physical activity can 

influence diabetes risk and disease outcomes [12–14]. 

Because several determinants operate outside the 

direct control of healthcare professionals, prevention 

requires coordinated interventions involving patient 

education, population screening, lifestyle 

modification, primary care, and targeted management 

of individuals at increased risk. Understanding the 

relationship between diabetes and vascular injury is 

essential for healthcare professionals because vascular 

complications develop through interconnected 

metabolic, inflammatory, oxidative, and endothelial 

mechanisms. Early identification of cardiovascular 

and microvascular risk factors can support timely 

intervention and reduce preventable complications. 

Contemporary diabetes management therefore extends 

beyond glycemic control and includes blood pressure 

management, lipid management, weight management, 

smoking cessation, renal protection, cardiovascular 

risk reduction, regular screening for microvascular 

complications, and individualized pharmacological 

therapy. Emerging therapeutic approaches have 

further expanded the capacity to reduce cardiovascular 

and renal outcomes in selected patients with T2DM. 

Accordingly, this review examines the relationship 

between diabetes mellitus and vascular disease, with 

emphasis on the pathophysiological mechanisms 

responsible for vascular injury, major macrovascular 

and microvascular complications, associated risk 

factors, prevention strategies, and evolving therapeutic 

approaches. Understanding these mechanisms can 

support healthcare professionals in recognizing 

vascular complications at an early stage and applying 

an integrated approach to diabetes management. This 

article is based on previously published evidence and 

does not involve new studies involving human 

participants or animals conducted by the authors. 

Mechanism of Vascular Endothelial Damage 

Diabetes mellitus is a metabolic disorder 

characterized by chronic disturbances in glucose 

regulation and persistent hyperglycemia. Type 1 

diabetes mellitus results mainly from pancreatic β-cell 

destruction and an absolute deficiency of insulin, 

whereas type 2 diabetes mellitus (T2DM) is primarily 

associated with insulin resistance and progressive 

impairment of insulin secretion. The global burden of 

diabetes continues to increase, with the International 

Diabetes Federation projecting that approximately one 

in eight adults could be living with diabetes by 2045, 

with T2DM accounting for more than 90% of cases 

[10]. This increasing prevalence has major 

implications for vascular health because prolonged 

exposure to hyperglycemia promotes endothelial 

dysfunction, oxidative stress, inflammation, 

thrombosis, and atherosclerosis. The vascular 

endothelium represents a key interface between 

circulating blood and the vessel wall and therefore has 

a central role in maintaining vascular homeostasis. 
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Under physiological conditions, endothelial cells 

regulate vascular tone through the coordinated release 

of vasodilator and vasoconstrictor mediators. 

Important vasodilators include nitric oxide (NO), 

prostacyclin I2, and endothelium-derived 

hyperpolarizing factors, whereas vasoconstrictors 

include angiotensin II, thromboxane A2, and 

endothelin-1 [15]. This balance allows the 

endothelium to regulate blood flow and vascular 

resistance while also limiting platelet activation, 

leukocyte adhesion, inflammation, oxidative injury, 

and abnormal vascular smooth-muscle proliferation 

[16]. Endothelial cells also contribute to the 

maintenance of an antithrombotic surface and regulate 

interactions between circulating blood cells and the 

vascular wall. Diabetes disrupts these functions 

through several interconnected metabolic pathways. 

The resulting endothelial dysfunction represents an 

early event in diabetic vascular disease and can 

precede clinically apparent cardiovascular 

complications. 

A central feature of diabetic endothelial 

injury is impaired NO signaling. Endothelial NO 

synthase (eNOS) normally generates NO, which 

promotes vasodilation and exerts anti-inflammatory, 

antiplatelet, and antiproliferative effects. In diabetes, 

endothelial NO bioavailability decreases because NO 

production becomes impaired while its degradation 

increases [17]. Chronic hyperglycemia promotes the 

generation of reactive oxygen species (ROS), 

particularly superoxide anion (O2•−). Superoxide 

reacts rapidly with NO, reducing its availability and 

producing peroxynitrite. This reaction creates a cycle 

in which oxidative stress further reduces NO-

dependent vascular protection [17,20]. Consequently, 

vessels become more prone to vasoconstriction, 

leukocyte adhesion, platelet activation, inflammation, 

and vascular remodeling. Peroxynitrite represents an 

important mediator of oxidative endothelial injury. It 

can promote lipid peroxidation, protein modification, 

DNA damage, and cellular dysfunction [17]. 

Peroxynitrite also oxidizes tetrahydrobiopterin (BH4), 

an essential cofactor required for normal eNOS 

activity. When BH4 availability decreases, eNOS can 

become uncoupled. Instead of generating NO, 

uncoupled eNOS produces additional superoxide. This 

process further increases oxidative stress and creates a 

self-perpetuating mechanism of endothelial 

dysfunction [17]. Thus, the relationship between 

hyperglycemia, ROS production, impaired NO 

signaling, and eNOS dysfunction is central to the 

development of diabetic vascular injury. 

Oxidative stress develops when ROS 

generation exceeds the capacity of endogenous 

antioxidant systems to neutralize them. ROS include 

superoxide, hydroxyl radicals, and hydrogen peroxide. 

At controlled concentrations, ROS participate in 

normal cellular signaling, proliferation, 

differentiation, and programmed cell death. Persistent 

overproduction, however, can damage lipids, proteins, 

DNA, and cellular membranes [19]. In diabetes, 

hyperglycemia activates several metabolic pathways 

that increase ROS generation. These include the 

polyol pathway, hexosamine pathway, protein kinase 

C pathway, NADPH oxidase activity, and pathways 

associated with the formation and accumulation of 

advanced glycation end products (AGEs) [21]. 

Mitochondrial dysfunction can also contribute to 

excessive ROS production under conditions of 

sustained metabolic stress. AGE formation represents 

another important mechanism linking chronic 

hyperglycemia with vascular damage. AGEs form 

through nonenzymatic reactions between reducing 

sugars and proteins, lipids, or nucleic acids. Their 

accumulation can alter the structural and functional 

properties of vascular proteins. AGEs also interact 

with specific cellular receptors, particularly the 

receptor for advanced glycation end products, 

activating intracellular signaling pathways that 

promote oxidative stress and inflammation. These 

processes increase endothelial activation and 

contribute to vascular stiffness, impaired vasodilation, 

leukocyte recruitment, and atherosclerotic progression 

[18,21]. AGE accumulation therefore provides a 

mechanism through which prolonged hyperglycemia 

produces structural and functional changes in the 

vascular wall. 

 
Figure-1: Mechanism of Vascular Damage. 

Inflammation further amplifies diabetic 

endothelial damage. Excess ROS can activate 

inflammatory signaling pathways and increase the 

production of pro-inflammatory cytokines and 

adhesion molecules. Activated endothelial cells 

become more capable of recruiting circulating 

leukocytes to the vascular wall. Monocyte adhesion 

and migration into the intima contribute to the 

development of atherosclerotic lesions. In parallel, 

inflammatory mediators can increase ROS generation, 

creating a reciprocal relationship between oxidative 

stress and inflammation [18,20]. This interaction helps 

explain why endothelial dysfunction can persist and 

progress even when individual metabolic 

abnormalities fluctuate over time. Diabetes-associated 

endothelial dysfunction affects both microvascular 

and macrovascular beds. In the microcirculation, 

endothelial injury contributes to increased vascular 

permeability, abnormal blood flow regulation, 
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capillary dysfunction, and tissue ischemia. These 

changes contribute to diabetic retinopathy, diabetic 

kidney disease, and peripheral nerve injury. In larger 

arteries, endothelial dysfunction facilitates 

atherosclerosis by promoting lipid deposition, 

inflammation, vascular smooth-muscle responses, and 

thrombotic complications. Consequently, the same 

metabolic processes can contribute to coronary artery 

disease, cerebrovascular disease, and peripheral 

arterial disease [22]. The clinical expression depends 

on the vascular bed affected and the duration and 

severity of metabolic injury. 

An important concept in diabetic vascular 

disease is metabolic memory. Previous periods of poor 

glycemic control can produce persistent cellular and 

molecular abnormalities that remain after subsequent 

improvement in glucose levels. Accumulation of 

AGEs, persistent oxidative stress, epigenetic changes, 

and other long-lasting cellular alterations have been 

proposed as mechanisms underlying this phenomenon 

[23]. Metabolic memory may therefore help explain 

why vascular complications can continue to progress 

despite later improvements in glycemic control. This 

concept reinforces the importance of early and 

sustained management of hyperglycemia rather than 

relying only on treatment after vascular complications 

become clinically evident. Overall, diabetic 

endothelial damage results from the interaction of 

hyperglycemia, oxidative stress, impaired NO 

signaling, AGE accumulation, inflammation, and 

abnormal vascular signaling. These mechanisms are 

interconnected rather than independent. 

Hyperglycemia activates metabolic pathways that 

increase ROS and AGE formation, oxidative stress 

reduces NO bioavailability and disrupts eNOS 

function, and endothelial dysfunction promotes 

inflammation and atherosclerotic processes. Over 

time, these changes contribute to both microvascular 

and macrovascular complications. Understanding 

these mechanisms provides an important foundation 

for healthcare professionals because prevention and 

treatment of diabetic vascular disease require more 

than glucose reduction alone. Early risk-factor control, 

cardiovascular risk management, appropriate 

pharmacotherapy, and regular screening for vascular 

complications are important components of 

comprehensive diabetes care. 

Metabolic Memory: Mechanisms and Implications 

for Diabetes Management 

Metabolic memory refers to the persistence 

of cellular and molecular abnormalities induced by 

previous periods of hyperglycemia, even after 

subsequent improvement in glycemic control [24]. 

This phenomenon provides one explanation for the 

continued progression of diabetic vascular 

complications despite later achievement of improved 

glucose levels. Prolonged hyperglycemia initiates a 

series of biochemical changes involving oxidative 

stress, advanced glycation end products (AGEs), 

inflammation, mitochondrial dysfunction, and 

epigenetic alterations. Some of these changes can 

persist after glucose concentrations return toward the 

target range, allowing vascular injury to continue 

[24,25]. Metabolic memory therefore emphasizes the 

importance of early glycemic control and prevention 

of prolonged hyperglycemia rather than relying only 

on treatment after complications have developed. 

AGE accumulation represents an important 

mechanism underlying metabolic memory. Chronic 

hyperglycemia promotes the formation of AGEs, 

which can modify proteins and other cellular 

structures and activate the receptor for advanced 

glycation end products. This interaction stimulates 

oxidative and inflammatory signaling and contributes 

to endothelial dysfunction, vascular stiffness, and 

impaired tissue function [25]. Increased ROS 

production further amplifies cellular injury by 

damaging lipids, proteins, and DNA. Persistent 

oxidative stress can also interfere with normal 

endothelial signaling and reduce nitric oxide 

bioavailability. Together, these processes maintain an 

adverse vascular environment after glycemic 

improvement. Metabolic memory also affects vascular 

repair. Healthy endothelial cells can respond to 

vascular injury through mechanisms involving cellular 

proliferation, migration, and regeneration. Persistent 

oxidative stress and inflammation can impair these 

processes and reduce endothelial reparative capacity 

[26,27]. Reduced repair contributes to sustained 

endothelial dysfunction and may facilitate the 

development and progression of both microvascular 

and macrovascular complications [4]. This mechanism 

is particularly relevant to diabetes because endothelial 

injury occurs across multiple vascular beds, including 

the retina, kidneys, peripheral nerves, and 

cardiovascular system. 

The effects of metabolic memory are not 

restricted to the vascular system. Persistent 

inflammatory and oxidative pathways may also 

contribute to insulin resistance. Chronic inflammation 

within adipose tissue can interfere with insulin 

signaling and promote further metabolic dysfunction 

[28]. Adipose tissue dysfunction can alter the 

production of adipokines involved in glucose and lipid 

regulation. Changes in mediators such as adiponectin 

and resistin may contribute to impaired insulin 

sensitivity and systemic inflammation [29,30]. 

Consequently, a cycle can develop in which metabolic 

dysfunction promotes inflammation and oxidative 

stress, while these processes further impair insulin 

action. Epigenetic mechanisms may also contribute to 

the persistence of metabolic memory. Hyperglycemia 

can produce changes in gene regulation that remain 

after glucose concentrations improve. These changes 

can influence inflammatory pathways, oxidative stress 

responses, endothelial function, and cellular repair. 

Such mechanisms provide a potential explanation for 

the prolonged biological effects of previous 

hyperglycemic exposure. However, metabolic 

memory is a complex process involving multiple 
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interacting mechanisms rather than a single molecular 

pathway [26]. The concept has important implications 

for diabetes management. Achieving glycemic control 

remains a central objective, but the potential 

persistence of vascular injury reinforces the 

importance of achieving appropriate control early in 

the course of diabetes. Preventing prolonged exposure 

to hyperglycemia may reduce the molecular changes 

that contribute to later complications. Management 

should therefore address multiple cardiovascular and 

metabolic risk factors rather than focusing exclusively 

on glycated hemoglobin. 

Several antidiabetic therapies may influence 

pathways associated with metabolic memory in 

addition to lowering blood glucose. Metformin has 

been associated with effects on oxidative stress, 

endothelial function, and vascular biology, although 

its role in directly reversing established metabolic 

memory remains an area of investigation [31]. 

Sodium-glucose cotransporter 2 (SGLT2) inhibitors 

provide glucose-lowering effects and have 

demonstrated cardiovascular and renal benefits in 

selected patients with T2DM. Their biological effects 

may involve changes in inflammation, oxidative 

stress, hemodynamics, and metabolic signaling [32]. 

Glucagon-like peptide-1 receptor agonists also 

provide glucose-lowering and weight-related effects 

and have demonstrated cardiovascular benefits in 

appropriate patient populations. These effects may 

involve pathways beyond glycemic control. 

Thiazolidinediones, including pioglitazone, activate 

peroxisome proliferator-activated receptor-γ and 

improve insulin sensitivity. Their effects on adipose 

tissue metabolism and inflammatory signaling may 

influence mechanisms involved in insulin resistance 

and vascular dysfunction [33]. However, treatment 

selection should consider the patient's cardiovascular, 

renal, metabolic, and other clinical characteristics, 

together with the established benefits and adverse-

effect profiles of each therapeutic class. Metabolic 

memory also supports the importance of 

comprehensive cardiovascular risk reduction. Blood 

pressure control, lipid management, smoking 

cessation, weight management, physical activity, 

dietary modification, and appropriate antidiabetic 

therapy can address several pathways that contribute 

to vascular disease. Regular screening for retinopathy, 

kidney disease, neuropathy, and cardiovascular risk 

allows complications to be detected before substantial 

functional damage occurs. Overall, metabolic memory 

demonstrates that the consequences of hyperglycemia 

may persist beyond the period of elevated glucose 

itself. AGEs, ROS, chronic inflammation, impaired 

endothelial repair, adipose tissue dysfunction, and 

epigenetic changes may contribute to this persistence 

[24–30]. For healthcare professionals, this concept 

reinforces the importance of early diagnosis, sustained 

glycemic control, and comprehensive risk-factor 

management. Current evidence also supports 

consideration of therapies that provide cardiovascular 

and renal benefits beyond glucose reduction. Further 

research is required to clarify the molecular basis of 

metabolic memory and to determine whether targeted 

interventions can reverse established cellular changes 

and reduce long-term vascular complications. 

Macrovascular and Microvascular Complications 

Vascular complications account for a major 

proportion of diabetes-related morbidity and mortality 

and can affect almost every organ system. They are 

broadly classified into macrovascular and 

microvascular complications. Macrovascular disease 

results mainly from accelerated atherosclerosis and 

includes coronary artery disease (CAD), 

cerebrovascular disease, and peripheral artery disease 

(PAD). Microvascular disease is associated with 

abnormalities of small vessels, including basement 

membrane thickening, endothelial dysfunction, 

capillary occlusion, and increased vascular 

permeability. The major clinical manifestations are 

diabetic retinopathy, diabetic kidney disease, and 

diabetic neuropathy [34,35]. The development and 

progression of these complications are influenced by 

hyperglycemia, hypertension, dyslipidemia, obesity, 

smoking, age, diabetes duration, and genetic 

susceptibility [4,35–39]. Persistent hyperglycemia 

represents a central driver of diabetic vascular injury. 

Excess intracellular glucose promotes nonenzymatic 

glycation and the formation of advanced glycation end 

products (AGEs), increases reactive oxygen species 

(ROS), and activates several intracellular pathways 

associated with vascular dysfunction. These include 

the polyol pathway, protein kinase C signaling, 

hexosamine metabolism, and pathways involving 

endoplasmic reticulum stress and altered cellular 

signaling [4,35]. Hyperglycemia also increases 

mitochondrial superoxide production. Excess 

superoxide disrupts glycolytic metabolism and diverts 

glucose-derived substrates toward the formation of 

diacylglycerol, methylglyoxal, and other compounds 

involved in AGE formation. AGEs interact with their 

cellular receptors and activate inflammatory and 

oxidative pathways, promoting endothelial 

dysfunction and vascular remodeling [4,35]. Increased 

ROS production further reduces nitric oxide 

availability and promotes inflammation, endothelial 

senescence, and vascular cell injury [4,35,36]. 
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Figure-2: Macrovascular and Microvascular 

complications of diabetes. 

Microvascular Complications 

Diabetic neuropathy is a common 

microvascular complication involving the 

somatosensory and autonomic nervous systems. Distal 

symmetrical polyneuropathy is particularly common 

and preferentially affects longer axons, making the 

feet and lower limbs vulnerable to sensory loss and 

injury. Risk increases with poor glycemic control, 

longer diabetes duration, obesity, hypertension, 

smoking, age, and greater height [4,35]. Patients may 

develop burning, stabbing, shooting, or electric-like 

pain, numbness, and altered temperature or vibration 

perception [40]. Clinical assessment includes 

monofilament testing, vibration testing with a tuning 

fork, temperature discrimination, and assessment of 

ankle reflexes [41]. Nerve conduction studies can 

demonstrate reduced conduction velocity and provide 

objective evidence of peripheral nerve dysfunction 

[42]. Electromyography may assist in characterizing 

nerve involvement and excluding other causes of 

neuropathy [43]. Autonomic neuropathy can be 

evaluated through heart-rate variability, postural 

blood-pressure responses, and tests of sudomotor 

function. Management includes sustained glycemic 

control, lifestyle modification, foot protection, and 

pharmacological treatment of neuropathic symptoms 

[44]. Diabetic kidney disease is another major 

microvascular complication and an important cause of 

chronic kidney disease. Persistent hyperglycemia 

promotes glomerular endothelial dysfunction, 

oxidative stress, inflammation, and structural changes 

within the glomerulus. Clinically, assessment focuses 

on urinary albumin excretion and estimated 

glomerular filtration rate, together with evaluation of 

blood pressure and other renal risk factors 

[4,35,36,45]. Progressive disease can lead to 

substantial loss of renal function and end-stage kidney 

disease. Renal impairment also affects diabetes 

management because reduced renal glucose 

production and altered clearance of some antidiabetic 

medications can increase the risk of hypoglycemia. 

Early detection and management of albuminuria, 

blood pressure, glycemia, and cardiovascular risk are 

therefore important components of care. Diabetic 

retinopathy is a major cause of visual impairment and 

blindness among adults [5]. Chronic hyperglycemia 

damages retinal microvasculature through endothelial 

dysfunction, capillary occlusion, increased 

permeability, and retinal ischemia. Microaneurysms, 

retinal hemorrhages, and cotton-wool spots can occur 

as the disease progresses [4,35,36,45]. Two major 

vision-threatening complications are diabetic macular 

edema (DME) and proliferative diabetic retinopathy 

(PDR). DME results from fluid accumulation 

involving the macula and can impair central and 

detailed vision. PDR develops when retinal ischemia 

stimulates abnormal neovascularization. Fragile new 

vessels can extend into the vitreous and contribute to 

vitreous hemorrhage, fibrovascular proliferation, and 

retinal detachment [4,35,36,45]. Glycemic control, 

blood pressure management, regular retinal screening, 

and timely ophthalmological treatment are central to 

reducing vision loss. 

Macrovascular Complications 

Diabetes substantially increases the risk of 

CAD, PAD, and cerebrovascular disease. These 

conditions share atherosclerotic mechanisms 

involving endothelial dysfunction, lipid accumulation, 

inflammation, vascular remodeling, and thrombosis. 

Diabetes and insulin resistance promote a pro-

atherogenic environment by altering vascular tone and 

permeability and facilitating the recruitment of 

inflammatory cells into the arterial wall [37,45]. 

Cardiovascular disease accounts for a large proportion 

of deaths among people with diabetes, making 

cardiovascular risk reduction a central component of 

diabetes management. CAD develops when 

atherosclerotic plaque reduces coronary blood flow. 

Diabetes increases the risk of myocardial infarction 

and other ischemic cardiovascular events [37–

39,45,46]. Clinical presentation may differ between 

individuals, particularly when autonomic neuropathy 

alters pain perception. Therefore, cardiovascular risk 

assessment should form part of routine diabetes care, 

with attention to blood pressure, lipid levels, smoking 

status, renal function, glycemic control, and other 

established risk factors. PAD results from 

atherosclerotic narrowing of arteries supplying the 

lower extremities. Patients may develop intermittent 

claudication, reduced peripheral perfusion, rest pain, 

tissue ischemia, and nonhealing wounds [37–

39,45,46]. Diabetes-related neuropathy can further 

increase the risk of unnoticed trauma and foot 

ulceration. The combination of neuropathy, ischemia, 

infection, and impaired wound healing can result in 

diabetic foot complications and increase the risk of 

lower-limb amputation. Early identification of 

peripheral vascular disease, regular foot examination, 

appropriate wound care, infection management, and 

timely vascular assessment can reduce the risk of 

severe limb complications [38,39,46]. 

Cerebrovascular disease is also strongly associated 

with diabetes. Atherosclerotic plaque affecting the 

carotid and cerebral circulation can reduce cerebral 

perfusion or contribute to thromboembolic events. 

Plaque rupture and thrombosis can result in ischemic 

stroke, while vascular structural abnormalities may 

also contribute to hemorrhagic events [38,39,46]. 

Stroke can produce substantial neurological disability 

and mortality, emphasizing the importance of 

cardiovascular risk-factor management in people with 

diabetes. Metabolic memory may further contribute to 

the progression of diabetic vascular complications. 

Previous exposure to hyperglycemia can produce 

persistent oxidative stress, AGE accumulation, 

inflammatory signaling, and endothelial dysfunction 

even after subsequent improvement in glycemic 

control [47]. This effect has particular relevance to 
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retinopathy and kidney disease and supports early 

intervention after diabetes diagnosis. Sustained 

control of glucose, blood pressure, and lipids, 

combined with smoking cessation, weight 

management, regular screening, and appropriate 

pharmacological therapy, is therefore important for 

reducing both microvascular and macrovascular 

complications. 

Management and Treatment Options 

Exercise is a core component of type 2 

diabetes mellitus (T2DM) prevention and 

management. Regular physical activity improves 

glycemic control, insulin sensitivity, cardiovascular 

fitness, lipid metabolism, and blood pressure while 

supporting weight management. Aerobic activities 

such as brisk walking, running, cycling, swimming, 

and structured exercise programs can improve glucose 

regulation and reduce cardiovascular risk [48]. A 

meta-analysis by Liu et al. reported that moderate-

intensity aerobic exercise reduced glycated 

hemoglobin (HbA1c) by approximately 0.6% over 12 

weeks in individuals with T2DM [49]. These effects 

are clinically relevant because even modest reductions 

in HbA1c can contribute to improved metabolic 

control. Resistance training provides complementary 

benefits. Weightlifting, resistance-band exercises, and 

body-weight exercises increase or preserve skeletal 

muscle mass, which provides an important site for 

glucose disposal. Increased muscle mass and 

improved muscular insulin sensitivity enhance glucose 

uptake and can reduce blood glucose concentrations. 

Resistance training can also improve body 

composition, lipid profiles, and physical function. 

Combining aerobic and resistance exercise can 

therefore address several metabolic and cardiovascular 

risk factors simultaneously [48]. High-intensity 

interval training (HIIT) involves repeated periods of 

high-intensity exercise separated by recovery 

intervals. HIIT can improve insulin sensitivity, 

skeletal muscle oxidative capacity, mitochondrial 

function, and cardiovascular fitness [50,52]. It may 

also reduce HbA1c and provide metabolic benefits 

within a shorter exercise period than some traditional 

continuous exercise programs [49]. However, exercise 

intensity should be individualized according to 

physical capacity, comorbidities, age, treatment 

regimen, and cardiovascular status. 

Exercise Intensity, Frequency, and Duration 

Current recommendations support at least 

150 minutes of moderate-to-vigorous aerobic activity 

each week for most adults with T2DM [51,53]. 

Moderate-intensity activity generally corresponds to 

approximately 50–70% of maximum heart rate and 

includes brisk walking, cycling, and swimming 

[54,55]. At this intensity, a person can usually talk but 

cannot comfortably sing during exercise [56]. 

Individuals with adequate fitness may undertake 

higher-intensity activity, generally corresponding to 

approximately 70–85% of maximum heart rate, when 

appropriate [57]. Aerobic activity should generally be 

distributed across at least 3–5 days per week, with no 

more than two consecutive inactive days because 

prolonged inactivity can reduce the effects of exercise 

on insulin sensitivity and glucose regulation [58,59]. 

Sessions of approximately 30 minutes are practical for 

many individuals, although shorter bouts can be 

accumulated throughout the day to achieve the weekly 

target. Individuals seeking additional benefits related 

to weight management or cardiovascular fitness may 

benefit from progressively increasing activity toward 

approximately 300 minutes per week when 

appropriate [60]. 

Mechanisms of Exercise-Mediated Metabolic 

Benefits 

Exercise improves glucose metabolism 

through several complementary mechanisms. One 

major mechanism involves increased expression and 

translocation of glucose transporter type 4 (GLUT4) to 

the skeletal muscle cell membrane. GLUT4 facilitates 

glucose entry into muscle cells, and exercise activates 

both insulin-dependent and insulin-independent 

pathways that increase GLUT4 translocation [61]. 

This mechanism allows skeletal muscle to increase 

glucose uptake even when insulin sensitivity is 

impaired. Regular physical activity also reduces 

chronic systemic inflammation, which contributes to 

insulin resistance. Exercise can influence 

inflammatory signaling and reduce the activity of 

pathways associated with pro-inflammatory mediators 

such as tumor necrosis factor-α and interleukin-6 [61]. 

These changes can improve insulin signaling and 

metabolic function. In addition, exercise promotes 

mitochondrial biogenesis and improves mitochondrial 

oxidative capacity in skeletal muscle, increasing the 

ability to oxidize glucose and fatty acids [61]. Overall, 

aerobic exercise, resistance training, and appropriately 

selected HIIT provide complementary approaches to 

T2DM management. A structured exercise program 

should be individualized and integrated with dietary 

management, pharmacological therapy, weight 

management, and cardiovascular risk reduction. 

Regular physical activity can therefore target both 

hyperglycemia and the vascular risk factors that 

contribute to diabetes-related complications. 

Dietary Changes 

The Mediterranean diet is widely recognized 

as an effective dietary approach for the prevention and 

management of type 2 diabetes mellitus (T2DM) 

because of its nutrient-dense composition and 

favorable effects on metabolic health [62]. It 

emphasizes fruits, vegetables, whole grains, legumes, 

nuts, olive oil, and other minimally processed foods, 

providing substantial fiber, monounsaturated fatty 

acids, and omega-3 fatty acids [63]. These components 

may improve insulin sensitivity, reduce glycemic load, 

and support healthier lipid profiles [64]. Adherence to 
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the Mediterranean diet has been associated with 

improved glycemic control and reduced 

cardiovascular risk in individuals with diabetes [65]. 

Studies have demonstrated reductions in HbA1c, with 

one analysis reporting an approximately 0.47% 

reduction compared with other dietary approaches 

[66]. The emphasis on low-glycemic-index foods 

limits rapid glucose absorption and postprandial 

glucose excursions [67]. Dietary fiber further delays 

gastric emptying and carbohydrate absorption, 

increases satiety, and supports weight management, 

which is particularly important in T2DM [68]. The 

cardiovascular benefits of the Mediterranean diet are 

also clinically relevant. Meta-analyses have reported 

lower risks of cardiovascular events, including 

myocardial infarction and stroke, among individuals 

adhering to Mediterranean dietary patterns [69]. These 

benefits may reflect improvements in glycemic 

control, dyslipidemia, blood pressure, inflammation, 

and endothelial function. Consequently, the 

Mediterranean diet addresses several interconnected 

metabolic and vascular risk factors and can be 

integrated into comprehensive diabetes management 

[70]. 

Nutrient Timing and Composition 

Meal timing and macronutrient composition 

are important components of dietary diabetes 

management. Dietary patterns emphasizing low-

glycemic-index carbohydrates, adequate fiber, 

appropriate portion sizes, lean protein, and unsaturated 

fats can help maintain more stable blood glucose 

concentrations [71]. Consistent meal timing may also 

reduce substantial fluctuations in glucose and insulin 

concentrations, although dietary recommendations 

should be individualized according to treatment 

regimen, physical activity, and patient preferences 

[72]. Including a variety of nutrient-dense foods helps 

meet nutritional requirements without excessive 

energy intake [73]. Combining complex carbohydrates 

with lean protein and healthy fats can moderate 

postprandial glucose responses and improve satiety 

[74]. Conversely, consuming large amounts of 

carbohydrate during a single meal may contribute to 

postprandial hyperglycemia. Distributing 

carbohydrate intake more evenly throughout the day 

may therefore support improved glycemic stability, 

particularly in patients receiving glucose-lowering 

medications [61]. 

Intermittent Fasting 

Intermittent fasting has emerged as an 

alternative dietary pattern that may improve metabolic 

health in selected individuals with diabetes. Periods of 

caloric restriction can reduce circulating insulin 

concentrations and may enhance insulin sensitivity 

[75]. Because hyperinsulinemia and insulin resistance 

are associated with cardiometabolic risk, 

improvements in these parameters could potentially 

contribute to vascular protection [76]. Evidence also 

suggests that intermittent fasting may influence 

inflammatory pathways and other mediators involved 

in diabetic complications. Reviews have reported 

potential reductions in inflammatory cytokines, 

advanced glycation end products, and alterations in 

adipokine signaling, including adiponectin [77,78]. 

These effects may improve insulin sensitivity and 

metabolic regulation and could contribute to reducing 

long-term cardiovascular risk. However, intermittent 

fasting should be individualized, particularly in 

patients receiving insulin or glucose-lowering 

therapies, because meal restriction may increase the 

risk of hypoglycemia and requires appropriate clinical 

monitoring. 

Lifestyle Changes 

Effective weight management is a 

cornerstone of diabetes prevention and management. 

Evidence indicates that a reduction of approximately 

5–10% of body weight can improve insulin sensitivity 

and reduce metabolic risk, particularly among 

individuals with overweight or obesity [48]. 

Sustainable weight reduction is best achieved through 

a combination of dietary modification, regular 

physical activity, and behavioral interventions. 

Reduction of visceral adiposity is particularly 

important because excess visceral fat is strongly 

associated with insulin resistance, dyslipidemia, 

hypertension, and systemic inflammation. 

Consequently, weight loss can improve glycemic 

control and cardiometabolic risk factors while 

reducing the likelihood of cardiovascular 

complications. Lifestyle interventions should be 

individualized according to metabolic status, dietary 

preferences, physical capacity, and social 

circumstances. Dietary patterns such as the 

Mediterranean diet can complement physical activity 

by improving glucose regulation and cardiovascular 

risk profiles [79]. Intermittent fasting has also been 

investigated as an alternative dietary strategy, with 

evidence suggesting potential improvements in insulin 

sensitivity and reductions in oxidative stress in 

selected individuals [80]. However, dietary 

approaches should be appropriately supervised in 

patients receiving glucose-lowering medications 

because changes in meal timing or caloric intake may 

alter the risk of hypoglycemia. 

Behavioral Modifications 

Behavioral modification is essential for 

translating lifestyle recommendations into sustained 

changes in daily practice. Regular monitoring of 

glycemic status, appropriate stress management, 

smoking cessation, adequate sleep, and maintenance 

of physical activity are important components of 

diabetes prevention and long-term metabolic health 

[48]. Behavioral strategies should focus on 

establishing realistic and measurable goals rather than 

relying on short-term dietary or exercise changes. 

Chronic psychological stress may adversely affect 

glucose regulation through neuroendocrine and 

behavioral pathways. Stress-management approaches, 

including mindfulness-based interventions, yoga, 

relaxation techniques, and cognitive-behavioral 
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therapy, may support improved psychological well-

being and facilitate adherence to healthy behaviors. 

Smoking cessation is particularly important because 

tobacco exposure is associated with insulin resistance, 

endothelial dysfunction, and increased cardiovascular 

risk. Patients should also be encouraged to monitor 

progress, identify barriers to adherence, and obtain 

support from family members, peers, and healthcare 

professionals [48]. 

Education and Support 

Diabetes education and continuing support 

are fundamental to successful lifestyle modification. 

Structured programs that provide practical education 

on nutrition, physical activity, weight management, 

and behavioral strategies can improve self-

management and contribute to diabetes prevention 

[48]. Health education also strengthens health literacy 

by enabling individuals to understand risk factors, 

recognize the consequences of unhealthy behaviors, 

and make informed decisions regarding diet, physical 

activity, medication adherence, and preventive care 

[81]. Educational interventions should address both 

immediate and long-term consequences of inadequate 

lifestyle adherence. Relevant topics include obesity, 

physical inactivity, unhealthy dietary patterns, 

smoking, cardiovascular risk, hyperglycemia, and 

diabetes-related complications [82]. Evidence also 

indicates that targeted health education can improve 

diabetes-related knowledge, attitudes, self-care 

practices, and glycemic control among individuals 

with T2DM [83]. Personalized coaching and regular 

follow-up can further improve the sustainability of 

lifestyle interventions. Healthcare professionals 

should assess individual barriers, establish achievable 

goals, provide feedback, and modify 

recommendations according to clinical progress [48]. 

Family and community support can reinforce these 

behaviors and reduce the likelihood of relapse. Thus, 

effective diabetes prevention requires an integrated 

approach combining weight management, behavioral 

modification, patient education, and continuous 

professional support. 

 
Figure-3: Lifestyle management of diabetes mellitus. 

Drug Therapeutics 

Pharmacological management of diabetes 

aims not only to achieve adequate glycemic control but 

also to prevent or delay microvascular and 

macrovascular complications. Maintaining HbA1c at 

approximately 6.5% or lower, when clinically 

appropriate, can reduce microvascular risk [84]. Blood 

pressure control and lipid-lowering therapy are also 

important in reducing vascular complications [85]. 

Fibrates may delay diabetic retinopathy progression 

[86], while ACE inhibitors and angiotensin receptor 

blockers (ARBs) can reduce retinopathy progression 

and are particularly important in patients with diabetic 

kidney disease and hypertension [87]. Retinopathy 

may additionally require vascular endothelial growth 

factor (VEGF) inhibitors, laser photocoagulation, or 

corticosteroid-based treatments to reduce vascular 

leakage, inflammation, and pathological angiogenesis 

[88,89]. Prevention of diabetic nephropathy requires 

optimization of blood pressure, dietary sodium intake, 

glycemic control, and renal protection [90]. ACE 

inhibitors and ARBs remain important therapies, 

whereas potentially nephrotoxic medications, 

including nonsteroidal anti-inflammatory drugs and 

aminoglycosides, should be avoided when possible 

[91]. Diabetic neuropathy is managed primarily 

through sustained glycemic control and symptom-

directed treatment. Neuropathic pain may be treated 

with antidepressants, anticonvulsants such as 

gabapentin, topical capsaicin, and other analgesic 

approaches according to clinical circumstances [92–

95]. Macrovascular complications, including coronary 

cardiovascular disease, stroke, and peripheral vascular 

disease, require multifactorial risk reduction. Common 

pharmacological strategies include antihypertensive 

agents, statins, antiplatelet therapy when indicated, 

and glucose-lowering medications [96]. Smoking 

cessation is particularly important because smoking 

substantially increases cardiovascular risk in diabetes 

[97,98]. ACE inhibitors and ARBs reduce vascular 

risk through blood-pressure control and additional 

vascular effects, whereas statins reduce atherogenic 

lipid concentrations and plaque progression [99,100]. 

Antiplatelet therapy can reduce thrombotic events in 

appropriately selected patients. 

 
Figure-4: Drug therapy for management and control 

of diabetes mellitus. 

Contemporary glucose-lowering therapy 

increasingly emphasizes cardiovascular and renal 

outcomes in addition to HbA1c reduction. SGLT2 

inhibitors, including empagliflozin and canagliflozin, 
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promote urinary glucose and sodium excretion, 

lowering blood pressure, body weight, and cardiac 

preload and afterload. They substantially reduce 

hospitalization for heart failure and provide 

cardiovascular and renal benefits [105,106,120–122]. 

GLP-1 receptor agonists, including liraglutide and 

semaglutide, reduce major adverse cardiovascular 

events through combined effects on glycemic control, 

body weight, inflammation, oxidative stress, 

endothelial function, and atherosclerosis [123–126]. 

Metformin improves insulin sensitivity and suppresses 

hepatic glucose production and may provide 

additional cardiovascular benefits through reductions 

in oxidative stress and inflammation [127–130]. Other 

agents require individualized consideration. 

Thiazolidinediones such as pioglitazone improve 

insulin sensitivity through PPAR-γ activation but may 

cause fluid retention and increase heart-failure risk 

[131–133]. DPP-4 inhibitors generally provide 

cardiovascular safety without demonstrating the 

cardiovascular risk reduction observed with SGLT2 

inhibitors and GLP-1 receptor agonists [134,135]. 

Early and sustained glycemic control remains 

important because metabolic memory may perpetuate 

vascular injury despite subsequent improvement in 

glucose levels [37]. Emerging therapeutic targets 

include 11β-hydroxysteroid dehydrogenase, 

adiponectin, Metrnl, pigment epithelium-derived 

factor, vaspin, and G-protein-coupled estrogen 

receptor pathways, which may improve insulin 

sensitivity or glucose homeostasis [111–118]. Gene-

based approaches targeting autoimmune destruction of 

pancreatic β-cells are also under investigation [119]. 

Collectively, pharmacological management should be 

individualized according to glycemic status, 

cardiovascular and renal risk, comorbidities, treatment 

safety, and long-term vascular outcomes. 

Conclusion: 

Diabetes mellitus is closely associated with 

progressive vascular injury driven by chronic 

hyperglycemia, oxidative stress, inflammation, 

advanced glycation, and endothelial dysfunction. 

These mechanisms contribute to microvascular 

complications, including retinopathy, nephropathy, 

and neuropathy, as well as macrovascular disease 

involving the coronary, cerebral, and peripheral 

circulation. Metabolic memory further emphasizes the 

importance of achieving effective glycemic control 

early and maintaining it over time. Prevention and 

management should therefore extend beyond glucose 

reduction and incorporate weight management, 

regular physical activity, healthy dietary patterns, 

smoking cessation, blood-pressure control, lipid 

management, and structured patient education. 

Contemporary pharmacological therapy increasingly 

prioritizes cardiovascular and renal protection. SGLT2 

inhibitors and GLP-1 receptor agonists have 

demonstrated benefits extending beyond glycemic 

control, while established therapies such as 

metformin, statins, ACE inhibitors, and ARBs remain 

important according to individual clinical indications. 

An integrated, patient-centered approach involving 

healthcare professionals is essential to reduce vascular 

complications, improve quality of life, and limit the 

substantial clinical and economic burden associated 

with diabetes. 
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