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ABSTRACT 

Diabetes mellitus is a chronic metabolic disorder defined by elevated blood glucose resulting from defects 

in insulin secretion, insulin action, or both. Typical symptoms encompass polyuria, polydipsia, polyphagia, 

sudden weight loss, lethargy, and a higher susceptibility to infections. Prompt diagnosis via clinical 

indicators and laboratory assessments, such as fasting plasma glucose and HbA1c, is crucial for preventing 

systemic complications. Therapeutic approaches have evolved from conventional medications like 

metformin, sulfonylureas, and insulin to innovative classes including GLP-1 receptor agonists, SGLT2 

inhibitors, and DPP-4 inhibitors. Furthermore, breakthroughs in immunotherapy and regenerative science—

specifically stem cell-derived beta cell replacement and immune modulation—provide transformative 

potential, particularly for managing type 1 diabetes. By 2025, global projections suggest nearly 589 million 

adults will live with diabetes, facing substantial risks of morbidity and mortality from vascular issues. This 

burden is disproportionately heavy in low- and middle-income nations; India, for instance, supports nearly 

90 million cases marked by significant regional variance. Modern treatments strive for enhanced efficacy, 

safety, and patient compliance through developments like oral incretin mimetics and automated insulin 

delivery (artificial pancreas) systems. Nevertheless, hurdles regarding affordability, healthcare access, and 

long-term safety profiles remain. Despite these obstacles, advancing scientific insights and optimized care 

models offer a pathway toward better prevention, management, and even disease reversal. Sustained 

multidisciplinary cooperation among researchers, policymakers, and clinicians is vital to mitigating the 

worldwide diabetes crisis. 
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INTRODUCTION 

Diabetes mellitus (DM) is a persistent metabolic condition defined by high blood sugar levels resulting from 

inadequate insulin production or impaired insulin function [1]. The name originates from the Greek word for 

"siphoning through" and the Latin term for "honeyed," referencing glucose in the urine [2]. The pancreas is 

the primary regulator of glucose via insulin secretion [3]; the 1922 breakthrough by Banting and Best in 

isolating insulin revolutionized clinical management [4]. 

Global prevalence currently stands at approximately 537 million adults, with estimates reaching 783 million 

by 2045 [5]. This surge is largely fueled by aging populations, rapid urbanization, physical inactivity, and 

rising obesity rates [6]. Left unmanaged, diabetes is a primary driver of heart disease, renal failure, vision 

loss, and lower-limb amputations [7]. 
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The disease is categorized into two primary forms: Type 1 (T1DM), an autoimmune disorder leading to total 

insulin deficiency [8][9], and Type 2 (T2DM), which involves a combination of insulin resistance and 

declining beta-cell performance [10][11]. Additionally, gestational diabetes (GDM) develops during 

pregnancy, presenting health risks for both the mother and the infant [12]. 

 

Fig.1. Types of Diabetes Mellitus 

T1DM is triggered by the immune system attacking beta cells [13], whereas T2DM stems from a blend of 

genetic predispositions and environmental triggers that impair insulin sensitivity [14]. Chronic 

hyperglycemia further induces oxidative stress and systemic inflammation, worsening the metabolic state 

[15]. 

Clinical identification relies on fasting glucose levels, oral glucose tolerance assessments, and HbA1c 

measurements, guided by ADA and WHO protocols [16]. Prompt screening allows for early lifestyle 

interventions and pharmacological treatment to mitigate long-term damage [17]. 

India has emerged as a critical hub for the condition, with more than 100 million cases [18]. This is 

attributed to shifting dietary patterns and reduced exercise associated with urban living [19]. Addressing this 

requires customized public health policies that account for regional genetic and socioeconomic diversity 

[20]. 

Chronic complications involve damage to the kidneys (nephropathy), eyes (retinopathy), and nerves 

(neuropathy), alongside macrovascular risks such as stroke and myocardial infarction [21]. Effective care 

demands a holistic approach focusing on glucose, blood pressure, and cholesterol management [22].  

Modern pharmacological advancements, specifically SGLT2 inhibitors and GLP-1 receptor agonists, now 

provide significant renal and cardiovascular protection [23]. Ongoing investigations into gene therapy, 

immunotherapy, and the regeneration of beta cells represent the next frontier of treatment [24]. 

Ultimately, diabetes remains a multifaceted global challenge. Reducing its impact necessitates a deep 

understanding of its pathology, early detection, and the implementation of precision medicine. 
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CLASSIFICATIONS OF DIABETES MELLITUS 

Diabetes mellitus (DM) represents a heterogeneous group of metabolic conditions characterized by chronic 

hyperglycemia stemming from defects in insulin production, insulin sensitivity, or a combination of both 

[25]. Distinguishing between these types is vital for tailoring clinical management and determining 

prognosis, as each variant is rooted in unique biological pathways. 

TYPE 1 DIABETES MELLITUS (T1DM) 

Representing 5–10% of global cases, T1DM is caused by the autoimmune-mediated destruction of 

pancreatic $\beta$-cells, leading to a total lack of insulin [26]. This process typically involves environmental 

triggers acting on a genetic predisposition. While historically associated with youth, T1DM can manifest at 

any stage of life [27]. 

The clinical presentation is often acute, featuring polyuria, polydipsia, rapid weight loss, and potentially 

life-threatening diabetic ketoacidosis (DKA) [28]. Because the body cannot produce insulin, daily 

exogenous insulin therapy is mandatory for survival [29]. Modern diagnostics can identify a pre-

symptomatic stage where specific autoantibodies are present before blood sugar rises significantly [30]. 

TYPE 2 DIABETES MELLITUS (T2DM) 

T2DM accounts for roughly 90% of the diabetic population and is defined by insulin resistance paired with 

a gradual decline in $\beta$-cell compensation [31]. Risk factors include obesity, physical inactivity, 

advancing age, and heredity [32]. Because it develops slowly, many individuals remain undiagnosed for 

years until complications or routine screenings occur [33]. 

This type is often a component of metabolic syndrome, characterized by hypertension, dyslipidemia, and 

abdominal obesity, all of which heighten cardiovascular danger [34]. The pathology is complex, involving 

excessive hepatic glucose production and impaired incretin effects [35]. While management starts with 

lifestyle changes and drugs like metformin, newer options like GLP-1 agonists and SGLT2 inhibitors are 

now frequently utilized to provide extra organ protection [36]. 

GESTATIONAL DIABETES MELLITUS (GDM) 

GDM is a form of glucose intolerance first recognized during pregnancy, affecting roughly 7% of 

pregnancies worldwide [37]. It occurs when placental hormones induce insulin resistance that the mother's 

$\beta$-cells cannot overcome [38]. GDM carries risks such as neonatal hypoglycemia, macrosomia (large 

birth weight), and an increased likelihood of C-section deliveries. 

Beyond the immediate pregnancy, women with GDM have a significantly higher risk of transitioning to 

T2DM later in life. Their offspring also face increased risks of obesity and metabolic issues [39]. Standard 

screening involves an oral glucose tolerance test (OGTT) performed between the 24th and 28th weeks of 

pregnancy [40]. 

INDICATORS OF DIABETES MELLITUS 

Diabetes mellitus (DM) refers to a cluster of metabolic ailments defined by chronic hyperglycemia 

originating from defects in insulin production or performance. While clinical presentations differ based on 
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the specific type and duration of the condition, symptoms are fundamentally driven by high blood sugar and 

its widespread systemic impact [41]. 

Polyuria and Polydipsia When plasma glucose exceeds the renal threshold—approximately 180 mg/dL—

the kidneys cannot reabsorb the excess, causing glucose to enter the urine and pull water along with it. This 

results in frequent urination (polyuria). The subsequent dehydration stimulates the brain's thirst centers, 

leading to excessive fluid intake (polydipsia) [42]. These represent the most classic early indicators for all 

forms of the disease [43]. 

Polyphagia and Weight Loss Because cells cannot effectively absorb glucose for fuel, the body enters a 

state of perceived starvation despite high blood sugar, triggering intense hunger (polyphagia). In Type 1 

cases, the lack of insulin forces the body to metabolize fat and muscle tissue, causing rapid weight loss 

[44][45]. For those with Type 2, significant weight reduction is rarer in the initial stages but can emerge as 

insulin production fails over time [46]. 

Lethargy and Weakness Poor glucose utilization translates to a lack of cellular energy. This manifests as 

persistent fatigue, a sense of weakness, and a noticeable drop in physical stamina [47].  

Visual Impairments Elevated glucose levels create an osmotic shift that causes the lens of the eye to swell, 

resulting in blurred vision. If hyperglycemia remains chronic, it can lead to diabetic retinopathy, 

characterized by vascular microaneurysms and hemorrhages that threaten permanent sight [48]. 

Infections and Slow Recovery High sugar levels hinder white blood cell (neutrophil) efficiency and 

compromise circulation. This makes the body more prone to candidiasis, urinary tract issues, and skin 

infections, while also slowing the rate of wound healing [49]. These complications are particularly severe in 

cases of poor glycemic control [50]. 

Neuropathic Signs Damage to peripheral nerves often results in "pins and needles" sensations, numbness, 

burning pain, or a total loss of feeling, primarily in the lower extremities. These neuropathic changes 

significantly increase the danger of unnoticed injuries, foot ulcers, and potential amputations [51].  

Additional Symptoms 

Some individuals may experience less typical symptoms such as dry mouth (xerostomia), itchy skin 

(pruritus), mood changes like irritability, and cognitive disturbances related to fluctuating blood sugar levels 

[56]. 

GLOBAL IMPACT OF DIABETES MELLITUS 

Prevalence and Growth Patterns 

Diabetes mellitus has emerged as one of the most fast-moving threats to international public health. Data 

from the 2025 International Diabetes Federation (IDF) Diabetes Atlas (11th edition) indicates that roughly 

589 million adults (ages 20–79) were living with the condition in 2024, accounting for approximately 

11.1% of the world's adult population [57]. Projections suggest this figure will climb to 853 million by 

2050, underscoring the intensifying pressure on global health systems [58]. 

Since the turn of the century, the global incidence of diabetes has almost doubled. This surge is primarily 

driven by demographic aging, rapid urban development, modernized dietary habits, and escalating levels of 

obesity and sedentary behavior—particularly within low- and middle-income countries (LMICs) [59]. 
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Currently, nearly 80% of the diabetic population lives in LMICs, regions where medical infrastructures 

frequently face significant challenges in providing consistent chronic disease management [60].  

India, China, and the United States remain the nations with the largest total populations affected by the 

disease [61]. While the African continent presently maintains a comparatively lower prevalence rate of 

around 4.5%, it is forecasted to undergo the most dramatic relative spike—potentially rising by 129%—by 

the year 2045 [62]. 

MORTALITY AND MORBIDITY 

Diabetes is a primary driver of global fatality rates, responsible for more than 3.4 million deaths in 2024—a 

staggering rate of one death every nine seconds [63]. Cardiovascular disease continues to be the most 

frequent cause of death among those with the condition [64]. Furthermore, long-term complications 

including renal failure, vision loss, lower-limb amputations, and nerve damage severely diminish quality of 

life and intensify the demand for medical services [65]. 

A major public health challenge is the prevalence of undiagnosed cases; worldwide, approximately 50% of 

adults living with diabetes are oblivious to their status [70]. Such delays in identification result in more 

severe physiological damage and escalated medical expenses upon eventual diagnosis. In addition to direct 

healthcare costs, the disease places a heavy strain on society through diminished workplace productivity and 

weakened economic growth [71]. 

ECONOMIC BURDEN 

By 2024, international healthcare expenditures related to diabetes surpassed USD 1 trillion, representing a 

massive 338% surge over the last 17 years [72]. These ballooning costs are overwhelming healthcare 

infrastructures globally and creating significant obstacles to attaining universal health coverage. 

Interestingly, while the majority of patients reside in low- and middle-income countries (LMICs), high-

income nations still incur the highest per capita spending on the disease [73]. 

HEALTH SYSTEMS IMPACT AND RESPONSE 

Effective diabetes management requires a transition from short-term, episodic care to a comprehensive, 

long-term chronic disease management model. This approach emphasizes coordinated multidisciplinary 

care, patient education, continuous glucose monitoring, and sustained access to essential medicines and 

healthcare technologies [74]. Such integrated care models are critical for improving treatment adherence, 

preventing complications, and enhancing patient outcomes. 

In response to the rising diabetes burden, many countries have implemented national prevention and control 

programs. International health agencies advocate for early diagnosis, promotion of healthy lifestyles, and 

reduction of modifiable risk factors such as obesity and physical inactivity [75]. Additionally, the growing 

use of digital health tools and telemedicine has improved access to diabetes care, particularly in resource-

limited and underserved populations, by enabling remote monitoring, virtual consultations, and timely 

clinical interventions [76]. 
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PROJECTIONS AND FUTURE CHALLENGES 

In the absence of effective large-scale prevention strategies, the global diabetes epidemic is expected to 

expand further. Projections suggest that by 2045, approximately 783 million individuals worldwide will be 

living with diabetes, with global healthcare expenditures potentially surpassing USD 1.3 trillion [80]. Low- 

and middle-income countries (LMICs) are anticipated to face the greatest burden due to rapidly increasing 

prevalence and constrained healthcare infrastructure. 

Addressing this challenge requires a strong focus on minimizing modifiable risk factors, enhancing early 

detection, and reinforcing healthcare systems to deliver sustained, high-quality diabetes care. Strengthening 

primary healthcare services, expanding access to affordable treatments, and integrating preventive strategies 

into public health policies are essential for effective diabetes management and long-term disease control 

[77]. 

EPIDEMIOLOGICAL OVERVIEW 

India faces a mounting public health crisis due to the rapid rise in diabetes prevalence. As reported in the 

11th edition of the International Diabetes Federation (IDF) Diabetes Atlas (2025), approximately 10.5% of 

Indian adults aged 20–79—equating to nearly 89.8 million people—are living with diabetes [78]. This 

marks a sharp increase from 32 million in 2000, underscoring the disease’s accelerating spread [79].  

Prevalence rates vary significantly across states. Southern regions like Tamil Nadu and Kerala, and western 

states such as Goa and Maharashtra, report higher rates than northern and northeastern areas 80][81]. Urban 

populations show a prevalence of about 11.2%, compared to 5.2% in rural areas, reflecting disparities in 

lifestyle, socioeconomic status, and environmental exposures [82]. 

 

INCIDENCE AND MORTALITY TRENDS 

National epidemiological data spanning 1990 to 2021 indicate a consistent increase in diabetes incidence 

across India, rising from 162.7 to 264.5 cases per 100,000 population. Among all states, Tamil Nadu reports 

the highest incidence rates [78]. Diabetes-related mortality has also shown an upward trend, with a more 

pronounced rise observed in several northern states [83]. Regions characterized by a high prevalence of 

diabetes combined with limited healthcare resources exhibit the greatest age-standardized mortality rates 

(ASMR), underscoring disparities in disease burden and access to care. 

RISK FACTORS 

The Indian population demonstrates heightened susceptibility to diabetes due to a complex interplay of 

genetic predisposition and environmental influences. Key contributing factors include pronounced insulin 

resistance, increased central adiposity, and progressive β-cell dysfunction [84]. Rapid urbanization has 

significantly altered lifestyle patterns, leading to increased intake of energy-dense, processed foods and 

reduced levels of physical activity, thereby accelerating disease onset and progression [84]. Additionally, 

socioeconomic status, educational attainment, and accessibility of healthcare services play critical roles in 

determining diabetes prevalence, early diagnosis, and long-term disease control [85]. 

DISEASE MANAGEMENT AND HEALTHCARE INFRASTRUCTURE 

Delivering comprehensive diabetes care remains a significant challenge within India’s healthcare system. 

Despite the implementation of the National Programme for Prevention and Control of Cancer, Diabetes, 

Cardiovascular Diseases and Stroke (NPCDCS), substantial gaps persist in early detection, treatment 

adherence, and effective management of diabetes-related complications [86]. These challenges are 
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particularly pronounced in rural and underserved areas, where access to affordable insulin, glucose 

monitoring devices, and specialist care is often limited [87]. 

In response, innovative strategies such as public–private partnerships and digital health interventions have 

been introduced, including telemedicine services and community-based screening initiatives aimed at 

improving early diagnosis and continuity of care [88]. However, achieving uniform implementation and 

scalability of these programs across diverse geographic and socioeconomic settings continues to be a major 

obstacle [89]. 

COMPLICATIONS AND DISEASE BURDEN 

Diabetes-related complications represent a major contributor to the overall healthcare burden in India. 

Diabetic retinopathy affects approximately one-third of individuals with diabetes and remains a leading 

cause of preventable visual impairment [89]. The prevalence of diabetic nephropathy has also increased 

significantly and is now one of the primary causes of end-stage renal disease (ESRD) in the country [90]. In 

addition, chronic complications such as peripheral neuropathy, diabetic foot ulcers, and cardiovascular 

disorders substantially elevate morbidity and mortality, placing considerable strain on both patients and 

healthcare systems [91]. 

ECONOMIC AND SOCIAL IMPACT 

The financial burden of diabetes in India is substantial, with annual costs—including direct healthcare 

expenditures and indirect losses due to reduced productivity, long-term disability, and premature 

mortality—amounting to several tens of billions of U.S. dollars [92]. Beyond economic consequences, 

diabetes exerts profound social effects, including disease-related stigma, deterioration in quality of life, and 

increased psychological and caregiving responsibilities for families and caregivers [93]. 

FUTURE DIRECTIONS AND CHALLENGES 

Projections indicate that the number of individuals living with diabetes in India could surpass 120 million 

by 2030, highlighting the urgency of effective intervention strategies [94]. Addressing this growing burden 

will require prioritization of preventive measures, enhanced public awareness campaigns, strengthened early 

detection programs, and the integration of diabetes care services across urban and rural healthcare settings 

[95]. 

FUTURE DIRECTIONS AND CHALLENGES 

Current projections indicate that India’s diabetic population may exceed 120 million by 2030, underscoring 

the urgent need for comprehensive preventive and control strategies [94]. To mitigate this growing burden, 

priority must be given to strengthening preventive healthcare, expanding public awareness initiatives, 

improving early diagnosis, and ensuring seamless integration of diabetes care services across both urban and 

rural healthcare systems [95]. 

Over the last century, the therapeutic landscape for diabetes has evolved remarkably. Management has 

transitioned from an exclusive dependence on insulin therapy to a diverse range of pharmacological agents 

designed to address multiple pathophysiological mechanisms of the disease. These treatments aim not only 

to achieve effective glycemic control but also to minimize complications, improve patient quality of life, 

and reduce treatment-associated adverse effects [96]. 
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CLASSIFICATION OF ANTIDIABETIC MEDICATIONS 

Currently, nine major classes of antidiabetic drugs are used globally [97]: 

1. Biguanides (e.g., Metformin) 

2. Sulfonylureas 

3. Meglitinides 

4. Thiazolidinediones (TZDs) 

5. Alpha-glucosidase inhibitors 

6. DPP-4 inhibitors 

7. GLP-1 receptor agonists 

8. SGLT2 inhibitors 

9. Insulin and its analogs 

 DRUG CLASSES AND THEIR PROFILES 

Biguanides 

Metformin is the only biguanide currently used in clinical practice. It lowers blood glucose primarily by 

decreasing hepatic gluconeogenesis and improving insulin sensitivity in peripheral tissues [98]. Owing to its 

proven efficacy, favorable safety profile, modest weight reduction, and cardiovascular benefits, it remains 

the first-line treatment for type 2 diabetes [99]. Gastrointestinal intolerance is frequently reported, whereas 

lactic acidosis is an uncommon but potentially life-threatening adverse effect [100]. 

Sulfonylureas 

Sulfonylureas act by enhancing insulin secretion from pancreatic β-cells. Although they effectively reduce 

plasma glucose levels, their use is limited by risks of hypoglycemia and weight gain [101]. Newer-

generation agents such as glimepiride have largely supplanted older drugs like chlorpropamide because of a 

better safety profile [102]. 

Meglitinides 

Meglitinides, including repaglinide and nateglinide, are rapid-acting insulin secretagogues primarily used to 

manage postprandial hyperglycemia [103]. They allow flexible meal-time dosing but are also associated 

with hypoglycemia and weight gain [104]. 

Thiazolidinediones (TZDs) 

 

TZDs such as pioglitazone and rosiglitazone enhance insulin sensitivity through activation of PPARγ 

receptors in adipose tissue, skeletal muscle, and the liver [105]. While they improve glycemic control and 

lipid metabolism, their adverse effects include fluid retention, weight gain, and an elevated risk of heart 

failure [106]. 

 

Alpha-glucosidase Inhibitors 

 

Alpha-glucosidase inhibitors like acarbose slow the intestinal breakdown and absorption of carbohydrates, 

thereby lowering postprandial glucose excursions [107]. Their antihyperglycemic effect is modest,  and 

gastrointestinal adverse effects such as bloating, flatulence, and diarrhea are common [108]. 
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DPP-4 Inhibitors 

 

DPP-4 inhibitors (e.g., sitagliptin and saxagliptin) enhance endogenous incretin activity, resulting in 

glucose-dependent insulin release and suppression of glucagon secretion [109]. These agents are generally 

well tolerated, have a low risk of hypoglycemia, and do not significantly affect body weight [110].  

GLP-1 Receptor Agonists 

 

GLP-1 receptor agonists such as liraglutide and semaglutide stimulate insulin secretion, inhibit glucagon 

release, delay gastric emptying, and increase satiety, leading to clinically meaningful weight loss [111]. 

They also demonstrate cardiovascular risk reduction in patients with established disease. Nausea and 

gastrointestinal disturbances are the most frequently reported adverse effects [112]. 

SGLT2 Inhibitors 

 

SGLT2 inhibitors, including canagliflozin and empagliflozin, reduce plasma glucose by increasing renal 

glucose excretion via an insulin-independent mechanism [113]. In addition to glycemic control, they 

provide cardiovascular and renal benefits, though they may increase the risk of genital and urinary tract 

infections and, rarely, diabetic ketoacidosis [114]. 

Insulin Therapy 

 

Insulin therapy is indispensable for patients with type 1 diabetes and is often required in later stages of type 

2 diabetes. Various formulations are available, including rapid-acting, long-acting, and premixed 

preparations [115]. Hypoglycemia and weight gain remain the major limitations of insulin use [116]. 

 

BENEFITS OF ANTIDIABETIC MEDICATIONS 

 

• Significant improvement in glycemic control, including reductions in blood glucose levels and HbA1c, 

thereby decreasing the incidence of microvascular complications [117] 

• Cardiovascular risk reduction observed with certain drug classes, notably SGLT2 inhibitors and GLP-1 

receptor agonists [118] 

• Favorable effects on body weight, particularly weight loss associated with GLP-1 receptor agonists and 

metformin therapy [119] 

• Renoprotective effects, especially evident with the use of SGLT2 inhibitors [120] 

 

LIMITATIONS AND ADVERSE EFFECTS 

• Increased risk of hypoglycemia is associated with insulin secretagogues such as sulfonylureas and 

meglitinides, as well as with insulin therapy [121] 

• Metformin and alpha-glucosidase inhibitors commonly cause gastrointestinal adverse effects, including 

nausea, diarrhea, and abdominal discomfort [122] 

• Thiazolidinediones are linked to fluid retention and may exacerbate or precipitate heart failure in 

susceptible patients [123] 

• SGLT2 inhibitors are associated with a higher incidence of urinary tract and genital infections due to 

increased glycosuria [124] 

• The high cost and requirement for injectable administration limit the widespread adoption of GLP-1 

receptor agonists [125] 
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NEW RESEARCH DRUGS IN DIABETES MELLITUS – ADVANCES AND CLINICAL IMPACT 

IN 2025 INTRODUCTION 

Diabetes management is entering a rapidly evolving era, driven by the development of innovative 

pharmacologic agents, novel delivery platforms, and biologic therapies that target underlying disease 

mechanisms. The expanding research pipeline aims not only to improve glycemic control and reduce long-

term complications but also to modify disease progression and potentially induce remission, particularly in 

type 1 diabetes (T1D) [126]. 

STEM CELL AND BETA-CELL REPLACEMENT THERAPIES 

Recent advances emphasize the restoration of endogenous insulin secretion through beta-cell regeneration 

and replacement strategies. A prominent example is Vertex Pharmaceuticals’ Zimislecel (VX-880), a stem 

cell–derived islet cell therapy that has demonstrated promising results in phase 3 trials, with some T1D 

patients achieving sustained insulin independence [127]. 

Encapsulation-based approaches, such as CRISPR Therapeutics’ VCTX-211, are designed to protect 

implanted cells from immune attack, potentially reducing or eliminating the need for long-term 

immunosuppression [128]. Additional platforms, including ViaCyte’s PEC-Direct and PEC-Encap devices, 

utilize semi-permeable membranes to support pancreatic progenitor cell survival and function [129]. 

Similarly, Sernova’s Cell Pouch™—a bioengineered implantable system—has shown encouraging 

outcomes in early-stage clinical studies [130]. 

IMMUNE MODULATION AND DISEASE MODIFICATION 

Immunotherapeutic strategies are increasingly recognized for their role in altering disease progression in 

T1D. Teplizumab (Tzield™) has emerged as the first FDA-approved therapy shown to delay the onset of 

stage 2 T1D by preserving residual beta-cell activity [131]. Its regulatory approval in regions such as China 

and the United Kingdom highlights growing global acceptance of immune-based diabetes interventions 

[132]. 

Additionally, verapamil, a calcium channel blocker, has demonstrated potential benefits in newly diagnosed 

T1D patients by reducing endoplasmic reticulum stress and preserving beta-cell function [133]. 

NEW ORAL AGENTS AND COMBINATION THERAPIES 

Oral formulations of GLP-1 receptor agonists, notably semaglutide (Rybelsus), have enhanced patient 

convenience while maintaining efficacy in glycemic control, weight reduction, and cardiovascular risk 

mitigation [134]. 

Novel compounds such as PATAS target insulin resistance at the adipocyte level and may play a role in 

preventing type 2 diabetes (T2D) and associated metabolic disorders [135]. Microbiome-based 

approaches—including fecal microbiota transplantation and genetically engineered gut bacteria—are also 

being explored, though their clinical utility remains in early investigational stages [136]. 

Tirzepatide, a dual GLP-1/GIP receptor agonist, has consistently demonstrated superior reductions in 

HbA1c and body weight compared with single-incretin therapies in patients with T2D [137]. 
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INNOVATIONS IN INSULIN DELIVERY 

Significant progress is being made toward improving insulin administration. Research efforts include the 

development of needle-free delivery systems, ultra-rapid-acting insulin analogs, and oral insulin 

formulations utilizing nanocarrier technologies to enhance gastrointestinal stability and hepatic targeting, 

thereby reducing hypoglycemia risk [138]. 

Artificial pancreas systems that combine continuous glucose monitoring with automated insulin delivery are 

also advancing, offering improved glycemic control and enhanced quality of life for insulin-dependent 

patients [139]. 

CHALLENGES AND SAFETY CONSIDERATIONS 

Despite these advancements, notable challenges persist. Immunotherapies such as teplizumab require 

careful patient selection and close monitoring due to potential immune-related adverse effects [140]. Stem 

cell–based interventions remain limited by high costs, risks of immune rejection, and dependence on 

immunosuppressive therapy [127]. 

Oral insulin formulations continue to face obstacles related to absorption and bioavailability [128]. 

Furthermore, while GLP-1 receptor agonists and SGLT2 inhibitors offer substantial benefits, they are 

associated with gastrointestinal disturbances, urinary tract infections, and rare but serious adverse events 

such as pancreatitis and diabetic ketoacidosis [129]. 
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