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ABSTRACT 

	
 According to the International Diabetes Federation (IDF Diabetes Atla) and  Indian Council of Medical Research-India Diabetes (ICMR-INDIAB)  study, type 2 diabetes mellitus (T2DM) remains a major public health issue with a considerable impact on human life, affecting over India, there are approximately 89.8 million adults living with diabetes (20‑79 yrs) as per the IDF Diabetes Atlas and ICMR-INDIAB and 589 million adults aged 20‑79 globally are living with diabetes as of 2024/2025. In 2024, just over four in ten (42.8%; 251.7 million adults living with diabetes (20–79 years old) were undiagnosed. The projected for India by 2025, it will increse up to 75% inder T2DM condition, The figure goes from 89.9  million in 2024, this number will increse 156.7 millions in 2050, keeping India second position. Type 2 Diabetes Mellitus (T2DM) is a major risk factor for both microvascular and macrovascular complications. Microvascular complications arise from damage to small blood vessels and include diabetic retinopathy, which can lead to vision loss; diabetic nephropathy, a leading cause of chronic kidney disease; and diabetic neuropathy, which affects nerve function, particularly in the extremities. In addition, T2DM significantly increases the risk of macrovascular complications, such as coronary artery disease (CAD), cerebrovascular disease (stroke), and peripheral artery disease (PAD). One of the most serious outcomes associated with these complications is the development of diabetic foot complications, which result from a combination of peripheral neuropathy and poor circulation. This condition greatly elevates the risk of foot ulcers, infections, and gangrene, often leading to lower-limb amputations if not properly managed. In recent decades, researchers have discovered a variety of blood-based biomarkers that offer valuable insights into the pathophysiological mechanisms of Type 2 Diabetes Mellitus (T2DM). These biomarkers play a crucial role in tracking the disease’s progression—from the early stages of insulin resistance and prediabetes to full-blown diabetes and advanced, end-stage complications. In this review, we look at how promising biomarkers can be useful in managing Type 2 Diabetes Mellitus (T2DM). We also discuss how these biomarkers can help create more personalized treatment plans based on each patient’s unique needs. Additionally, we highlight the drugs available in the Indian market that are used to treat T2DM and its related complications.
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1. INTRODUCTION

In 2014, the World Health Organization (WHO), in collaboration with the NCD Risk Factor Collaboration (NCD-RisC), estimated that approximately 422 million people worldwide were living with diabetes. This estimate closely aligned with the International Diabetes Federation (IDF) estimate from 2015, which reported 415 million cases. However, more recent data from WHO/NCD-RisC indicates a significant increase in global diabetes prevalence. According to their latest publication, around 828 million adults aged 18 and older were living with diabetes in 2022[1-2]. This figure is considerably higher than other major estimates; for instance, the IDF’s Diabetes Atlas projects about 589 million people with diabetes in 2024, while the Global Burden of Disease (GBD) Study reported 485 million individuals aged 20 to 79 living with the condition in 2021. The discrepancies in diabetes estimates arise from the different methodologies used by various organizations. Estimating the global burden of diabetes is a complex task that involves several key decisions, such as selecting which population studies to include, defining what constitutes a diabetes case (e.g., determining whether to base this definition on blood glucose levels, diagnosis history, or medication use), and estimating figures for countries lacking reliable data[3-4]. Consequently, although these organizations aim to provide accurate global figures, their numbers can differ significantly due to variations in their approaches, data sources, and underlying assumptions. Type 2 diabetes mellitus (T2DM) is estimated to contribute to nearly 90% of the global diabetes burden [5-6]. This condition poses an increased risk for several severe health complications, including kidney disease, hypertension, heart disease, vasculopathy, and neuropathy, which can lead to significant health challenges [7-11]. According to a report from the World Health Organization (WHO), diabetes and its associated kidney complications account for at least 2 million deaths worldwide. Furthermore, research shows that individuals with diabetes are nearly twice as likely to experience a stroke compared to those without the condition.  The diagnosis of T2DM relies on criteria such as fasting blood glucose levels over 130 mg/dL, HbA1c greater than 7% (indicating an average blood glucose of 154 mg/dL), and lifestyle assessment. Blood glucose levels fluctuate and typically rise with age[12-15]. Uncontrolled hyperglycemia increases the risk of microvascular and macrovascular complications. Several neuroendocrine factors, including nervous system activation and pancreatic hormone secretion, play a role in blood glucose regulation. Key organs for maintaining glucose homeostasis include the liver, pancreas, and gastrointestinal tract.
In the literature, numerous reports exist about the identification of biomarkers. We have searched various types of biomarkers using PubMed, ScienceDirect, Google, and SciFinder.  Therefore, in this review, we examine and assemble the various types of biomarkers associated with treatments in patients with T2DM. We have extended this review in concern with the medical treatments associated with Combination Therapy Approaches for T2DM.

2 Emerging biomarkers in T2DM

Given the growing burden of diabetes, early detection and advanced treatment strategies have become increasingly important. The discovery of emerging biomarkers is critical for identifying individuals who are more susceptible to developing diabetes and its related complications. This article explores the potential of these novel biomarkers in improving diabetes care by offering insights into disease progression and guiding safer, more targeted therapeutic approaches. A range of these biomarkers is depicted in Figure 1 for reference.
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Figure 1. Biomarkers in diabetes mellitus.
Type 2 Diabetes Mellitus (T2DM) is a major health challenge in India, characterized by a high risk of developing both microvascular and macrovascular complications. Biomarkers play a crucial role in identifying these complications early, helping in timely intervention and better management of the disease. In Indian patients, several biomarkers have been studied for their association with these complications. There are two major types of complications: microvascular complications and Macrovascular complication[16]s. Type 2 Diabetes Mellitus (T2DM) is a major health challenge in India. 
For microvascular complications, which primarily affect small blood vessels and organs like the kidneys, eyes, and nerves, markers such as urinary Neutrophil Gelatinase-Associated Lipocalin (NGAL) and Kidney Injury Molecule-1 (KIM-1) are important indicators of early kidney damage or diabetic nephropathy[17]. These markers often rise before conventional tests like serum creatinine or microalbuminuria detect kidney dysfunction, providing an early warning sign. Additionally, periostin, a marker involved in extracellular matrix remodeling, has been linked with kidney fibrosis and progression of nephropathy in Indian diabetic patients. Another traditional but crucial biomarker is HbA1c, which reflects long-term blood glucose control and correlates strongly with the risk of developing retinopathy, neuropathy, and nephropathy [18]. Below are the biomarkers associated with diabetic nephropathy (DN), diabetic retinopathy (DR), and diabetic neuropathy (DN), each outlined separately[19].
Diabetic Nephropathy (DN) Biomarkers
Several promising biomarkers for DN include NGAL (Neutrophil Gelatinase‑Associated Lipocalin), KIM-1 (Kidney Injury Molecule-1), Cystatin C, and Albuminuria. The NGAL (Neutrophil Gelatinase‑Associated Lipocalin) is an  Sensitive marker for early tubular injury, detected before albuminuria or eGFR changes[20]. The KIM-1 (Kidney Injury Molecule-1) is associated with Diabetic Nephropathy (DN) and reflects proximal tubular injury and is elevated early in nephropathy [21]. The Cystatin biomarker is a more sensitive marker for glomerular filtration rate (GFR) compared to creatinine, useful in early detection of renal dysfunction [22-23].  Albuminuria (Microalbuminuria) is one of the important biomarkers associated with diabetic Nephropathy (DN), the earliest clinical marker for kidney damage, indicating glomerular filtration barrier dysfunction [24].
Biomarkers associated with diabetic Retinopathy (DR): 
Diabetic retinopathy is increasingly recognized not only as a microvascular complication of hyperglycemia but also as a disease influenced by a complex interaction of angiogenic and inflammatory mediators. Key angiogenic biomarkers, such as Vascular Endothelial Growth Factor (VEGF), play a crucial role in driving neovascularization and increasing vascular permeability. This process can lead to macular edema and proliferative diabetic retinopathy. Additionally, inflammatory biomarkers, including Interleukin-6 (IL-6), Tumor Necrosis Factor-α (TNF-α), Interleukin-1β (IL-1β), and adhesion molecules (such as ICAM-1 and VCAM-1), contribute to the breakdown of the blood-retinal barrier. This is achieved through mechanisms like leukostasis, endothelial injury, and oxidative stress[25-26].
Classes of Biomarkers
Inflammatory Biomarkers
The inflammation biomarker plays an important role in the development of T2DM, and the identification of chronic inflammation in metabolic disorders in type 2 diabetes. Cytokines from the interleukin family, interferon-γ, tumor necrosis factor-α, and chemokines like MCP-1 were significantly higher in DR patients compared to the non-DR control group[27]
Angiogenic Biomarkers
Studies have shown increased pro-angiogenic mediators in diabetic retinopathy (DR), identified through methods like immunoassays and Western blotting. Elevated levels of angiogenic markers, including VEGF, EPO, PlGF, MMP-2, MMP-9, Ang-1, Ang-2, TGF-β1, and TSP1, have been detected in the vitreous humor of DR patients, with VEGF and EPO also heightened in the aqueous humor. Interestingly, serum VEGF levels are lower in diabetic patients. Genomic analyses support angiogenesis as a key mechanism in DR, linking various angiogenesis-related genes to its early development [28-30]. The some of the other major emerging retinal and systemic biomarkers in Type 2 Diabetes Mellitus (T2DM) and Diabetic Retinopathy (DR) involves Metabolic, Oxidative Stress, Neurodegenerative, and Non-coding RNA (ncRNA)—with a focus on their relevance and potential implementation in India.
Metabolic Biomarker
Glucose and HbA1c are traditional and widely used indicators of glycemic control in T2DM. Branched-chain amino acids (BCAAs) are often elevated in T2DM and are closely associated with insulin resistance. Cystatin C, primarily a renal biomarker, also shows a strong correlation with the severity of diabetic retinopathy. Retinol-Binding Protein 4 (RBP4) plays a role in insulin resistance and has been found at altered levels in patients with diabetic retinopathy. Additionally, adiponectin and leptin, which are dysregulated in obesity-associated T2DM, contribute to the pathogenesis of retinal vascular complications [31-32]
Oxidative Stress
Hyperglycemia in T2DM leads to the overproduction of reactive oxygen species (ROS), resulting in oxidative stress that damages retinal vessels and neurons, thereby contributing to the development of diabetic retinopathy (DR). Key oxidative stress biomarkers include malondialdehyde (MDA), a marker of lipid peroxidation, and 8-hydroxy-2'-deoxyguanosine (8-OHdG), which indicates oxidative DNA damage. Antioxidant enzymes, such as superoxide dismutase (SOD), catalase, and glutathione (GSH), are typically reduced in patients with T2DM and DR. Additionally, nitric oxide (NO) is often dysregulated, reflecting endothelial dysfunction [33-34].
In India, neurodegenerative biomarkers such as GFAP, NfL, DRIL, and RNFL thinning are showing promising clinical potential, especially with the increasing use of OCT-based retinal imaging, which provides a feasible, non-invasive approach for early detection of neurodegeneration. These markers are being explored in studies related to cognitive decline and diabetic complications[35]. In contrast, non-coding RNAs like miR-21, miR-146a, MALAT1, and NEAT1 have demonstrated high potential globally as biomarkers for inflammation, neurodegeneration, and diabetes-related complications. However, their clinical adoption in India remains limited, with few large-scale studies and a lack of standardized protocols for routine use[36]. Overall, these biomarkers provide valuable insights into the vascular complications of T2DM in Indian populations. Early identification through biomarker profiling can lead to personalized treatment approaches, reducing the burden of diabetic complications and improving patient outcomes. In the management of Type 2 Diabetes Mellitus (T2DM) in Indian populations, several classes of medications are used. However, due to unique genetic, dietary, and socioeconomic factors in India, the efficacy and safety profiles of these drugs may vary [37-38]. In Table 1, a comprehensive table summarizes the major classes of antidiabetic drugs and their examples. 
Table 1. Major Classes of Antidiabetic Drugs – Summary Table
	Pharmacological Class
	Mode of Action
	Example Drugs

	Biguanides [39]
	AMPK activation
	Metformin

	Sulfonylureas [40]
	K(ATP) channel blocking
	Glimepiride, Glibenclamide, Gliclazide, Glipizide

	SGLT2 Inhibitors [41]
	SGLT2 inhibition
	Canagliflozin, Dapagliflozin, Empagliflozin, Janagliflozin

	DPP-4 Inhibitors [42]
	DPP-4 inhibition
	Vildagliptin, Sitagliptin, Gemigliptin, Linagliptin, Saxagliptin, Alogliptin

	GLP-1 Receptor Agonists [43]
	Incretin effect
	Lixisenatide, Exenatide, Liraglutide, Semaglutide

	Alpha-Glucosidase Inhibitors [44]
	Alpha-glucosidase inhibition
	Miglitol, Acarbose, Voglibose

	Thiazolidinediones (TZDs) [45]
	PPARγ activation
	Pioglitazone, Rosiglitazone



Combination antihyperglycemic therapy for T2DM


[bookmark: _Hlk209942546]Combination antihyperglycemic therapy for Type 2 Diabetes Mellitus (T2DM) employs pharmacological agents with distinct mechanisms to enhance glycemic control. This approach frequently includes metformin in conjunction with other agents such as SGLT2 inhibitors, DPP-4 inhibitors, sulfonylureas, or even insulin. The selection of combination therapy in T2DM is influenced by several factors, including the baseline HbA1c level, the presence of comorbid conditions (such as cardiovascular or renal disease), the risk of hypoglycemia, body weight, cost considerations, and patient preferences concerning oral versus injectable medications. In general, a patient newly diagnosed with an HbA1c level of 7.5% or lower may be managed effectively with metformin monotherapy in conjunction with lifestyle modifications. Conversely, if the HbA1c surpasses 7.5%, it is typical to initiate dual therapy from the outset. Common dual combinations comprise metformin and a DPP-4 inhibitor (e.g., sitagliptin or vildagliptin) for those requiring a weight-neutral option with a low risk of hypoglycemia; metformin in combination with an SGLT2 inhibitor (such as dapagliflozin or empagliflozin) for individuals with obesity or those at risk for cardiovascular or renal issues; or metformin alongside a sulfonylurea (such as glimepiride or gliclazide), particularly when cost is a predominant concern. Should the HbA1c level exceed 9% or if dual therapy proves insufficient, the consideration of triple oral therapy may be warranted, for instance, combining metformin with a DPP-4 inhibitor and either a sulfonylurea or an SGLT2 inhibitor. In cases where the HbA1c level is above 10% or when patients are symptomatic (experiencing polyuria, weight loss, or fatigue), insulin therapy may become necessary, either as monotherapy or in conjunction with oral medications. In India, the utilization of fixed-dose combinations (FDCs) is prevalent in order to mitigate pill burden and enhance adherence, particularly with combinations such as metformin plus glimepiride or metformin plus vildagliptin. While newer agents like SGLT2 inhibitors are increasingly favored due to their cardiovascular and renal benefits, their application may be restricted by cost considerations. Ultimately, the selection of combination therapy should be individualized, aiming to achieve optimal glucose control while minimizing adverse effects, enhancing patient adherence, and taking into account factors of affordability and accessibility to medication [46].
Combination antihyperglycemic therapy for Type 2 Diabetes Mellitus (T2DM) employs pharmacological agents with distinct mechanisms to enhance glycemic control. This approach frequently includes metformin in conjunction with other agents such as SGLT2 inhibitors, DPP‑4 inhibitors, sulfonylureas, or even insulin. The selection of combination therapy in T2DM is influenced by several factors, including the baseline HbA1c level, the presence of comorbid conditions (such as cardiovascular or renal disease), the risk of hypoglycemia, body weight, cost considerations, and patient preferences concerning oral versus injectable medications. In general, a patient newly diagnosed with an HbA1c level of 7.5% or lower may be managed effectively with metformin monotherapy in conjunction with lifestyle modifications. Conversely, if the HbA1c surpasses 7.5%, it is typical to initiate dual therapy from the outset. Common dual combinations comprise metformin and a DPP‑4 inhibitor (e.g., sitagliptin or vildagliptin), which is preferred in Indian settings for a weight‑neutral option with low hypoglycemia risk, as per expert consensus [47].Metformin in combination with an SGLT2 inhibitor (such as dapagliflozin or empagliflozin) is favored in individuals with overweight or at cardiovascular or kidney risk, given the additional renal and cardiovascular benefits of SGLT2 inhibitors in Indian patients [48]. Metformin alongside a sulfonylurea (such as glimepiride or gliclazide) is often chosen when cost is a predominant concern, being a widely used and affordable option in resource-constrained settings. Should the HbA1c level exceed 9% or if dual therapy proves insufficient, the consideration of triple oral therapy may be warranted (for example, combining metformin with a DPP‑4 inhibitor and either a sulfonylurea or an SGLT2 inhibitor) [49]. In cases where the HbA1c level is above 10% or when patients are symptomatic (experiencing polyuria, weight loss, or fatigue), insulin therapy may become necessary—either as monotherapy or in conjunction with oral medications.In India, the utilization of fixed‑dose combinations (FDCs) is prevalent in order to mitigate pill burden and enhance adherence, particularly with combinations such as metformin plus glimepiride or metformin plus vildagliptin. While newer agents like SGLT2 inhibitors are increasingly favored for their cardiovascular and renal benefits, their application may be restricted by cost and access constraints in many parts of India. Ultimately, the selection of combination therapy should be individualized, aiming to achieve optimal glucose control while minimizing adverse effects, enhancing patient adherence, and taking into account affordability and accessibility to medication.
List 1 : Some Drug Combinations, Their Therapeutic Purpose/Benefits, and Corresponding Fixed-Dose Combinations (FDCs)


	Combination
	Purpose / Benefit
	Example Drugs / FDCs
	References

	Metformin + SGLT2 Inhibitor
	Improves glycemic control, aids weight loss, lowers blood pressure
	Empagliflozin + Metformin (Synjardy), Dapagliflozin + Metformin
	[50]

	Metformin + DPP-4 Inhibitor
	Enhances glucose control with low hypoglycemia risk; weight-neutral
	Sitagliptin + Metformin (Janumet), Saxagliptin + Metformin (Kombiglyze XR)
	[51]

	Metformin + Sulfonylurea
	Cost-effective, enhances insulin secretion
	Glipizide + Metformin, Glibenclamide + Metformin
	[52-53]

	Metformin + Thiazolidinedione (TZD)
	Targets insulin resistance, especially in obese or insulin-resistant patients
	Pioglitazone + Metformin (Actoplus Met)
	[54]

	Fixed-Dose Combinations (FDCs)
	Reduces pill burden, improves adherence
	Janumet, Synjardy, Actoplus Met, Kombiglyze XR
	[55-56]





4. Conclusion

Type 2 Diabetes Mellitus (T2DM) is a complex metabolic disorder marked by chronic hyperglycemia due to insulin resistance and progressive β-cell dysfunction. Key molecular mechanisms include impaired insulin signaling, chronic inflammation, mitochondrial dysfunction, and lipid metabolism abnormalities. In India, while biomarker research is expanding, it remains limited compared to global standards. Common biomarkers include HbA1c, fasting glucose, C-peptide, and lipid profiles, with emerging markers like adiponectin, CRP, IL-6, and microRNAs under investigation. However, widespread clinical use is restricted by cost, standardization issues, and limited genomic data. Combination therapy is increasingly preferred to achieve glycemic control, with metformin commonly combined with sulfonylureas, DPP-4 inhibitors, SGLT2 inhibitors, or TZDs. Fixed-dose combinations are widely used to enhance adherence, and newer triple therapies (e.g., metformin + SGLT2i + DPP-4i) are gaining popularity in urban areas, though affordability remains a barrier.
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