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PHARMACOLOGICAL MODULATION AND INTEGRATIVE THERAPEUTIC STRATEGIES IN THE MANAGEMENT OF TYPE 2 DIABETES MELLITUS: A COMPREHENSIVE REVIEW
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ABSTRACT 
	Background: Type 2 Diabetes Mellitus (T2DM) is a chronic metabolic disorder characterized by insulin resistance, impaired insulin secretion, and persistent hyperglycemia. It affects over 500 million adults globally and accounts for a major share of non-communicable disease–related morbidity, mortality, and healthcare costs. The rising prevalence is driven by sedentary lifestyles, unhealthy diets, and genetic predisposition.
Aim: This paper aims to elucidate the pathophysiological mechanisms of T2DM and review recent therapeutic advances, including both conventional and integrative management approaches.
Methods: A narrative review of recent literature was conducted to summarize data on pharmacological innovations, lifestyle interventions, and complementary therapies with clinically relevant outcomes in glycemic control.
Results: Conventional drugs such as metformin, sulfonylureas, thiazolidinediones, DPP-4 inhibitors, and insulin remain the backbone of therapy; however, adverse effects and poor adherence limit their long-term efficacy. Recent therapeutic innovations—such as SGLT2 inhibitors and GLP-1 receptor agonists—have demonstrated not only improved glycemic control but also cardiovascular and renal benefits in clinical trials. Moreover, herbal adjuvants with anti-hyperglycemic and antioxidant properties (e.g., Momordica charantia, Gymnema sylvestre, Cinnamomum verum) are gaining scientific attention as complementary strategies.
Conclusion: A comprehensive understanding of both conventional and integrative modalities is essential to developing a more patient-centered, sustainable, and effective approach to diabetes care.
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1. INTRODUCTION 

Type 2 diabetes mellitus (T2DM) is a chronic condition characterized by the body's inability to effectively use insulin, leading to increased blood glucose levels. This is a serious global public health concern, profoundly impacting human existence, quality of life, and healthcare expenditures. Type 2 diabetes mellitus (T2DM) is often associated with obesity, physical inactivity, and hereditary susceptibility (Zheng et al., 2018). The prevalence of T2DM is rising, affecting roughly 462 million individuals globally, or 6.28% of the world's population. The present prevalence rate is 6,059 cases per 100,000, anticipated to increase to 7,079 individuals per 100,000 by 2030. Diabetes ranks as the tenth leading cause of death, accounting for nearly 1 million deaths annually (G.B.D., 2021; Khan et al., 2020; Sun et al., 2021). The worldwide prevalence of Type 2 Diabetes Mellitus (T2DM) is associated with socio-economic development, with developed regions such as Western Europe displaying higher prevalence rates. An alarming rise in frequency in low-income nations requires urgent public health measures (Murray et al., 2020). According to the latest International Diabetes Federation (IDF), the global prevalence of T2DM in adults was 536.6 million people (10.5%) in 2021, and that there would be 783.2 million people (12.2%) living with diabetes worldwide by 2045 (Sun et al., 2021). In Nigeria, 3.9 million individuals had diabetes in 2019, with projections indicating an increase to over 6.0 million by 2045. Studies, including a national survey, a systematic review and meta-analysis, community-based and other epidemiological reports, showed that the prevalence of diabetes among adults had increased substantially in Nigeria, from ~ 2.2% in 1992 to ~ 10.5% in 2022 (Olamoyegun et al., 2024). This increase could be attributed to the nation’s rapid urbanization, which promotes more sedentary lives and poor eating habits. It is further worsened by the move fro, traditional diets rich in fruits, vegetable and whole grain to more processed food that are low in nutrients (Olamoyegun et al., 2024).
The pathophysiology of Type 2 Diabetes Mellitus may encompass insulin resistance and β-cell dysfunction. Insulin resistance is characterized by compromised insulin-facilitated glucose uptake in muscular and adipose tissues, as well as reduced insulin suppression of hepatic glucose synthesis (M. Li et al., 2022). The degree to which insulin deficiency results from impaired β cell functionality (i.e., the secretion capacity of individual β cells), reduced β cell mass (i.e., the total number of β cells in the pancreas), or a combination of both continues to be a topic of active discussion regarding diabetes pathogenesis (L. Li et al., 2019; R. Taylor et al., 2019; Weir, 2019). The reduction of β cell mass is suggested to begin in the early phases of diabetes before functional deterioration (Weir, 2019), and a deficiency in β cell mass predisposes an organism to impaired glucose homeostasis in diabetes (Costes et al., 2013; Du et al., 2022; Leahy, 2005). In cases of β-cell failure, insulin synthesis is reduced, limiting the body's capacity to maintain physiological glucose levels (Galicia-Garcia et al., 2020).
The rationale for integrating pharmacological and integrative approaches in the management of type 2 diabetes mellitus (T2DM) arises from the condition's complex nature, which includes insulin resistance, β-cell dysfunction, dysregulated hepatic glucose production, and chronic inflammation. Pharmacological interventions, such as metformin, GLP-1 receptor agonists, and SGLT2 inhibitors, target distinct pathophysiological processes. Conversely, integrative therapy such as dietary modifications, increased physical activity, stress management, and nutraceutical supplements targets the disease's underlying metabolic and lifestyle factors. This approach enhances glucose management, reduces cardiovascular risk, mitigates medication-related side effects, and fosters long-term sustainability through patient empowerment and adherence (Association, 2021; Davies et al., 2018; DeFronzo, 2009). Thus, the integration of pharmacological and lifestyle interventions constitutes a comprehensive approach to improving outcomes in Type 2 Diabetes Mellitus (T2DM). 
In type 2 diabetes mellitus (T2DM), the maintenance of glucose homeostasis relies on sufficient insulin secretion and tissue sensitivity. The interaction between insulin and hyperglycemia promotes glucose absorption by suppressing hepatic glucose production and increasing glucose uptake in splanchnic and peripheral tissues, particularly in muscle. In healthy individuals, the liver produces glucose at a controlled rate during fasting to meet energy demands, but cerebral glucose uptake remains constant regardless of insulin levels. Nevertheless, T2DM has elevated endogenous glucose production (EGP) despite the presence of insulin, due to hepatic insulin resistance, resulting in hyperglycemia. Studies indicate that in fasting individuals with type 2 diabetes mellitus, hepatic glucose production is increased, closely associated with the degree of fasting hyperglycemia (Cersosimo et al., 2021). The correlation between fasting plasma glucose levels and endogenous glucose production indicates that impaired insulin signaling leads to uncontrolled glucose synthesis. Moreover, the liver acquires tolerance to the suppressive effects of hyperglycemia (Cersosimo et al., 2021). Gluconeogenesis and glycogenolysis facilitate endogenous glucose generation in type 2 diabetes mellitus; elevated gluconeogenesis is often attributed to factors such as higher glucagon levels and concentrations of gluconeogenic precursors. Furthermore, hypothalamic regulation of glucose production and renal gluconeogenesis plays a role in glucose dysregulation; however, the kidney's involvement is inconsistent and influenced by hyperglycemia. The oral glucose tolerance test (OGTT) indicates that reduced muscle glucose uptake and insufficient suppression of endogenous glucose production (EGP) significantly affect glucose metabolism, leading to elevated blood glucose levels post-consumption. Insulin resistance in type 2 diabetes mellitus primarily involves hepatic glucose overproduction and diminished muscle glucose clearance, complicating effective glucose regulation through the interplay of these factors. 
2.0	PHARMACOLOGICAL ALTERATION 
2.1	FIRST-LINE THERAPY (Metformin)
Metformin, a biguanide, is the most commonly given first-line therapy for type 2 diabetes mellitus due to its remarkable glucose-lowering effectiveness. Metformin is a medicine that affects several organ systems and demonstrates a range of effects; its mechanism of action is complex and dependent on its specific indications (C. J. Bailey, 2024). This drug operates via multiple molecular routes, chiefly by suppressing hepatic gluconeogenesis through redox-dependent processes at clinically relevant dosages. Beyond its established efficacy in diabetes management, emerging data suggests its promise in prediabetes prevention, polycystic ovary syndrome (PCOS) management, and many research applications, including cancer therapy and age-related diseases (Du et al., 2022).
Mechanisms of Action 
Primary Molecular Targets 
The therapeutic effects of metformin result from complex interactions within several cellular pathways, with processes varying by tissue type and medication concentration (LaMoia & Shulman, 2020). Metformin elicits substrate-selective inhibition of gluconeogenesis at clinically relevant plasma concentrations (50-100 μM). The key aims include the production of glucose from lactate and glycerol. This effect appears to be influenced by alterations in the hepatic redox status rather than total energy depletion (LaMoia & Shulman, 2020).
Mitochondrial respiratory complex I is directly inhibited at millimolar concentrations in vitro. 
These concentrations exceed typical human plasma levels, suggesting that complex I inhibition is not required for the primary therapeutic glucose-lowering effects (LaMoia & Shulman, 2020).
The relationship between mitochondrial effects and treatment outcomes is presently being rigorous examination. 
Cellular Signaling Pathways 
AMPK and Its Subsequent Mediators 
The activation of AMP-activated protein kinase (AMPK) is often reported, but typically in an indirect manner. The activation of AMPK may be superfluous for the suppression of gluconeogenesis at therapeutic dosages. Supplementary pathways include the control of mTOR, SIRT1, FGF21, PP2A, and FBP1 (Du et al., 2022). 
Gut-Liver Axis: Evidence increasingly supports gastrointestinal processes, including: Altered bile acid metabolism, Enhanced GLP-1 secretion, Mucosal hyperplasia and barrier integrity, Modifications in microbiota composition (Du et al., 2022; Foretz et al., 2023; LaMoia & Shulman, 2020). 
Pharmacokinetics and Tissue Distribution: 
Peak plasma concentration: approximately 20-30 μM (approximately 3 hours post-administration). Targeted accumulation in gastrointestinal, hepatic, and renal tissues. This distribution pattern highlights the importance of gut-liver interactions in therapy effectiveness (Du et al., 2022).
Clinical Efficacy: Metformin is acknowledged as the principal therapy in leading international guidelines. The medicine exhibits dose-dependent glycemic effects within a daily dosage range of 500-3,000 mg, leading to substantial reductions in HbA1c, as well as favorable weight and hypoglycemia profiles (C. J. Bailey, 2024; Vieira et al., 2021). Metformin 850 mg taken bi-daily has been effective in reducing diabetes progression in high-risk groups, with benefits sustained over prolonged follow-up periods. It is particularly effective in younger patients and those with a high baseline BMI (Vieira et al., 2021).
Adverse Effects
Gastrointestinal Effects: The primary adverse effects encompass nausea, diarrhea, and abdominal discomfort. These typically present early in treatment and often resolve with continued administration; they can be alleviated with moderate dose adjustment and simultaneous consumption with meals. Extended-release versions may alleviate gastric sensitivity (C. J. Bailey, 2024; Varghese et al., 2021).
Prolonged use may lead to vitamin B12 deficiency, requiring careful monitoring of B12 levels, particularly in high-risk individuals, due to possible impacts on folate absorption. 
Severe detrimental effects include lactic acidosis. It is a rare but potentially lethal outcome. The incidence is approximately 0.03 to 0.06 cases per 1,000 patient-years. Risk factors including renal failure, hepatic dysfunction, and critical illness(C. J. Bailey, 2024; Varghese et al., 2021).
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Figure 1: Mechanisms of action for drugs approved for glycemic control in patients with T2DM (Taylor et al., 2021)

2.2	SECOND-LINE AND ADJUNCT AGENTS
2.2.1	Sulfonylureas
Sulfonylureas (SUs) were discovered in the 1940s when patients treated with sulfonamides for typhoid fever displayed notable hypoglycemia. First-generation sulfonylureas, such as tolbutamide and chlorpropamide, are rarely employed in modern medical practice. Second and third generation sulfonylureas, such as glyburide (or glibenclamide), glipizide, gliclazide, and glimepiride, remain in use in clinical practice (DeMarsilis et al., 2022). 
Mechanism of action 
Sulfonylureas are insulin secretagogues that operate by binding to the sulfonylurea receptor 1 (SUR-1) subunit of ATP-sensitive potassium (K-ATP) channels, leading to channel closure, membrane depolarization, intracellular calcium influx, and, eventually, insulin secretion. This occurs irrespective of glucose levels (Inagaki et al., 1995). SUR-1, found in pancreatic beta cells, contains two separate binding sites: the SU site and the meglitinide site. Diverse sulfonylureas demonstrate varying binding affinities for these two locations and for other SUR isoforms (SUR-2A and SUR-2B) in different tissues, including neurons, myocardium, and vascular smooth muscle cells, hence affecting the efficacy and side effects of each medication in this family (Gribble et al., 1998). As a result, members of the sulfonylurea medication class exhibit substantial variations in their pharmacodynamic and pharmacokinetic properties (Lebovitz & Melander, 2015).
Pharmacokinetics, Dosage and indications 
Sulfonylureas (SUs) promote insulin secretion independently of blood glucose concentrations; consequently, specific medications must be taken with meals (glyburide, glimepiride, glipizide extended release, gliclazide modified release), whereas others, whose absorption is impeded by food, should be ingested approximately 30 minutes before meals (glipizide immediate release, gliclazide immediate release) (Inagaki et al., 1995).The daily dosage of sulfonylureas (SUs) varies: glyburide ranges from 2.5 to 15 mg, gliclazide from 40 to 320 mg, glimepiride from 1 to 6 mg, and glipizide from 2.5 to 20 mg. SU medicines may be administered once or twice daily. Their biological activity persists considerably longer than the plasma half-life due to the formation of active metabolites (Sola et al., 2015). Sulfonylureas (SUs) are metabolized through oxidative routes that include glucuronidation and CYP450 enzymes in the liver. In the case of specific sulfonylureas, such as glyburide and glimepiride, the metabolites demonstrate hypoglycemic qualities, but for others, including glipizide and gliclazide, the metabolites do not have such effects (Krentz & Bailey, 2005). The original molecule and its metabolites are excreted by the kidneys. Sulfonylureas (SUs) may be employed in conjunction with any class of antidiabetic medication, except for meglitinides (Hermansen et al., 2007). Traditionally, sulfonylureas (SUs) have functioned as the principal adjunctive therapy to metformin; however, this paradigm has transformed over the last decade as therapeutic goals have broadened beyond simple glucose regulation.
Contraindication/Adverse effects
Sulfonylureas are contraindicated in severe hepatic insufficiency and should be used cautiously in persons with moderate to severe renal impairment (Lebovitz & Melander, 2015). Sulfonylureas interact with other drugs due to their primary hepatic metabolism and competition for plasma protein binding sites (e.g., salicylates, warfarin, monoamine oxidase inhibitors), thereby increasing the risk of hypoglycemia (Deacon, 2020). Moreover, sulfonylureas are contraindicated in people for whom it is essential to reduce the risk of hypoglycemia (DeMarsilis et al., 2022).
2.2.2	Thiazolidinediones (TZDs) 
They were discovered by Japanese researchers who, in their pursuit of more effective fibrates, found that specific compounds demonstrated hypoglycemic effects in diabetic rats (Lalloyer & Fibrates, 2010). At now, rosiglitazone and pioglitazone are utilized. 
Mechanism of action
Thiazolidinediones (TZDs) work as insulin sensitizers and serve as selective agonists for peroxisome proliferator-activated receptor-gamma (PPAR-gamma). PPAR-gamma is a member of a family of transcription factors classified as nuclear hormone receptors, which are involved in energy metabolism (Yki-Järvinen, 2004). PPAR-gamma agonists augment adiponectin secretion, a protein synthesized by adipocytes with insulin-sensitizing capabilities, and elevate the expression of glucose transporter type 4 (GLUT-4) in muscle and adipose tissue, while simultaneously suppressing the effects of tumor necrosis factor (TNF)-alpha in adipocytes. PPAR-gamma is primarily expressed in adipose tissue compared to skeletal muscle. The principal action of TZDs is on adipose tissue, where they augment fatty acid uptake and storage, leading to a decrease in fat accumulation in the liver, muscle, and pancreas. This leads to improved insulin efficacy and release (Yki-Järvinen, 2004). 
Pharmacokinetics, indications, and contraindications. 
Thiazolidinediones (TZDs) are taken once day, independent of meal intake. The starting dosage of pioglitazone is 15 mg taken once daily, with a maximum dosage of 45 mg. The first dosage of rosiglitazone is 4 mg delivered once day, with a maximum permissible dosage of 8 mg, which may be administered as 4 mg twice daily or 8 mg once daily (DeMarsilis et al., 2022). Thiazolidinediones (TZDs) are mostly metabolized by the liver and do not necessitate dosage adjustments for any degree of renal impairment, including end-stage renal disease (ESRD). Nonetheless, TZDs should be contraindicated in instances of clinically significant renal failure due to the increased risk of fluid retention (W. Wang et al., 2017). 
Thiazolidinediones (TZDs) may function as supplementary therapy for type 2 diabetes mellitus (T2DM) in the absence of cardiovascular disease. Exercise caution while prescribing TZDs to patients with diastolic dysfunction or a recorded history of heart failure (HF) (Juurlink et al., 2009). They are contraindicated for persons with symptomatic heart failure. Heart failure linked with TZD is due to fluid retention rather than intrinsic cardiac dysfunction and does not correlate with elevated death rates (Masoudi et al., 2005). Further contraindications encompass patients experiencing fluid overload from other sources, liver transaminases above 2.5 times the upper limit of normal, a history of fractures or elevated fracture risk, ongoing or previous bladder cancer, and pregnancy (DeMarsilis et al., 2022).

Adverse Effects
A common side effect of TZDs is dose-dependent fluid retention, noted in 3–7.5% of patients (Mudaliar et al., 2003). This effect is due to PPAR-gamma receptors situated in the distal nephron, which facilitate sodium reabsorption. The occurrence of TZD-induced edema is increased with simultaneous insulin therapy and reduced with the administration of SGLT2 inhibitors (DeFronzo, 2009; DeMarsilis et al., 2022; Rosenstock et al., 2012). Both TZDs can elicit a similar weight gain of roughly 3.0 kg (Chiquette et al., 2004). Studies demonstrate that pioglitazone increases subcutaneous fat while maintaining or possibly decreasing visceral fat, therefore lowering the visceral-to-subcutaneous adipose tissue ratio (Rasouli et al., 2005; Smith et al., 2005). The potential weight gain may be alleviated by the simultaneous administration of SGLT2 inhibitors or glucagon-like peptide-1 receptor agonists (Rosenstock et al., 2012). Thiazolidinediones (TZDs) may not provoke hypoglycemia when used independently; nevertheless, they may increase the likelihood of hypoglycemia when used in conjunction with insulin or secretagogues, including sulfonylureas and glinides (DeMarsilis et al., 2022).

2.3	Recent pharmaceutical drugs for treatment of T2DM
2.3.1	Dipeptidyl peptidase-4 (DPP-4) inhibitors
Dipeptidyl peptidase-4 (DPP-4) inhibitors, known as gliptins, are a product of targeted pharmaceutical advancement. Oral medications for the management of type 2 diabetic mellitus (T2DM) have been accessible since 2006. There are eleven internationally licensed DPP-4 inhibitors, with sitagliptin, linagliptin, vildagliptin, saxagliptin, and alogliptin being the most prevalent (Deacon, 2020).
Mechanism of action: 
[bookmark: _Hlk213953758]DPP-4, a serine protease, is extensively expressed in multiple organs, such as the kidneys, enterohepatic system, and uterus. Post-prandial incretin levels are diminished in Type 2 Diabetes Mellitus (T2DM), leading to decreased insulin production and resultant hyperglycemia (DeMarsilis et al., 2022). Incretin hormones, including GLP-1 and GIP, exhibit a short half-life (1–2 minutes and 7 minutes, respectively) owing to breakdown by the enzyme DPP-4 (DeMarsilis et al., 2022). DPP-4 medications block this enzyme by 80–90%, resulting in a 2–3-fold increase in GLP-1 (primarily) and GIP levels. Glucose stimulates GLP-1, which increases insulin release and decreases glucagon levels, leading to lower blood glucose levels (Deacon, 2020). 
Pharmacokinetics, Dosing, indications and contraindications 
DPP-4 inhibitors are given as a single daily dose of 25 mg for alogliptin, 5 mg for linagliptin and saxagliptin, 100 mg for sitagliptin and as a twice daily dose of 50 mg for vildagliptin. Omarigliptin and trelagliptin are long-acting DPP-4 inhibitors, which are given once weekly, and are approved in Japan but not the USA (DeMarsilis et al., 2022). DPP-4 inhibitors can be taken at any time regardless of meals. Except for linagliptin, these drugs are eliminated by the kidneys. Saxagliptin and vildagliptin have an active metabolite also renally excreted. Linagliptin is eliminated via hepatobiliary route in the feces  (DeMarsilis et al., 2022). DPP-4 inhibitors can be safely used in those with kidney dysfunction, including ESRD. However, apart from linagliptin, the doses of these drugs must be adjusted according to the state of renal impairment. There is no need for dose adjustments with linagliptin for liver or renal impairment  (DeMarsilis et al., 2022). 
2.3.2	Glucagon-like Peptide-1 (GLP-1) receptor agonists.
GLP-1 receptor agonists (GLP-1 RAs) are a subclass of incretin-based treatments (IBTs) frequently employed in the management of type 2 diabetes mellitus (T2DM) (Holst, 2019). 
Mechanism of action
GLP-1 enhances insulin secretion in a glucose-dependent fashion, suppresses glucagon secretion, reduces hunger, and prolongs stomach emptying (Hare et al., 2010; Holst, 2019). In patients with T2DM, the incretin action is impaired, leading to a relative deficit of GLP-1 (Calanna et al., 2013). Thus, GLP-1 is a targeted molecule for the management of T2DM. The enzyme DPP-4, present on several cell surfaces and in the circulation, rapidly inactivates native GLP-1 (Vahl et al., 2003). GLP-1 receptor agonists (GLP-1 RAs) are DPP-4 resistant analogues of GLP-1 that extend the half-life of GLP-1, providing prolonged activation of the GLP-1 receptor (GLP-1R) and increasing GLP-1 levels beyond natural norms. The GLP-1R is a G-protein coupled receptor mostly found in pancreatic beta cells, essential for the regulation of blood glucose homeostasis via many processes (Donnelly, 2012). The expression of these receptors has been observed in gastric mucosa, renal tissue, skin, immune cells, and the hypothalamus, presumably clarifying the appetite-suppressing actions of this medication family (Lee & Jun, 2014). This element enhances the comprehensive weight loss advantages linked to the drug. Furthermore, studies indicate that increased GLP-1 levels improve insulin sensitivity. Various molecular pathways have been suggested to enable this activity. This involves reducing oxidative stress by improving the antioxidant defense system (Fernández-Millán et al., 2016.; Rizzo et al., 2015), alleviating inflammatory reactions by lowering TNF-alpha and Nuclear Factor-kB (NF-kB) levels in endothelial cells (Shiraki et al., 2012), and modulating micro RNAs (miR) linked to lipid metabolism (Capuani et al., 2018). Furthermore, GLP-1 is believed to mitigate endoplasmic reticulum (ER) stress, therefore reducing insulin resistance generated by ER stress (Jiang et al., 2018).
Pharmacokinetics
All GLP-1 RAs are administered via subcutaneous injection, except for oral semaglutide. Presently, liraglutide is indicated to achieve glycemic control in patients with T2DM along with diet and lifestyle modifications, but also to reduce the risk of major adverse cardiovascular events in adults with T2D and established CV disease (DeMarsilis et al., 2022). Liraglutide along with all other long-acting GLP-1 RAs are contraindicated in patients with a history of medullary thyroid cancer or multiple endocrine neoplasia IIA or IIB (DeMarsilis et al., 2022).
Adverse effects
Gastrointestinal side effects are the most frequent and consistent adverse effect of the GLP-1 RAs, in the form of nausea, vomiting, diarrhea, and possible gallstone disease. Generally, these adverse events seem to be dose dependent and transient, disappearing as treatment continues (DeMarsilis et al., 2022).
2.3.3	Sodium-Glucose Cotransporter 2 inhibitors 
Mechanism of action
The kidneys are crucial for glucose homeostasis, primarily through the reabsorption of glucose in the proximal convoluted tubule (Gerich, 1998). The SGLT2 receptors are high-capacity, membrane-bound transport proteins responsible for approximately 97% of glucose reabsorption (DeMarsilis et al., 2022). Glycosuria often occurs when the renal threshold for glucose reabsorption, around 180 mg/dL, is surpassed, with a maximum reabsorptive capacity of roughly 430–500 g every 24 hours. In diabetes, renal gluconeogenesis is heightened, and glucose reabsorption is abnormally augmented due to the overexpression of SGLT2 receptors (Rahmoune et al., 2005). SGLT2 inhibitors (SGLT2i) are pharmacological drugs that block SGLT2 receptors, hence lowering the renal threshold for glycosuria and consequently decreasing renal glucose reabsorption (DeFronzo et al., 2011). As SGLT2 receptor activity increases with elevated hyperglycemia, glucose reabsorption intensifies, resulting in heightened glycosuria due to SGLT2 suppression (Rahmoune et al., 2005). Increased glycosuria leads to caloric depletion, osmotic diuresis, and natriuresis, resulting in decreased blood pressure, weight reduction, diminished plasma volume, and reduced cardiac preload (Scheen, 2014; Sandhu & Zheng, 2024). SGLT2 inhibitors demonstrate a wide range of effects on biochemical and hemodynamic pathways, which contribute to their beneficial cardiovascular and renal outcomes (Marfella et al., 2022; Prattichizzo et al., 2021).
2.4	Challenges and Limitations
The challenges and limitations of pharmacological modulation for T2DM include inadequate patient adherence, complex medication regimens, adverse effects such as hypoglycemia and weight gain, and restrictions in therapeutic efficacy due to patient-specific factors like declining beta-cell function or renal impairment. Furthermore, therapeutic inertia, defined by physicians' hesitance to intensify treatment, together with the complexities of polypharmacy, constitutes significant obstacles that may worsen long-term outcomes (Nikpour et al., 2022).
3.0	INTEGRATIVE AND COMPLEMENTARY THERAPIES 
3.1	LIFESTYLE INTERVENTIONS
Numerous effective treatments for preventing T2DM include lifestyle modifications such as weight loss, increased physical activity, and dietary changes (Uusitupa et al., 2020). 
Weight Loss
Weight reduction is an effective intervention for the prevention of Type 2 Diabetes Mellitus (T2DM), since it improves insulin secretion; it is also advised for overweight or obese individuals with T2DM. Multiple substantial studies have validated the notion that weight loss is associated with a decreased risk of developing Type 2 Diabetes Mellitus (T2DM) (Yun & Ko, 2021).
Physical activity 
A multitude of studies has demonstrated that physical activity is crucial for the prevention of Type 2 Diabetes Mellitus (T2DM). The Finnish Diabetes Prevention Study aimed to assess the effect of lifestyle modification on the prevention of Type 2 Diabetes Mellitus (T2DM). It randomly assigned 522 middle-aged adults categorized as overweight with poor glucose tolerance to either an intervention group or a control group. The intervention group of the trial included dietary adjustments and physical activity, targeting at least 30 minutes of moderate-intensity exercise daily, in conjunction with a low-fat, low-dairy diet to promote weight loss (Knowler et al., 2002).
Relative to the control group, the intervention group exhibited a 58% reduction in T2DM incidence over four years and recorded an average weight loss of around 4.2 kg (9.25 lbs). This study did not aim to analyze the exercise components of individuals; rather, researchers found that those who engaged in more vigorous physical activity during leisure time had a significant reduction in their risk of acquiring T2DM (Knowler et al., 2002). The research demonstrates that lifestyle changes can significantly reduce the risk of T2DM, and that individuals who maintain and enhance their physical activity can further lower this risk. The results are supported by the physiology of glucose metabolism during physical activity, which increases glucose absorption in muscles during exertion (Colberg et al., 2010).
Furthermore, when muscle activity intensifies, there is a heightened reliance on carbohydrates to fuel the active muscles, leading to reduced fasting blood glucose levels for at least the first 24 hours following exercise (Colberg et al., 2010). The use of carbohydrates by active muscle groups and the resulting reduction in fasting blood glucose after physical activity clarifies the results seen in some participants of the Diabetes Prevention Study, who demonstrated improved outcomes by engaging in extra physical activity during their leisure time, exceeding the advised 30 minutes of daily moderate-intensity exercise. 
Nutritional Modifications 
In addition to increasing physical activity, dietary changes have shown effective in facilitating weight loss and preventing type 2 diabetes mellitus (T2DM). Dietary adjustments are essential for diabetes prevention because of their association with improved glycemic control (Lambrinou et al., 2019). Nutritious food practices, when coupled with heightened physical activity, can promote weight loss, an established method for preventing Type 2 Diabetes Mellitus (T2DM). Specific dietary plans enhance glycemic control. A systematic review of 48 papers regarding dietary modifications for the prevention of T2DM revealed that both the Mediterranean diet and the Dietary Approaches to Stop Hypertension (DASH) diet were associated with substantial reductions in the incidence risk of T2DM (Lambrinou et al., 2019).
The Mediterranean diet includes fish, seafood, fruits, nuts, vegetables, and legumes, along with moderate alcohol use. The DASH diet requires the intake of at least 4 cups of fruits and vegetables daily, low-fat dairy products, 3 ounces of whole grains each day, 7 ounces of fish weekly, less than 1500 mg of sodium daily, and less than 450 calories from sugar-sweetened beverages weekly. The DASH diet, initially formulated for patients with hypertension, has been demonstrated in a meta-analysis of numerous trials to decrease the likelihood of acquiring T2DM by 20% among its followers (Campbell, 2017).
3.2	 NUTRACEUTICALS AND DIETARY SUPPLEMENTS 
Nutraceuticals can derive from any organic food source and are categorized into one of 24 specific classifications, such as fiber, probiotics, prebiotics, antioxidant vitamins, polyphenols, herbs, and polyunsaturated fats (Hoggard et al., 2013).
Curcumin with L-Omega-3 PUFA 
Curcumin and insulin have been employed in separate treatments to lower blood glucose levels and biochemical markers of liver and kidney injury, improve lipid profiles, and increase hepatocyte antioxidant levels (Gutierres et al., 2019). Administration of curcumin in diabetic rats resulted in decreased hyperglycemia, vascular inflammation, and lipid peroxidation (Jain et al., 2009).
Ascorbic acid 
Studies suggest that persons with T2DM who consistently ingest supplemental vitamin C may observe decreases in blood glucose and lipid levels, therefore alleviating problems associated with diabetes. Moreover, supplementary evidence indicates that dietary vitamin C may contribute to the prevention of T2DM onset. In studies with increased dietary vitamin C consumption, the risk of getting diabetes was reduced by approximately 5% (Afkhami-Ardekani & Shojaoddiny-Ardekani, 2007).  
Flaxseed oil 
Recent research suggests that replacing fish oil with flaxseed oil may impair insulin sensitivity in patients with diabetes and prediabetes, and decrease the risk of acquiring type 2 or type 1 diabetes in vegetarians (Bermudez-Brito et al., 2012). Moreover, supplementary study indicated that flaxseed supplementation reduced insulin resistance (Bermudez-Brito et al., 2012). 
Alpha-lipoic acid supplements 
Alpha-lipoic acid (ALA) affects the essential relationships in the development of diabetes problems and is frequently given for their management and prevention (McIntyre, 2010). Studies demonstrate that a dietary supplement of ALA, L-carnosine, zinc, and B vitamins improves lipid profiles, oxidative stress indicators, and glycemic regulation (Dehghan et al., 2014). 
Aloe vera leaf 
Research suggests that aloe vera may improve cellular sensitivity to insulin, lower blood glucose and serum insulin levels, and potentially enhance the insulin-related genetic activity of pancreatic beta cells. Aloe gel modulates T2DM by reducing insulin resistance and enhancing glycemic control (Pérez et al., 2007). Research conducted by Hasani-Ranjbar et al. 2013 revealed that aloe gel supports appropriate glucose regulation in persons with T2DM without negatively impacting lipid profiles, liver, kidneys, or other organ systems.
Fibre supplementation 
Dietary fiber is among the most advantageous nutritional elements for the prevention of diabetes. Individuals with poor glucose tolerance who were administered insoluble dietary fiber supplements for one year demonstrated notable improvements in glycated hemoglobin and 2-hour glucose levels, as well as a 42% reduction in the chance of developing type 2 diabetes mellitus in females (Weickert & Pfeiffer, 2008). Extensive prospective cohort studies clearly indicate that the onset of type 2 diabetes mellitus and insulin resistance can be reduced by 20–30% by the intake of significant quantities of whole grain foods or insoluble cereals rich in cereal fibers (Yao et al., 2014).
G-400, a polyherbal composition 
Extracts of the herb Gymnema Sylvestre have been shown to significantly decrease sugar levels, glycated matrix proteins, and hemoglobin A1c (HbA1c) in diabetic individuals, thereby improving glucose metabolism, reducing insulin resistance, increasing insulin production, and lowering blood glucose levels (Kurian, 2016). Research demonstrates that plasma insulin concentrations are significantly increased after G-400 administration in comparison to diabetes control, as assessed by fasting blood glucose (FBG) (Krishnamurti & MW, 2001). Biochemical modifications linked to diabetes, including as blood glucose concentrations, HbA1c levels, lipid profiles, and assessments of hepatic and renal function, were enhanced following eight weeks of G-400 supplementation (Kumudhaveni & Radha, 2017).
L-Carnitine combined with Coenzyme Q10 
L-carnitine supplements may aid in the management of Type 2 Diabetes Mellitus (T2DM) by stabilizing lipid and glycemic profiles, and decreasing HbA1c, triglyceride, and fasting glucose levels three months after therapy commencement (Ringseis et al., 2011). Coenzyme Q10 may enhance glycemic regulation, as evidenced by a comprehensive assessment and meta-analysis of its impact on persons with T2DM, leading to reduced HbA1c and fasting blood glucose levels (Pan et al., 2007).
Lignin derived from flaxseed 
A supplement containing lignin from flaxseeds exhibited a positive impact on Type 2 Diabetes Mellitus (T2DM) by moderately reducing glycated hemoglobin levels (Pan et al., 2007). A follow-up study demonstrated that a 12-week supplementation with a flaxseed-derived lignan complex significantly reduced glycated hemoglobin levels in individuals with T2DM; however, no changes were observed in the homeostasis model, serum glucose, insulin sensitivity, or blood lipid profiles (Prasad, 2000). Animal studies have suggested that the flaxseed lignan secoisolariciresinol diglucoside (SDG) may postpone or avert the onset of type 2 diabetes mellitus (T2DM) (Tharwat et al., 2017). In the supplemented group after a flaxseed-rich diet, lignin was linked to decreased fasting blood glucose levels. This discovery suggests that the seed augments glucose absorption by enhancing insulin sensitivity (Qi et al., 2007). 
Myo-inositol and D-chiro-inositol 
Myo-inositol dosages have been shown to markedly decrease the risk of diabetes in pregnant women with a familial propensity to type 2 diabetes mellitus (T2DM) (Unfer et al., 2012). Inositol supplementation has been demonstrated to improve ovulatory function, insulin sensitivity, and fasting blood glucose levels in postmenopausal women, pregnant women, and young females with polycystic ovary syndrome (Vitagliano et al., 2018).
Blueberry and cranberry 
Blueberry and cranberry extracts were employed in a T2DM model to enhance the mobilization of the GLUT4 glucose transporter. This resulted in the restoration of glucose consumption in muscle and adipose tissues (Calvano et al., 2019). A review on berries and Type 2 Diabetes Mellitus (T2DM) indicates that berry eating may reduce insulin resistance (Calvano et al., 2019). Research shown that the consumption of blueberries or cranberries lowered fasting blood glucose and glycated hemoglobin levels in persons with type 2 diabetes mellitus, while having negligible to no impact on insulin resistance (Rocha et al., 2018).
Alpha-keto acids 
The biological role of the 'ammonia shuttle' or 'ammonia catcher' in keto acids (KAs), which are structural analogs of amino acids, allows them to potentially influence ammonia metabolism during physical exercise. The use of KAs allows patients with T2DM to participate in extended and more intense exercise, resulting in superior training outcomes and better glucose control (Neviere et al., 2016). KA's have a significant role in the management of T2DM by substantially lowering hyperlipidaemia and blood glucose levels (Brosnan & Brosnan, 2006). 
Mulberry leaves 
Mulberry leaves (ML) possess 1-deoxynojirimycin (DNJ), a glucose analogue that inhibits glucosidase, therefore lowering postprandial blood glucose levels (Gryn-Rynko et al., 2016). A stydy revealed that quercetin in ML augmented insulin production and reduced oxidative damage in rat pancreatic islets exposed to H2O2 (R. Zhang et al., 2011). Administration of isoquercetin for five weeks decreased blood glucose levels in KK-Ay animal models of noninsulin-dependent diabetes. The oral treatment of ML improved glucose tolerance in db/db animal models of obesity and type 2 diabetes mellitus, suggesting an influence of ML on pancreatic insulin secretion (Suthamwong et al., 2020). 
Berberis aristata 
Berberis aristata has bioactive constituents, such as alkaloids including berberine. Berberine and its in vivo metabolite, berberrubine, augment LDL receptor and PCSK9 transcription through the ERK signaling pathway (Feng et al., 2019). Multiple research have evidenced the impact of Berberis aristata on hyperinsulinemia and insulin sensitivity (Derosa et al., 2015).  Following three months of daily intake, Berberis markedly diminished low-density lipoprotein, total cholesterol, fasting plasma glucose, and the homeostasis model assessment score relative to the placebo; nevertheless, its effect on high-density lipoprotein, triglycerides, and body mass index was not statistically significant (Tóth et al., 2019).
Nigella sativa oil 
The extract of this plant contains thymoquinone (TQ), thymohydroquinone (THQ), dithymoquinone, and thymol (Nasir et al., 2025). Thymoquinone, a bioactive molecule that provides protection against diabetes, is the principal agent responsible for the therapeutic actions of NS (Khader & Eckl, 2014). Prior research has demonstrated that thymoquinone decreases fasting blood glucose (FBG) and increases insulin levels in rats (Abdelrazek et al., 2018). 
3.3	 MIND-BODY INTERVENTIONS 
Mind-body medicine underscores the interplay between the mind and body, illustrating how emotional, mental, social, and spiritual factors can profoundly affect health. Mind-body therapies including relaxation techniques, visualization, biofeedback, meditation, hypnosis, tai chi, yoga, and other activities. They consistently aid people in recovering from their conditions through creative and varied approaches (Rice, 2001). 
Improved glycemic control consistently poses a risk of hypoglycemia. In a state of relaxation, the body metabolizes carbs with more efficiency, leading to decreased blood glucose levels. Individuals with type 1 diabetes may encounter hypoglycemia following periods of relaxation. Therefore, these patients must be apprised of the risk of hypoglycemia post-relaxation and instructed to promptly manage it according to their healthcare provider's directives (Rice, 2001). 
In published, peer-reviewed research on diabetes and blood glucose, the primary alternative treatment is relaxation training or biofeedback-assisted relaxation training. Multiple case and controlled studies employing biofeedback-assisted relaxation training with type 1 diabetic patients exhibited significantly lower average blood glucose levels in experimental groups or at post-test in case studies (B. K. Bailey et al., 1990; A. G. Taylor et al., 1984). The disparities could not be ascribed to increased insulin dosages (B. K. Bailey et al., 1990). Stress management should be considered an adjunctive strategy to the medical treatment of persons with type 1 diabetes. 
No significant reduction in glucose levels was reported at post-test in studies including patients with type 2 diabetes (Rice, 2001). Nonetheless, relaxation training may have provided further advantages, such as augmented self-management abilities, enhanced well-being, greater coping mechanisms, decreased prevalence of depression, and lowered perceived stress. Some studies have not been designed to produce statistically significant results for more than one or two variables (Rice, 2001).
3.4 	REGULATION OF GUT MICROBIOTA 
Recent research suggest that the gut microbiota is a feasible therapeutic target (Liu, 2021; Zhou et al., 2022). In healthy humans, the gut microbiota supports physiological functions, maintaining equilibrium between the body and its environment (Krishnan et al., 2015). Its principal tasks include food digesting, vitamin production, immunological control, pathogen inhibition, and toxin removal (Flint et al., 2012; Fujimura et al., 2010). An imbalance in the intestinal environment may trigger metabolic illnesses, including Type 2 Diabetes Mellitus (T2DM) (Woting & Blaut, 2016). In Type 2 Diabetes Mellitus, the gut microbiota substantially affects inflammatory regulation, food interactions, intestinal permeability, glucose and lipid metabolism, insulin sensitivity, and the maintenance of homeostasis (Yan et al., 2024).
Diverse therapy targeting gut microbiota, encompassing pharmaceutical interventions and dietary alterations, may effectively manage Type 2 Diabetes Mellitus (T2DM). 
Probiotics 
Probiotics are living bacteria that beneficially affect human health (Schrezenmeir & Vrese, 2001). A multitude of beneficial benefits of probiotics has been recorded, including the enhancement of gut health, alleviation of lactose intolerance symptoms, inhibition of pathogenic bacterial proliferation, production of short-chain fatty acids (SCFAs), regulation of pH levels, and activation of the immune system (Markowitz, 2003). The utilization of probiotics in the management of Type 2 Diabetes Mellitus (T2DM) is significant; yet, limited research has evaluated their impact in clinical settings. Preliminary research indicated that altering gut microbial composition via probiotic administration may improve T2DM by reducing pro-inflammatory cytokines, intestinal permeability, and oxidative stress (Kim et al., 2017). Various bacterial species, including Bifidobacterium longum subsp., are employed in commercial probiotic supplements. Species of Infantis, Lactobacillus, Streptococcus, Pediococcus, and Lactococcus (Kechagia et al., 2013). Lactobacillus gasseri, Lactobacillus helveticus, Lactobacillus casei, and Bifidobacterium bifidum probiotics reduce fasting blood glucose levels and HbA1c (Huda et al., 2021). These probiotics function by exhibiting antioxidant and immunomodulatory properties, reducing oxidative stress (Singh et al., 2011), diminishing inflammatory mediators, and inhibiting the effector functions of CD4+ T-cells (So et al., 2008), potentially leading to lower blood glucose levels and a decreased risk of Type 2 diabetes mellitus. Recent meta-analyses demonstrate that probiotic supplementation improves fasting blood glucose, HbA1c, and homeostatic model assessment for insulin resistance (HOMA-IR) in individuals with type 2 diabetes mellitus (T2DM), suggesting its recommendation as an adjunct to pharmacological and lifestyle interventions for T2DM management (Bock et al., 2020; Kasińska & Drzewoski, 2015).
Prebiotics 
Prebiotics are the non-digestible food ingredients that beneficially affect the host by selectively stimulating the growth and (or) the activity of one or a limited number of bacterial species already resident in the colon (Gibson & Roberfroid, 1995). Inulin, a linear β-2,1 fructosyl-fructose polydisperse carbohydrate material with or without an α-D-glucose moiety, is one of the most studied prebiotics (Roberfroid, 2005). Inulin-type fructooligosaccharide (ITF) improved glycemia by increasing the production and release of the active forms of GLP-1 from the cecum and proximal colon and reducing plasma ghrelin concentration in the rat (Cani et al., 2004). A recent placebo-controlled crossover clinical trial found enrichment of Bifidobacterium and Bacteroides with a significantly higher fecal SCFAs concentration due to ITF consumption compared to placebo (Birkeland et al., 2020). Additionally, the relative abundance of Cyanobacteria and Bacteroides is increased, and a reduction in the relative abundance of Ruminiclostridium, Deferribacteres, and Tenericutes is observed due to inulin supplementation, indicating that the dietary inulin alleviates T2DM via suppressing inflammation and modulating gut microbiota (Li et al., 2019)
4.0	 SYNERGISTIC EFFECTS AND COMBINATORIAL STRATEGIES 
A synergistic blend of prebiotics and probiotics may provide enhanced advantages compared to either prebiotic or probiotic alone (Morshedi et al., 2020). Lactobacillus acidophilus DSM20079 generates 14.5 times more butyrate when inulin or pectin is present compared to glucose (Nazzaro et al., 2012). Berberine, a natural alkaloid sourced from Berberis aristata and Coptis chinensis, is acknowledged as an efficacious therapy for Type 2 Diabetes Mellitus (T2DM) (Zhang et al., 2008). A new randomized, double-blind, placebo-controlled experiment in China demonstrates that the co-administration of berberine and probiotics improves HbA1C levels relative to treatment with berberine alone (Zhang et al., 2020). A meta-analysis of randomized controlled trials demonstrated that meals supplemented with prebiotics or symbiotics enhanced fasting blood glucose and HbA1C levels in patients with type 2 diabetes mellitus (T2DM) (Mahboobi et al., 2018).
Combination therapy for Type 2 Diabetes Mellitus (T2DM) is an effective approach to improve glycemic regulation in clinical or pre-clinical research. Sulfonylureas, a hypoglycemic drug, may be utilized as an adjunct to metformin in the treatment of type 2 diabetes mellitus (T2DM). The combination of sulfonylureas with metformin is linked to an increased risk of hypoglycemia and weight gain, suggesting that DPP-4 inhibitors may be a better suitable adjunct therapy to metformin for individuals with inadequately managed T2DM (Tomlinson et al., 2021). The combination of sulfonylureas and metformin exhibits equivalent glucose-lowering efficacy to other dual treatments; nevertheless, given similar glycemic results, alternative oral antihyperglycemic medications may serve as a more advantageous adjuvant to metformin than sulfonylureas (Xie et al., 2023). 
Metformin in conjunction with DPP-4 inhibitors is a common therapeutic strategy in clinical research concerning persons with type 2 diabetes mellitus (T2DM). In a 5-year follow-up experiment, newly diagnosed T2DM patients who received early combination therapy with metformin and vildagliptin, a DPP-4 inhibitor, had greater long-term glucose control compared to those who underwent early monotherapy with metformin (Matthews et al., 2019). The combination therapy of metformin and sitagliptin demonstrated a decreased risk of hypoglycemia and prolonged treatment duration. The initial combination therapy of metformin and sitagliptin exhibited a significant improvement in blood glucose levels in patients with T2DM after hospital discharge (Matthews et al., 2019). 
A new DPP-4 inhibitor, gemigliptin, was administered alongside metformin as the initial treatment for T2DM patients, exhibiting significant superiority in glycemic control without severe adverse effects compared to monotherapy with either metformin or gemigliptin. The combination therapy of metformin and gemigliptin achieved greater glycemic control in individuals with T2DM without increasing the risk of hypoglycemia or weight gain, possibly associated with improvements in gut microbiota(Xie et al., 2023).
Saxagliptin, a DPP-4 inhibitor, was developed for the management of type 2 diabetic mellitus (T2DM). In a phase III clinical trial, researchers found that the combination medication had enhanced tolerability compared to the monotherapy of saxagliptin or metformin, with blood glucose control sustained for up to 76 weeks in the combination group (Xie et al., 2023).
The research consistently demonstrated the beneficial clinical outcomes of combined therapy utilizing biguanides and DPP-4 inhibitors, suggesting that the synergistic interaction between these drugs may improve blood glucose control and offer an effective treatment option for patients with T2DM (Xie et al., 2023).
Clinical trials demonstrate that the combination of metformin with other SGLT2 inhibitors yields promising results in the management of Type 2 Diabetes (T2DM), including improved glucose control, weight loss, blood pressure regulation, and potential cardiovascular and renal protective benefits. The selection and revision of treatment plans must be customized to the unique characteristics of individual patients and the guidance of healthcare professionals (Xie et al., 2023). 
GLP-1 receptor agonists (GLP-1RAs) such as lixisenatide, exenatide, liraglutide, and semaglutide are widely employed in the management of type 2 diabetes mellitus (T2DM) due to their effectiveness in controlling blood glucose levels, promoting weight loss, and protecting pancreatic β cells (Baggio & Drucker, 2021). The combination therapy of exenatide and metformin exhibited superior glucose and body weight regulation, improved β cell protection, and reduced inflammation. It may also increase some adipocytokine levels, enhance insulin sensitivity, and reduce insulin resistance (Derosa et al., 2011). 
Thiazolidinediones (TZDs), also known as glitazones, are primarily utilized in the treatment of type 2 diabetes mellitus (T2DM), acting to improve insulin sensitivity and promote cellular responsiveness to insulin for effective glucose utilization. In a parallel-controlled study, the combination therapy group had the most pronounced and statistically significant reduction in average HbA1c relative to monotherapy (Nanjan et al., 2018). The amalgamation of acarbose and metformin substantially improved glycemic regulation in patients with T2DM, leading to a pronounced decrease in HbA1c, fasting plasma glucose, and postprandial glucose compared to baseline levels. The combined therapy proved more efficacious than monotherapy in weight management while not increasing the risk of hypoglycemia (Wang et al., 2013). 
A 78-week clinical trial shown that the addition of empagliflozin to basal insulin therapy for inadequately controlled T2DM patients led to substantial improvements in glycemic control, weight management, and reductions in systolic blood pressure. However, diligent monitoring of practical conditions and drug safety is essential to ensure optimal clinical outcomes and patient well-being (Xie et al., 2023).
Alternative pharmacological combinations include alpha-glucosidase inhibitors with DPP-4 inhibitors, SGLT2 inhibitors with GLP-1 receptor agonists, and multi-drug regimens comprising three or more agents. This comprehensive pharmacological strategy may successfully address the complex physiological pathways of diabetes, improving glucose control and management for patients (Xie et al., 2023).
In conclusion, combined drug therapy represents a viable technique for managing diabetes and associated complications. However, individual differences and potential side effects must be carefully assessed during the implementation of these therapies.

5. Conclusion
The management of Type 2 Diabetes Mellitus has evolved from a purely pharmacological focus to a more holistic and integrative paradigm. Despite the effectiveness of standard antidiabetic agents in lowering blood glucose, their limitations—such as side effects, reduced long-term efficacy, and financial constraints—necessitate the exploration of complementary interventions. Integrative approaches, including lifestyle modification, nutritional therapy, and evidence-based herbal medicine, provide valuable adjuncts that address the metabolic, oxidative, and inflammatory imbalances characteristic of T2DM. The synergy between pharmacological and integrative modalities offers promising outcomes in glycemic regulation, complication prevention, and overall patient well-being. Future research should emphasize rigorous clinical trials to validate the safety, efficacy, and mechanisms of integrative therapies, ensuring that diabetes management becomes both scientifically sound and culturally relevant. Ultimately, a multidisciplinary approach that bridges modern pharmacology with traditional and lifestyle-based practices represents the future of diabetes care. Future research should prioritize well-designed, large-scale clinical trials to evaluate the safety, efficacy, and underlying mechanisms of integrative therapies, and to identify optimal strategies for combining pharmacological and non-pharmacological interventions.
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