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Abstract
Melatonin is a promising candidate for diabetes therapy due tobecause of its antioxidant, anti-inflammatory, and anti-apoptoticantiapoptotic properties. Melatonin could enhance the effectiveness of other diabetes treatments, particularly when combined with regenerative treatments likesuch as mesenchymal stem cell (MSC) therapies. The pancreas plays a critical role in nutrient digestion and metabolism, and damage to its enzyme- producing cells can lead to malnutrition and a reduced quality of life. Melatonin, a hormone increasingly recognized for its involvement in glucose homeostasis and insulin regulation, offershas potential in diabetes treatment. The therapeutic potential of melatonin in diabetes underscores the necessity for extensive clinical studies to confirm its efficacy in human populations. Additionally, examining the genetic and environmental factors that may influence individual responses to melatonin therapy could significantly enhance its personalized application in diabetic care. TheThese findings emphasize the need for innovative treatments and suggest that melatonin could improve pancreatic health and the quality of life forin individuals with diabetes. While melatonin offers protective and restorative benefits, further research is necessary to fully understand its mechanisms and maximize its therapeutic potential.
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1. INTRODUCTION

Diabetes mellitus (DM) is a chronic metabolic disorder characterized by persistent hyperglycemia, resulting from impaired insulin secretion, insulin action, or both, primarily due to dysfunction and apoptosis of pancreatic β-cells. These cells are crucial for insulin production, and their deterioration is central to diabetes pathophysiology [1]. Recent studies highlighthave highlighted melatonin, a hormone primarily secreted by the pineal gland, as a potential therapeutic agent infor diabetes management. Known for regulating circadian rhythms, melatonin also exhibitshas significant antioxidant, anti-inflammatory, and anti-apoptoticantiapoptotic properties that protect and regenerate pancreatic β-cells [2-3].
The pancreas plays a critical role in nutrient digestion and metabolism, and damage to its enzyme- producing cells can lead to malnutrition and a reduced quality of life. Melatonin, a hormone increasingly recognized for its involvement in glucose homeostasis and insulin regulation, offershas potential in diabetes treatment. As a powerful antioxidant, melatonin helps protect pancreatic β-cells from oxidative damage by scavenging reactive oxygen species (ROS) [4]. Additionally, its anti-inflammatory properties reduce pro-inflammatory cytokines, fostering a healthier environment for β-cell function [5]. These effects suggest that melatonin could help restore pancreatic health, offering promise in mitigating diabetic- diabetes-induced pathogenesis and enhancing the quality of life for those with diabetes [6].
2. DIABETES-INDUCED PANCREATIC PATHOGENESIS

The pancreas functions as an essential gland in the body, contributing to both endocrine and exocrine activities that are critical for digestion and metabolism. In patients with diabetes, particularly type 1 diabetes, the pancreas often experiences a reduction in size, which is attributed to a variety of factors, including the absence of insulin’sthe trophic effects of insulin and the autoimmune destruction of islet cells [7]. This shrinkage can lead to further complications, including exocrine pancreatic insufficiency (EPI), which is marked by diminished pancreatic enzyme activity necessary for digestion [8].
Inadequate stimulation, reduced enzyme secretion, obstruction, or poor enzyme mixing in EPI can result in chronic pancreatitis, fibrosis, and a decrease indecreased pancreatic enzyme activity [9]. A key aspect of diabeticdiabetes-induced pancreatic damage is the apoptosis of pancreatic β-cells, leading to a declinedecrease in insulin production and worsening diabetes. Addressing β-cell apoptosis is crucial for treating diabetic pathogenesis and developing effective therapies. Melatonin has shown potential in protecting and regenerating pancreatic β-cells, highlighting its therapeutic promisepotential in diabetes management [10-12].







3. MELATONIN

Melatonin, known as the "darkness hormone," is a potent antioxidant whose secretion increases during darkness. Low levels of melatonin are associated with type 2 diabetes, as diabetic conditions impair melatonin production, leading to elevated blood glucose levels and diminished antioxidant protection [13]. Supplementing with melatonin can enhanceMelatonin supplementation can increase insulin secretion and improve glucose homeostasis in diabetic patients by lowering fasting glucose levels and increasing insulin levels through its action on pancreatic β-cells. Melatonin is safe, easily absorbed, and capable of crossing the blood-brainblood‒brain barrier [14, 15].
Additionally, it exerts anti-inflammatory effects by suppressing NF-kB activation and reducing the production of pro-inflammatoryproinflammatory cytokines, which helps decrease inflammation and its related pathological effects [16]. Melatonin also promotes pancreatic recovery and has immunomodulatory effects, showing significant potential in managing type 1 diabetes mellitus (T1DM) [17]. Its ability to modulate the immune system and reduce tissue damage in T1DM, an autoimmune disease, has demonstrated potential in regenerating tissues and decreasing liver enzyme accumulation [18].
4. THE LINK BETWEEN MELATONIN AND DIABETES

Melatonin is a promising candidate for diabetes therapy due tobecause of its antioxidant, anti-inflammatory, and anti-apoptoticantiapoptotic properties (Table 1). It protects pancreatic β-cells from glucotoxicity and lipotoxicity, which are key contributors to diabetes-related complications and insulin resistance [19]. Melatonin also combats oxidative stress by detoxifying harmful radicals and enhancing scavenger enzyme activity [20]. DiabeticCompared with healthy individuals, diabetic patients typically have lower melatonin levels compared to healthy individuals, and a functional interaction between insulin and melatonin has been observed [21].
TABLE 1    The link between Melatoninmelatonin and Diabetesdiabetes

	Key Role
	Mechanism of Action
	Impact on Diabetic

	β-cell Protection
	Melatonin reduces oxidative stress and inhibits apoptosis in pancreatic
β-cells.
	Protects against β-cell loss, maintaining insulin production
[22].

	β-cell Apoptosis
	Increased apoptosis (cell death) of β-cells due to oxidative stress and
inflammation.
	Progressive loss of insulin- producing cells, worsening
diabetes [23].

	Insulin Secretion Enhancement
	Melatonin modulates circadian rhythms, which are crucial for
insulin secretion.
	Improves glucose homeostasis by optimizing insulin release [24].



	Anti-Inflammatory Effects
	Melatonin suppresses pro-
inflammatory cytokines in the pancreas.
	Reduces inflammation-induced damage to pancreatic tissues [25].

	Antioxidant Properties
	Melatonin scavenges free radicals, reducing oxidative stress.
	Protects pancreatic cells from oxidative damage [26].

	Promotion of
Pancreatic Regeneration
	Melatonin stimulates the regeneration of pancreatic tissues.
	Supports the recovery of damaged pancreatic structures [27].

	Reduction of Insulin Resistance
	Melatonin enhances insulin receptor sensitivity and glucose uptake.
	Helps in managing hyperglycemia by improving insulin action [28].

	Mitochondrial Function
	Melatonin protects mitochondria from oxidative injury and maintains
their function.
	Ensures energy production and cellular function in β-cells [29].

	Melatonin Deficiency
	Low levels of melatonin are associated with increased risk of
type 2 diabetes.
	Higher susceptibility to diabetes- related complications due to
reduced antioxidant defence [30].

	Immune Modulation
	Melatonin modulates immune responses and influences cytokine
production.
	Reduces autoimmune attacks on pancreatic β-cells, particularly in
type 1 diabetes [31].





5. EFFECT OF MELATONIN ON DIABETIC PANCREAS

A diabetic pancreas without melatonin treatment typically experiences elevated oxidative stress, chronic inflammation, and impaired β-cell function, leading to decreased insulin production and poor glucose regulation [32]. This environment accelerates β-cell apoptosis, worsening diabetes progression and increasing the risk of complications. Additionally, sleep disorders, often associated with reduced melatonin levels, are linked to a highergreater risk of type 2 diabetes and decreased glucose tolerance [33].

In contrast, melatonin administration can provide protective benefits by reducing oxidative stress, lowering inflammation, and supporting β-cell function. However, melatonin treatment may also reduce glucose tolerance by decreasing the morning release of insulin, as observed in some studies [34]. This dual effect highlights the complexity of melatonin’s role in diabetes management and emphasizes the importance of timing and dosage in its therapeutic use. While melatonin offers significant benefits for

pancreatic health, its impact on glucose tolerance and insulin release must be carefully considered in diabetic treatment plans (Fig. 1) [35].
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Fig. 1 Melatonin increases the insulin secretion, glucose transport, Keap1/Nrf2, and PKC/Nrf2, and also protects damaged cellcells.

6. SYNERGISTIC EFFECTS WITH OTHER THERAPIES

Melatonin could enhance the effectiveness of other diabetes treatments, particularly when combined with regenerative treatments likesuch as mesenchymal stem cell (MSC) therapies. MSCs, known for their regenerative capabilitiesability, can exhibit enhanced regenerative effects in the pancreas, aan area heavily impacted area by diabetes [36]. Melatonin'sThe antioxidant and anti-inflammatory properties of melatonin create a favourablefavourable environment for the ability of MSCs to thrive. BeyondIn addition to MSCs, melatonin may synergize with other therapies like, such as insulin therapy, oral hypoglycaemichypoglycemic agents, and lifestyle interventions. Its ability to modulate oxidative

stressStress and inflammation could enhance the protective effects of these treatments [37-38]. Combining melatonin with antioxidants or anti-inflammatory agents could provide a comprehensive approach to diabetes management [39].

7. CLINICAL IMPLICATIONS AND FUTURE DIRECTIONS

The therapeutic potential of melatonin in diabetes underscores the necessity for extensive clinical studies to confirm its efficacy in human populations. Additionally, examining the genetic and environmental factors that may influence individual responses to melatonin therapy could significantly enhance its personalized application in diabetic care [40]. Further research is essential to elucidate the mechanisms by which melatonin exerts its beneficial effects, particularly its regenerative and stimulatory impacteffects on the pancreas. Investigating the optimal dosing strategies, potential side effects, and the long-term therapeutic outcomes associated with melatonin will beis critical [41, 42]. Moreover, clinical studies involving diverse populations are necessary to clarify melatonin'sthe role of melatonin as an adjunctive treatment in diabetes management. Long-term studies in human subjects will be pivotal in determining the most effective dosages and administration routes, thereby enabling the development of more individualized and effective treatment strategies in the future [43, 44].

8. CONCLUSION

Melatonin shows significant promise as a therapeutic agent for addressing diabeticdiabetes-induced pancreatic damage, particularly through its restorative effects on pancreatic function and β-cell mass. It works by modulating oxidative stress, enhancing insulin secretion, and promoting regenerative pathways, potentially mitigating the adverse effects of diabetes. These findings emphasize the need for innovative treatments and suggest that melatonin could improve pancreatic health and the quality of life forin individuals with diabetes. While melatonin offers protective and restorative benefits, further research is necessary to fully understand its mechanisms and maximize its therapeutic potential.


ABBREVATIONS

DM- Diabetes mellitus

ROS- Reactive oxygen species

EPI- Exocrine pancreatic insufficiency T1DM- Type 1 diabetes
MSC- MesenchymeMesenchymal stem cell
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