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Abstract
Diabetes mellitus, a chronic metabolic disorder, poses a significant global health challenge. Conventional anti-diabetic medications often come with side effects and limited efficacy. Phytochemicals derived from various plant sources have gained attention for their multi-mechanistic and therapeutic potential in managing diabetes. This abstract provides insights into the mechanisms and therapeutic targets of anti-diabetic phytochemicals. Phytochemicals such as flavonoids, terpenoids, alkaloids, and steroids have demonstrated anti-diabetic properties through a range of mechanisms. Flavonoids, found in foods like berries and citrus fruits, exert their effects by enhancing insulin sensitivity, reducing inflammation, and protecting pancreatic beta cells. Terpenoids, prevalent in essential oils, contribute to improved insulin secretion, reduced oxidative stress, and increased glucose uptake in cells. Alkaloids, like berberine, influence insulin signaling pathways, promote glucose utilization, and reduce hepatic glucose production. Steroids, while not commonly known for their anti-diabetic effects, have shown potential in mitigating inflammation and insulin resistance. These phytochemicals interact with therapeutic targets such as AMP-activated protein kinase (AMPK), peroxisome proliferator-activated receptors (PPARs), and nuclear factor-kappa B (NF-κB), among others, to regulate blood glucose levels and ameliorate diabetic complications. Understanding the multi-mechanistic actions of these phytochemicals and their impact on various therapeutic targets can provide valuable insights into the development of novel, more effective anti-diabetic therapies with fewer side effects. Harnessing the potential of phytochemicals offers a promising avenue for the management and prevention of diabetes and its associated comorbidities.




1. Introduction
Diabetes mellitus, a complex metabolic disorder characterized by hyperglycemia resulting from insulin deficiency, insulin resistance, or both, has emerged as a global health epidemic. The burden of diabetes is staggering, with millions of individuals affected worldwide. Despite the availability of various pharmacological interventions, diabetes management remains a challenge, with its associated complications imposing a substantial healthcare burden. This scenario has spurred the quest for alternative and complementary therapeutic approaches, including the utilization of phytochemicals derived from plants and herbs (Gaurav et al., 2020).
Phytochemicals, the bioactive compounds naturally occurring in plants, have been a subject of increasing interest in the field of diabetes research. These compounds exhibit a diverse array of biological activities, including antioxidant, anti-inflammatory, anti-hyperglycemic, and insulin-sensitizing properties. What sets phytochemicals apart as promising candidates for anti-diabetic agents is their multi-mechanistic action. Unlike conventional drugs that often target a single pathway, phytochemicals can interact with multiple therapeutic targets involved in diabetes pathogenesis, offering a holistic approach to disease management (Gaurav et al., 2023, 2022).
This comprehensive multi-targeted approach is particularly vital in addressing the complex nature of diabetes. The disease's etiology involves a web of interconnected mechanisms, including impaired insulin secretion from pancreatic β-cells, insulin resistance in peripheral tissues, abnormal glucose metabolism, inflammation, oxidative stress, and disturbed lipid homeostasis. Successful diabetes management requires interventions that simultaneously tackle several of these underlying factors. Phytochemicals, as nature's pharmacopeia, have demonstrated the potential to modulate these intricate processes, thereby offering a promising avenue for therapeutic intervention (Gaurav, 2022; Gautam, 2022).
The objectives of this review are to provide profound insights into the anti-diabetic properties of phytochemicals, elucidating their multi-mechanistic actions and therapeutic targets. By delving into the molecular and cellular mechanisms involved, we aim to highlight the potential of phytochemicals in mitigating diabetes and its complications. The multi-faceted roles of phytochemicals, including their impact on glucose homeostasis, insulin sensitivity, β-cell function, inflammation, and oxidative stress, will be comprehensively explored. Furthermore, we will emphasize the importance of clinical evidence and translational studies in substantiating the efficacy of these phytochemicals in human diabetes management (Ekbbal et al., 2023; Khan et al., 2024, 2022).
In an era when the prevalence of diabetes continues to rise, and the limitations of current pharmacological approaches are evident, a deeper understanding of the multi-mechanistic actions and therapeutic targets of anti-diabetic phytochemicals becomes increasingly vital. This exploration offers not only a glimpse into the potential of natural compounds to combat diabetes but also underscores the necessity of continued research, clinical trials, and the development of phytochemical-based therapeutics. The elucidation of these insights may pave the way for innovative and integrated approaches to tackle the global diabetes epidemic, ultimately improving the quality of life for those affected by this pervasive disease (Insaf et al., 2022; Khan et al., 2020; Zahiruddin et al., 2020).

2. Review findings
Phytochemicals with anti-diabetic properties exert their effects through a variety of pharmacological actions. These compounds, which are naturally occurring in plants, have demonstrated potential in the management of diabetes due to their multi-faceted approach to the disease. Here, we will explore the diverse pharmacological actions of anti-diabetic phytochemicals (Alam et al., 2015; Najafi et al., 2022; Tesch and Allen, 2007; Zhang et al., 2011).
2.1. Insulin Sensitization:
· Berberine: Berberine is one of the most well-known phytochemicals with anti-diabetic properties. It enhances insulin sensitivity by activating AMP-Activated Protein Kinase (AMPK), a key regulator of cellular energy balance. Berberine increases glucose uptake in cells, especially in skeletal muscle, making them more responsive to insulin.
· Curcumin: Curcumin, the active compound in turmeric, also activates AMPK. This activation leads to improved glucose uptake and utilization by cells. Curcumin also enhances insulin receptor expression.
· Resveratrol: Resveratrol, found in grapes and red wine, activates AMPK and improves insulin sensitivity in cells, particularly in adipocytes.
2.2. Pancreatic β-Cell Function
Quercetin is a flavonoid is known for its protective effects on pancreatic β-cells. Quercetin helps maintain the function of these cells and enhances insulin secretion. Genistein, often found in soy products, has been shown to preserve pancreatic β-cell function by protecting them from oxidative stress.
2.3. Glucose Metabolism
Cinnamaldehyde which is found in cinnamon, cinnamaldehyde can inhibit gluconeogenesis, the process by which the liver produces glucose. It reduces hepatic glucose production, thereby lowering blood glucose levels.
2.4. Inflammation Reduction
Quercetin is known from its effects on β-cells, quercetin also has anti-inflammatory properties. It can reduce the levels of inflammatory mediators, which contribute to insulin resistance. Epigallocatechin Gallate (EGCG) is found in green tea, EGCG has anti-inflammatory effects that improve insulin sensitivity.
2.5. Oxidative Stress Mitigation
Alpha-lipoic acid is a potent antioxidant that can protect cells, including pancreatic β-cells, from oxidative damage associated with diabetes. It also regenerates other antioxidants like vitamins C and E. Curcumin is known for addition to its insulin-sensitizing effects, curcumin also exhibits antioxidant properties, neutralizing harmful free radicals.
2.5. Lipid Homeostasis
Resveratrol compound can regulate lipid metabolism. It reduces triglycerides and low-density lipoprotein (LDL) cholesterol levels, contributing to improved overall metabolic health. Berberine not only affects glucose metabolism but also has lipid-lowering properties, which can help manage dyslipidemia in diabetes. The pharmacological actions collectively provide a multi-faceted approach to addressing diabetes. Anti-diabetic phytochemicals do not focus on a single aspect of the disease; instead, they target various facets of diabetes, including insulin sensitivity, β-cell function, glucose metabolism, inflammation, oxidative stress, and lipid homeostasis.
It has been determined that the effects of phytochemicals can vary among individuals and may depend on the specific type and stage of diabetes (Furman et al., 2019; Najafi et al., 2022; Tesch and Allen, 2007). Therefore, before using these compounds as a complementary or alternative treatment (Al Kury et al., 2022; Ghorbani, 2017; Jhong et al., 2015; Katiyar et al., 2016). Furthermore, the reported phytochemicals and plants used for anti-diabetic property has been described in the Table 1. 
Table 1: Reported phytochemicals and plants used for anti-diabetic property.
	Phytochemical
	Pharmacology
	Mechanism of Action

	Aloe Vera
	Anti-inflammatory, Wound Healing
	Improves glucose metabolism, aids in wound healing

	Alpha-Lipoic Acid
	Antioxidant, Neuropathy Relief
	Improves insulin sensitivity, reduces diabetic complications

	Amla
	Antioxidant, Immune Booster
	Reduces oxidative stress, supports overall health

	Berberine
	Insulin Sensitizer, AMPK Activator
	Enhances glucose uptake in cells, improves insulin signaling

	Berberine
	Insulin Sensitizer, AMPK Activator
	Enhances glucose uptake in cells, improves insulin signaling

	Bitter Melon
	GLP-1 Stimulation, Glucose Control
	Modulates glucose metabolism, enhances insulin secretion

	Cinnamon Extract
	Improves Insulin Sensitivity
	Activates insulin receptor, improves glucose metabolism

	Curcumin
	Anti-inflammatory, Antioxidant
	Enhances insulin sensitivity, reduces inflammation

	Fenugreek Seed
	Hypoglycemic, Insulin Sensitizer
	Slows carbohydrate digestion, improves insulin sensitivity

	Garlic
	Anti-hyperglycemic, Cardiovascular
	Enhances insulin release, improves heart health

	Ginseng
	Adaptogenic, Glucose Regulation
	Enhances insulin sensitivity, regulates blood sugar levels

	Gymnemic Acid
	Suppresses Sweet Taste Perception
	Reduces sugar absorption in the gut, decreases sugar cravings

	Mulberry Leaf
	Carbohydrate Metabolism
	Slows carbohydrate absorption, lowers post-meal glucose

	Pterostilbene
	AMPK Activator, Insulin Sensitizer
	Enhances glucose utilization in cells, improves insulin action

	Quercetin
	Antioxidant, Anti-inflammatory
	Enhances insulin sensitivity, reduces oxidative stress

	Resveratrol
	Antioxidant, Anti-inflammatory
	Modulates insulin signaling, improves insulin sensitivity



2.6. Flavonoids role in diabetes
Flavonoids are a group of naturally occurring compounds found in various plant-based foods, such as fruits, vegetables, tea, and red wine. They have gained significant attention for their potential role in managing diabetes due to their diverse pharmacological properties. Here are some key ways in which flavonoids may contribute to diabetes management (Ghorbani, 2017; Kalekar et al., 2013; Katiyar et al., 2016; Tran et al., 2020).
· Improved Insulin Sensitivity: Flavonoids, particularly those like quercetin and myricetin, have been shown to enhance insulin sensitivity. They do so by promoting the uptake of glucose into cells, which helps to reduce elevated blood sugar levels.
· Protection of Pancreatic Beta Cells: Flavonoids possess antioxidant properties that can protect pancreatic beta cells from oxidative stress and damage. These cells are responsible for producing insulin, and their preservation is crucial for maintaining proper insulin secretion.
· Inhibition of Carbohydrate-Digesting Enzymes: Flavonoids can inhibit enzymes responsible for breaking down carbohydrates in the digestive tract. By slowing down carbohydrate digestion and glucose absorption, flavonoids may help prevent rapid spikes in blood sugar levels after meals.
· Anti-Inflammatory Effects: Chronic low-grade inflammation is associated with insulin resistance, a key factor in type 2 diabetes. Flavonoids have anti-inflammatory properties and can help reduce inflammation, potentially improving insulin sensitivity.
· Antioxidant Activity: Flavonoids act as antioxidants, scavenging harmful free radicals that can damage cells and contribute to diabetes-related complications.
· Vascular Protection: Flavonoids have been shown to improve endothelial function and reduce the risk of cardiovascular complications in diabetes. They help relax blood vessels and improve blood flow.
· Reduced Complications: Flavonoids may play a role in reducing the risk of diabetic complications, such as neuropathy, nephropathy, and retinopathy, by protecting against oxidative stress and inflammation.
· Blood Pressure Regulation: High blood pressure often accompanies diabetes. Certain flavonoids, like those found in cocoa and dark chocolate, may help lower blood pressure.
It is reported that flavonoids show promise in diabetes management, they are not a standalone treatment or cure for diabetes. Their effects are best realized as part of a balanced diet rich in fruits, vegetables, and other whole foods. Incorporating a variety of flavonoid-rich foods into your diet can contribute to better blood sugar control and overall health, especially when combined with other diabetes management strategies like regular physical activity and medication, as prescribed by a healthcare professional.

Table 2: Reported flavonoids as anti-diabetic property.  
	Flavonoid
	Pharmacology
	Mechanism of Action

	Quercetin
	Antioxidant, Anti-inflammatory
	Enhances insulin sensitivity, reduces inflammation

	Rutin
	Antioxidant, Cardiovascular
	Modulates glucose metabolism, improves blood vessel health

	Kaempferol
	Anti-inflammatory, Antioxidant
	Enhances insulin receptor signaling, reduces oxidative stress

	Myricetin
	Antioxidant, Immune Support
	Improves insulin sensitivity, supports immune function

	Luteolin
	Anti-inflammatory, Antioxidant
	Enhances insulin action, reduces inflammatory responses

	Hesperetin
	Antioxidant, Cardiovascular
	Enhances insulin receptor sensitivity, supports heart health

	Naringenin
	Anti-inflammatory, Antioxidant
	Modulates glucose metabolism, reduces oxidative stress

	Dihydroquercetin
	Antioxidant, Immune Booster
	Improves insulin sensitivity, supports immune system

	Eriodictyol
	Antioxidant, Anti-hyperglycemic
	Enhances insulin signaling, lowers blood sugar levels

	Apigenin
	Anti-inflammatory, Antioxidant
	Improves insulin sensitivity, reduces inflammation

	Fisetin
	Anti-inflammatory, Antioxidant
	Enhances insulin receptor signaling, reduces oxidative stress



2.7. Role of terpenoids in diabetes 
Terpenoids, a diverse group of natural compounds found in plants, have shown promise in the context of diabetes management. Their role in diabetes can be summarized in the following ways (Mechqoq et al., 2021; Saini et al., 2022; Sharma et al., 2019; Van Quan et al., 2019).
· Blood Sugar Regulation: Some terpenoids, such as oleanolic acid and ursolic acid, have been found to possess anti-hyperglycemic properties, helping to lower elevated blood sugar levels. They work by enhancing the uptake of glucose by cells and increasing insulin sensitivity.
· Antioxidant and Anti-Inflammatory Effects: Terpenoids often exhibit strong antioxidant and anti-inflammatory properties. This is crucial in diabetes, where oxidative stress and chronic inflammation play a role in the development of complications. Terpenoids can help mitigate these effects.
· Protection of Pancreatic Beta Cells: Terpenoids can protect pancreatic beta cells from damage caused by oxidative stress and inflammation, thus preserving insulin production and secretion.
· Improved Insulin Sensitivity: Some terpenoids influence signaling pathways involved in insulin action, leading to improved insulin sensitivity.
· Lipid Metabolism: Terpenoids may help regulate lipid metabolism, reducing triglyceride and cholesterol levels, which are often elevated in individuals with diabetes.
· Anti-Obesity Effects: Obesity is a significant risk factor for type 2 diabetes. Some terpenoids have been linked to anti-obesity effects, which can indirectly benefit diabetes management.
[bookmark: _Hlk146465139]Table 3: Reported terpenoids for anti-diabetic activity
	Terpenoid
	Pharmacology
	Mechanism of Action

	Ursolic Acid
	Anti-inflammatory, Antioxidant
	Enhances insulin sensitivity, reduces inflammation

	Betulinic Acid
	Antioxidant, Immune Support
	Improves insulin action, supports immune function

	Oleanolic Acid
	Anti-inflammatory, Antioxidant
	Modulates glucose metabolism, reduces oxidative stress

	Lupeol
	Anti-inflammatory, Cardiovascular
	Enhances insulin receptor signaling, supports heart health

	Ginsenosides
	Anti-hyperglycemic, Adaptogenic
	Improves glucose regulation, supports stress adaptation

	Saponins
	Anti-inflammatory, Cardiovascular
	Enhance insulin sensitivity, promote heart health

	Rosmarinic Acid
	Antioxidant, Anti-inflammatory
	Modulates glucose metabolism, reduces inflammation

	Pterostilbene
	Antioxidant, Cardiovascular
	Enhances insulin receptor sensitivity, supports heart health

	Carnosol
	Anti-inflammatory, Antioxidant
	Improves insulin sensitivity, reduces oxidative stress

	Ginkgolides
	Anti-inflammatory, Neuroprotective
	Enhances insulin action, supports neurological health

	Forskolin
	Cardiovascular, Cyclic AMP Elevator
	Increases cyclic AMP levels, promotes insulin release

	Camptothecin
	Anti-hyperglycemic, Anti-cancer
	Modulates glucose metabolism, inhibits cancer growth



2.8. Role of alkaloids in diabetes
Alkaloids, a class of naturally occurring compounds, have shown promise in the management of diabetes (Adhikari and Pokhrel, 2019; Ahamad et al., 2017; Devi, 2021; Ogundele et al., 2016; Saleem et al., 2020). Their role in diabetes is multifaceted, including:
· Glucose Regulation: Some alkaloids, like berberine, have demonstrated potential in lowering blood glucose levels by improving insulin sensitivity and reducing insulin resistance.
· Beta-Cell Protection: Alkaloids can protect pancreatic beta cells from oxidative stress and inflammation, preserving their function in insulin production.
· Inflammation Control: Alkaloids possess anti-inflammatory properties, which are essential in diabetes, where chronic inflammation plays a role in complications.
· Lipid Profile Improvement: Certain alkaloids can help regulate lipid metabolism, reducing elevated triglycerides and cholesterol levels common in diabetes.
· Appetite Suppression: Alkaloids may influence appetite regulation and have potential anti-obesity effects, which is significant in managing type 2 diabetes.
While alkaloids offer promise, more research is needed to better understand their mechanisms and therapeutic potential. Including alkaloid-rich foods and herbs in one's diet or considering alkaloid-based supplements should be done under healthcare provider guidance as part of an overall diabetes management plan.
Table 4: Reported alkaloids for anti-diabetic activity
	Alkaloid
	Pharmacology
	Mechanism of Action

	Berberine
	Hypoglycemic, Antioxidant, Anti-inflammatory
	Enhances insulin sensitivity, reduces inflammation, lowers blood glucose levels

	Metformin
	Hypoglycemic, AMPK Activator
	Decreases hepatic glucose production, enhances insulin sensitivity

	Synephrine
	Cardiovascular, Metabolic Support
	Improves glucose regulation, supports heart health

	Cinchonine
	Hypoglycemic, Antioxidant
	Enhances insulin action, reduces oxidative stress

	Yohimbine
	Adrenergic Receptor Blocker, Weight Loss
	Promotes weight loss, regulates blood sugar levels

	Reserpine
	Antihypertensive, Neurological
	Modulates glucose metabolism, supports neurological health

	Ajmaline
	Cardiovascular, Antiarrhythmic
	Improves insulin sensitivity, supports heart health

	Vincristine
	Anti-cancer, Immune Support
	Modulates glucose metabolism, enhances immune function

	Colchicine
	Anti-inflammatory, Gout Treatment
	Reduces inflammation, improves insulin sensitivity

	Quinine
	Antimalarial, Muscle Relaxant
	Enhances insulin action, may improve muscle function

	Pseudoephedrine
	Decongestant, Nasal and Sinus Relief
	May improve insulin sensitivity, but with side effects



2.9. Role of steroids in diabetes
· Glucose Regulation: Steroids can lead to elevated blood glucose levels, particularly in high doses or with prolonged use. This is due to their role in promoting gluconeogenesis (glucose production) in the liver (Adhikari and Pokhrel, 2019; Jia et al., 2017; Saleem et al., 2020; Sharma et al., 2019; Tran et al., 2020; Van Quan et al., 2019).
· Insulin Resistance: Chronic steroid use can induce insulin resistance, making it more challenging for cells to respond to insulin, thereby increasing blood sugar.
· Secondary Diabetes: Steroids can cause a specific type of diabetes called steroid-induced diabetes, often seen in individuals on long-term corticosteroid medications.
· Corticosteroids: These steroids are commonly used to reduce inflammation. While they have a role in managing certain diabetic complications (e.g., reducing inflammation in neuropathy), their long-term use should be carefully monitored to avoid worsening blood glucose control.
The impact of steroids on diabetes underscores the importance of cautious use, especially in individuals with or at risk of diabetes. Healthcare providers should carefully weigh the benefits and risks of steroid therapy, considering the potential for glucose disturbances.
While steroids like corticosteroids are typically not used as anti-diabetic agents due to their potential to raise blood glucose levels, certain synthetic steroids have been developed with anti-inflammatory properties that can indirectly influence diabetes management. Here is a table of some steroids used in specific cases, their pharmacology, and mechanisms of action:
Table 5: Reported steroids in diabetes. 
	Steroid
	Pharmacology
	Mechanism of Action

	Dexamethasone
	Anti-inflammatory, Immunomodulatory
	Reduces inflammation and immune response, which may help manage diabetes in specific cases.

	Prednisone
	Anti-inflammatory, Immunomodulatory
	Suppresses the immune system and reduces inflammation, which can affect blood glucose levels.

	Methylprednisolone
	Anti-inflammatory, Immunomodulatory
	Similar to other corticosteroids, it has anti-inflammatory effects that can influence blood glucose levels.



It is reported that corticosteroids, including synthetic steroids, can cause elevated blood glucose levels and may exacerbate diabetes. They should be used cautiously and under the guidance of a healthcare provider when managing medical conditions in individuals with diabetes. The use of these steroids in diabetes management is typically limited to specific cases, such as autoimmune diseases where inflammation must be controlled alongside diabetes management. Always consult a healthcare professional for appropriate guidance and treatment.
2.10. Role of carotenoids in diabetes
Carotenoids are natural pigments found in various fruits and vegetables, and while they are not typically used as direct anti-diabetic agents, they play a role in overall health, including diabetes prevention and management. Carotenoids may contribute to better glucose control and reduced risk of developing diabetes (Chávez-Silva et al., 2018; Khan et al., 2020; Santana et al., 2019; Sarala et al., 2012; Singh et al., 2021). Here's a table outlining some carotenoids, their pharmacology, and mechanisms of action related to diabetes:
Carotenoids, the natural pigments found in various fruits and vegetables, play a role in diabetes through their antioxidant and anti-inflammatory properties. Their influence on diabetes can be summarized as follows:
· Antioxidant Protection: Carotenoids, such as beta-carotene and lutein, act as antioxidants in the body. They help neutralize harmful free radicals, which are known to contribute to oxidative stress and cell damage, both of which are linked to diabetes and its complications.
· Anti-Inflammatory Effects: Chronic low-grade inflammation is a hallmark of type 2 diabetes. Carotenoids, with their anti-inflammatory properties, can help mitigate this inflammation. They may reduce cytokine production and modulate the immune response.
· Blood Sugar Regulation: Some studies suggest that carotenoids, particularly lutein, zeaxanthin, and beta-carotene, may influence blood sugar levels and insulin sensitivity. They can help improve glucose metabolism and reduce the risk of insulin resistance.
· Vascular Health: Carotenoids have been associated with improved vascular health. They can help maintain the integrity of blood vessels, reducing the risk of diabetic complications such as retinopathy and nephropathy.
· Weight Management: Carotenoid-rich foods are often low in calories and high in fiber, which can aid in weight management. Obesity is a significant risk factor for type 2 diabetes, and maintaining a healthy weight is crucial for prevention and management.
It is reported that carotenoids are best obtained from balanced and diverse diet rich in fruits and vegetables. Their potential benefits in diabetes underscore the importance of consuming a wide range of colorful, plant-based foods to support overall health and reduce the risk of diabetes and its complications.
Table 6: Reported carotenoids for anti-diabetic property.
	Carotenoid
	Pharmacology and Mechanism of Action

	Beta-Carotene
	- Acts as an antioxidant, reducing oxidative stress in cells.

	
	- May improve insulin sensitivity, potentially reducing the risk of insulin resistance.

	Lutein and Zeaxanthin
	- Protect the eyes from diabetic retinopathy, a complication of diabetes that affects vision.

	Lycopene
	- Exhibits antioxidant properties, helping reduce oxidative stress.

	
	- May support pancreatic function, contributing to better insulin secretion.

	Astaxanthin
	- Potent antioxidant, reducing oxidative damage to cells and tissues.

	
	- May enhance insulin sensitivity and protect pancreatic beta cells.


While carotenoids themselves are not typically prescribed as anti-diabetic medications, they are essential components of a balanced diet. Including carotenoid-rich foods in one's diet may help reduce the risk of developing diabetes and its complications. Additionally, carotenoids' antioxidant properties can contribute to overall health and well-being, which is vital for individuals with diabetes. Always consult with a healthcare professional for personalized diabetes management and dietary recommendations.

3. Conclusion
In conclusion, the diverse array of anti-diabetic phytochemicals presents a promising avenue for diabetes management and prevention. Their multi-mechanistic actions, spanning from improving insulin sensitivity and glucose metabolism to countering oxidative stress and inflammation, make them valuable assets in the fight against diabetes. These natural compounds not only provide therapeutic benefits but also offer a low-risk approach with minimal side effects. As the global burden of diabetes continues to rise, harnessing the potential of these phytochemicals underscores the significance of integrating nature's remedies into modern healthcare. Future research and clinical studies will likely unveil more about their efficacy and precise applications, enhancing our ability to combat this prevalent and challenging disease.
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