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Abstract: Diabetes mellitus, a chronic metabolic disorder characterized by hypetglycemia, has become a global health concern
due to its increasing prevalence and associated complications. Conventional pharmacological treatments, while effective, often
come with adverse effects, prompting a growing interest in exploring natural alternatives, such as nutraceuticals. Nutraceuticals
are bioactive compounds derived from food sources that offer potential health benefits beyond basic nutrition. This review article
aims to provide a comprehensive overview of the therapeutic potential of nutraceuticals in the management of diabetes mellitus.
The article delves into the classification of nutraceuticals, including functional foods, carotenoids, dietary fibers, fatty acids,
phytochemicals, herbs, probiotics, and dietary supplements. It highlights the anti-diabetic properties of various nutraceuticals,
such as Momordica charantia (bitter gourd), Cinnamomum zeylanicum (cinnamon), Ocimum sanctum (tulsi), and fenugreek,
exploring their mechanisms of action and potential therapeutic effects. Furthermore, the review discusses the role of essential
micronutrients, including vitamins (C, D, E), minerals (zinc, vanadium), and other bioactive compounds (alpha-lipoic acid,
coenzyme Q10, carnitine, inositol) in the management of diabetes. Their potential benefits, mechanisms of action, and
recommended dosages are critically evaluated. Overall, this review article provides a comprehensive overview of the therapeutic
potential of nutraceuticals in the management of diabetes mellitus, offering insights into their mechanisms of action, efficacy,
and potential applications as complementary or alternative therapies.
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1. Introduction

Diabetes mellitus, a chronic metabolic disorder characterized by persistent hyperglycemia, has emerged as a global health crisis of
epidemic proportions. The escalating prevalence of this condition has been fueled by a multitude of factors, including rapid
urbanization, sedentary lifestyles, and the rising tide of obesity. This complex disease is broadly classified into two main types: type
1 diabetes, an autoimmune condition in which the pancreas fails to produce insulin, and type 2 diabetes, which accounts for the vast
majority of cases and is primatily driven by insulin resistance and progressive beta-cell dysfunction.[1]

If left unmanaged, both types of diabetes can precipitate a cascade of severe complications, including cardiovascular diseases,
neuropathy, nephropathy, and retinopathy, profoundly impacting quality of life and significantly increasing the risk of mortality.
Conventional treatment approaches for diabetes have traditionally relied on a combination of insulin therapy, oral hypoglycemic
agents, and lifestyle modifications, such as dietary changes and regular physical activity. However, these interventions often come
with their own set of limitations and adverse effects, prompting a growing interest in exploring alternative and complementary
therapies with better safety profiles and potential synergistic effects. Nutraceuticals, a term derived from the amalgamation of
"nutrition" and "pharmaceutical," have gained significant traction in recent years for their potential therapeutic applications in
various chronic diseases, including diabetes mellitus. These bioactive compounds, derived from a diverse array of natural sources
such as plants, animals, and microorganisms, possess pharmacological properties that extend beyond their basic nutritional value,
exerting beneficial effects on human health.[2,3]

Nutraceuticals encompass a broad spectrum of compounds, including functional foods, carotenoids, dietary fibers, fatty acids,
phytochemicals, herbs, probiotics, and dietary supplements.[4] Many of these compounds have demonstrated promising anti-
diabetic properties, acting through various mechanisms such as improving insulin sensitivity, regulating glucose metabolism,
enhancing antioxidant defenses, and modulating inflammatory pathways. Their potential to mitigate the burden of diabetes and its
associated complications has garnered significant scientific interest and holds promise as complementary or alternative therapies.
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The objective of this comprehensive review article is to explore the therapeutic potential of nutraceuticals in the management of
diabetes mellitus, delving into their mechanisms of action, efficacy, and potential applications as adjuncts or alternatives to
conventional treatments.

2. Classification of neutraceuticals

Nutraceuticals encompass a diverse range of bioactive compounds derived from various natural sources, including plants, animals,
and microorganisms. These compounds can be broadly classified into several categories based on their source, composition, and
physiological effects [5, 0]

2.1. Functional foods

Functional foods are conventional foods that have been fortified, enriched, or enhanced with additional nutrients or bioactive
compounds to provide specific health benefits beyond their basic nutritional value. Examples include probiotics-fortified dairy
products, whole grains enriched with vitamins and minerals, and fruit juices fortified with antioxidants or plant extracts [6].

2.2. Carotenoids

Carotenoids ate a class of naturally occurring pigments found in plants, algae, and certain microorganisms. They are known for their
antioxidant properties and their ability to modulate various cellular processes. Examples of carotenoids with potential therapeutic
benefits include beta-carotene, lutein, lycopene, and astaxanthin, which have been studied for their roles in eye health, cancer
prevention, and cardiovascular protection [7]

2.3. Dietary Fibers

Dietary fibers are non-digestible carbohydrates found in plant-based foods, such as fruits, vegetables, whole grains, and legumes.
They are classified into soluble and insoluble fibers, and their consumption has been linked to various health benefits, including
improved glycemic control, cholesterol reduction, and promotion of a healthy gut microbiome [8]

2.4. Fatty acids

Fatty acids are essential components of lipids and play crucial roles in various physiological processes. Nutraceuticals in this category
include omega-3 fatty acids, such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), found primarily in fish and
certain plant sources like flaxseeds. These fatty acids have been studied for their potential benefits in reducing inflammation,
improving cardiovascular health, and regulating glucose metabolism [9]

2.5. Phytochemicals

Phytochemicals are bioactive compounds produced by plants as secondary metabolites, often contributing to their color, flavor, and
aroma. Examples include flavonoids, phenolic acids, isoflavones, and terpenes, among others. These compounds have been
extensively studied for their antioxidant, anti-inflammatory, and chemopreventive properties, making them potential candidates for
nutraceutical applications

2.6. Herbs

Herbs are plants or plant parts valued for their medicinal, aromatic, or culinary properties. Many traditional medicinal systems, such
as Ayurveda and Traditional Chinese Medicine, have long recognized the therapeutic potential of various herbs. Examples of herbs
with potential anti-diabetic properties include Momordica charantia (bitter melon), Cinnamomum zeylanicum (cinnamon), Ocimum
sanctum (tulsi), and Trigonella foenum-graecum (fenugreek)

2.7. Probiotics

Probiotics are live microorganisms, primarily bacteria and yeasts, that confer health benefits to the host when consumed in adequate
amounts. They are commonly found in fermented foods like yogurt, kefir, and certain fermented vegetables. Probiotics have been
studied for their ability to modulate the gut microbiome, improve digestion, and enhance immune function, among other benefits

2.8. Dietary supplements

Dietary supplements are concentrated sources of nutrients or other bioactive compounds intended to supplement the diet. They
can be found in various forms, including tablets, capsules, powders, liquids, and gummies. Examples of dietary supplements with
potential anti-diabetic properties include vitamins (C, D, E), minerals (zinc, vanadium), and other bioactive compounds like alpha-
lipoic acid, coenzyme Q10, carnitine, and inositol [10]
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3. Antidiabetic properties of Nutraceuticals

Nutraceuticals have garnered significant attention for their potential therapeutic benefits in the management of diabetes mellitus.
These bioactive compounds can exert their anti-diabetic effects through various mechanisms, including improving insulin sensitivity,
regulating glucose metabolism, enhancing antioxidant defenses, and modulating inflammatory pathways

3.1. Herbal nutraceuticals

Many traditional medicinal systems have long recognized the therapeutic potential of various herbs in the management of diabetes.
These herbal nutraceuticals contain a rich array of bioactive compounds that contribute to their anti-diabetic properties [11].

3.1.1. Momordica charantia (Bitter melon)

Bitter melon, also known as Momordica charantia, is a popular vegetable widely used in traditional medicine for its anti-diabetic
properties. The fruit, seeds, and other parts of the plant contain bioactive compounds like charantin, vicine, and polypeptide-p,
which have been shown to possess hypoglycemic effects. The mechanisms of action include stimulating insulin secretion, inhibiting
glucose absorption in the intestine, and enhancing glucose uptake by peripheral tissues. [12]

3.1.2. Cinnamomnm zeylanicum (Cinnamon)

Cinnamon, derived from the inner bark of the Cinnamomum zeylanicum tree, has been widely used as a spice and in traditional
medicine. It contains active compounds such as cinnamaldehyde, cinnamyl acetate, and eugenol, which have been shown to have
anti-diabetic effects. Cinnamon has been found to improve insulin sensitivity, reduce glucose absorption in the intestine, and inhibit
the activity of enzymes involved in glucose metabolism, such as aldose reductase. [13]

3.1.3. Ocimum sanctum (Tulsi)

Tulsi, also known as Holy Basil, is a sacred herb in Ayurvedic medicine and has been used for centuries for its therapeutic properties.
The bioactive compounds present in Tulsi, including eugenol, ursolic acid, and carvacrol, have been shown to possess anti-diabetic
effects. These compounds are believed to enhance insulin sectetion, improve glucose uptake by peripheral tissues, and exhibit
antioxidant and anti-inflammatory properties, which can mitigate the complications associated with diabetes.[14]

3.1.4. Trigonella foenum-graecum (Fenugreek)

Fenugreek is an annual herbaceous legume from the Fabaceae family, widely used in traditional medicine for its anti-diabetic
properties. The active compounds in fenugreek, such as galactomannan, saponins, and 4-hydroxyleucine, have been shown to
improve insulin sensitivity, enhance glucose absorption, and increase the activity of enzymes involved in glucose metabolism.[14]

3.1.5. Other Promising Herbs

In addition to the herbs mentioned above, several other plants have been studied for their potential anti-diabetic effects, including
Gymnema sylvestre, Aloe vera, Curcuma longa (turmeric), Panax ginseng, and Pterocarpus marsupium. These herbs contain various
bioactive compounds, such as gymnemic acids, aloe-emodin, curcuminoids, ginsenosides, and pterostilbene, which have
demonstrated promising anti-diabetic properties through mechanisms like improving insulin sensitivity, regulating glucose
metabolism, and exhibiting antioxidant and anti-inflammatory effects. [14]

3.2. Micronutrient Nutraceuticals

In addition to herbal nutraceuticals, several micronutrients, including vitamins, minerals, and other bioactive compounds, have been
studied for their potential role in the management of diabetes mellitus.

3.2.1. Vitamins (C, D, E)

Vitamins C, D, and E are essential micronutrients with antioxidant properties that have been shown to have potential benefits in
the management of diabetes. Vitamin C can neutralize reactive oxygen species and reduce protein glycation, while vitamin D has
been associated with improved insulin sensitivity and glucose tolerance. Vitamin E exhibits antioxidant and anti-inflammatory
properties, which can help mitigate the complications associated with diabetes.[15]

3.2.2. Minerals (Zine, VVanadinm)

Minerals like zinc and vanadium have shown promising anti-diabetic effects. Zinc is essential for the synthesis, storage, and secretion
of insulin, as well as for maintaining the structural integrity of insulin molecules. Vanadium, on the other hand, has been found to
mimic the effects of insulin, improving glucose uptake and utilization by cells, and reducing fasting blood glucose levels.
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3.2.3. Other Bioactive Compounds (Alpha-Lipoic Acid, Coengyme Q10, Carnitine, Inositol)

Several other bioactive compounds have been explored for their potential anti-diabetic properties. Alpha-lipoic acid, a potent
antioxidant, has been shown to improve insulin sensitivity and reduce oxidative stress in individuals with diabetes. Coenzyme Q10,
an essential component of the mitochondrial electron transport chain, has been studied for its potential benefits in improving
glycemic control and reducing diabetic complications. Carnitine, a nutrient involved in fatty acid metabolism, has been investigated
for its potential to improve insulin sensitivity and glucose uptake by peripheral tissues. Inositol, a pseudovitamin, has been studied
for its role in insulin signaling and glucose metabolism, with some evidence suggesting its potential benefits in the management of
gestational diabetes and polycystic ovary syndrome (PCOS) [15] A summary of selected nutraceuticals and their anti-diabetic
properties is listed out in Table 1.

Table 1. Summary of Selected Nutraceuticals and Their Anti-Diabetic Properties

Nutraceutical Source Active Compounds Proposed Mechanisms Key Findings
Momordica Fruit, seeds, Charantin, vicine, - Stimulates insulin secretion - Reduces fasting blood
charantia (Bitter leaves polypeptide-p - Inhibits glucose absorption glucose
Melon) - Enhances glucose uptake - Lowers HbAlc levels

- Improves lipid profiles
Cinnamomum Bark Cinnamaldehyde, - Enhances insulin sensitivity - Improves glycemic control
zeylanicum cinnamyl acetate, - Inhibits aldose reductase - Reduces risk of diabetic
(Cinnamon) eugenol - Regulates glucose metabolism | complications

- Exhibits antioxidant
effects

Ocimum sanctum

(Tulsi)

Leaves, seeds

Eugenol, ursolic acid,
carvacrol

- Stimulates insulin secretion
- Improves glucose uptake

- Exhibits anti-inflammatory
effects

- Lowers blood glucose
levels

- Improves lipid profiles
- Enhances antioxidant
status

Trigonella foenum- Seeds Galactomannan, - Improves insulin sensitivity - Reduces fasting blood
graecum saponins, 4- - Enhances glucose absorption glucose
(Fenugreek) hydroxyleucine - Modulates enzymes involved in | - Lowers HbAlc levels
glucose metabolism - Improves lipid profiles
Vitamin C Fruits, Ascorbic acid - Neutralizes reactive oxygen - Improves endothelial
vegetables species function
- Inhibits protein glycation - Enhances antioxidant
- Reduces lipid peroxidation status
- May improve insulin
sensitivity
Vitamin D Dietary Cholecalciferol (D3), - Improves insulin sensitivity - Improves glycemic control
sources, ergocalciferol (D2) - Modulates calcium - Reduces risk of diabetes-
sunlight homeostasis related complications
- Exhibits anti-inflammatory - May improve beta-cell
effects function
Zinc Plant and Zinc ions (Zn2+) - Essential for insulin synthesis, | - Improves glycemic
animal storage, and secretion- Maintains | control- Reduces risk of
sources structural integrity of insulin diabetes-related
complications
- May improve wound
healing
Vanadium Dietary Vanadium compounds | - Insulin-mimetic effects- - Reduces fasting blood
sources (e.g., vanadyl sulfate) Enhances glucose uptake glucose
- Regulates lipid metabolism - Lowers HbAlc levels
- Improves lipid profiles

4. Mechanisms of anti-diabetic action

Nutraceuticals exert their anti-diabetic effects through a multitude of mechanisms, targeting various physiological processes and
pathways involved in glucose homeostasis and insulin action. These mechanisms can be categorized as follows: [16]
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4.1. Insulin sensitization

Insulin resistance, a hallmark of type 2 diabetes, is characterized by impaired cellular response to insulin, leading to dysregulated
glucose metabolism. Many nutraceuticals have been found to enhance insulin sensitivity, thereby improving glucose uptake and
utilization by peripheral tissues. Bioactive compounds present in nutraceuticals like cinnamon, fenugreek, and bitter melon have
been shown to increase the expression and activity of insulin receptors on target cells. This facilitates the insulin signaling cascade,
leading to the translocation of glucose transporters (GLUT-4) to the cell membrane, allowing for more efficient glucose uptake by
skeletal muscles and adipose tissues. Additionally, certain nutraceuticals, such as alpha-lipoic acid and vanadium, possess insulin-
mimetic properties, directly stimulating glucose uptake and utilization by cells, independent of insulin action [17]

4.2. Regulation of glucose metabolism

Nutraceuticals can modulate various enzymes and pathways involved in glucose metabolism, contributing to their anti-diabetic
effects. For instance, phytochemicals found in cinnamon and bitter melon have been shown to inhibit the activity of enzymes like
alpha-glucosidase and alpha-amylase, which are responsible for breaking down complex carbohydrates into glucose. This can
effectively reduce the rate of glucose absorption in the intestine, leading to lower postprandial blood glucose levels. Certain
nutraceuticals, like fenugreek and Gymnema sylvestre, have been found to enhance the activity of enzymes involved in glucose
metabolism, such as glucokinase and hexokinase, which play crucial roles in glucose utilization and storage. [18]

Furthermore, some nutraceuticals can modulate hepatic glucose production by inhibiting enzymes like glucose-6-phosphatase and
fructose-1,6-bisphosphatase, which are responsible for gluconeogenesis (the synthesis of glucose from non-carbohydrate sources)
and glycogenolysis (the breakdown of glycogen to glucose), respectively [19]

4.3. Antioxidant and anti-inflammatory activities

Oxidative stress and chronic inflaimmation are closely linked to the development and progression of diabetes and its associated
complications. Nutraceuticals possess potent antioxidant and anti-inflammatory properties, which can help mitigate these
pathological processes. Compounds like vitamins C, E, and D, as well as phytochemicals like curcumin, resveratrol, and quercetin,
exhibit strong antioxidant activities, neutralizing reactive oxygen species (ROS) and protecting cells from oxidative damage. This
can help preserve pancreatic beta-cell function, enhance insulin sensitivity, and prevent the development of diabetic complications
like neuropathy, nephropathy, and retinopathy. Additionally, many nutraceuticals have been shown to modulate inflammatory
pathways by inhibiting the production of pro-inflammatory cytokines, such as interleukin-6 (IL-6), tumor necrosis factor-alpha
(INF-a), and C-reactive protein (CRP), which are known to contribute to insulin resistance and beta-cell dysfunction [20]

4.4. Modulation of Gut Microbiota

The gut microbiota, the diverse community of microorganisms residing in the human gastrointestinal tract, plays a crucial role in
various metabolic processes, including glucose and lipid metabolism. Dysbiosis, or an imbalance in the gut microbiota composition,
has been associated with the development of insulin resistance and type 2 diabetes.[21]

Nutraceuticals like probiotics (live beneficial bacteria) and prebiotics (indigestible fibers that promote the growth of beneficial gut
bacteria) can modulate the composition and activity of the gut microbiota, promoting the growth of beneficial bacteria and inhibiting
the growth of harmful ones. This can lead to improved gut barrier function, reduced inflammation, and enhanced insulin sensitivity.

Furthermore, certain nutraceuticals, such as polyphenols and dietary fibers, can act as prebiotics, serving as substrates for the growth
and activity of beneficial gut bacteria, which in turn produce metabolites like short-chain fatty acids (SCFAs) that can positively
influence glucose and lipid metabolism. [22]

4.5. Other Potential Mechanisms

In addition to the mechanisms mentioned above, nutraceuticals may exert their anti-diabetic effects through other pathways,
including:

e Inhibition of protein glycation: Non-enzymatic glycation of proteins is a process that contributes to the development of
diabetic complications. Nutraceuticals like vitamin C, taurine, and certain polyphenols can inhibit this process, thereby
reducing the formation of advanced glycation end products (AGEs).

e  Modulation of adipokine secretion: Nutraceuticals may influence the secretion of adipokines, such as adiponectin and
leptin, which play crucial roles in regulating glucose and lipid metabolism, as well as insulin sensitivity. For example, some
nutraceuticals have been shown to increase adiponectin secretion, which can enhance insulin sensitivity.

e  Enhancement of pancreatic beta-cell function: Certain nutraceuticals have been shown to stimulate the proliferation,
survival, and insulin secretory capacity of pancreatic beta-cells. This can help preserve or restore insulin production in
individuals with diabetes, particularly those with type 2 diabetes, where beta-cell dysfunction is a major contributing factor.
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e Regulation of lipid metabolism: Some nutraceuticals, like omega-3 fatty acids, plant sterols, and certain polyphenols, can
modulate lipid metabolism by reducing the levels of triglycerides, low-density lipoprotein (LDL) cholesterol, and free fatty
acids, which are often dysregulated in individuals with diabetes and contribute to insulin resistance.

e Modulation of gene expression: Nutraceuticals can influence the expression of various genes involved in glucose and lipid
metabolism, insulin signaling, and other pathways relevant to diabetes pathogenesis and progression. This can be mediated
through epigenetic mechanisms, such as DNA methylation and histone modifications

5. Clinical studies and efficacy

5.1. Herbal nutraceuticals

Numerous clinical studies have investigated the efficacy of various herbal nutraceuticals in the management of diabetes mellitus.
For instance, several randomized controlled trials have demonstrated the hypoglycemic effects of Momordica charantia (bitter
melon) in individuals with type 2 diabetes, with significant reductions in fasting blood glucose levels and HbAlc levels observed.

Similarly, clinical studies have shown that supplementation with Cinnamomum zeylanicum (cinnamon) can improve insulin
sensitivity, lower fasting blood glucose levels, and reduce the risk of diabetes-related complications in individuals with type 2
diabetes. Ocimum sanctum (tulsi) has also been investigated in clinical trials, with some studies reporting improvements in glycemic
control, lipid profiles, and antioxidant status in individuals with type 2 diabetes. [23]

5.2. Micronutrient Nutraceuticals

Several micronutrient nutraceuticals, including vitamins, minerals, and other bioactive compounds, have been studied for their
potential benefits in diabetes management. Clinical trials have demonstrated that vitamin D supplementation can improve insulin
sensitivity and glycemic control in individuals with type 2 diabetes and prediabetes Zinc supplementation has also been investigated,
with some studies suggesting that it may improve glycemic control and reduce the risk of diabetes-related complications, particularly
in individuals with zinc deficiency. Additionally, clinical trials have explored the potential benefits of alpha-lipoic acid, coenzyme
Q10, and inositol in improving insulin sensitivity and glycemic control in individuals with type 2 diabetes and gestational diabetes.

5.3. Combination Therapies

Some clinical studies have also explored the potential synergistic effects of combining different nutraceuticals or using nutraceuticals
as adjuncts to conventional pharmacotherapy. For example, a combination of cinnamon and chromium has been studied for its
effects on glycemic control and lipid profiles in individuals with type 2 diabetes. Moreover, the use of nutraceuticals, such as
berberine and curcumin, in combination with metformin or other oral hypoglycemic agents, has shown promising results in
improving glycemic control and reducing the risk of diabetes-related complications. [23]

6. Safety and Toxicity Considerations

6.1. Herbal Nutraceuticals

While many herbal nutraceuticals are generally considered safe when consumed in recommended doses, some may interact with
medications or have potential side effects, especially at higher doses or with prolonged use. For example, Momordica charantia
(bitter melon) may cause hypoglycemia, abdominal discomfort, and headaches in some individuals [23].

6.2. Micronutrient Nutraceuticals

Micronutrient nutraceuticals, such as vitamins and minerals, are generally well-tolerated when consumed within recommended daily
allowances. However, excessive intake of certain micronutrients, such as vitamin D or zinc, can lead to adverse effects, including
hypercalcemia, renal complications, and gastrointestinal disturbances [23].

6.3. Drug-Nutraceutical Interactions

It is essential to consider potential drug-nutraceutical interactions, as some nutraceuticals may interfere with the absorption,
metabolism, or efficacy of certain medications used in the management of diabetes and its associated conditions. For instance,
cinnamon has been reported to interact with medications such as insulin, metformin, and antidiabetic drugs, potentially leading to
hypoglycemia [23].
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7. Conclusion

Nutraceuticals have emerged as promising therapeutic candidates for the management of diabetes mellitus, offering potential
benefits through various mechanisms, including insulin sensitization, regulation of glucose metabolism, antioxidant and anti-
inflammatory effects, and modulation of gut microbiota. While numerous preclinical and clinical studies have demonstrated the
anti-diabetic properties of various nutraceuticals, further research is needed to address challenges related to standardization,
bioavailability, clinical trial design, and regulatory aspects. Additionally, exploring the integration of nutraceuticals with conventional
therapies holds promise for more comprehensive and personalized approaches to diabetes management. As our understanding of
the therapeutic potential of nutraceuticals continues to evolve, their role in complementing or supplementing existing treatment
strategies may contribute to better health outcomes for individuals with diabetes mellitus.
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