


Review Article
Functional foods and nutraceuticals in the management of metabolic syndrome

Abstract
Metabolic diseases, including obesity, diabetes, cardiovascular disease and non-alcoholic fatty liver disease are steadily on the rise worldwide, partly contributed by dietary habits and sedentary lifestyle as well as genetic conditions. Although conventional interventions are successful, they may be limited by side effects and the lack of long-term control. Increasing attention has recently been devoted to functional foods and nutraceuticals as potentially effective adjunctive modalities in the management of metabolic disorders. This review emphasizes on the interaction of functional foods (such as oats, berries, probiotics and green tea) and nutraceuticals (e.g., polyphenols, omega-3 fatty acids, vitamins, minerals, probiotics and herbals), with regard to changed glycemic status, lipid intervention; oxidative stress alleviation, inflammatory potentiation via eubiosis in the gut microbiota composition. Mechanisms include better insulin signalling, increased AMPK activity, lipid modulation and hepatoprotection. Novel methods such as hybrid formulations and newer delivery systems (e.g., nanoencapsulation, liposomal gels) enhance the bioavailability and therapeutic benefits. In spite of the promising evidence, standardization, regulatory approval, clinical value and consumer reception constitute major obstacles. Direction for the future Including personalized nutrition, precision medicine and microbiome-informed interventions to improve metabolic health. In conclusion, functional foods and nutraceuticals are safe, natural, and sustainable way for the prevention and treatment of metabolic disorders.
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Introduction
Metabolic diseases are a heterogeneous group of chronic, noncommunicable diseases characterized by disturbances in normal metabolic processes including carbohydrate, lipid and protein metabolism. Other common metabolic disorders are type 2 diabetes mellitus (T2DM), obesity, dyslipidemia, metabolic syndrome, hypertension and non-alcoholic fatty liver disease (NAFLD) (IDF, 2022). These conditions share a same pathogenic background linked to insulin resistance, systemic inflammation, oxidative stress and changes in gut microbiota composition (Tilg & Moschen, 2016). Genetic predisposition along with sedentary behavior and consumption of a high-caloric, nutrient-poor diet are major contributors to onset and progression of these diseases (Friedman, 2020). Metabolic diseases are worsening in prevalence and risk for CVD, renal failure, early death; they are the global public health priority.
Increasing rates of metabolic syndromes worldwide over the last three decades. Current estimates are that 1 billion people globally are overweight or obese, and at this moment 537 million adults have diabetes, projected to increase to 643 by the year 2030 (IDF, 2022; World Health Organization [WHO], 2023). The increasing burden is particularly more marked in developing countries because of rapid urbanization, westernized dietary habits and sedentary life style.
Conventional pharmacological (or non-pharmacological) treatments such as medication and lifestyle changes could be effective in treating depression but are limited to ease of access, high cost, side effects of treatment, poor long-term adherence, and absence in improvement in patient outcome (Zhang et al., 2021). In addition, the majority of existing drugs focus on alleviation of symptoms and not correction of core disturbances in metabolism, inflammation or nutritional deficiencies. Therefore alternative strategies, especially dietary-based interventions, that support metabolic health and result in better clinical outcomes are of increasing interest.
Such challenges have led to the emphasis on diet as a therapeutic option, putting the spotlight on functional foods and nutraceuticals. Functional Foods Functional foods are those that offer health benefits above and beyond simple nutrition and may reduce the risk of disease or improve body function (Academy of Nutrition and Dietetics, 2021). Some of the examples are probiotics, bioactive enriched whole grains, omega-3 rich foods and fermented food items. Nutraceuticals are concentrated, bioactive compounds extracted and processed from foods, then marketed in medicinal forms (eg capsules or powders) used to maintain health and prevent and manage disease. 7 Nutraceuticals have been defined as “Food or part of food that provides medical or health benefits including pre-venting and/or treating diseases.” 8 Kalra 6 Examples of nutraceuticals include polyphenols, omega-3 fatty acids, vitamins, minerals, phytosterols and herbal extracts. Whilst both are used interchangeably, the main difference is in manner and purpose of consumption: functional foods are part of the diet, whereas nutraceuticals function more like a supplement or drug. Combined, they are a good nutritional intervention in the treatment of metabollic disease through modulation of infllammation, oxidative stress, dyslipidemia, insuline resistance and gut gicrobrial imbalance.
Functional foods as potential therapeutic options for metabolic diseases
a. Modes of Action and Bioactive Ingredients
Functional foods are a source of phytochemicals, many with biological activity against metabolic disorders including diabetes, obesity and cardiovascular diseases. Such bioactives are: dietary fiber, omega-3 FAs, probiotics, polyphenols produced during intestinal microbial metabolism like carotenoids, flavonoids and phytosterols all with distinct biochemical effects. Fibers such as β-glucan and inulin slow the rate of gastric emptying by essentially increasing the viscosity within the gastrointestinal tract which lowers postprandial glucose excursions, thus aiding glycemic control through alterations to glucose transport pathways and altering insulin signaling (O’Neil, Smith, Johnson, Smart & Ellwood, 2017). Hyperglycemia can be combated by consumption of polyphenol rich berries, olive oil, green tea and cocoa that triggers intracellular effectors including AMP-activated protein kinase (AMPK) for improved glucose uptake, mitochondrial energy metabolism and inflammation effects (Huang et al., 2018). Likewise, omega-3 fatty acids including eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) down-regulate pro-inflammatory cytokines, modulate lipid oxidation pathways, and enhance membrane fluidity thereby mediating cardiometabolic protection.
They are also known to act through the modulation of gut microbiota, enhancing microbial diversity, raising short-chain fatty acid (SCFA’s) synthesis like butyrate and propionate production, improving intestinal barrier function, which in total leads to a reduction in metabolic endotoxemia and systemic chronic inflammation (Cerdó, García-Santos, Bermúdez et al., 2019). Phytosterols have a similar structure with that of cholesterol and thus can compete for absorption in the intestine since they cause reduction levels of circulating concentrations of LDL cholesterol (Demonty, Ras, & van der Hee, 2017). The confluence of the biological activities of these compounds underscores that functional foods do not function through just one mechanism, but rather carry out a system-wide modulation of metabolic, inflammation and oxidative cascades that play roles in the progression of metabolic disease.
b. Contribution to Diabetes and Obesity
Functional foods are playing an increasing role in the management of diabetes and obesity by targeting energy metabolism, insulin sensitivity, inflammatory pathways, and appetite control. High-whole grain, high-legume diets and a soluble fiber-rich diet can also decrease the rate of glucose absorption and benefit insulin response mechanism by increasing sensitivity of pancreatic β-cells as well as by competitively modulating intestinal incretin hormones- GLP-1 and GIP (Aune, Norat, Romundstad, Vatten & Riboli, 2016). Dietary polyphenols present in foods such as berries, extra virgin olive oils (EVOO), dark chocolate and green tea have been shown to inhibit carbohydrate- digesting enzymes, decrease oxidative stress, enhance cellular insulin signaling cascade by activating GLUT-4 translocation and inhibiting NF-κB inflammatory pathways (Castro-Barquero, Úrsula, Ruiz-León, Tresserra-Rimbau, Hernández-Alonso & Serra-Majem 2020).
Cinnamon, fenugreek, and bitter melon are traditional herbal FFC containing bioactive compounds such as cinnamaldehyde, trigonelline, and charantin which have insulin mimicking activity and enhance glucose utilization in peripheral tissues (Talaei et al., 2017). Omega-3 fatty acids in foods like flaxseed and fatty fish cause a decrease in body fat mass by changing adipokine release, ameliorating lipid metabolism and enhance mitochondrial fat oxidation pathways (Mohammadi-Sartang et al., 2020). Functional foods naturally modify several biochemical pathways serving as an effective and sustainable non-pharmacological strategy for prevention of obesity and diabetes, throughout the lifespan.
c. Role in Cardiovascular Health
Functional foods have also shown marked therapeutic effects in the treatment of cardiovascular health, especially heart diseases in patients with metabolic risk factors like abnormal dyslipidemia, hypertension and chronic inflammation. Phytosterol containing foods such as nuts, seeds and fortified juices allow for competition with cholesterol in the intestine for absorption and lead to a 10–15% reduction facilitating LDLc concentration if consumed on a regular basis (Rideout & McLean, 2019). Omega-3 fatty acids derived from fish, algae, and flaxseed enhance endothelial function, decrease the triglyceride levels, mitigate platelet aggregation and enhance the synthesis of anti-inflammatory lipid mediators resulting in the reduction in cardiovascular events risk (Li et al., 2021).
Cocoa, grapes, green tea and olive oil polyphenols present vasodilatory actions as a result of increased nitric oxide availability, stronger resistance of endothelial cells and blockage of oxidative stress pathways (Li et al., 2019). Probiotic strains in fermented functional foods, such as kefir and yogurt lower blood pressure, favorably modify lipid metabolism and decrease systemic inflammation through gut microbiota–mediated mechanisms (Dong et al. Overall, these studies suggest that functional foods have a role in reducing CV risk burden, in addition to medical treatments and lifestyle modifications.
d. In Gastrointestinal and Liver Health
Functional foods can also act as therapeutics to ensure gastrointestinal health and prevent the development of liver-related complications due to metabolic disorders including metabolic-associated fatty liver disease (MAFLD). Both dietary fiber and prebiotics such as inulin and fructooligosaccharides help the proliferation of advantageous gut bacteria, increase intestinal motility, combat dysbiosis and reduce gut permeability, helping to lower lipopolysaccharide-related inflammation—a major driver of metabolic liver diseases (Markowiak & Śliżewska, 2017). Does the microbiome respond to diet with a plethora of potentially beneficial microbes (fermented foods: kimchi, sauerkraut, kefir, yogurt) known to balance immunity response, enhance mucosal defense and influence nutrient absorption3?
Polyphenols of curcumin, berries and green tea have anti-steatotic and hepatoprotectrive effects; they decrease hepatic lipid accumulation and increased activity of antioxidant enzymes while inhibiting fibrogenic pathways known to contribute in progress on the MAFLD (Bobe, Albert, Kitts, LeBlanc, & Jacobs, 2021). Omega-3 fatty acid-enriched dietary intervention results in meaningful reduction of liver fat content, improved insulin sensitivity and reversal of early fibrosis through the modulation of hepatic lipid oxidation and inflammatory gene expression (Scorletti et al., 2020). These findings reflect the potential of functional foods to target the gut-liver axis and metabolic resilience.
Table 1. Functional Foods and Their Therapeutic Roles in Metabolic Disorders
	Category
	Example Functional Foods
	Key Bioactive Components
	Mechanism of Action
	Target Metabolic Outcome
	Supporting Evidence (Author, Year)

	Mechanisms of Action & Bioactive Components
	Berries, green tea, turmeric, flaxseed, garlic
	Polyphenols, catechins, curcumin, lignans, allicin
	Antioxidant activity, suppression of inflammatory pathways (NF-κB), improved mitochondrial function, modulation of gut microbiota
	Reduced oxidative stress, improved cellular signaling, prevention of metabolic dysfunction
	Ghosh & De (2021); Chen, Liu & Zhao (2020)

	Role in Diabetes & Obesity
	Oats, bitter melon, fenugreek, chia seeds, quinoa
	Dietary fiber (β-glucan), charantin, trigonelline, omega-3 fatty acids, resistant starch
	Delayed glucose absorption, improved insulin sensitivity, appetite regulation via GLP-1 activation, modulation of adipogenesis
	Lower fasting glucose, improved HbA1c, reduced body weight and visceral fat
	Ali & Hamid (2022); Singh & Kumar (2021)

	Role in Cardiovascular Health
	Fatty fish, nuts, olive oil, soy products, dark chocolate
	Omega-3 PUFA, phytosterols, monounsaturated fats, isoflavones, flavanols
	Reduction in LDL oxidation, improved endothelial function, regulation of lipid metabolism, antithrombotic effects
	Reduced LDL cholesterol, improved lipid profile, lowered blood pressure and inflammatory markers
	Kris-Etherton & Petersen (2020); Rahman & Al-Dabbas (2019)

	Role in Gastrointestinal & Liver Health
	Yogurt, kefir, fermented vegetables, whole grains, milk thistle
	Probiotics (Lactobacillus, Bifidobacterium), prebiotic fibers, silymarin
	Gut microbiome modulation, enhancement of bile metabolism, hepatoprotective antioxidant response, reduced intestinal permeability
	Improved gut health, reduced fatty liver progression, restored digestive metabolism, reduced liver inflammation
	Mujtaba & Rehman (2021); Moradi & Davari (2020)



3. Nutraceutical Interventions in Metabolic Disorders
a. Polyphenols, Flavonoids, and Antioxidants
Polyphenols, Flavonoids and Antioxidants as Nutraceuticals in the Management of Diabetes Polyphenols, flavonoids, antioxidants have surfaced as an integral part of nutraceutical therapy for metabolic disorders owing to their anti-oxidative stress, anti-inflammatory, insulin signaling regulation and lipid metabolism. Polyphenols including resveratrol, quercetin, catechins and curcumin exhibit heavy antioxidant activities by up-regulating endogenous defensive systems such as nuclear factor erythroid 2-related factor 2 (Nrf2), improving the synthesis of glutathione and decreasing the overproduction of reactive oxygen species (ROS) that are causative mediators for metabolic disorder (Chaplin & Akoh, 2021). Flavonoids, including anthocyanins in berries and tea, increase endothelial function, downregulate inflammatory pathways (e.g., NF-κB) and enhance insulin sensitivity via modulation of AMP-activated protein kinase (AMPK) signaling (Katz & Doughty, 2022). Resveratrol has beneficial outcomes of ameliorating hepatic steatosis, restoring mitochondrial function and increasing glucose uptake by activating SIRT1 via calorie restriction-like pathways (Szkudelski & Szkudelska, 2019). In humans, curcumin supplementation has shown decrease in fasting glucose, triglyceride and inflammatory biomarkers confirming the utility of this agent in prevention or treatment of metabolic syndrome and diabetes type 2 (Amar, Hassanzadeh & Zegarska, 2021).
Antioxidants also bring about beneficial metabolic outcomes by insulating pancreatic β-cells from oxidative damage, a key factor in driving the progression of diabetes. Green tea catechins, particularly epigallocatechin gallate (EGCG), reduce HbA1c, increase fat oxidation and thermogenesis that may be useful in obesity induced metabolic perturbations of glucose metabolism (Bose & Lambert, 2020). These bioactive constituents together showed nutraceutical interventions utilizing antioxidants rich from sources could lead to a clinically relevant betterment in metabolic control.
b. Influence on Lipids and Omega-3 Fatty Acids
Omega-3 PUFAs, especially eicosapentaenoic acids (EPA) and docosahexaenoic acid (DHA), have significant therapeutic effects in lipid metabolism, cardiovascular protection and inflammation regulation. These LC-PUFAs act via several mechanisms such as, dys-inhibition of hepatic triglyceride (TG) synthesis, enhanced fatty acid β-oxidation and alteration in the levels of lipid transporting proteins such as the apolipoproteins (Huynh & Kitts, 2022). EPA and DHA supplementation, for example, has consistently been shown to lower serum triglycerides by as much as 30% (Nissen et al., 2020); especially in obese and diabetic individuals (Nicholls, Lincoff, Garcia & Nissen). There is also clinical evidence of an improvement in endothelial function and a decrease in systemic inflammation due to diminished circulating levels of C-reactive protein and interleukin-6 (Ghasemi Fard, Licker, Martin-Sosa, & Ferrer, 2021).
Omega-3 fatty acids also modulate adipokines, including higher levels of adiponectin and lower concentrations of leptin, leading to better metabolic flexibility with increased glucose disposal. In addition, docosapentaenoic acid (DPA), which had long been neglected, has recently attracted attention for its anti-atherogenic and antisteatotic properties being as potent or even more potent than EPA and DHA in lipidlowering pathways (Scorletti & Byrne, 2022). This evidence provides a strong foundation for considering omega-3 fatty acids as one of the most established nutraceuticals to prevent cardiometabolic risk.
c. Vitamins, Minerals and Trace Elements
Vitamins, minerals and trace elements are co-factors in metabolic pathways that have pivotal effects on insulin signaling, antioxidant defense and inflammation control. Vitamin D deficiency has been shown to be associated among other with metabolic syndrome, insulin resistance and obesity and supplementation revealed good results in glucose homeostasis management, inflammation reduction and β-cell function enhancement by acting on the VDR pathway (Bouillon, Manousaki, Rosen, & Trajanoska 2022). As antioxidant micronutrients, vitamin E and vitamin C decrease lipidperoxidation and improvevascular function, which are both key factors in improving cardio- metabolic profiles (Klein & Meydani, 2021).
At least, magnesium, chromium and zinc are involved in glucose traffic and insulin signaling. Magnesium supplementation enhances insulin receptor sensitivity and decreases fasting glucose in individuals with diabetes, whereas chromium picolinate increases insulin receptor activation and lowers HbA1c levels in people who are overweight (de Baaij, Hoenderop, & Bindels, 2015). In addition to the cobalt role as a structure in the crystallization of insulin and maintaining pancreatic integrity, zinc is also indispensable for metabolic patients (Chu, de Souto Barreto, & Rolland, 2021). Micronutrients, such as selenium, have produced mixed results; although essential for the activity of glutathione peroxidase, excessive supplementation may could lead to insulin resistance and underscores the vital need of therapeutic doses that are regulated (Algotar & Stratton, 2020). Furthermore, micronutrient optimization represents a viable targeted solution for the management of metabolic disorders.
d. Probiotics and Prebiotics
Probiotics and prebiotics are increasingly regarded as regulators of metabolic health due to their influence on the gut microbiota, metabolic signaling and systemic inflammation. Several probiotic strains, including Lactobacillus rhamnosus, Bifidobacterium longum and Akkermansia muciniphila have shown beneficial effects on maintaining gut integrity, lipid metabolism and glucose tolerance through promoting short chain fatty acid (SCFA) production and reinforcing the integrity of our mucosal barriers (Depommier et al., 2019). Probiotic supplementation reduces body weight, serum triglycerides, and inflammatory cytokines back to normal levels with improved insulin sensitivity as reported in the literature (Yun et al., 2021).
Prebiotics such as inulin, resistant starch and galactooligosaccharides promote the proliferation of beneficial microbes which elevate SCFAs level—in particular butyrate, a major metabolic regulator linked to leanness and improved mitochondrial adoption (Khan et al., 2022). Synbiotics (a mixture of prebiotics and probiotics) had better clinical outcomes than single supplementation because they influenced metabolic biomarkers, immune function, and bile acid metabolism (Gibson & Hutkins, 2020). Gut-aimed nutraceuticals therefore constitute an evergrowing therapeutic approach in the prevention and therapy of metabolic diseases.
e. Herbal Extracts and Phytochemicals
Phytochemicals and herbal extracts are one of the extensively researched classes of nutraceuticals for metabolic disorders, which have multi-targeted pharmacological effects. Compounds including berberine, gingerol, chlorogenic acid and‐ginsenosides have glucose-lowering, anti-inflammatory, lipid-improving and hepatoprotective effects (Imenshahidi & Hosseinzadeh, 2019). Berberine, which is obtained from Berberis vulgaris and some other plants, can control glucose as effectively as metformin through activation of AMPK-mediated enhancing insulin receptor phosphorylation and GLUT-4 translocation to cell membranes (Wang, Chen, Zhang, & Zhou, 2021). Ginseng and its ginsenoside components increase insulin secretion and β-cell survival, as well as decrease hepatic steatosis.
In addition, chlorogenic acid in green coffee bean extract acts on the reduction of hepatic glucose output and intestinal glucose absorption to ameliorate glucose tolerance (Sies & Jones, 2020). Botanical extracts like ginger and garlic inhibit systemic inflammation, oxidative stress and dyslipidemia because of the presence of gingerols, allicin, flavonoids and sulfur containing compounds (Shoaib & Khan, 2022). The powerful mechanistic and clinical evidence suggest phytochemicals as potential adjuvant therapy in the management of risk factors associated with metabolic disorders.
Table 2. Nutraceutical Classes and Their Roles in Metabolic Disorder Management
	Category
	Example Nutraceutical Sources
	Key Bioactive Compounds
	Mechanism of Action
	Metabolic Health Benefits
	Supporting Evidence (Author, Year)

	Polyphenols, Flavonoids & Antioxidants
	Green tea, berries, grape seed extract, dark cocoa
	Epigallocatechin gallate (EGCG), resveratrol, anthocyanins, quercetin
	Antioxidant and anti-inflammatory activity, activation of AMPK pathway, insulin sensitivity enhancement
	Reduced oxidative stress, improved insulin response, lower fasting glucose, decreased body fat
	Stull & Liu (2020); Santos & Rodrigues (2021)

	Omega-3 Fatty Acids & Lipid Modulators
	Fish oil, algal oil, flaxseed oil, chia
	EPA, DHA, α-linolenic acid
	Regulation of lipid metabolism, reduction of triglycerides, modulation of inflammatory cytokines, improvement of endothelial function
	Lower LDL and triglycerides, improved cardiovascular markers, reduction in visceral fat
	Abdelhamid & Hooper (2020); Ribeiro & Abreu (2022)

	Vitamins, Minerals & Trace Elements
	Vitamin D supplements, magnesium, zinc, selenium, chromium picolinate
	Vitamin D3, Mg²⁺, Zn²⁺, Se, chromium
	Enzyme co-factor roles, mitochondrial regulation, glucose metabolism control, antioxidant activity
	Improved glycemic control, reduced inflammation, improved insulin signaling and metabolic enzyme activity
	Crawford & Harris (2021); Jovanovic & Milovanovic (2020)

	Probiotics & Prebiotics
	Yogurt cultures, synbiotic formulations, inulin, resistant starch
	Lactobacillus spp., Bifidobacterium spp., fructo-oligosaccharides (FOS), galacto-oligosaccharides (GOS)
	Modulation of gut microbiota, improved bile acid metabolism, SCFA production, reduced intestinal permeability
	Reduced inflammation, improved lipid profile, reduced NAFLD progression, improved insulin sensitivity
	Markowiak & Śliżewska (2022); Barengolts (2020)

	Herbal Extracts & Phytochemicals
	Turmeric, bitter melon, ginseng, garlic, cinnamon
	Curcumin, charantin, ginsenosides, allicin, cinnamaldehyde
	Modulation of glucose metabolism, antioxidant protection, gut microbiome regulation, lipid regulatory pathways
	Lower blood glucose, reduced HbA1c, antioxidant protection, liver enzyme normalization
	



4. Synergistic Effects and Hybrid Approaches
a. Blend of Functional Foods and Nutraceuticals
Functional food and nutraceuticals have synergistic effect on metabolic disorders, which may be beneficial to improve therapeutic efficiency through cooperative action. Functional foods naturally contain bioactive compounds such as fibers, antioxidants and phytochemicals; whereas nutraceuticals provide potent standardized forms of these ingredients providing predictable pharmacological effects. Together, these strategies act to maintain metabolic homeostasis by improving lipid metabolism, promoting glucose homeostasis, and attenuating systemic inflammation that is a key driver of obesity, insulin resistance and CVD. The potential of diets rich in functional foods such as whole grain, fermented milk products and omega-3–rich sources to supplemental nutraceuticals like polyphenols, herbal extracts to improve insulin sensitivity, better regulation of lipid profile, and improved gut microbial diversity has been revealed through studies (Jain and Singhal, 2021). Moreover, the association among dietary antioxidants of natural origin (berries, olives, turmeric) and nutraceutical supplements (curcumin, resveratrol and quercetin) has demonstrated to enhance bioavailability and biological efficacy leading to superior decreases in oxidative stress markers as well as inflammatory cytokines (Park & Kim, 2022). Therefore, the hybrid dietary model might represent a comprehensive and potent strategy for chronic metabolic derangement in long-term life.
b. Nutraceutical Mixes and Commercial Formulations
Nutraceutical combinations and commercial products are more commonly being explored, having targeted some metabolic conditions such as hyperlipidemia, type 2 diabetes, obesity and hypertension. Such formulations are derived based on scientific ratios of bioactive phytochemicals, whose actions are synergized with each other and result in better clinical response compared to treatments that use a single substance. Commercial products usually mix omega-3 fatty acids, phytosterols, vitamins, plant polyphenols or extracts of beneficial herbs and probiotics to form multi-modal metabolic support systems. For instance, compound preparations comprising green tea extract, chromium picolinate and Garcinia cambogia which are commercially available have been shown to be effective in weight control by enhancing fat oxidation as well as reducing appetite and lipid absorption (Mukherjee, 2020). Conversely, formulations containing red yeast rice in combination with Coenzyme Q10 and plant sterols have demonstrated clinically significant decreases of LDL-C and total triglycerides without observing side effects typically associated to statins (Gupta and Mishra, 2019). Advancements in formulation technology also permit the customization of mixtures for special populations, as the elderly, prediabetic patients and people affected by metabolic syndrome; thus “personalizing” and approaching nutraceutical-based therapy.
c. New Systems for Delivery (Nanotechnology, Encapsulation, Gels, etc.)
Advances in delivery platforms such as nanotechnology, microencapsulation, nanoemulsion, liposomal carriers and hydrogel matrices are revolutionizing clinical performance of nutraceuticals and functional food bioactives that generally exhibit poor stability, solubility or high metabolism. Oral bioavailability is being dramatically improved with nanotechnology carriers, e.g. by means of enhanced solubilization protection against degradation in the gastrointestinal tract enhanced absorption and bioavailability as well as better controlled or targeted release. For example, curcumin (turmeric), resveratrol (red wine) and quercetin have all been nanoencapsulated to significantly enhance cellular uptake and therapeutic efficacy compared with the nonencapsulated forms, providing improved anti-inflammatory, antioxidant effects with potential application for metabolic disease intervention (Alminger et al., 2021; Aura et al. Probiotics encapsulated in polysaccharide or lipid-based carriers such as microencapsulation, nanocarriers, etc., depicted the protection against acidic conditions of gastric environment that facilitated increased colonization and enhanced modulation of gut microbiome (Kumar and Yadav, 2022). Furthermore, lipid-based nutraceutical gels and edible filament arrays form the formats that are being explored as alternative vehicles for pediatric and geriatric metabolic care, providing convenient dosing, improved palatability and less frequent dosage. These new delivery vehicles complement enhanced efficacy by enhancing the clinical utility of nutraceuticals and functional bioactives in long-term metabolic control.
Table 3. Summary of Synergistic and Hybrid Approaches of Functional Foods and Nutraceuticals in Metabolic Disorder Management
	Category
	Examples of Components/Interventions
	Mechanisms of Action
	Targeted Metabolic Outcomes
	Scientific Evidence 

	Combination of Functional Foods and Nutraceuticals
	Whole grains + omega-3 supplements; fermented foods + polyphenol capsules; turmeric + curcumin extract
	Enhances bioavailability and therapeutic potency; acts on multiple metabolic pathways including AMPK activation, inflammation reduction, and improved insulin sensitivity
	Improved lipid profile, reduced insulin resistance, lower inflammation, metabolic syndrome management
	Demonstrated improved outcomes over single interventions (Jain & Singhal, 2021; Park & Kim, 2022)

	Nutraceutical Blends and Marketed Formulations
	Multi-component capsules: polyphenols + vitamins; red yeast rice + CoQ10; Garcinia cambogia + chromium picolinate
	Multi-target pharmacological approach addressing lipid metabolism, oxidative stress, appetite regulation, and glucose modulation
	Weight reduction, LDL reduction, improved glycemic control
	Widely available commercial products supported by clinical evidence (Gupta & Mishra, 2019; Mukherjee, 2020)

	Nano-delivery Systems
	Nano-curcumin, nano-resveratrol, nano-quercetin
	Increased solubility, stability, and controlled release; enhanced cellular uptake; targeted action at metabolic tissues
	Elevated anti-inflammatory and antioxidant activity; improved metabolic parameters
	Strong improvement in bioavailability over traditional forms (Alminger et al., 2021)

	Encapsulation Systems
	Microencapsulated probiotics, prebiotics, omega-3 fatty acids
	Protection against degradation (stomach acid, oxidation), enhanced delivery to target organs (gut, liver)
	Improved gut microbiota composition, reduced endotoxemia, better liver metabolism
	Demonstrated effectiveness in gastrointestinal and hepatic metabolic pathways (Kumar & Yadav, 2022)

	Hydrogels / Gels / Novel Edible Formats
	Omega-3 fortified edible gels; vitamin-polyphenol oral gels
	Improved patient compliance and dosing consistency; enhanced controlled release
	Suitable for elderly, pediatric, diabetic and obese patients requiring long-term metabolic care
	Growing area in therapeutic food research; early supportive trials (Mukherjee, 2020)



5. Regulatory and Safety Considerations
Accelerated increase in the production and marketing of functional foods and nutraceuticals for metabolic disorders has compelled calls for stringent regulatory control and thorough bio-safety evaluation. Although regulatory frameworks are in place internationally, the definitions of stem cells, clearance/approvals methods and requirements, labeling specifications, and safety validations differ greatly by country/regulatory body with no consistency from one region to another leaving manufacturers, clinicians, and recipients (patients)/consumers confused. Regulatory compliance becomes crucial to maintain quality, authenticity and therapeutic competence as nutraceuticals and functional food bioactives are commonly employed in the market with less clinical approval as that of pharmaceuticals (Sharma & Joshi, 2020). The lack of universal evaluation protocols can generate variability in the content of active ingredients, erroneous health claims, adulteration and lower confidence of the consumer.
a. Global Regulatory Frameworks
The international regulatory guidance for nutraceuticals as well as functional foods is quite varied. In the United States, nutraceuticals are regulated by the Food and Drug Administration (FDA) according to the Dietary Supplement Health and Education Act (DSHEA), however, they divided into group of dietary supplement not as drug thus claims must not diagnose, treat or cure diseases (U.S. FDA, 2022). European Food Safety Authority While on the other hand, European system is more strict because it needs strong scientific background and validation by human trial studies to allow a product claim health benefit (European Food Safety Authority, 2021). In Asian countries, such is the case of Japan where the “Foods for Specified Health Uses” (FOSHU) system has implemented a highly organized evidence-based approval system and for that reason puts Japan in one of the most demanding models of nutraceutical validation (Tanaka 2019). In India, nutraceuticals are regulated by the FSSAI under the section of Food Safety and Standards Act which provides guidelines for nutraceutical claims allowed, composition and labeling in accordance with FSSAI standards; however implementation remains a challenge (FSSAI, 2021). Such disparate systems are symptomatic of global debates that continue to weigh innovation against public safety.
b. Safety, Toxicity and Quality Control
There are several stages of safety validation in the development and use of functional food and nutraceutical products, such as toxicology testing, allergen assay, stability investigation and clinical trial. Moreover, because nutraceuticals can be source of high concentrations of bioactives, long-term intake could have major implications for human health in terms of hepatotoxicity, drug–nutrient interactions, allergenicity and dysbiosis (Saldanha, Ghelfi & Del Bianco, 2023). Adulteration with pharmacological drugs (Al Mamari et al., 2012; Cobbina, Akunna & Johnson, 2020), heavy metal contamination (Ya‘qoub & Mohammad, 2015; Martins & Aparicio, 2022) and inconsistency in active compound concentration have been described particularly in herbal and imported supplement classifications. These products should also follow Good Manufacturing Practice (GMP) and there should be third-party certification to ensure quality, as well as standardized extraction/formation processes. Developing pharmacovigilance frameworks—similar to those applied in chemicals—was suggested to oversee side effects and long-term product safety (Alkhatib, 2021). But many areas have been slow to put that in place.
c. Ethical, Consumer Transparency and Labeling Considerations
Ethical issues are becoming more essential in nutraceutical regulation. Clear labelling, proper health claim and evidence-based marketing are key in order not to deceive consumers – especially at-risk groups such as diabetics, obese people or those with cardiovascular risk. Products are required to prominently feature ingredient sources, dosing information, directions for use and warnings, and if a product can negatively interact with other prescribed drugs (Johnson & Williams, 2022). Claims that are misleading bring ethical responsibilities, particularly if products are marketed as alternatives rather than supplements to medical advice. Furthermore, plant-based nutraceutical ingredients have raised issues of sustainability and traceability especially when the are derived from threatened or endangered medicinal plants or ecosystems due to commercial exploitation pressure (Rahman & Ali, 2020). As such, the reconciliation between ethical, environmental and clinical relevance is indispensable as industries expand.
6. Future Perspectives and Research Gaps
a. Personalised Nutrition and Precision Medicine
Incorporating functional foods and nutraceuticals in the context of personalized nutrition and precision medicine is an evolving revolution for treatment of metabolic conditions. Recent advances in nutrigenomics, metabolomics and microbiome profiling allow us to pinpoint individual responses to diet based on a genetically determined metabolic and gut microbial profile. Personalized dietary interventions customized in accordance with a person’s biological and lifestyle profile have the potential to further help therapeutic effects beyond generic dietary principles. It has been found that people with certain genetic polymorphisms (e.g., in the FTO gene, or in genes associated to lipid metabolism) have different responses to omega‐3 supplements, antioxidant-enriched diets or consumption of probiotics. This emphasizes the need for targeted dietary interventions as opposed to one-size-fits-all prescriptions. Despite mounting evidence, guidelines adoption is not universal because of high costs for implementation, absence of structured frameworks and poor availability of clinical data. With the increased access to technology, personalized nutrition is likely to become a central avenue in preventing and treating metabolic disorders (Ordovas & Ferguson, 2020; Das & Das, 2022).
b. Challenges in Clinical Validation
Although the use of functional foods, nutraceuticals even at a global level is expanding, clinical validation still remains challenging. Nutraceuticals, as opposed to pharmaceutical drugs, frequently do not have large-scale randomized controlled clinical trials under their belt; therefore it is challenging to conclusively correlate dose-response relationships with mechanisms of action and longer-term safety profiles. The limited bioavailability of active ingredients, forms of processing, agricultural conditions and extraction processes further hinder reproducibility and standardization. Regulatory guidelines also vary internationally, making it challenging to interpret product claims and adhere to safety standards. Complications increase when multicomponent products are assessed, combined into synergistic, antagonistic or neutral health effects. A major void is the lack of long-term surveillance of safety that includes vulnerable groups like elders, pregnant ladies or those with multi-morbidity. Thus, next investigations should focus on standardized clinical protocols, global harmonized regulatory pathways and modern science tools including metabolomic fingerprinting and artificial intelligence guided trial modeling to support evidence-based practice in nutraceutical science (Gutiérrez-Grijalva & Heredia, 2021; Rautiainen & Manson, 2022).
c. Marketing Trends and Consumer Attitude
The world market for functional foods and nutraceuticals has grown substantially, largely due to rising awareness of lifestyle related metabolic diseases, the movement toward self medication, and consumer interest in natural alternatives for therapy. Consumers are increasingly choosing food-based health solutions over prescription medications, particularly when they convey an organic, plant-based message or make clinical claims. The trend of functional drinks, dairy enriched with probiotics and other formulations such as herbal and nano-technological products are dictating commercial growth. Nonetheless, consumer confidence is largely driven by label transparency, scientific evidence, regulatory endorsement and cultural diet familiarity. Two such potential growth markets are the developing nations of India, China, and Southeast Asia due to traditional dietary habits coupled with increasing incidence of chronic diseases. However, there are still issues such as misinformation, variable product quality and accessibility. The future evolution of this market will depend on coordinated efforts among the scientists, policymakers, industry, and healthcare professionals to ensure ethical marketing, regulatory compliance and better consumer literacy (Grand View Research, 2023; Singh & Kaur, 2021).
7. Conclusion
Metabolically associated conditions like obesity, diabetes, cardiovascular disease and non-alcoholic fatty liver disease are increasing worldwide due to dietary transitions, lack of physical activity or genetic predisposition. The progressive constraints of the standard treatments as drug side effects and insufficient long-term disease management have fueled interest in complementary options such as functional foods and nutraceuticals. Over the past decade, there has been a mounting body of scientific evidence that highlight how certain bioactive components in our diet (e.g., polyphenols, omega-3 fatty acids, vitamins, minerals and phytocompounds) can play a beneficial role in modulating metabolic pathways; reducing inflammation; ameliorating glycemic and lipid profiles status; and balancing oxidative stress. Unlike traditional drugs, such nutritional interventions can contribute to overall metabolic equilibrium and may not merely treat symptoms but halt disease progression.
Some clinical and experimental studies have produced encouraging results on the effects of functional foods and nutraceuticals in treating components of metabolic syndrome. Mechanistic explanation demonstrated that these interventions modulate insulin signaling, mitochondrial function, gut microbiome composition, gene expression and cardiometabolic markers. Furthermore, co-formulations and emerging delivery technologies, such as nanoencapsulation, liposomal preparations and hybrid supplements seem to vastly improve bioavailability stability and therapeutic effects. These developments emphasize the growing potential for combined therapeutic interventions and personalized nutritional strategies in metabolic disease treatment. Nevertheless, there are still issues to be solved regarding standardization, regulation and clinical validation especially for multi-component formulas or commercial products.
The way forward for functional foods and nutraceutical therapies is precision medicine, evidence-based formulation as well as consumer-led innovation. Further investment to continued translational research, long-term human testing and harmonization of regulatory standards will be required in order to ensure scientific merit, safety, and effective clinical implementation. With the worldwide trend toward preventative medicine and management of diseases by lifestyle changes, functional foods and nutraceuticals are expected to emerge as an important adjunct or alternative choice for treatment. The available evidences predict that, in the context of current developments and scientific achievements, such kind of interventions have a strong potential for intervention targeting metabolic disorders in a safe, sustainable and biologically-meaningful manner at population level.
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