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Abstract

Nutraceuticals are bioactive food components and have recently generated increased interest in supporting health and reducing the risk of
diseases. This book chapter summarizes the pharmacological components underpinning nutraceuticals, emphasizing their molecular and
cellular mechanisms of action. Specific biological effects include antioxidant and anti-inflammatory activity, modulation of cellular signaling,
influence on epigenetics, interactions with the gut microbiome, and hormonal and metabolic regulation. Collectively, these provide ways to
address oxidative stress, control inflammation, modulate gene expression, and restore physiological equilibrium. As a result, nutraceuticals
offer feasible alternatives to care for chronic diseases such as cardiovascular diseases, diabetes, cancer, and degenerative diseases of the
nervous system. However, there are several notable hurdles in this area, including variability in products, limited clinical validation, possible
interference with pharmaceuticals, and disjointed regulations, all of which can confound the field. Using the lessons learned and husbanding
new opportunities as they arise, nutraceuticals can play a valuable role in the global health agenda as a personalized, safe, and effective
intervention for disease prevention and general well-being.
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Introduction

Nutraceuticals are biologically active components obtained from food sources that provide health benefits that extend beyond basic
nutrition. Nutraceuticals may serve to promote disease prevention and improve body functions, and overall health. Unlike dietary supplements
and pharmaceuticals, nutraceuticals are food-derived products with the possibility of providing health benefits, such as curcumin and omega-
3 fats. Dietary supplements are defined as products that provide additional nutrients to supplement the diet. Dietary supplements provide
vitamins, minerals, and herbal extracts for restricted or limited nutritional intake. Pharmaceuticals are chemically synthesized or purified
medications that demonstrate efficacy for specific medical indications, and they are subjected to rigorous quality control regulations to ensure
efficacy and safety before they are approved. Unlike nutraceuticals that highlight the healing properties of food-derived substances, dietary
supplements complement nutrient deficiencies and pharmaceuticals are targeted to health conditions. Nutraceuticals are located in between
nutrition and pharmaceuticals, unique to both (Igbal, Altaf, Salma, et al., 2024).Nutraceuticals have a long history in traditional systems of
healing like Ayurveda, Traditional Chinese Medicine and other herbal traditions as they relate to the health and sickness of people through the
use of natural foods or plant-based remedies. These traditional systems of healing recognized the healing aspects of food and its contents long
before its scientific proof. In the late 20th century, the concept of nutraceuticals began, in large part, because of advances in the science of
nutrition and the increased focus on preventive care. Scientists began isolating and measuring the bioactive properties in food and examining
their potential health impact. This signified move away from traditional means of practicing, which relied on experience using diets and food,
to more of research-focused model. Today, nutraceuticals can be viewed as a marriage between long-standing medical traditions and modern
science in service of a variety of unexplored health endeavors. Practically, nutraceuticals are a connection between natural health care
approaches and western health care practices (Goyal & Chauhan, 2024). To use nutraceuticals safely and effectively, understanding how
nutraceuticals work is crucial. Utilizing pharmacological principles helps to elucidate how bioactive constituents interact with the body’s
systems to provide their therapeutic action. It is equally important that the insights gained from pharmacological principles and the
accompanying knowledge base will help to inform safety, as they will help to elucidate possible side effects, interactions with other substances,
and when they may not be indicated to use. A full understanding of these mechanisms will also provide a solid basis for the scientific integrity
of health claims and will support evidence-based practice. In addition, understanding how nutraceuticals function helps to identify effective
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dosages, formulations, and delivery forms, to improve the precision and veracity in the application of nutraceuticals (Wink, 2022). This chapter
looks at the underlying processes by which nutraceuticals act on a biological system, describing their adaptogenic properties in detail. It looks
at how nutraceuticals affect the modulation of enzyme function, their ability to interact with cellular receptors and pathways, and their
antioxidant and anti-inflammatory properties. It examines their influence on gene expression and epigenetic modulation and their influences
on gut microbiota. All of these processes are examined in the context of promoting health, preventing disease, and potential therapeutic
applications. The examination of their biological actions illustrates how nutraceuticals, alone or in combination with modalities of health or
wellness, contribute to biological health, the mitigation of the risk of chronic disease, and contribute toward conventional medicine. The chapter
also communicates the importance of utilizing the scientific and knowledge base of nutraceuticals to promote responsible use in conjunction
with health and wellness, thereby establishing a bridge between evidence-based health care and non-evidence-based natural therapeutics
(Qureshi et al., 2024).

I1. Pharmacological Principles Applied to Nutraceuticals

Understanding the pharmacokinetic principles that underlie the activity of nutraceuticals is necessary for evaluating efficacy, safety, and
therapeutic value. These factors include bioavailability and uptake, distribution to tissue, metabolism, and excretion. Together, they determine
how nutraceuticals are taken up, how they get to their targets, how they are metabolized, and how they are eliminated from the body. All of
these factors are necessary to know nutraceuticals' potential impact on human health (Ashrafpour & Ashrafpour, 2025).

Bioavailability and Absorption

Bioavailability is defined as the portion of a nutraceutical that enters the systemic circulation and exerts a biological effect. The
bioavailability of nutraceuticals starts with absorption, which is influenced by several factors. Solubility is especially important. It must dissolve
into water or some lipids to absorb a biologically active ingredient. For instance, fat-soluble substances like curcumin may need dietary fat
present to aid absorption. Therefore, the way a nutraceutical is formulated can greatly influence its bioavailability. The method of delivery can
make a difference in absorption and may include forms such as capsules, emulsions, and nanoparticles. Encapsulation is also beneficial,
especially for sensitive compounds, as it helps in improving bioavailability. The matrix of food has a large influence on the absorption of
compounds in the digestive tract; interactions with other food components can influence bioavailability in both positive and negative ways.
Piperine from black pepper is a well-known example of a compound that influences bioavailability by impacting the metabolism of curcumin
and improving absorption (Dima et al., 2020).

Distribution and Tissue Targeting

After a nutraceutical is absorbed it has to be distributed to some sites in the body to manifest the expected biological outcomes. Several
things can affect this distribution. One issue is the blood-brain barrier (BBB) which highly regulates the access to the brain. While omega-3
fatty acids may easily cross the BBB, other nutraceuticals have specialized transport systems to cross the barrier. The distribution is affected
by binding to plasma proteins such as albumin where only the unbound fraction of a nutraceutical remains active and available for cellular
uptake. Uptake is a whole series of processes where nutraceuticals can enter the cell by passive diffusion, and also by transporters. For example,
polyphenols enter a cell and modulate signaling pathways. Another important aspect is the targeted tissue of certain nutraceuticals, if
nutraceuticals are destined to accumulate in some organs—lycopene at very high levels can accumulate in the prostate and may have protective
effects against cancer (Sharif et al., 2025). Understanding the distribution pathways is vital for optimizing the therapeutic capabilities of
nutraceuticals ensuring they are delivered to the correct sites of action, and ensuring the expected benefits for overall health will be achieved
(Kocsis et al., 2025).

Metabolism of Nutraceuticals

Metabolism transforms nutraceuticals into metabolites with different, similar, or greater biological activity relative to the original
compound. These transformations occur primarily in the liver and occur through two major phases. Phase I includes chemical reactions
(oxidation, reduction, and hydrolysis), mainly through the cytochrome P450 enzymes. An example of metabolism occurring is curcumin being
reduced to a metabolite called tetra-hydro curcumin but maintaining activity or even greater activity. Phase II includes conjugation reactions
such as glucuronidation and sulfation that modify compounds and improve water solubility so that they can be excreted. Conjugation brings
an added benefit (greater solubility) but can often limit bioavailability, as is common with many polyphenols. Nutraceuticals can also change
metabolic schemes by regulating the function of enzymes. For instance, grapefruit juice inhibits cytochrome P450 enzymes, so it can influence
the metabolism of both drugs and nutraceuticals. Metabolism is an overarching concept to understand a given compound's biological activity,
how long that activity lasts, and overall potential therapeutic effects. Understanding the metabolic pathways is essential for maximized efficacy
and safe use in health-related interventions (Stanley, 2024).

Excretion

Excretion is the final step in the pharmacokinetics of nutraceuticals and tells us how long we will have activity in the body. Water-soluble
metabolites will be removed from the body primarily through the kidney, and compounds such as glucuronidated flavonoids can be measured
in urine. On the other hand, biliary excretion is the main route for fat-soluble compounds and metabolites. Fat-soluble compounds are secreted
into the bile and removed from the body through the feces. The biliary elimination route is relevant for lipophilic nutraceuticals such as
carotenoids. The half-life for a nutraceutical is critical for how long we will receive an action from that nutraceutical. The longer the half-life,
the greater the potential for accumulation in tissues if intake exceeds acceptable toxicity levels that cause no harm. It is paramount to have an
understanding of these excretion mechanisms when designing dosing regimens to maximize therapeutic effects while minimizing adverse
effects. Regulating intake to elimination will promote the effective and safe use of nutraceuticals (Adeyanju, 2024).
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III. Mechanisms of Action of Nutraceuticals

Nutraceuticals can support health by interacting with biological systems at multiple molecular, cellular, and systemic levels and through
multiple mechanisms. These mechanisms can include antioxidant properties, anti-inflammatory properties, modulation of signaling pathways,
epigenetic modification, effects on the gut microbiota, and regulation of hormones and metabolic functions. Understanding these mechanisms
provides insight into the potential ways by which nutraceuticals impact disease prevention, disease management, and overall health (Dama et
al,, 2024).

Antioxidant Mechanisms

Nutraceuticals play a crucial role in combating oxidative stress, which is linked to aging and many chronic diseases, including
cardiovascular diseases, neurodegenerative diseases, and cancer. One of the primary mechanisms for nutraceutical effects is their ability to
scavenge free radicals and reactive oxygen species (ROS). Polyphenols, including resveratrol, quercetin, as well as vitamins C and E, directly
neutralize free radicals and ROS that cause cellular and tissue oxidative damage. Secondarily, nutraceuticals contribute to improving the body’s
antioxidant defenses. Nutraceuticals such as sulforaphane found in broccoli and curcumin, help to stimulate the expression and function of
several antioxidant enzymes, such as glutathione, superoxide dismutase (SOD), catalase, and promote their activity. Antioxidant enzymes are
important for conserving cellular redox status and protecting against oxidative damage. Through their ability to both neutralize ROS directly
and to complement enhance and upregulate the body’s antioxidant systems, nutraceuticals offer a tremendous opportunity for interventions
to limit cellular damage and chronic disease development due to oxidative (Igbal, Altaf, Basit, et al., 2024).

Anti-inflammatory Pathways

Chronic inflammation is a well-known contributor to several conditions, including arthritis, cardiovascular disease, and diabetes.
Nutraceuticals offer a way to modulate inflammatory pathways and therefore could reduce inflammation, and its associated health
consequences. One of the key mechanisms of action is the modulation of molecular regulators like nuclear factor-kappa B (NF-kB),
cyclooxygenase-2 (COX-2), and other inflammatory mediators. For instance, curcumin and omega-3 fatty acids affect the activation of NF-kB,
which is essential to the inflammation process, and also suppress COX-2 and pro-inflammatory cytokines. Molecular regulation provides an
avenue to limit an exaggerated immune response related to many chronic diseases(Altaf & Igbal, 2023).

Modulation of Signaling Pathways

Nutraceuticals alter important cellular signaling pathways responsible for cell processes (including growth, survival, and either
programmed or unprogrammed cell death) that are relevant for both normal physiology and disease development. Nutraceuticals function by
modulating several critical signaling pathways including but not limited to, mitogen-activated protein kinase (MAPK), phosphoinositide 3-
kinase/protein kinase B (PI3K/Akt), and AMP-activated protein kinase (AMPK) pathways. Many bioactive compounds such as epigallocatechin
gallate (EGCG) from green tea or genistein from soy influence all three of these major cellular signaling pathways resulting in altered cellular
functions. When nutraceuticals modulate pathways that regulate these mechanisms, this can directly inhibit uncontrollable cell growth
proliferation observed in cancer through the downregulation of oncogenic (Igbal et al., 2023).

Epigenetic Regulation

Nutraceuticals can influence gene expression through epigenetic mechanisms that do not alter the DNA sequence itself, making them
a unique and promising avenue for disease prevention and overall enhancement of health. Nutraceuticals have the potential to alter DNA
methylation, histone modifications, and non-coding RNA activity all important epigenetic processes. Folate, curcumin, and sulforaphane
are bioactive compounds that have been shown to impact DNA methylation and histone acetylation, which is used to activate and repress
gene expression. These nutraceuticals also influence non-coding RNAs that contribute to gene silencing and post-transcriptional control
(Altaf et al., 2023).

Gut Microbiota Interactions

The gut microbiota is critical in supporting overall health, and nutraceuticals can have a positive modifying effect on its composition and
behaviors. Prebiotic nutraceuticals, including but not limited to dietary fibers and polyphenols feed the good gut bacteria by providing necessary
nutrients. Probiotic nutraceuticals, for example, lactobacilli, bifidobacteria, etc., provide beneficial microorganisms, and more balanced
proportions of microorganism populations directly into the gut to support greater microbial balance, leading to substantial support of digestive
health. Furthermore, nutraceuticals play a role in the gut-brain axis which is a two-way communication system between the gut and the brain.
This means that they impact how the gut microbiota modulates support of mental health, immunological responses, and systemic inflammation
(Yang et al., 2020).

Hormonal and Metabolic Regulation

Nutraceuticals are crucial in managing hormonal balances, regulating metabolic functions, and providing effective assistance in the
long-term management of metabolic conditions. There are a wide variety of bioactive compounds that have potential clinical relevance. For
example, omega-3 fatty acids, and berberine, have been shown to increase insulin sensitivity, alter lipid profiles, and improve deficient
endocrine function. These health benefits are highly relevant for patients with diabetes, those who are overweight, and patients with
metabolic syndrome. Berberine has been shown to moderate blood glucose regulation while omega-3 fatty acids can also play a role in
decreasing inflammation and cholesterol levels. Nutraceuticals also assist with weight management through increased fat oxidation and
appetite regulation (Adetuyi et al., 2022).
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IV. Specific Examples of Nutraceuticals and Their Mechanisms
Nutraceuticals are composed of a variety of bioactive compounds each acting via different mechanisms of action that underpin their health-
promoting benefits. The example below shows how different nutraceuticals exert their beneficial effects. (Wink, 2022).

Polyphenols (e.g., curcumin, resveratrol)

Polyphenols are compounds found in plants, and as healthy ingredients, demonstrate a variety of health benefits due to their
biological activity. A major mechanism of polyphenols, like curcumin from turmeric and resveratrol from grapes, is the antioxidant ability
of polyphenols as they have the ability to neutralize free radicals and reactive oxygen species (ROS) which are damaging to cells via
oxidative stress. This antioxidant activity reduces the risk of developing several diseases that are associated with oxidative stress via
protective mechanisms against potential oxidative damage to DNA, proteins, and lipids. While reducing the risk of oxidative stress,
polyphenols also provide anti-inflammatory effects. For example, by inhibiting pro-inflammatory signaling pathways like NF-kB and COX-
2 (the target of the popular NSAID), polyphenols have anti-inflammatory actions on the body; this leads to reduced chronic inflammation
in the body by shutting down pathways associated with inflammatory diseases such as arthritis and disorders associated with metabolism
(Samtiya et al., 2021).

Omega-3 Fatty Acids

Omega-3 fatty acids, derived from sources such as fish oil and flaxseed, are nutrients that have shown exponential health benefits. One of
the primary uses of omega-3s is in regard to lipid metabolism—they lower triglycerides while increasing high-density lipoprotein (HDL)
cholesterol; improving cardiovascular health and minimizing chances of heart disease and stroke. Omega-3s may also possess high anti-
inflammatory properties; they reduce the production of inflammatory agents: eicosanoids and cytokines, which makes them helpful in
managing illness such as arthritis or other inflammatory bowel diseases, where they can alleviate pain and improve motion range in the joints.
With the dual effect of improving lipids and reducing inflammation, omega-3 may be an effective preventative and management option for
cardiovascular and inflammatory-based pathologies. Eating omega-3s, consistently, can lead to long-term health and prevention of disease(Al-
Madhagy et al., 2023).

Probiotics and Prebiotics

Probiotics and prebiotics are both important for digestive health and overall wellness. Probiotics, or beneficial strains of bacteria like
Lactobacillus and Bifidobacterium, populate the gastrointestinal tract with healthy bacteria. Prebiotics, such as inulin and dietary fibers, provide
nourishment for beneficial microbes, forwarding their growth and activities. Together, they stabilize the gut microbiota, making it more
favorable for normal digestion and nutrient absorption. Probiotics and prebiotics regulate immune systems, protect intestines and the
bloodstream from harmful substances/pathogens, and help regulate immune responses to decrease the amount of systemic inflammation or
infection. Consumption of probiotics and prebiotics for digestion as part of a nutritious diet may have lifelong successful outcomes as it relates
to preventing disease as well as improving immune system resilience(De Giani et al., 2022).

Vitamins and Minerals (e.g., Vitamin D, Zinc)

The body needs vitamins and minerals, which are micronutrients, for many important functions. Vitamin D, for example, can help
improve immune cell function and enhance the body’s ability to respond to and combat infection and maintain immune balance. Zinc,
which is an important trace mineral, also plays a primary role in immune defense and is very important to wound healing and tissue repair.
Both of these nutrients also support skeletal health; vitamin D helps the body absorb calcium that is needed for healthy bones, as well as
preventing osteoporosis, while zinc is a necessary component of bone development and maintenance. Zinc also acts as a cofactor for many
DNA syntheses and cell replication enzymes, as well as an antioxidant protecting cells from oxidative stress from reactive oxygen species
(ROS). Vitamin D and zinc are both important to support immune function, bone strength, cellular health, and overall physiolo gical
health(Ismailova & White, 2022).

Herbal Extracts (e.g., ginseng, green tea)

Herbal extracts (or phytomedicines) have been used in traditional healing systems for centuries and are increasingly gaining a foothold
within modern healthcare due to their numerous beneficial therapeutic effects. Take for example ginseng. Ginseng is valued for its
adaptogenic properties. An adaptogen may help your body tolerate a stressor, bolster energy levels, and provide immune support. Green
tea catechins, especially epigallocatechin gallate (EGCG), are rich in health-promoting properties. Along with being a polyphenol, EGCG
has strong antioxidant and anti-inflammatory effects and has been shown to have anticancer effects. The bioactive compounds of herbal
extracts, such as catechins will work to reduce oxidative stress, minimize inflammation, and help prevent cell damage. All of these aspects
help to potentially lessen the risk of chronic diseases such as cardiovascular disease and cancer (Kumar & Ashaq, 2021). Table 1 provides
an overview of various nutraceuticals, their bioactive components, mechanisms of action, target pathways, therapeutic applications, and
common dietary sources.

V. Challenges and Limitations

While nutraceuticals represent an innovative opportunity to improve health and prevent disease, applications have many challenges and
limitations that need novel approaches to ensure they can be applied in an appropriate safely and effective manner in healthcare
environments(Puri et al., 2022).

207



Table 1: The overview of various nutraceuticals, their bioactive components, mechanisms of action, target pathways, therapeutic applications,
and common dietary sources.

Sr.No Nutraceutical  Bioactive Mechanism of Action Target Pathway Therapeutic Examples References
Compound Application
1 Curcumin Curcuminoids  Anti-inflammatory, NF-kB, COX-2, Arthritis, cancer, CVD Turmeric (Memarzia et al.,
antioxidant Nrf2 (Curcuma 2021)
longa)
2 Resveratrol Polyphenols SIRT1 activation, anti- AMPK, Nrf2, Cardioprotection, Grapes, red (W. Gao et al., 2024)
aging SIRT1 longevity wine
3 Quercetin Flavonoids Antioxidant, anti- MAPK, Nrf2, NF- Allergies, inflammation Onions, (Rakha et al., 2022)
inflammatory kB apples
4 Epigallocatechin Catechins Antioxidant, apoptosis PI3K/Akt, NF-kB Cancer, metabolic Green tea  (Mokra et al., 2022)
Gallate (EGCG) induction disorders
5 Omega-3 Fatty EPA, DHA Anti-inflammatory, COX, LOX, CVD, brain health Fish oil, (Saidaiah et al,
Acids neuroprotective PPAR-y flaxseeds  2024)
6 Lycopene Carotenoids Antioxidant, anti- ROS scavenging, Prostate health, cancer Tomatoes, (Ur Rahman &
cancer Nrf2 watermelo Panichayupakarana
n nt, 2025)
7 Sulforaphane  Isothiocyanates Detoxification, anti- Nrf2, Phase II Cancer prevention Broccoli, (Nandini et al,
cancer enzymes cruciferous 2020)
vegetables
8 Gingerol Phenolic Anti-inflammatory, COX-2, TRPV1  Pain, nausea relief Ginger (Andrei et al., 2022)
compounds analgesic
9 Silymarin Flavonolignans  Hepatoprotective, Nrf2, PPAR-a  Liver disorders Milk thistle (Zeb & Jamil, 2024)
antioxidant
10  Allicin Organosulfur Antimicrobial, NO  pathway, Hypertension, Garlic (Y. Gao et al., 2024)
cardioprotective NF-«xB infections
11 Genistein Isoflavones Estrogenic, anti- ER, MAPK, Osteoporosis, cancer ~ Soybeans (Y. Gao et al., 2024)
cancer PI3K/Akt
12 Berberine Alkaloids AMPK activation, AMPK, GLP-1 Diabetes, metabolic Berberis (Baska et al., 2021)
glucose regulation syndrome species
13 Astaxanthin Carotenoids Antioxidant, anti- Nrf2, NF-xB Eye health, skin aging Microalgae, (Alugojuetal., 2023)
inflammatory seafood
14 Capsaicin Capsaicinoids Pain relief, TRPV1, PPAR-y Obesity, neuropathic Chili (Zhu, 2022)
thermogenesis pain peppers
15 Phycocyanin Phycobiliprotein Antioxidant, anti- ROS scavenging, Neuroprotection, Spirulina  (Rodrigues et al,
S inflammatory COX-2 immune boost 2024)

Variability in Composition and Bioavailability

A key challenge in the nutraceutical industry is the inconsistency of both the composition and bioavailability of nutraceuticals. Many
nutraceutical ingredients (including nutraceuticals made from herbs and plants) contain many active ingredients that can vary from batch to
batch depending on the specific growing conditions, harvesting practices, and processing technologies used. Variations in active ingredient
concentration can result in unpredictable therapeutic efficacy, meaning a user might not get the desired therapeutic effect. Also, many
nutraceuticals including curcumin and resveratrol suffer from poor bioavailability due to intrinsic low solubility or rapid metabolism through
the gut, or inefficiencies in intestinal absorption. If the bioavailability is low, then the total therapeutic effect cannot be realized for these
products. There are some innovative delivery technologies such as nanoparticles and liposomes being developed to overcome some of these
points and increase bioavailability and potential efficacy when taken. It should be noted however that the practical use of these methods is very
limited at this time, and the lack of bioavailability of nutraceutical ingredients continues to be a barrier to realizing the complete therapeutic
benefit of many nutraceutical ingredients(Mehta et al., 2024).

Lack of Robust Clinical Evidence

Even though nutraceuticals have become more popular, scientific validation has lagged behind, creating essential gaps in knowledge
regarding their safety and efficacy. A major problem is to develop the research on dose-response, as there is little known about the amount
necessary to achieve the desired health outcomes. Therefore, without established guidelines on dosage, it is difficult to know what the safe and
effective levels of consumption are across populations and health issues(Ali et al., 2025).

Furthermore, many nutraceuticals have not undergone long-term clinical trials evaluating their safety and efficacy over a sustained period
of use. Short-term studies may show favorable results; however, the long-term effects are largely unknown. This issue is especially true for
individuals with chronic illnesses who tend to rely on nutraceuticals along with conventional treatments. With prolonged use, there may be
unwanted symptoms and side effects, as well as interactions that could happen with medications in use, leading to further complications. That
being said, there is a huge need for more richness in this research field. We cannot comment on the safety or efficacy of many nutraceuticals
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without this consideration. We need more rigorous clinical studies with reliable designs to allow us to understand the long-term safety and use
in healthcare(Puri et al., 2022).

Potential for Drug-Nutraceutical Interactions

Combining nutraceuticals and traditional medications can introduce significant risks, due to possible synergies affecting both
pharmacokinetic and pharmacodynamic interactions. Pharmacokinetic interactions can develop when nutraceuticals influence the metabolism
of a drug (often involving the cytochrome P450 enzyme system). For example, products like St. John's wort and grapefruit juice modify drug
metabolism and potentially result in medications being less effective and/or more toxic. This can leave patients with no therapeutic benefit or
unanticipated side effects(Chaachouay, 2025).

One major difficulty is that both consumers and all of healthcare seem to have low awareness about possible interactions between
nutraceuticals and medications; many patients aren't telling their care team they're utilizing nutraceuticals, and they also do not ask. This
disconnect could pose unexpected threats to health. As such, the next steps are education, communication and awareness, with the ultimate
goal of improving patient safety and healthcare outcomes(Murugesu et al., 2022).

Regulatory and Safety Concerns

While the regulatory environment for nutraceuticals is usually less restrictive than that of pharmaceuticals, there have been concerns
regarding the quality and safety of nutraceuticals. Unlike products classified as drugs, nutraceuticals are less likely to be rigorously tested in
terms of purity, potency, or contamination levels. This lack of oversight is concerning because products may be adulterated or mislabeled, and
may also contain harmful contaminants. This may unfortunately lead consumers to take products that may not contain the advertised
ingredients, and/or may contain harmful additives. Strong concerns exist regarding the foray into nutraceuticals considering the potential
impacts on health as well as healthcare utilization(Komala et al., 2023).

VI. Future Directions

The future of nutraceuticals is individualized and representative of genetics and metabolic information. Precision Nutrition translates
genetics, metabolism, and lifestyle into custom plans that improve a person's propensity for better health. Nutraceuticals are becoming
increasingly more integrated into traditional medicine as they become more accepted as adjunctive or prophylactic treatments that enhance
therapeutic efficacy and tolerate side effects(Singh, 2023). There is considerable promise for nutraceuticals in addressing health issues globally,
especially in most underdeveloped areas of the world. Collaborative efforts to harmonize regulations and improve access to nutraceuticals will
benefit global health. In the future, nutraceuticals will provide innovative and efficient global health and care delivery(Mao et al., 2022).

VII. Conclusion

Nutraceuticals may improve health via a variety of cellular and molecular pathways (eg: antioxidant effects; anti-inflammatory effects;
modulatory effects on intracellular signaling pathways; epigenetic effects; interactions with the gut microbiome; and regulation of hormonal
and metabolic activity), which can directly or indirectly help decrease oxidative stress, promote lower inflammation, modulate gene expression,
and improve overall physiological health. By targeting multiple biological pathways nutraceuticals are essential to improve health and decrease
the likelihood of chronic diseases such as cardiovascular disease, diabetes, cancer, and neurodegenerative disorders. This is critical because
nutraceuticals' ability to provide long-term health benefits cannot be understated, and combined with their health-promoting properties in
both disease prevention and treatment they are particularly relevant to the modern healthcare paradigm. However, to maximize the benefits
of nutraceutical science, more forceful action is needed: a commitment to serious scientific consistency, education of the profession as well as
the public, and tighter regulations. Through unifying established traditional knowledge with modern science, nutraceuticals could be regarded
as a major component of integrative health care and provide a safe, healthy, effective, and individual way of maintaining health and preventing
disease, in a global background.
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