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Abstract: The human immune system acts as a multi-layered biological network responsible for cellular 

defense, homeostasis, and tissue repair  Subclinical micronutrient insufficiencies and immune 

dysregulation are common worldwide, leading to increased vulnerability to infections, chronic 

inflammation, and immunosenescenc. Nutraceuticals—defined as food-derived substances that provide 

both nutritional and verified medical or therapeutic benefits—have emerged as key interventions in 

immunonutrition . This review synthesizes current evidence on the immunomodulatory, antioxidant, and 

anti-inflammatory mechanisms of primary nutraceuticals, including essential micronutrients, botanicals, 

and gut microbiota modulators. We discuss their molecular mechanisms, therapeutic roles in preventing 

infectious and chronic pathologies, and their integration into clinical frameworks.The human immune 

network operates as a highly coordinated biological system responsible for cellular defense, 

immunological tolerance, and physiological homeostasis. Subclinical micronutrient insufficiencies, 

chronic psychological or physiological stress, and age-related immune decay (immunosenescence) 

trigger systemic, low-grade chronic inflammation (“inflammaging”), which significantly elevates global 

vulnerability to viral or bacterial infections, metabolic diseases, and autoimmune disorders. Traditional 

pharmaceutical paradigms lean heavily toward acute reactive interventions. Consequently, investigative 

medical interest has pivoted toward “nutraceuticals”—food-derived compounds that provide both 

validated nutritional and therapeutic health benefits—to safely support immune resilience. Human 

clinical trials confirm that targeted, structured nutraceutical supplementation significantly reduces the 

duration, severity, and incidence of acute respiratory tract infections, particularly within highly 

vulnerable pediatric, athletic, and elderly cohorts. Furthermore, long-term administration of dietary 

polyphenols, marine-derived omega-3 polyunsaturated fatty acids, and botanical adaptogens structurally 

mitigates metabolic inflammation, dampens systemic oxidative stress markers, and offers vital supportive 

therapy in managing metabolic syndrome, cardiovascular decline, and chronic inflammatory pathologies 
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I. INTRODUCTION 

The immune system dynamically evolves across the human life span, moving from maturation in early development to 

a gradual decline in later life known as immunosenescence . This decline is frequently paired with a systemic, low-

grade chronic inflammatory state referred to as "inflammaging" . Standard pharmacological approaches typically focus 

on acute disease management rather than preventative immune stabilization. Consequently, interest has pivoted toward 

multi-targeted, low-risk preventative therapies  
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Nutraceuticals bridge the gap between basic nutrition and pharmaceutical therapies. They assist the body's natural 

defense systems by serving as metabolic substrates, epigenetic regulators, and direct modulators of immune signaling 

networks .Rather than acting as blunt immune stimulants, these compounds function as immunomodulators that 

normalize hyper-inflammatory profiles while strengthening natural cellular barriers and macrophage plasticity. 

 

II. MOLECULAR TARGETS AND MECHANISMS OF ACTION 

Nutraceuticals interact with both the innate and adaptive branches of the immune system through distinct cellular 

pathways: 

Epithelial Barrier Integrity: Vitamin A, zinc, and prebiotics preserve mucosal membranes and tight-junction 

architecture, reinforcing the body's first line of physical defense against pathogens (Andreou, 2025; Medoro et al., 

2023). 

Innate Effector Modulation: Trace elements like zinc and selenium directly boost the lytic activity of Natural Killer 

(NK) cells and regulate the oxidative burst of polymorphonuclear leukocytes (PMNs) (Medoro et al., 2023). 

Transcriptional Control: Many antioxidant nutraceuticals, such as selenium, downregulate the expression of Nuclear 

Factor Kappa B (\text{NF-}\kappa\text{B}). This inhibition blocks the transcription of pro-inflammatory cytokines and 

suppresses downstream viral replication (Medoro et al., 2023). 

Adaptive Immune Homeostasis: Targeted nutraceutical inputs guide undifferentiated \text{CD34}^+ progenitor cells 

into functional lineages, optimize the balance between \text{Th1} and \text{Th2} cytokine patterns, and promote 

regulatory T-cell (\text{Treg}) profiles to limit autoimmune damage . 

 

III. CLASSIFICATION OF PRIMARY IMMUNE-BOOSTING NUTRACEUTICALS 

3.1 Essential Micronutrients and Trace Elements 

Vitamins and trace minerals serve as essential cofactors within metabolic and immune signaling networks  

Zinc: An essential micronutrient required for immune resilience and maintaining effective redox balances (Mantantzis, 

2026). Chronic zinc deficiency suppresses NK cell lytic activity and hinders the development of pro-inflammatory 

\text{Th17} and \text{Th9} populations  

Selenium: This trace element is incorporated into selenocysteine residues within glutathione peroxidase, a vital enzyme 

that reduces oxidized metallothioneins to prevent systemic oxidative stress (Medoro et al., 2023). Clinical data show 

that consistent selenium supplementation enhances NK cell cytotoxicity, particularly in vulnerable populations  

Vitamin C: A potent antioxidant and enzymatic cofactor that accelerates neutrophil chemotaxis and encourages the 

clearance of spent neutrophils from infection sites, helping to resolve acute inflammation (Andreou, 2025). 
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Biotics and Gut-Immune Modulators 

The gut-immune-metabolism axis highlights a deep symbiotic connection: microbial metabolites continuously shape 

systemic immune responses (Andreou, 2025). 

Probiotics: Live microorganisms (predominantly Gram-positive strains) that compete with pathogens for epithelial 

binding sites, synthesize antimicrobial bacteriocins, and secrete \beta-galactosidase to improve host digestion and 

nutrient absorption (Maurya, n.d.). 

Prebiotics: Non-digestible functional fibers, such as inulin, that serve as selective substrates for beneficial colonic 

microbes. Their fermentation generates short-chain fatty acids (SCFAs) that promote regulatory T-cell differentiation 

and stimulate mucosal immunoglobulin A (\text{IgA}) secretion . 

 
 

Botanical and Phytochemical Compounds 

Phytochemicals provide distinct chemical structures capable of engaging multiple cellular signaling targets at once. 

Polyphenols & Flavonoids: Present in diverse plant sources, these compounds counteract oxidative stress, decrease 

neuroinflammation, and support structural health across the gut-brain axis (Castillo-Moral, 2026). 
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Herbal Adaptogens: Traditional botanicals like Ashwagandha (Withania somnifera), Tulsi (Ocimum sanctum), and 

Ginseng (Panax ginseng) contain active phytochemical clusters that modulate immunomodulatory responses and buffer 

physiological stress pathways (S. Popaniya et al., 2024). 

 

Challenges, Safety, and Future Perspectives 

Despite promising therapeutic data, several challenges complicate the clinical integration of nutraceuticals. A major 

issue is the lack of a standardized regulatory framework worldwide, which leads to variation in product purity, 

concentration, and label accuracy (Maurya, n.d.). Additionally, the clinical efficacy of these compounds is heavily 

dependent on individual bioavailability, which is shaped by host genetics and the existing composition of the gut 

microbiota  

 
 

The future of immunonutrition points toward precision medicine. Driven by advanced diagnostics—such as epigenetic 

biomarkers, component-resolved allergy profiling, and deep microbiome sequencing—clinicians can move away from 

general supplementation and toward personalized nutraceutical strategies tailored to an individual's unique immune 

phenotype and metabolic profile 
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Future perspectives  

Precision Immunonutrition and Multi-Omics Integration 

The historical paradigm of recommending standard, uniform daily allowances of micronutrients or botanical 

adaptogens is giving way to precision immunonutrition. Inter-individual variation in genetics, environmental exposure, 

and lifestyle means that different hosts display vastly different metabolic responses to identical nutraceutical inputs.   

The successful implementation of precision immunonutrition requires the deep integration of multi-omics technologies 

to profile an individual’s specific baseline immune phenotype: 

Nutrigenomics and Epigenetics: High-throughput sequencing identifies single nucleotide polymorphisms  in genes 

governing nutrient transport and metabolism (e.g., VDR polymorphisms affecting Vitamin D uptake). Epigenetic 

tracking reveals how specific polyphenols or trace minerals alter DNA methylation and histone acetylation patterns 

within immune cell lineages. 

 
 

Metagenomics and Metatranscriptomics: Advanced 16\text{S} rRNA and shotgun metagenomic sequencing provide 

high-resolution mapping of the individual gut microbiome. Because gut microbial communities vary widely from 

person to person, understanding baseline enterotypes allows for the customized formulation of prebiotics and probiotics 

designed to selectively synthesize immunomodulatory short-chain fatty acids . 

Immunophenotyping and Metabolomics: Mass spectrometry and flow cytometry chart real-time postprandial glycemic, 

lipemic, and inflammatory biomarker kinetics , C-reactive protein). This enables clinicians to generate individualized 

micronutrient and phytochemical targets that address precise structural gaps or hyper-inflammatory profiles rather than 

population averages. 
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Artificial Intelligence (AI) and Digital Health Ecosystems 

The rapid progress in computational biology has positioned artificial intelligence (AI) and machine learning 

(\text{ML}) as foundational tools for managing complex biomedical data at scale. Machine learning architectures, such 

as random forests, gradient boosting, and reinforcement learning (\text{RL}) algorithms, can synthesize high-

dimensional multi-omic profiles alongside electronic health records (\text{EHRs}) and environmental datasets.   

In clinical practice, AI-driven intelligent clinical decision support systems (\text{CDSS}) will process continuous, real-

time physiological outputs from wearable biosensors—such as continuous glucose monitors (\text{CGMs}), multi-

spectral optical sleep trackers, and physical activity monitors. These cloud-based algorithms can predict individual 

gastrointestinal tolerance, assess ongoing immune status, and generate dynamic, adaptive feedback. For example, rather 

than relying on fixed feeding regimens, an AI framework can adjust daily antioxidant or mineral concentrations in real 

time based on a patient’s evolving metabolic stress levels or subclinical inflammatory shifts.   

 

Pharmaceutical-Grade Delivery Platforms 

A major clinical limitation of many raw botanical extracts and fat-soluble vitamins is poor water solubility, chemical 

instability in the gastric environment, and low systemic bioavailability. To overcome these pharmacological 

constraints, future formulations must leverage nanomedicine and advanced biomaterial engineering: 

Nanoencapsulation Techniques: Encapsulating unstable polyphenols (e.g., curcumin, resveratrol) or lipophilic 

micronutrients within solid lipid nanoparticles (\text{SLNs}), liposomes, or polymeric micelles shields them from 

enzymatic degradation in the upper gastrointestinal tract. This structural stabilization dramatically enhances systemic 

plasma absorption. 

Target-Specific and Responsive Release: Developing bio-polymeric vehicle structures that respond to specific local 

cues (such as colonic \text{pH} transitions or localized oxidative stress thresholds) allows for the controlled, site-

specific release of bioactive payloads. Delivering biotics or trace elements directly to the distal ileum maximizes their 
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structural interaction with gut-associated lymphoid tissue enhancing systemic immune tolerance while minimizing off-

target metabolic adjustments. 

5.4 Standardization, Bioequivalence, and Regulatory Overhaul 

Before precision nutraceutical therapies can be widely integrated into mainstream clinical medicine, the global 

marketplace requires an updated, standardized regulatory framework. Currently, the lack of uniform validation criteria 

allows for significant discrepancies in raw material origin, batch-to-batch concentration, chemical purity, and label 

accuracy. 

Future guidelines must establish strict international benchmarks for bioequivalence and pharmacokinetics, treating 

therapeutic nutraceutical profiles with the same rigorous analytical standards applied to classical pharmaceuticals. This 

requires executing large-scale, multi-center, double-blind, placebo-controlled human clinical trials designed to track 

exact dose-response curves, map long-term safety profiles, and systematically identify drug-nutrient interactions. 

Transforming these safety and manufacturing metrics from generic guidelines into precise, binding global criteria is 

essential to build clinical trust and ensure equitable, reproducible therapeutic outcomes. 
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II. CONCLUSION 

Nutraceuticals represent a vital component of modern preventative medicine and supportive clinical care. By safely 

stabilizing immune barriers, adjusting transcription pathways, and balancing innate and adaptive cell responses, these 

compounds help maintain physiological resilience throughout life (Mantantzis, 2026; Medoro et al., 2023). Further 

rigorous, double-blind, placebo-controlled human trials are necessary to standardize therapeutic dosages, clarify drug-

nutrient interactions, and fully realize the benefits of personalized immunonutrition. 
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