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ABSTRACT

The global health landscape has witnessed a paradigm shift toward preventive medicine and nutritional interventions,
with functional foods and nutraceuticals emerging as pivotal components in maintaining optimal immune function.
This comprehensive review examines the biochemical mechanisms through which bioactive compounds present in
functional foods enhance innate and adaptive immune responses. Drawing from contemporary immunological
research, we analyze the efficacy of major functional food categories including probiotics, polyphenol-rich foods,
beta-glucans, and micronutrient-fortified products in modulating immune parameters. Our investigation encompasses
in vitro and in vivo studies demonstrating the immunostimulatory effects of selected nutraceuticals, alongside clinical
evidence supporting their therapeutic applications. Additionally, we address regulatory considerations, quality
assurance challenges, and standardization requirements in the functional food industry. This review concludes that
while compelling evidence supports the immune-enhancing potential of certain functional foods, further rigorous
clinical trials are necessary to establish optimal dosage regimens and identify population-specific benefits. The
integration of functional foods into dietary guidelines represents a promising strategy for immunological resilience in
both healthy populations and those with compromised immunity.
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INTRODUCTION
The human immune system represents one of the most
complex biological networks, encompassing innate

therapeutic = approaches  beyond  conventional
pharmaceutical interventions. Functional foods,

and adaptive mechanisms designed to protect against
pathogenic invasion and maintain homeostasis. In
recent decades, the prevalence of immune-related
disorders—including autoimmune diseases,
immunodeficiencies, and chronic inflammatory
conditions—has increased significantly across
developed nations [1]. Concurrently, growing
antibiotic resistance and the emergence of novel
infectious agents have necessitated alternative

defined as foods that contain biologically active
components providing health benefits beyond basic
nutrition [2], have garnered substantial scientific
attention as adjunctive agents in immune system
optimization. The term "nutraceutical," coined by
DeFelice in 1989, encompasses isolated nutrients,
herbal products, and dietary supplements marketed as
having therapeutic properties [3]. Distinct from
conventional pharmaceuticals, functional foods and
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nutraceuticals ~ operate  through  multi-target
mechanisms, often with minimal adverse effects at
recommended concentrations.

Historical Perspective

The utilization of food-derived compounds for
medicinal purposes extends back millennia.
Traditional medicine systems, including Ayurveda,
Traditional Chinese Medicine, and Mediterranean
dietary patterns, incorporated specific foods for their
purported immunomodulatory  properties.  For
instance, garlic (Allium sativum), ginger (Zingiber
officinale), and turmeric (Curcuma longa) have been
central to therapeutic protocols for centuries, with
contemporary research validating many of these
traditional applications [4]. The modern functional
food movement emerged in Japan during the 1980s
when the Ministry of Health and Welfare initiated the
FOSHU (Foods for Specified Health Uses) program,
establishing regulatory frameworks for foods
demonstrating scientifically validated health claims.
This initiative catalyzed global recognition of the
intersection between nutrition, food science, and
preventive medicine. This review synthesizes
contemporary evidence regarding the mechanisms by
which functional foods and nutraceuticals enhance
immune system function. We examine biochemical
pathways underlying immune modulation, evaluate
clinical efficacy of prominent functional food
categories, and discuss regulatory and practical
considerations for implementation. Our analysis
integrates  findings from molecular Dbiology,
immunology, nutritional science, and clinical research
to provide a comprehensive understanding of this
interdisciplinary field.

IMMUNE SYSTEM FUNDAMENTALS AND
IMMUNOMODULATION

Overview of Immune System Architecture

The immune system comprises two primary divisions:
the innate immune system, providing immediate non-
specific defense mechanisms, and the adaptive
immune system, offering specific, memory-dependent
responses. Innate immunity includes physical barriers
(epithelial cells), chemical mediators (lysozyme,
antimicrobial ~ peptides), cellular  components
(macrophages, dendritic cells, neutrophils), and
humoral factors (complement system, acute-phase
proteins) [5]. Adaptive immunity encompasses T
lymphocytes (including CD4+ helper T cells and
CD8+ cytotoxic T cells) and B lymphocytes, which
produce specific antibodies (immunoglobulins). The
interplay between innate and adaptive immunity,
mediated by cytokine signaling and antigen
presentation, orchestrates comprehensive immune
surveillance and pathogenic elimination.

Immunomodulation Mechanisms
Immunomodulation refers to the process of enhancing,
suppressing, or regulating immune responses through
exogenous or endogenous interventions. Functional
foods and nutraceuticals modulate immunity through
multiple mechanisms:

Pattern Recognition Receptor Activation

Bioactive compounds interact with pattern recognition
receptors (PRRs) on immune cells, including Toll-like
receptors (TLRs), NOD-like receptors (NLRs), and C-
type lectin receptors (CLRs). This recognition initiates
downstream signaling cascades, culminating in
inflammatory mediator release and immune cell
activation [6].

Cytokine Regulation

Functional food constituents modulate the production
of key cytokines, including interleukin-6 (IL-6),
interleukin-10 (IL-10), interferon-gamma (IFN-y), and
tumor necrosis factor-alpha (TNF-a). Balanced
cytokine production is essential for appropriate
immune responses while preventing excessive
inflammation [7].

Antioxidant and Anti-inflammatory Actions
Bioactive polyphenols and other phytochemicals
scavenge reactive oxygen species (ROS), reduce
oxidative stress, [8] and inhibit pro-inflammatory
transcription factors such as nuclear factor-kappa B
(NF-kB), thereby promoting immune homeostasis [9].
Gut Microbiota Modulation

Prebiotics and probiotics alter the composition and
metabolic activity of intestinal microbiota, enhancing
the production of short-chain fatty acids (SCFAs) and
strengthening the gut barrier, which is integral to
mucosal and systemic immunity [10].

MAJOR CATEGORIES OF FUNCTIONAL
FOODS IN IMMUNE ENHANCEMENT
Probiotics and Prebiotics

Mechanisms of Action

Probiotics, defined as live microorganisms conferring
health benefits to the host, predominantly function
through multiple mechanisms: competitive exclusion
of pathogens, production of antimicrobial compounds
(bacteriocins, organic acids), epithelial barrier
fortification, and immune cell modulation [11].
Commonly employed probiotic genera include
Lactobacillus, Bifidobacterium, and Saccharomyces.
Molecular evidence demonstrates that specific
probiotics activate dendritic cells and promote the
differentiation of regulatory T cells (Tregs) through
TLR engagement and short-chain fatty acid
production. Research by Forsythe et al. (2016)
demonstrated that Lactobacillus helveticus and
Bifidobacterium longum significantly enhanced IL-10
production in isolated peripheral blood mononuclear
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cells (PBMCs), indicating immune-regulatory
properties.

Clinical Evidence

Meta-analyses examining probiotic interventions in
respiratory tract infections revealed that certain strains
reduced infection incidence by 42% in supplemented
populations compared to placebo controls [12].
However, efficacy varies considerably depending on
strain specificity, dosage (typically 10"8 to 10”9
colony-forming units daily), and individual microbiota
composition.  Prebiotics,  non-digestible  food
components  selectively  fermenting  beneficial
bacteria, include inulin, fructooligosaccharides (FOS),
and galactooligosaccharides (GOS). Their
immunomodulatory effects occur primarily through
SCFA-mediated mechanisms [13].

Polyphenol-Rich Foods

Classification and Distribution

Polyphenols comprise over 8,000 distinct compounds
characterized by multiple phenolic hydroxyl groups.
Major classes include flavonoids, phenolic acids,
stilbenes, and lignans. Rich dietary sources include
berries, green tea, red wine, cocoa, and various fruits
and vegetables. Catechins, predominant polyphenols
in green tea (Camellia sinensis), demonstrate potent
immunomodulatory effects. Epigallocatechin gallate
(EGCQG), the most abundant catechin, comprises
approximately 40% of green tea solids and exhibits
multiple immune-enhancing properties [14].
Immunological Effects of Key Polyphenols
Quercetin, a flavonoid prevalent in apples, onions, and
berries, inhibits mast cell degranulation and
suppresses pro-inflammatory cytokine release. In vitro
studies demonstrate quercetin's ability to suppress
TNF-0 and IL-6 production in lipopolysaccharide
(LPS)-stimulated macrophages, with IC50 values
ranging from 5-25 puM [15]. Resveratrol, a stilbene
found in red grapes, activates sirtuins and AMP-
activated protein kinase (AMPK), promoting NAD+-
dependent immune regulation. Studies in aging
models indicate resveratrol enhances T cell
proliferation and improves vaccine response [16].
Anthocyanins, abundant in berries, demonstrate
cytoprotective effects on epithelial barriers and
promote IL-10 production through TLR4 signaling
[17]. A randomized controlled trial involving 120
healthy  adults revealed that anthocyanin
supplementation (300 mg daily) for eight weeks
increased natural killer (NK) cell activity by 31%
compared to placebo [18].

Beta-Glucans

Sources and Composition

Beta-glucans are polysaccharides with B-1,3
glycosidic linkages as the primary backbone, with -
1,6 branch points. Abundant sources include baker's
yeast  (Saccharomyces cerevisiae), medicinal

mushrooms (Lentinula edodes, Ganoderma lucidum),
and oat bran.

Immunomodulatory Properties

Beta-glucans are ligands for multiple PRRs,
particularly Dectin-1 (a CLR), as well as complement
receptor 3 (CR3) and TLR-2/TLR-6 complexes. This
multi-receptor  engagement amplifies immune
responses [19]. Upon recognition, beta-glucans trigger
the release of reactive oxygen species, inflammatory
cytokines (TNF-a, IL-1B, IL-6), and chemotactic
factors from innate immune cells. Macrophages and
neutrophils become activated, increasing their
antimicrobial capacity through enhanced phagocytosis
and oxidative burst mechanisms [20]. Controlled
clinical trials demonstrate that beta-glucan
supplementation reduces upper respiratory tract
infection incidence. A study involving 200 endurance-
trained athletes revealed that 250 mg daily beta-glucan
reduced infection episodes by 56% over 12 weeks of
intensive training [21].

Molecular Size and Branching Effects

The immunomodulatory efficacy of beta-glucans
depends critically on molecular size and branching
patterns. Smaller molecular weight glucans (<100
kDa) show enhanced solubility and intestinal
absorption, while larger, more highly branched
structures demonstrate superior immune activation.
Optimal immunogenic properties typically occur with
molecular weights between 50-100 kDa [22].
Micronutrient-Fortified and Micronutrient-Rich
Foods

Vitamin D and Immune Function

Vitamin D operates as an immunomodulatory
hormone, with calcitriol (1,25-dihydroxyvitamin D3)
binding to vitamin D receptors (VDR) on immune
cells. Sufficient vitamin D status (serum 25-
hydroxyvitamin D > 30 ng/mL) is associated with
optimal Th1/Th2 balance and reduced autoimmune
manifestations [23]. Epidemiological evidence
demonstrates that vitamin D deficiency is inversely
correlated with susceptibility to respiratory tract
infections. A meta-analysis of randomized controlled
trials concluded that vitamin D supplementation
reduced acute respiratory infection risk by 12%
overall, with protection reaching 40% in severely
deficient individuals [24]. Functional foods fortified
with vitamin D include fortified dairy products, plant-
based milk alternatives, and fatty fish (salmon,
mackerel, sardines), which provide 10-25 pg (400-
1000 IU) per serving.

Zinc and Immune Cell Development

Zinc serves as an essential cofactor for over 300
enzymes and is indispensable for thymic T cell
development, NK cell function, and antibody
production. Zinc deficiency impairs cellular
immunity, increases susceptibility to infections, and
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Table 1: Recommended foods and serving frequencies.

Recommended food Serving Suggested Key nutritional/functional
frequency serving components

Fermented foods (yogurt, kefir, | Daily 100-200 g/day Probiotics

kimchi, miso)

Green tea 1-3 cups daily 1-3 cups/day 150450 mg EGCG

Berry fruits Daily 100-150 g/day 50-150 mg anthocyanins

Fatty fish 2-3 servings | 2-3 2000—4000 IU vitamin D and omega-
weekly servings/week 3 fatty acids

Cruciferous vegetables Daily Polyphenols and glucosinolates

Garlic and ginger Regular Bioactive dietary compounds
incorporation

Nuts and seeds Daily 25-30 g/day Selenium, zinc, and polyphenols

delays wound healing [25]. Zinc-rich functional foods
include oysters (100 mg/100g), beef, pumpkin seeds,
and legumes. Studies indicate that zinc
supplementation during acute respiratory infections
shortens symptom duration by approximately 33%,
though evidence for prophylactic supplementation in
replete individuals remains inconclusive [26].
Selenium and Antioxidant Defense

Selenium is incorporated into selenoproteins,
including glutathione peroxidases and thioredoxin
reductases, which protect immune cells from oxidative
damage. Selenium status correlates with antibody
production and T cell proliferation [27]. Functional
food sources include Brazil nuts (1 nut provides ~100
ug selenium), seafood, whole grains, and eggs.
Adequate selenium intake (55 pg daily for adults)
supports optimal immune function, though excessive
supplementation (>200 pg daily) may suppress
immune responses and increase risk of type 2 diabetes.
ADVANCED BIOACTIVE COMPOUNDS AND
EMERGING EVIDENCE

Curcuminoids from Turmeric

Curcumin, the primary curcuminoid in turmeric
(Curcuma longa), comprises approximately 3-5% of
the dried rhizome. Despite poor bioavailability when
ingested in free form, curcumin demonstrates potent
immunomodulatory  effects  through  multiple
mechanisms. Mechanistic studies reveal that curcumin
inhibits NF-«kB activation through IxB kinase (IKK)
inhibition, suppressing the transcription of pro-
inflammatory cytokines [28]. Additionally, curcumin
binds directly to KEAP1 (Kelch-like ECH-associated
protein 1), activating the antioxidant response element
(ARE) and enhancing the production of detoxifying
enzymes and antioxidant proteins.

A randomized, double-blind, placebo-controlled trial
involving 50 patients with osteoarthritis revealed that
curcumin (500 mg three times daily) decreased TNF-
a levels by 40% and increased IL-10 levels by 35%
after eight weeks of supplementation [29].

Allicin from Garlic

Allicin, the primary bioactive sulfur compound in
garlic (Allium sativum), is generated when alliin
comes into contact with the enzyme alliinase during
garlic crushing or chewing. Allicin exhibits
antimicrobial, antiviral, and immunomodulatory
properties. Mechanistically, allicin activates NLRP3
inflammasome assembly in macrophages, promoting
IL-1B and IL-18 production, which enhance Thl
differentiation [30]. Additionally, allicin conjugates
with cysteine residues on protein kinases, modulating
immune cell signaling. Clinical evidence demonstrates
that garlic supplementation (containing 2-5 mg allicin
daily) reduces the incidence and severity of common
cold infections, with infection duration reduced from
5.5 to 1.5 days in supplemented versus placebo groups
[31].

Gingerol Compounds from Ginger

Ginger (Zingiber officinale) contains numerous
bioactive compounds, with 6-gingerol and 6-shogaol
being the primary pungent constituents. These
compounds  suppress NLRP3  inflammasome
activation and inhibit pro-inflammatory cytokine
production [32]. Ginger extract supplementation in
studies of colorectal cancer patients undergoing
chemotherapy reduced chemotherapy-induced nausea
by 40% and improved immune cell populations,
including increases in CD4+ T cells and NK cell
activity [33].

DISCUSSUIN

Laboratory studies investigating bioactive compounds'
immunological effects often employ isolated PBMCs,
purified immune cell lines (THP-1, Jurkat), or primary
tissue explants. These controlled models permit
mechanistic investigation of specific cellular and
molecular pathways. For instance, polyphenol
treatment of LPS-activated macrophages demonstrates
dose-dependent suppression of pro-inflammatory
cytokine secretion. Similarly, in vitro stimulation of T
cells with functional food extracts reveals enhanced
proliferation rates and altered cytokine production

141



profiles (Th1/Th2 ratios), providing preliminary
evidence for immune modulation. However, in vitro
evidence has inherent limitations: cell culture
conditions do not replicate the complexity of
organismal  physiology, bioactive  compound
bioavailability may differ markedly from in vivo
scenarios, and the presence of commensal microbiota
significantly influences functional food efficacy [34].
Animal models, particularly mice and rats, permit
investigation of functional food efficacy within intact
physiological  systems.  Studies incorporating
functional foods into rodent diets, followed by
immune challenge (infection, vaccination, antigen
sensitization), provide insights into protective or
therapeutic mechanisms. For example, mice receiving
beta-glucan supplementation and subsequently
exposed to influenza virus demonstrated reduced
mortality rates (25% versus 60% in controls) and
enhanced antibody titers and cellular immune
responses. Such studies establish proof-of-concept and
inform human trial design. Rigorous randomized,
double-blind, placebo-controlled trials (RCTs)
provide the highest-quality evidence for functional
food efficacy in human populations. Such studies
incorporate standardized interventions, validated
immunological outcome measures  (cytokine
production, antibody titers, immune cell subset
quantification), and appropriate statistical analyses.
Multiple  RCTs  have  evaluated  probiotic
supplementation for preventing upper and lower
respiratory tract infections, particularly in vulnerable
populations (elderly, athletes, immunocompromised
individuals). A  meta-analysis of 12 trials
encompassing 3,451 participants concluded that
probiotics reduced respiratory infection incidence by
10-15% and infection duration by 1-2 days [35].
Emerging evidence suggests that functional foods
enhance vaccine immunogenicity. A study in 200
healthy adults receiving influenza vaccination
demonstrated  that  probiotic  supplementation
(Lactobacillus casei) increased hemagglutination
inhibition antibody titers by 22% compared to placebo
groups [35]. Controlled trials measuring specific
immune cell populations (CD4+ T cells, regulatory T
cells, NK cells) following functional food
supplementation consistently demonstrate favorable
effects. For instance, a 12-week intervention with
polyphenol-rich berry extract (containing 400 mg
anthocyanins) in 80 elderly participants increased NK
cell numbers by 29% and enhanced NK cell cytotoxic
activity by 35% [36]. Functional foods consistently
reduce systemic inflammatory markers in clinical
trials. C-reactive protein (CRP), a sensitive marker of
systemic inflammation, decreased by an average of
30-40% following polyphenol-rich food interventions
over 8-12 weeks in multiple trials [37]. The strategic

integration of evidence-based functional foods into
dietary patterns, in conjunction with other lifestyle
modifications, represents a practical, accessible, and
potentially cost-effective strategy for promoting
immunological resilience across diverse populations.
As the understanding of nutrition-immune interactions
deepens, functional foods will likely assume an
increasingly prominent role in preventive medicine
and health maintenance paradigms, complementing
and  potentially  reducing  dependence  on
pharmaceutical interventions.

Critical challenges include optimizing bioavailability,
establishing  individualized efficacy  profiles,
harmonizing regulatory standards, and collecting
long-term safety and efficacy data. Many polyphenols,
despite demonstrating potent in vitro
immunomodulatory effects, have poor intestinal
absorption and rapid hepatic conjugation, reducing
systemic bioavailability to 5-10% of ingested
quantities [38].

Future research directions encompassing
pharmacogenomics, optimal dosage determination,
and synergistic compound interactions will enhance
our capacity to leverage functional foods for immune
health optimization.

CONCLUSION

The mounting body of scientific evidence
demonstrates that functional foods and nutraceuticals
offer legitimate opportunities for enhancing immune
system function through multiple biochemical and
physiological mechanisms. Bioactive compounds
present in foods such as polyphenol-rich plants,
fermented foods, beta-glucan sources, and
micronutrient-rich items modulate both innate and
adaptive immune responses through pattern
recognition receptor activation, cytokine regulation,
antioxidant actions, and microbiota modulation.
Clinical evidence increasingly supports the efficacy of
select functional foods in reducing infection
susceptibility, enhancing vaccine responsiveness, and
attenuating systemic inflammatory markers. However,
substantial heterogeneity exists in study quality,
outcome measures, and population characteristics,
necessitating continued rigorous investigation. The
transition toward personalized, precision nutrition
approaches, informed by advancing genomic and
metagenomic technologies, promises to further
enhance the therapeutic potential of functional foods
in optimizing immune function and promoting long-
term health and resilience.
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