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ABSTRACT 
Phytochemical antioxidants, encompassing diverse plant-derived molecules such as polyphenols, carotenoids, 
organosulfur compounds, and certain alkaloids, represent a crucial interface between diet and immune system 
regulation. While their early recognition centered on the ability to neutralize reactive oxygen species (ROS), 
contemporary evidence highlights far broader immunological roles. These compounds modulate redox-sensitive 
transcription factors such as Nrf2, enhance endogenous antioxidant defense, and suppress pro-inflammatory 

programs mediated by NF-κB. They further influence MAPK and JAK-STAT pathways, restrict inflammasome 
activation, and engage in bidirectional interactions with the gut microbiota, ultimately shaping both innate and 
adaptive immune responses. Preclinical data provide consistent mechanistic insights, demonstrating that compounds 
such as resveratrol, curcumin, quercetin, epigallocatechin gallate (EGCG), and lutein regulate cytokine production, 
macrophage polarization, and T cell differentiation. However, translating these findings into consistent clinical 
outcomes remains challenging due to low bioavailability, variable dosing regimens, pleiotropic biological effects, and 
heterogeneous clinical trial designs. This review therefore synthesizes mechanistic evidence, critically evaluates 
clinical data, and addresses pharmacokinetic, formulation, and safety considerations. It further outlines research 
priorities aimed at bridging laboratory discoveries with therapeutic applications, emphasizing the translational 
potential of phytochemical antioxidants as adjuncts in immune modulation and disease prevention. 
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INTRODUCTION 

Plants produce a staggering diversity of secondary metabolites that humans have ingested for millennia. A 
substantial subset commonly called phytochemical antioxidants includes flavonoids (quercetin, catechins), stilbenes 

(resveratrol), diarylheptanoids (curcumin), carotenoids (β-carotene, lutein), organosulfur compounds (allicin 
derivatives), and other phenolics [1]. Historically these compounds were studied for their ability to neutralize ROS; 
more recently they are recognized as modulators of redox-sensitive signaling and immune cell behavior [2]. Interest 
surged with emerging understandings that controlled redox signaling governs immune activation, resolution, and 
tissue repair, and that dysregulated oxidative/inflammatory crosstalk contributes to chronic inflammatory, 
infectious, and autoimmune diseases [3]. Contemporary work links phytochemicals to specific molecular switches 

(e.g., Nrf2 activation, NF-κB inhibition) and to clinically relevant endpoints-though translating bench findings into 
consistent clinical benefit remains a challenge [4].  
2. Major classes of phytochemical antioxidants and immune-relevant activities 
2.1 Polyphenols (flavonoids, stilbenes, phenolic acids) 
Polyphenols constitute the most intensively investigated class of dietary antioxidants. Structurally diverse, they 
include flavonoids such as quercetin, catechins like epigallocatechin gallate (EGCG), stilbenes such as resveratrol, 
and a wide range of phenolic acids [5]. These compounds not only scavenge free radicals but also regulate key 
immune signaling pathways. Quercetin has been shown to downregulate pro-inflammatory cytokines, while EGCG 
interferes with T cell activation and macrophage function [6]. Resveratrol, through modulation of sirtuin and NF-

κB pathways, exerts both anti-inflammatory and immunometabolic effects [7]. Animal models demonstrate that 
polyphenols can reduce leukocyte infiltration into inflamed tissues, lower oxidative burden, and promote resolution 
mediators such as specialized pro-resolving lipid derivatives [8]. The cumulative evidence positions polyphenols as 
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modulators of innate and adaptive responses, capable of both suppressing excessive inflammation and supporting 
immune resilience. 
2.2 Curcuminoids 
Curcumin, derived from turmeric, is a prominent phytochemical studied for its dual antioxidant and anti-

inflammatory activities. Its molecular actions include suppression of NF-κB, inhibition of the NLRP3 inflammasome, 
and modulation of JAK/STAT and MAPK pathways [9]. These effects translate into reduced production of pro-
inflammatory mediators, protection against oxidative injury, and reprogramming of macrophage polarization from 
M1 (pro-inflammatory) to M2 (repair-oriented) [9]. Curcumin also exerts neuroimmune effects by reducing 
microglial activation, suggesting utility in neuroinflammatory disorders [10]. Despite challenges with 
bioavailability, novel formulations-such as nanoparticles and adjuvant combinations-have enhanced its clinical 
potential. 
2.3 Carotenoids 

Carotenoids, including β-carotene, lutein, and lycopene, are lipid-soluble antioxidants that accumulate in membranes 
and protect against oxidative lipid damage. Their immunological functions extend to stabilizing cell membranes, 
supporting epithelial barrier integrity, and modulating phagocyte signaling [11]. Lutein, for example, has been 
associated with improved mucosal immunity, while lycopene reduces oxidative stress–induced cytokine production 
[12]. Carotenoids also influence adaptive immunity by affecting lymphocyte proliferation and antibody responses 
[12]. Given their photoprotective role, carotenoids further contribute to immune defense at barrier sites such as the 
skin and eye [13]. 
2.4 Organosulfur compounds and others 
Sulfur-containing phytochemicals, notably allicin and related compounds from garlic, as well as glucosinolate 
derivatives from cruciferous vegetables, provide additional immunoregulatory benefits [14]. These compounds can 
enhance phagocytic efficiency, stimulate natural killer (NK) cell cytotoxicity, and modulate cytokine secretion. 
Studies in vitro and in vivo suggest that organosulfur compounds act as both antioxidants and mild electrophiles, 
triggering adaptive stress responses that bolster immune resilience [15]. Together, these lesser-studied 
phytochemicals expand the repertoire of natural immunomodulators with translational promise. 
3. Molecular mechanisms linking antioxidant phytochemicals to immune regulation 
3.1 Direct ROS scavenging and redox buffering 
Many phytochemicals directly neutralize reactive oxygen species (ROS) and reactive nitrogen species (RNS), 
thereby preventing oxidative damage to DNA, proteins, and lipids [16]. However, due to limited bioavailability and 
low tissue concentrations, this direct scavenging contributes only partially to their in vivo efficacy. Their more 
significant impact arises from modulation of redox-sensitive signaling pathways that shape immune cell function. 
3.2 Activation of Nrf2-dependent cytoprotective programs 
Nrf2 is a transcription factor central to antioxidant defense. Phytochemicals such as resveratrol, EGCG, and 
curcumin activate Nrf2 by modifying Keap1 or engaging upstream kinases, releasing Nrf2 to drive the expression 
of genes like HO-1 and NQO1 [17]. This enhances endogenous antioxidant systems, reduces oxidative stress in 
immune cells, and indirectly restrains inflammatory signaling cascades. By fortifying epithelial and immune cell 
resilience, Nrf2 activation contributes to balanced immune responses [18,19]. 

3.3 Inhibition of NF-κB and downstream inflammatory gene programs 

NF-κB controls transcription of numerous pro-inflammatory mediators, including TNF-α, IL-1β, and IL-6 [20]. 

Polyphenols and curcumin suppress NF-κB activation by blocking IκB degradation, inhibiting upstream kinases, or 
reducing ROS-mediated signaling [21]. This leads to attenuation of cytokine storms in models of infection and 
inflammatory disease. Such inhibition is pivotal in restoring homeostasis during dysregulated immune activation. 
3.4 Modulation of inflammasomes (NLRP3) and pyroptosis 

The NLRP3 inflammasome drives IL-1β and IL-18 release, amplifying inflammation and pyroptotic cell death [22]. 
Curcumin, quercetin, and resveratrol inhibit NLRP3 priming and assembly through suppression of mitochondrial 

ROS and NF-κB activity [23]. By limiting inflammasome-driven pathology, phytochemicals demonstrate potential 
for treating metabolic, autoimmune, and neuroinflammatory disorders. 
3.5 Effects on MAPK, JAK-STAT, and other kinases 
Phytochemicals exert broad influence on kinase signaling networks. By dampening MAPK pathways (ERK, JNK, 
p38) and JAK-STAT cascades, they reduce immune cell proliferation and cytokine responsiveness [24]. These 
changes alter T helper cell balance, suppress pro-inflammatory Th1/Th17 subsets, and promote regulatory T cell 
phenotypes, shifting immunity toward resolution and tolerance [25]. 
3.6 Epigenetic and metabolic reprogramming 
Beyond classical signaling, phytochemicals influence epigenetic mechanisms including histone acetylation, DNA 
methylation, and microRNA regulation. These changes reshape immune transcriptional programs, enabling long-
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term modulation of cell function [26]. Additionally, many compounds alter immune cell metabolism, favoring 
oxidative phosphorylation over glycolysis, a shift associated with anti-inflammatory states [27]. 
3.7 Interaction with gut microbiota and barrier function 
A growing body of evidence highlights the role of the gut microbiome in mediating phytochemical effects. Many 
polyphenols are metabolized by gut bacteria into bioactive phenolic acids and urolithins that exert systemic 
immunoregulatory actions [28]. Conversely, phytochemicals promote beneficial microbial taxa, enhance gut barrier 
integrity, and reduce systemic inflammation by limiting microbial translocation [29]. This bidirectional relationship 
underscores the importance of diet–microbiota–immune interactions in shaping clinical outcomes. 
4. Immune cell–level effects: innate and adaptive immune systems 
4.1 Macrophages and neutrophils 
Macrophages and neutrophils serve as first-line defenders against infection, yet their excessive activation fuels tissue 

injury [30]. Phytochemicals regulate this balance by suppressing pro-inflammatory cytokines such as TNF-α and 
IL-6 while enhancing anti-inflammatory mediators like IL-10 [31]. Polyphenols and curcumin promote a shift from 
M1 (inflammatory) to M2 (repair-oriented) macrophage phenotypes, facilitating tissue healing [32]. In neutrophils, 
compounds such as quercetin and EGCG dampen excessive oxidative bursts, thereby limiting collateral tissue 
damage, while maintaining phagocytic efficiency and resolution functions [33]. 
4.2 Dendritic cells (DCs) 
DCs link innate and adaptive immunity through antigen presentation. Several phytochemicals impair over-
maturation of DCs by downregulating costimulatory molecules (CD80, CD86) and pro-inflammatory cytokines (IL-
12, IL-23) [34]. This reduces inappropriate T cell priming during inflammatory states, contributing to tolerance 
and resolution without abolishing necessary immune surveillance. 
4.3 T lymphocytes 
T cell responses are profoundly influenced by phytochemicals. Flavonoids and carotenoids can blunt hyperactive 
Th1 and Th17 responses while enhancing regulatory T cell (Treg) activity [35]. Additionally, phytochemicals affect 
T cell metabolism, promoting oxidative phosphorylation over glycolysis, a shift associated with controlled immune 
activation [36]. These effects are particularly relevant in autoimmune and chronic inflammatory diseases. 
4.4 B cells and antibody responses 
Phytochemicals show dual actions on B cells. In some contexts, they enhance antibody production and improve 
vaccine responsiveness, highlighting adjuvant potential [37]. Conversely, in autoimmunity, they may reduce 
pathogenic antibody generation by modulating B cell proliferation and differentiation [38]. Outcomes are highly 
dependent on compound type, dose, and disease state. 
4.5 Natural killer (NK) cells 
NK cells are crucial for antiviral and antitumor immunity. Moderate doses of phytochemicals, including resveratrol 

and carotenoids, enhance NK cytotoxicity and interferon-γ production [39]. This immunostimulatory effect 
suggests potential applications in cancer prevention and viral infections, while avoiding overstimulation that could 
provoke immunopathology. 

CONCLUSIONS 
Phytochemical antioxidants are far more than passive ROS scavengers: they engage conserved redox-sensitive 

pathways (Nrf2, NF-κB), inflammasomes, kinase networks, and the gut microbiome to reprogram immune 
responses. Preclinical mechanistic data are compelling, and selected clinical results suggest potential benefit in 
defined contexts. However, inconsistent clinical outcomes reflect bioavailability constraints, heterogenous 
formulations, and insufficiently rigorous trials. Addressing these gaps-through standardized preparations, PK-PD 
mapping, and targeted RCTs-will determine whether phytochemical antioxidants can be reliably harnessed as 
immunomodulatory therapeutics or adjuvants. 
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